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Abstract

Developing methods for the non-invasive characterization of the mechanics of musculoskeletal
tissues is an ongoing research focus in biomechanics. Often, these methods use the speed of
shear wave propagation to characterize tissue mechanics (e.g., shear wave elastography and shear
wave tensiometry). The primary purpose of this systematic review was to identify, compare, and
contrast current methods for exciting and measuring shear wave propagation in musculoskeletal
tissues. We conducted searches in the Web of Science, PubMed, and Scopus databases for studies
published from January 1, 1900, to May 1, 2020. These searches targeted both shear wave
excitation using acoustic pushes and mechanical taps, and shear wave speed measurement using
ultrasound, magnetic resonance imaging, accelerometers, and laser Doppler vibrometers. Two
reviewers independently screened and reviewed the articles, identifying 525 articles that met our
search criteria. Regarding shear wave excitation, we found that acoustic pushes are useful for
exciting shear waves through the thickness of the tissue of interest, and mechanical taps are useful
for exciting shear waves in wearable applications. Regarding shear wave speed measurement,

we found that ultrasound is used most broadly to measure shear waves due to its ability to

study regional differences and target specific tissues of interest. The strengths of magnetic
resonance imaging, accelerometers, and laser Doppler vibrometers make them advantageous to
measure shear wave speed for high-resolution shear wave imaging, wearable measurements, and
non-contact ex vivo measurements, respectively. The advantages that each method offers for
exciting and measuring shear waves indicate that a variety of systems can be assembled using
currently available technologies to determine musculoskeletal tissue material behavior across a
range of innovative applications.

*Corresponding author, 1513 University Ave Room 3046, Madison, WI 53706, jlblank@wisc.edu.
Conflict of interest statement

One of the authors (JDR) is a co-inventor on a pending patent application related to one of the methods described herein. The other

authors declare no conflict of interest.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Blank et al. Page 2

Keywords

ultrasound elastography; magnetic resonance elastography; shear wave tensiometry; laser Doppler
vibrometry; muscle; tendon; ligament; cartilage; bone

Introduction

Characterizing the mechanics of musculoskeletal tissues is crucial for understanding the
etiology and progression of diseases, injuries, and disorders; as well as normal functioning.
The mechanics of these tissues, particularly the tissue loads (e.g., axial stresses) and intrinsic
material properties (e.g., elastic and shear moduli), are known to change in response to
changes in loading,*11: 444 tissue health,34 221, 384 and morphology.#12 These changes occur
both in the native tissue and following interventions such as orthopedic surgery#2% and
rehabilitation.#>2 Further, the material behavior of musculoskeletal tissues can change with
aging*61. 516 and following changes in overall health.39% While ex vivo mechanical tests
such as axial, bending, and shear tests are valuable for characterizing tissue mechanics,

they do not necessarily capture the complex loading environment of musculoskeletal tissues
in vivo. Hence, the non-invasive evaluation of musculoskeletal tissue mechanics in vivo

is fundamental to understanding the role of these tissues in human movement and the
physiological processes that precede and follow disease or acute injury. Moreover, by
characterizing these mechanics non-invasively, clinicians and researchers can evaluate tissue
health without further disruption, enabling diagnostic monitoring and intervention planning.

Several methods for characterizing the mechanics of musculoskeletal tissues use the speed
of shear wave propagation (i.e., shear wave speed) to non-invasively quantify tissue
mechanics in vivo. These methods excite a shear wave in the tissue and then measure the
speed with which the shear wave propagates along the tissue. The shear wave speed depends
on both applied loads!12 337 and material properties of the tissue.132: 165. 337 Tg evaluate
loading, a method often termed shear wave tensiometry can be used to measure the axial
stress in a musculoskeletal tissue of interest across a broad range of tensile loads during
functional activities.33” To evaluate material properties, a method often called shear wave
elastography (SWE) can be used to measure tissue moduli and is commonly performed in
unloaded or passively stretched tissues using ultrasound (e.g., Bercoff et al. 2004%1). This
measurement can also be performed using magnetic resonance imaging (MRI), which is
termed magnetic resonance elastography (MRE) (e.g., Debernard et al. 2011141). Despite
the conceptual simplicity of these methods, the details of their implementation are highly
dependent on the tissue type, loading state, boundary conditions, and mechanical parameters
of interest (e.g., stress or shear modulus). This leads to challenges in identifying the most
appropriate excitation and measurement methods to acquire meaningful data for a given
application.

Systems to excite shear waves and measure the shear wave propagation speed are composed
of two primary components: actuators and sensors. The fundamental requirement of an
actuator is to transversely displace the tissue of interest to excite a shear wave. This may be
accomplished using either non-contact or contact methods. An ultrasound transducer capable
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of generating an acoustic push (i.e., acoustic radiation force impulse (ARFI)) is the most
commonly used non-contact method (e.g., Nightingale et al. 2002381) (Figure 1). Several
contact actuators have been used to create a mechanical tap, with a few examples including
a piezoelectric actuator (e.g., Martin et al. 2018337), an electromagnetic actuator (e.g.,
Cortes et al. 2015132, and a pneumatic actuator (e.g., Debernard et al. 2011141) (Figure 1).
Equally as important as the actuators used to excite shear waves are the sensors used to
track transverse motion of either the tissue of interest or the overlying tissue during shear
wave propagation (Figure 2). For example, medical imaging modalities such as ultrasound
and MRI are commonly used to measure shear wave propagation. In these systems, the
transverse displacement of the tissue is measured via serial imaging in a region of interest
(e.g., Bercoff et al. 200461 and Muthupillai et al. 1995371). Transverse accelerations and
velocities of the tissue surface can also be measured using accelerometers (e.g., Cescon

et al. 2008%4) and laser Doppler vibrometers (e.g., Blank et al. 202079), respectively.

Given the multitude of actuators and sensors available, a prerequisite step to developing a
system to non-invasively characterize the mechanics of musculoskeletal tissues is a thorough
understanding of the technologies available for exciting shear waves and measuring shear
wave speeds.

Accordingly, the primary objective of this systematic review is to identify, compare, and
contrast commonly used methods for exciting shear waves and measuring shear wave
speeds in musculoskeletal tissues. Our focus is on the application of these methods rather
than their theoretical foundations, which have been reviewed previously (e.g., Sarvazyan
et al. 2013442). With an understanding of the pros and cons of each method, researchers
will be better prepared to develop novel measurement systems to assess the mechanics of
musculoskeletal tissues in unique applications. A secondary objective is to compile shear
wave speeds and measures of material properties in a broad range of musculoskeletal tissues
and loading conditions. With these baseline datasets, researchers will be able to better
evaluate whether the measurements of their novel systems are in the range of previous
studies in similar tissues and/or loading conditions.

Literature Search Strategy

We conducted this systematic review according to the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) guidelines.364 The Web of Science
(Clarivate, Web of Science Core Collection), PubMed (National Institutes of Health, US
National Library of Medicine), and Scopus (Elsevier B.V.) databases were used to perform
a systematic search of primary research articles that used shear wave excitation and
measurement methods in musculoskeletal tissues. The search was limited to peer-reviewed
primary research articles published in English. Other document types, including review
articles, pre-prints, dissertations, book chapters, conference proceedings, and conference
abstracts, were excluded. Search methods were developed with advising from librarians at
the University of Wisconsin-Madison Ebling Library for the Health Sciences.

The search terms (Table S1) were used to assemble a preliminary pool of candidate articles
from each of the three databases. Each search included broad search terms specifying the
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tissue type, wave type, and description of propagation, as well as more specific search terms
unique to the method of excitation or measurement, allowing search results to be categorized
by method. The search terms for tissue type reflected the tissues of interest for this review,
namely muscle, tendon, ligament, bone, and cartilaginous tissues (including menisci). The
excitation methods were divided into two categories: ultrasound (i.e., acoustic push) and
mechanical (i.e., mechanical tap) (Figure 1). The measurement methods were divided into
four categories: ultrasound, MRI, accelerometers, and laser Doppler vibrometers (Figure 2).

For each Web of Science and PubMed search, at least one term from each of the broad
categories (all rows in the left column in Table S1) and at least one term from the method
categories (one row in the right column in Table S1) had to appear in any field for the
article to be considered. For each Scopus search, the search domain was limited to article
title, abstract, and keywords. This limited search domain was necessary because Scopus
indexes the titles of all references listed within each journal article in the “all fields” setting,
resulting in a large number of unrelated articles matching the search terms. Here is an
example of the search for the mechanical tap excitation method: ( [Tissue Type] AND [Wave
Type] AND [Description of Propagation] AND [Mechanical Tap] ) is: ( [(musculoskeletal*
AND tissue*) OR (orthopedic* OR orthopaedic* OR muscu* OR muscl* OR tendon OR
tendons OR ligament* OR bone* OR bony* OR cartilag* or menisc*)] AND [“shear
wave*” OR “transverse wave*” OR “s-wave*” OR “surface wave*”’] AND [propagat* OR
elastography* OR speed* OR veloc*] AND [actuator* OR stimulat* OR push* OR piezo*
OR shaker*] ). Refer to the supplementary material for a full description of the searches
performed for each method-of-interest (Table S1).

The initial search, which was performed by a single reviewer, was limited to articles
published between the dates of January 1, 1900 and December 31, 2019. This yielded a

total of 912, 766, and 906 results in the Web of Science, PubMed, and Scopus databases,
respectively (Figure 3). After merging the results from all databases for each method
category, a total of 1,277 out of 2,584 articles were identified as duplicates and removed. We
divided the remaining 1,307 articles evenly amongst teams of two independent reviewers.
Within each team, each reviewer screened the titles, abstracts, and keywords of their
assigned articles to ensure that the article fit within the scope of the review. Common
reasons for article exclusion were an emphasis on theory or simulation without experimental
validation, as well as non-musculoskeletal applications. Articles studying adipose tissue
(e.g., heel pad and patellar fat pad), aponeurosis, fascia, joint capsule, and tumors were
excluded from this review. Phantom studies in which the phantom was not specifically
musculoskeletal tissue-mimicking were also excluded. For each of the articles remaining
after screening, full-text articles were acquired and critically assessed for eligibility by teams
of two independent reviewers. If an article was disagreed upon during either the screening or
eligibility phases, the opinion of a third independent reviewer was used to reach a consensus.

The last search was performed on articles published between January 1, 2020 and May

1, 2020 and yielded 77 additional articles that were subsequently screened and assessed
for inclusion, as described previously. Ten articles were included from additional sources
because they were known to the authors but did not appear in any of the searches. The
final number of studies included in the systematic portion of this review after all screening,
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eligibility assessments, and additional searches were performed were 69, 11, 476, 36, 6, and
9 for the acoustic push, mechanical tap, ultrasound, MRI, accelerometers, and laser Doppler
vibrometers, respectively.

Data Extraction and Risk of Bias

Results

The outcomes of interest were descriptions of the experimental conditions, including

the excitation and measurement methods, equipment, and subject/specimen information.
Key results relevant to shear wave tensiometry and elastography were also extracted,
particularly the shear wave speed, the shear moduli, and the elastic moduli. We emphasized
the most representative results in studies where extensive conditions were studied. This
involved prioritizing the presentation of in vivo results, common joint angles and tissues,
and comparisons between the control and most extreme experimental groups (e.g., wave
speed measurements under zero load and maximum load). Data from fibrocartilage (e.g.,
meniscus) and articular cartilage were grouped together for presentation of cartilaginous
tissues. The articles were divided among each of the five reviewers for extraction of the
pre-defined outcomes. A form was used to ensure consistency between reviewers, and the
final extracted data was checked by one additional reviewer. No authors were contacted

for additional information. After data extraction, we organized the papers by measurement
modality and further by tissue type. To determine the effect of tissue load on measured
shear wave speeds, we classified each paper as either “low” or “high” load according to

the level of loading on the tissue reported in the paper. We classified load in in vivo

studies as “low” if the tissue was stretched passively (e.g., during a passive range-of-motion
task). We classified load in in vivo studies as “high” if the subject(s) actively contracted
muscles at a minimum of 20% maximum voluntary contraction or the applied joint load
was reported as high (e.g., during a laxity assessment). If the authors did not specify an
activation percentage or applied load, then we classified the load level by approximating the
amount of muscle activation given the nature of the task (e.g., holding a weight). In ex vivo
studies, we classified the load as “high” when there was a reported load that was distinct
from a reference or unloaded state. Otherwise, the load in ex vivo studies was classified as
“low”. Tissue loads caused by ultrasound probe compression against the structure were also
classified as “low”.

We minimized the risk of bias by reviewers by consulting a professional research librarian
when developing the search terms and by having two independent reviewers perform article
screening, eligibility assessments, and data extraction.219 A source of bias at the study-level
may be exclusion of articles published in languages other than English.

The 525 papers included in this systematic review are summarized in the following sub-
sections and in Tables S2-S5. These sub-sections are the same as those used during the
search process (i.e., Methods Categories, Table S1) that included two excitation methods:
ultrasound excitation (i.e., acoustic push) and mechanical excitation (i.e., mechanical tap)
(Figure 1), and four measurement methods: ultrasound, MRI, accelerometers, and laser
Doppler vibrometers (Figure 2). The supplemental tables that include all the extracted
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data (Tables S2-S5) are organized by measurement method but include both excitation and
measurement methods for each study when specified.

Ultrasound Shear Wave Excitation

In this systematic review, 449 studies, or 86% of the total included studies, utilized
ultrasound technology to excite shear waves in musculoskeletal tissues including muscle

(n = 322), tendon (n = 100), ligament (n = 21), cartilage (n = 9), and bone (n = 21), as

well as musculoskeletal tissue-mimicking phantoms (n = 11). Common strategies of shear
wave excitation among acoustic pushes included acoustic radiation force impulse (ARFI)381
and supersonic shear imaging excitation (SSI).61 Studies using ultrasound excitation were
conducted in musculoskeletal tissues ex vivo (n = 51), in situ (n = 11), and in vivo (n = 376).
Shear waves excited by ultrasound were often measured using ultrasound as well.

Mechanical Shear Wave Excitation

In addition to the more common ultrasound wave generation technologies, 76 studies, or
14% of the total included studies, utilized a mechanical tapping device to excite shear waves
in musculoskeletal tissues. Mechanically excited shear waves were used to study muscle (n
=41), tendon (n = 18), ligament (n = 1), cartilage (n = 4), bone (n = 4), and musculoskeletal
tissue-mimicking phantoms (n = 9). These mechanical excitation technologies have included
piezoelectric actuators (e.g., Martin et al. 2018337), electromagnetic actuators (e.g., Cortes
et al. 2015132), and pneumatic actuators (e.g., Debernard et al. 2011141). These studies were
conducted in musculoskeletal tissues ex vivo (n = 24), in situ (n = 3), and in vivo (n = 41).

Ultrasound Shear Wave Measurement

In addition to excitation, ultrasound is frequently used to measure the propagation of shear
waves in musculoskeletal tissues. In this systematic review, we found 476 studies that

used ultrasound technology to measure shear wave propagation (Figure 3). Most frequently
(90% of all included studies), ultrasound was used to both excite and measure shear wave
propagation (Table S2). The ranges of mean shear wave speeds measured using ultrasound
were 0.7-16.9 m/s in muscle, 0.5-36.0 m/s in tendon, 1.7-29.7 m/s in ligament, 2.9-5.3
m/s in cartilage, 1074-3623 m/s in bone, and 1.2-7.0 m/s in phantoms (Table 3, Figure 4).
Many of these studies also reported the shear or elastic moduli of the tissue. The ranges of
mean shear moduli were 0.6-240.0 kPa in muscle, 8.4-563.5 kPa in tendon, 31.1-879.6 kPa
in ligament, and 3.1-40.7 kPa in cartilage, 3.0-6.7 x 10° kPa in bone, and 3.8-64.6 kPa

in phantoms (Table 4, Figure 5). The ranges of mean elastic moduli were 2.0-268.2 kPa in
muscle, 22.6-722.4 kPa in tendon, 24.5-230.6 kPa in ligament, 17.1-50.3 kPa in cartilage,
6.5-25.8 x 10° kPa in bone, and 52.5-187.6 kPa in phantoms (Table 5, Figure 6).

Magnetic Resonance Imaging Shear Wave Measurement

There were 36 studies that used MRI measurements of shear wave propagation in
conjunction with either ultrasound or mechanically excited shear waves to study muscle,
cartilage, and tissue-mimicking phantoms (Table S3). The range of mean shear wave speeds
was 1.0-4.7 m/s for muscle (Table 3, Figure 4). The mean shear wave speed was 2.9 m/s in
phantoms (n = 1) (Table 3, Figure 4). The ranges of the mean shear moduli were 1.3-54.0
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kPa in muscle, 1083-7714 kPa in cartilage, and 2.9-28.5 kPa in phantoms (Table 4, Figure
5). The range of mean elastic moduli was 11.4-71.0 kPa in muscle (Table 5, Figure 6).

Accelerometer Shear Wave Measurement

Six studies used accelerometer measurements of shear wave propagation in conjunction with
mechanically excited shear waves to study muscle and tendon (Table S4). The mean shear
wave speed was 2.4 m/s in muscle (n = 1) (Table 3, Figure 4). The range of mean shear wave
speeds was 34.1-85.6 m/s in tendon (Table 3, Figure 4).

Laser Doppler Vibrometer Shear Wave Measurement

Nine studies used laser Doppler vibrometers to measure shear wave propagation (Table

S5). Laser Doppler vibrometers were most commonly used with mechanically excited shear
waves to measure the mechanics of muscle, tendon, ligament, cartilage, and bone tissues, as
well as tissue-mimicking phantoms. The ranges of mean shear wave speeds were 4.0-12.4
m/s in muscle and 24.2-165.0 m/s in phantoms (Table 3, Figure 4). The mean shear wave
speed was 128.0 m/s in ligament (n = 1). The ranges of mean shear moduli were 700-1000
kPa in cartilage and 0.8-0.9 kPa in phantoms (Table 4, Figure 5).

Discussion

The primary purpose of this systematic review was to identify the broad range of
technologies and methods for exciting shear waves and measuring shear wave speeds

in musculoskeletal tissues, then compare and contrast them to provide insight into
building novel excitation and measurerments systems for future clinical and biomechanical
investigations. Our secondary purpose was to summarize the range of shear wave speeds,
shear moduli, and/or elastic moduli in the 525 papers by tissue and measurement type. We
further sub-divided these summaries by the sensor used to measure shear wave speeds.

Ultrasound Shear Wave Excitation

The most common technique used to excite shear waves includes methods that use an
acoustic push applied transversely to the tissue of interest (Figure 1). Acoustic pushes using
an ultrasound transducer are viable for non-invasively characterizing material properties

of human tissue in vivo and are particularly useful because they provide a stimulus that
can extend through the depth of a tissue of interest; hence, acoustic pushes are useful for
studying deep tissues (e.g., multifidus?2 and tibialis posterior387). In an acoustic push, the
ultrasound transducer emits an acoustic radiation force impulse (ARFI) capable of exciting
shear waves at a prescribed focal depth using one or a sequence of pushing beams.381
Another implementation of an acoustic push commonly used in musculoskeletal tissues

is supersonic shear imaging (SSI), in which successive focused pushing beams are used

to build fast, two-plane shear waves through constructive interference of each sequential
shear wave excited at locations through the depth of the tissue.6 Another method a series
of unfocused pushing beams across the tissue width to generate a 2D elasticity map

using shear waves generated in one experimental collection (comb-push ultrasound shear
elastography (CUSE)).4%8 However, the unfocused pushing method limits this technique to

Ann Biomed Eng. Author manuscript; available in PMC 2022 November 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Blank et al.

Page 8

surface level tissues like tendon and muscle, and this method has yet to be used widely
across musculoskeletal tissues.

There are distinct advantages and disadvantages to exciting shear waves using an acoustic
push (Table 1). For example, acoustic pushes can excite a shear wave uniformly through

the entire tissue thickness (i.e., a plane wave). Additionally, it is easier to excite a particular
tissue or tissue region with the image guidance provided by ultrasonography. A disadvantage
of ultrasonic excitation is that it may be burdensome to measure shear wave speeds in
musculoskeletal tissues during movement. Additionally, the structure of the tissue of interest
(e.g., muscle fiber pennation?82) can cause scattering of the acoustic push and variable
acoustic attenuation, which can lead to a reduction in displacement amplitude near the focal
location.3%0 This is especially true of anisotropic tissues,188 where users may need to know
the primary direction of anisotropy prior to shear wave excitation. However, acoustic pushes
are the most feasible form of excitation in methods that use ultrasound to measure shear
waves because it limits the components necessary to excite and measure in the system.

Mechanical Shear Wave Excitation

The second most common technique used to excite shear waves includes methods that use
mechanical excitation to generate a shear wave in the tissue of interest. This method of
excitation has most frequently been used in vivo. For instance, mechanical taps are the
primary method of excitation for shear wave tensiometry, where shear waves are excited
using a wearable piezoelectric tapper mounted superficial to the skin over the tissue of
interest.162. 262, 337 Additionally, piezoelectric tappers have been used to excite shear waves
in tissues ex vivo, such as tendon, ligament, and muscle.”%: 314. 339 Mechanical excitation
methods have also been used when monitoring shear waves using ultrasonic imaging. For
example, shear waves excited by piezoelectric elements have been used to study the material
properties of cancellous bone.3® Handheld mechanical shakers have also been used to
excite shear waves in the Achilles and semitendinosus tendons, with the resulting shear
wave speeds being measured using ultrasound.32 465 Finally, mechanical excitation is a
prominent method of shear wave excitation used during MRE.50. 58, 380, 391

There are distinct advantages and disadvantages to exciting shear waves using a mechanical
excitation (Table 1). When measuring shear wave speeds during human movement, it may
be more feasible to excite shear waves using a mechanical actuatorl62. 262, 337 than an
acoustic push due to the smaller size and profile of a piezoelectric actuator compared to that
of an ultrasound probe. Additionally, mechanical actuators provide a method of excitation
that generates a 3D displacement field,199 can be high in amplitude and untethered, and

is typically easier to adapt for compatibility with MRI,488 which is why they are used

more frequently than ultrasound-generated acoustic pushes in MRE. A final advantage

of mechanical actuators is their capacity to generate a greater magnitude of input motion/
force, which increases the amplitude of the shear wave and thus the signal-to-noise ratio

of the measurement. A disadvantage of using a mechanical actuator is that it generates a
complex excitation that contains both compressive and shear wave components.132 Hence,
mechanical actuators may not excite a uniform shear wave through the depth of the

tissue, which is why they are infrequently used in studies exploring spatial variations in
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shear wave propagation measured using ultrasound. Additionally, noninvasive mechanical
actuators are limited to applications of superficial tissues because the induced motion must
pass through overlying tissue before exciting a shear wave in the tissue of interest. In
conclusion, mechanical actuators are most feasible for exciting high-amplitude shear waves
in superficial tissues, such as in wearable applications.

Ultrasound Shear Wave Measurement

Ultrasound is the most common clinical tool used to measure shear wave speeds in
musculoskeletal tissues. To our knowledge, one of the first applications using this method
for measuring shear wave propagation on musculoskeletal tissue was employed in animal
tissue ex vivo. This study by Ramana et al. showed that shear wave speed measurements
could be used to characterize material properties in striated leg muscle.#18 Since then,
shear wave elastography has seen widespread use in other applications and has emerged
as the primary method for measuring shear wave speeds in vivo, where muscles are the
most common musculoskeletal tissue studied. Using ultrasound, shear wave speeds can
be measured in parallel and pennate muscles, such as the biceps brachii,% 102. 170 hiceps
femoris,18: /1. 122 and soleus,287 in healthy skeletal muscle with unique functions (e.g.,
masseter®®), and in skeletal muscles with unique fiber patterns (e.g., pectoralis major36).
Hence, the versatility of ultrasound measurement of shear wave speed often makes it the best
candidate for research groups interested in more than one type of muscle.

A likely source of variation in ultrasound-measured shear wave speeds (Figure 4) is the
variability in the specific joint pose, subject demographics, and tissue health. This can easily
be seen in studies focused on the Achilles tendon, which is a tissue widely studied with
elastography because it is a large, superficial tendon. Ruan et al. noted that shear wave
speeds can differ by 0.5-1.5 m/s between the relaxed and tensioned Achilles tendon, and
that measured shear wave speeds can be greater in older groups of subjects.#2> DeWall et
al. reported shear wave speeds of 7.2 m/s in the plantarflexed and 12.0 m/s in the neutral
Achilles tendon,147 while Karatekin et al. reported shear wave speeds of 6.5 m/s in the
plantarflexed and 7.4 m/s in the neutral Achilles tendon, albeit in an ankle orthosis.2%%
Dewall et al. also showed that tear thickness may alter measured shear wave speeds in an
ex vivo tendon model.246 Finally, shear wave speeds in the unloaded Achilles, and thus
material properties, are known to vary for subjects with tendinopathy.126: 151. 555 Together,
these studies indicate that even tissues of the same type can have different shear wave
speeds during different loading conditions and across different age groups, and that these
differences are further exacerbated by tissue pathology, which can also alter the shear wave
speed measured in the tissue.2®1 Thus, when comparing measured shear wave speeds to
those from prior studies, it is important to identify a study with similar specific joint poses,
subject demographics, and tissue health.

There are distinct advantages and disadvantages to measuring shear waves using ultrasound
(Table 2). A distinct advantage of using this modality is the ability to measure shear wave
speeds in deep tissues and in tissues with material properties that vary regionally.14” Further,
the corresponding image is useful for guiding handheld measurements and can be used to
verify measurement location relative to the tissue of interest and the direction of tissue
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anisotropy in fibrous tissues. However, as stated previously, ultrasound systems that excite
shear waves may have variable excitation patterns due to the structure of the tissue of
interest.390. 482 Additionally, shear wave speeds and material properties measured using
ultrasound elastography are dependent on tissue anisotropy,38:40:82:91.297 5 ysers must make
an educated assumption about tissue anisotropy with respect to transducer orientation prior
to measurement to avoid misinterpretation of experimental results.32 Finally, when using
ultrasound elastography on tissues undergoing high loads, especially in stiff, transversely
isotropic tissues like the Achilles tendon, one must consider the tradeoff between spatial
and temporal resolution within a set ultrasound system. A key example of this is a study
by Martin et al., who found that shear wave speeds exceeding 12—-14 m/s can saturate the
ultrasound signal using a Supersonic Imagine Aixplorer system.338 These effects should be
accounted for when designing an experimental setup using a clinical ultrasound system.

In conclusion, measuring shear wave propagation using ultrasound is most feasible under
experimental conditions that do not require both high spatial and temporal resolution (e.g.,
detailed measurements in static tissue, or low-resolution measurements in a dynamically
loaded tissue).

Magnetic Resonance Imaging Shear Wave Measurement

In addition to ultrasound, MRI is an imaging modality commonly used to measure shear
wave propagation in musculoskeletal applications. MRI offers an additional dimension

to image, as well as improved resolution relative to ultrasound. To our knowledge, the

first in vivo musculoskeletal application of MRE was performed by Dresner et al. on the
biceps brachii, where they measured an increase in muscle stiffness with increasing muscle
contraction.®8 These results agreed with previously published stiffnesses determined via
sonoelastography,3! suggesting that MRE is a viable method for determining material
properties of muscle in vivo. The majority of studies using MRE in vivo have focused

on lower extremity muscles, and several studies have reported a shear modulus of 2.1-4.6
kPa in the vastus medialis at rest.59: 141. 142 However, this may change with pathology

and contraction.>’: 58 Basford et al. noted that the shear modulus was much higher for
muscles in the shank;>0 however, more recent studies in the soleus, gastrocnemius, and
tibialis anterior have quantified a shear modulus lower than the quadriceps group (1.9-2.0
kPa).203 Differences in measured material properties like these across studies could be due
to experimental setups that have changed over time.

There are distinct advantages and disadvantages to measuring shear waves using MRE
(Table 2). The first advantage is that MRE has a higher processing resolution than ultrasound
elastography, which can provide a more detailed description of local shear wave speeds

and thus material properties. Second, like ultrasound, MRE analysis can image deep tissues
in the extremity of interest. A final advantage of MRE is that the tissue’s mechanical
information obtained from MRE can be combined with structural information from 3D
images reconstructed using MRI. Despite these numerous advantages, MRE is not used to
measure fast longitudinal waves that have a frequency exceeding the maximum vibration
frequencies observable in MRE (1 kHz).462 This disadvantage is why MRE is commonly
used in unloaded muscle instead of loaded tendon or ligament. A second disadvantage is that
with higher resolution comes longer collection and processing times,52 which is the reason
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that the tissue of interest remains stationary during the collection time in most studies. In
conclusion, MRE is most feasible for acquiring high resolution, local shear wave speed
measurements in tissues under quasi-static loading.

Accelerometer Shear Wave Measurement

The recent use of accelerometers to measure shear wave speeds has enabled the
characterization of tendon loading during dynamic human movement in vivo (i.e., shear
wave tensiometry). Martin et al. used two accelerometers to measure the speeds of
mechanically excited shear waves to track physiological loads in the Achilles, patellar,

and biceps femoris tendons.337 Interestingly, they found that loading patterns observed

in ex vivo porcine digital flexor tendons and in vivo human Achilles tendons (20-80

m/s) could be predicted similarly using an analytical tensioned beam model. Such a
development has enabled additional investigations into the aging Achilles tendon (e.g.,
Ebrahimi et al. 2020162) and the calibration of a subject-specific shear wave speed-stress
relationship during walking or isometric loading (e.g., Keuler et al. 2019252 and Martin et al.
2020338). Accelerometry has also been used to investigate shear waves produced by muscle
contractions in the tibialis anterior muscle in vivo. Cescon et al. showed in healthy adults
that shear waves propagating along muscle fibers were an order of magnitude slower than
those in tendon (2.4 + 1.1 m/s),% which may be due to the relationship between the shear
wave speed and axial tissue stress.337

There are several advantages and disadvantages to measuring shear wave propagation using
accelerometers (Table 2). The primary advantage is that the small size of accelerometers
make it simple to obtain wearable measurements. The small size together with the higher
dynamic range of these sensors compared to the imaging modalities makes it possible to
measure higher shear wave speeds that arise during functional activities (Figure 4). For
example, accelerometers have been used to track shear waves in tendons loaded up to 48
MPa.252 The primary disadvantage of accelerometers is that shear wave speed measurements
can only be performed in superficial tissues. Additionally, it is more challenging to perform
regional measurements with accelerometers than with one of the imaging measurement
methods. This is because accelerometers do not have image-guidance, thus it is challenging
to relate the position of accelerometers to a precise location on the tissue, or in a direction of
principal tissue anisotropy if not otherwise known. In conclusion, the use of accelerometers
is most feasible for global measurements of shear wave propagation on superficial tissues.

Laser Doppler Vibrometer Shear Wave Measurement

Laser Doppler vibrometry is an established non-contact measurement method for
monitoring the transverse motion of elastic materials.#24 This method provides non-contact
measurements at specific locations and has primarily been used in quasi-static ex vivo
applications. Previous studies have used this method to measure shear wave speeds

in collateral ligaments and flexor tendons ex vivo (ranges = 40-130 and 30-100 m/s,
respectively).”0: 339 Both studies concluded that the relationship between shear wave speed
and stress is consistent with an analytical beam model.337 Laser Doppler vibrometers have
also been used to investigate muscle contractions in vivo. Salman et al. demonstrated that
mechanically excited shear waves, with speeds between 4 and 12 m/s, can be measured

Ann Biomed Eng. Author manuscript; available in PMC 2022 November 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Blank et al.

Page 12

using laser Doppler vibrometers in the human bicep during isometric contractions up to 60%
of maximum voluntary contraction.#38. 439 Salman and colleagues went on to perform the
same measurement on Achilles tendons in vivo, reporting shear wave speeds ranging from
10 to 40 m/s for varying ankle flexion.3” Together, these studies demonstrate the utility

of using laser Doppler vibrometers to monitor tissue motion and track shear waves using
non-contact measurements directly on the tissue or skin surface.

There are several advantages and disadvantages to measuring shear wave propagation using
laser Doppler vibrometers (Table 2). Like accelerometers, laser Doppler vibrometers have a
higher dynamic range than ultrasound and MRI, which allow shear waves to be measured
during functional tissue loading and in tissues with high moduli.”0: 155, 156, 337, 437-439
Additionally, laser Doppler vibrometers are a non-contact measurement method, which
enables users to measure shear wave speeds without regard for contact dynamics or inertial
effects between the sensor and the tissue surface. The primary disadvantage of laser Doppler
vibrometers is that they are sensitive to focal distance, which limits their use to tissues that
primarily move in a single plane (e.g., axial loading ex vivo). Additionally, laser vibrometers
require a sufficient intensity of light to reflect back to the laser origin,*24 meaning that users
may be limited by signal-to-noise ratio in applications where retro-reflective tape cannot

be used. Finally, like when using ultrasound or accelerometers, users must understand the
material anisotropy prior to aligning lasers to avoid misinterpretation of shear wave speeds.
In conclusion, using laser Doppler vibrometers to measure shear wave propagation is most
feasible in ex vivo, single plane loading experimental conditions.

Conclusions

With the advent of new sensors and enhancements to existing imaging modalities, using
shear wave propagation to investigate musculoskeletal tissue mechanics is more readily
accessible. As such, the contents of this systematic review demonstrate that the use of
shear waves to characterize the mechanics of musculoskeletal tissues has proliferated,

with over half of the included studies being published in the last three years (Figure 7).
Among excitation methods, acoustic pushes and mechanical taps are particularly useful in
accessing deep tissues and superficial tissues during motion, respectively. Various setups
that combine one of these excitation methods with ultrasound, MRI, accelerometers, or
laser Doppler vibrometers can be used to determine shear wave speeds and thus material
properties or loading for a wide variety of musculoskeletal tissues. Given the multitude of
possible combinations of excitation and measurement technologies, researchers can use the
advantages and disadvantages of different combinations presented in this review to identify
the optimal method for a given application.
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Refer to Web version on PubMed Central for supplementary material.

Acknowledgements

We thank Rhonda Sager and Jack Martin for their advice during the planning of this review.

Ann Biomed Eng. Author manuscript; available in PMC 2022 November 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Blank et al.

Th

Page 13

is work was supported by the National Institute of Biomedical Imaging and Bioengineering (NIBIB) of the

National Institutes of Health under award number [NIBIB: R21 EB024957] and the National Institute of Arthritis
and Musculoskeletal and Skin Diseases (NIAMS) of the National Institutes of Health under award number

[N

Th

IAMS: F32 AR076276].

is material is based upon work supported by the National Science Foundation Graduate Research Fellowship

Program under Grant No. DGE-1747503. Any opinions, findings, and conclusions or recommendations expressed
in this material are those of the author(s) and do not necessarily reflect the views of the National Science
Foundation.

References
1.

10

11.

12.

13.

Acufa SA, Ebrahimi A, Pomeroy RL, Martin JA and Thelen DG. Achilles tendon shear wave speed
tracks the dynamic modulation of standing balance. Physiological Reports 7: €14298, 2019.

. Agten CA, Buck FM, Dyer L, Fluck M, Pfirrmann CW and Rosskopf AB. Delayed-Onset Muscle

Soreness: Temporal Assessment With Quantitative MRI and Shear-Wave Ultrasound Elastography.
AJR Am J Roentgenol 208: 402-412, 2017. [PubMed: 27845853]

. Ahmadzadeh SMH, Chen X, Hagemann H, Tang MX and Bull AMJ. Developing and using fast

shear wave elastography to quantify physiologically-relevant tendon forces. Med Eng Phys 69:
116-122, 2019. [PubMed: 31056401]

. Ahmed R and Doyley MM. Distributing Synthetic Focusing Over Multiple Push-Detect Events

Enhances Shear Wave Elasticity Imaging Performance. IEEE Trans Ultrason Ferroelectr Freq
Control 66: 1170-1184, 2019. [PubMed: 30990427]

. Akagi R, Fukui T, Kubota M, Nakamura M and Ema R. Muscle Shear Moduli Changes and

Frequency of Alternate Muscle Activity of Plantar Flexor Synergists Induced by Prolonged Low-
Level Contraction. Front Physiol 8: 708, 2017. [PubMed: 28979212]

. Akagi R and Kusama S. Comparison Between Neck and Shoulder Stiffness Determined by Shear

Wave Ultrasound Elastography and a Muscle Hardness Meter. Ultrasound Med Biol 41: 2266-2271,
2015. [PubMed: 25944285]

. Akagi R, Sato S, Yoshihara K, Ishimatsu H and Ema R. Sex difference in fatigability of knee

extensor muscles during sustained low-level contractions. Scientific Reports 9: 16718, 2019.
[PubMed: 31723215]

. Akagi R, Shikiba T, Tanaka J and Takahashi H. A Six-Week Resistance Training Program Does

Not Change Shear Modulus of the Triceps Brachii. J Appl Biomech 32: 373-378, 2016. [PubMed:
26957222]

. Akagi R and Takahashi H. Acute effect of static stretching on hardness of the gastrocnemius muscle.

Med Sci Sports Exerc 45: 1348-1354, 2013. [PubMed: 23299765]

. Akagi R and Takahashi H. Effect of a 5-week static stretching program on hardness of the
gastrocnemius muscle. Scand J Med Sci Sports 24: 950-957, 2014. [PubMed: 23944602]

Akagi R, Tanaka J, Shikiba T and Takahashi H. Muscle hardness of the triceps brachii before and
after a resistance exercise session: a shear wave ultrasound elastography study. Acta Radiol 56:
1487-1493, 2015. [PubMed: 25422513]

Akagi R, Yamashita Y and Ueyasu Y. Age-Related Differences in Muscle Shear Moduli in the
Lower Extremity. Ultrasound Med Biol 41: 2906-2912, 2015. [PubMed: 26314496]

Akiyama K, Akagi R, Hirayama K, Hirose N, Takahashi H and Fukubayshi T. Shear Modulus of
the Lower Leg Muscles in Patients with Medial Tibial Stress Syndrome. Ultrasound Med Biol 42:
1779-1783, 2016. [PubMed: 27129903]

14. Akkoc O and Caliskan E. The Impact of Strenght Electromyostimulation Training on Muscle

15.

Stiffness and Blood Flow: An Exploration Using Shear Wave Elastography and Superb
Microvascular Imaging. Universal Journal of Educational Research 7: 80-86, 2019.

Akkoc O, Caliskan E and Bayramoglu Z. Effects of passive muscle stiffness measured by Shear
Wave Elastography, muscle thickness, and body mass index on athletic performance in adolescent
female basketball players. Med Ultrason 20: 170-176, 2018. [PubMed: 29730683]

Ann Biomed Eng. Author manuscript; available in PMC 2022 November 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Blank et al.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

Page 14

Alfuraih AM, O’Connor P, Hensor E, Tan AL, Emery P and Wakefield RJ. The effect of unit,
depth, and probe load on the reliability of muscle shear wave elastography: Variables affecting
reliability of SWE. J Clin Ultrasound 46: 108-115, 2018. [PubMed: 28990683]

Alfuraih AM, O’Connor P, Tan AL, Hensor E, Emery P and Wakefield RJ. An investigation into
the variability between different shear wave elastography systems in muscle. Med Ultrason 19:
392-400, 2017. [PubMed: 29197916]

Alfuraih AM, O’Connor P, Tan AL, Hensor EMA, Ladas A, Emery P and Wakefield RJ. Muscle
shear wave elastography in idiopathic inflammatory myopathies: a case-control study with MRI
correlation. Skeletal Radiol 48: 1209-1219, 2019. [PubMed: 30810778]

Alfuraih AM, Tan AL, O’Connor P, Emery P, Mackie S and Wakefield RJ. Reduction in stiffness
of proximal leg muscles during the first 6 months of glucocorticoid therapy for giant cell arteritis:
A pilot study using shear wave elastography. Int J Rheum Dis 22: 1891-1899, 2019. [PubMed:
31364284]

Alfuraih AM, Tan AL, O’Connor P, Emery P and Wakefield RJ. The effect of ageing on shear
wave elastography muscle stiffness in adults. Aging Clin Exp Res 31: 1755-1763, 2019. [PubMed:
30762201]

Alfuraih AM, Tan AL, O’Connor P, Emery P and Wakefield RJ. Muscle stiffness in rheumatoid
arthritis is not altered or associated with muscle weakness: A shear wave elastography study. Mod
Rheumatol 30: 617-625, 2020. [PubMed: 31314615]

Alis D, Durmaz ESM, Alis C, Erol BC, Okur B, Kizilkilic O and Mihmanli |. Shear Wave
Elastography of the Lumbar Multifidus Muscle in Patients With Unilateral Lumbar Disk
Herniation. J Ultrasound Med 38: 1695-1703, 2019. [PubMed: 30426520]

Aljinovic J, Barisic I, Poljicanin A, Kuzmicic S, Vukojevic K, Gugic Bokun D and Vlak T. Can
measuring passive neck muscle stiffness in whiplash injury patients help detect false whiplash
claims? Wien Klin Wochenschr 2020.

Aljuraifani R, Stafford RE, Hug F and Hodges PW. Female striated urogenital sphincter
contraction measured by shear wave elastography during pelvic floor muscle activation: Proof

of concept and validation. Neurourol Urodyn 37: 206-212, 2018. [PubMed: 28407305]

Alp NB, Akdag G, Kaleli T, Macunluoglu AC and Uzunlulu N. Evaluation of patellar tendon with
shear wave elastography after anterior cruciate ligament reconstruction using hamstring tendons. Jt
Dis Relat Surg 31: 137-142, 2020. [PubMed: 32160507]

Alviti F, D’Ercole C, Schillizzi G, Mangone M, Bernetti A, loppolo F, Di Sante L, Minafra

P, Santilli V, Elia D, Vallone G, D’Ambrosio F and Cantisani V. Elastosonographic evaluation
after extracorporeal shockwave treatment in plantar fasciopathy. Med Ultrason 21: 399-404, 2019.
[PubMed: 31765447]

Analan PD, Aslan H and Umay ST. A Comparison of The Effects of Lidocaine and Saline
Injection on Pain, Disability, and Shear-Wave Elastography Findings in Patients with Myofascial
Trigger Points. Cyprus Journal of Medical Sciences 4: 103-109, 2019.

Ando R and Suzuki Y. Positive relationship between passive muscle stiffness and rapid force
production. Hum Mov Sci 66: 285-291, 2019. [PubMed: 31082668]

Antich P and Mehta S. Ultrasound critical-angle reflectometry (UCR): a new modality for
functional elastometric imaging. Phys Med Biol 42: 1763-1777, 1997. [PubMed: 9308082]

Arda K, Ciledag N, Aktas E, Aribas BK and Kose K. Quantitative assessment of normal soft-tissue
elasticity using shear-wave ultrasound elastography. AJR Am J Roentgenol 197: 532-536, 2011.
[PubMed: 21862792]

Ariji Y, Nakayama M, Nishiyama W, Nozawa M and Ariji E. Shear-wave sonoelastography

for assessing masseter muscle hardness in comparison with strain sonoelastography: study with
phantoms and healthy volunteers. Dentomaxillofac Radiol 45: 20150251, 2016.

Aristizabal S, Amador C, Qiang B, Kinnick RR, Nenadic 1Z, Greenleaf JF and Urban MW.

Shear wave vibrometry evaluation in transverse isotropic tissue mimicking phantoms and skeletal
muscle. Phys Med Biol 59: 7735-7752, 2014. [PubMed: 25419697]

Arnal B, Pernot M and Tanter M. Monitoring of thermal therapy based on shear modulus changes:
I. shear wave thermometry. IEEE Trans Ultrason Ferroelectr Freq Control 58: 369-378, 2011.
[PubMed: 21342822]

Ann Biomed Eng. Author manuscript; available in PMC 2022 November 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Blank et al.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Page 15

Arya S and Kulig K. Tendinopathy alters mechanical and material properties of the Achilles
tendon. J Appl Physiol (1985) 108: 670-675, 2010. [PubMed: 19892931]

Ashman RB, Corin JD and Turner CH. Elastic properties of cancellous bone: measurement by an
ultrasonic technique. J Biomech 20: 979-986, 1987. [PubMed: 3693379]

Ates F, Andrade RJ, Freitas SR, Hug F, Lacourpaille L, Gross R, Yucesoy CA and Nordez A.
Passive stiffness of monoarticular lower leg muscles is influenced by knee joint angle. Eur J Appl
Physiol 118: 585-593, 2018. [PubMed: 29327169]

Ates F, Hug F, Bouillard K, Jubeau M, Frappart T, Couade M, Bercoff J and Nordez A. Muscle
shear elastic modulus is linearly related to muscle torque over the entire range of isometric
contraction intensity. J Electromyogr Kinesiol 25: 703-708, 2015. [PubMed: 25956546]

Aubry S, Nueffer JP and Carrie M. Evaluation of the Effect of an Anisotropic Medium on Shear
Wave Velocities of Intra-Muscular Gelatinous Inclusions. Ultrasound Med Biol 43: 301-308,
2017. [PubMed: 27742141]

Aubry S, Nueffer JP, Tanter M, Becce F, Vidal C and Michel F. Viscoelasticity in Achilles
tendonopathy: quantitative assessment by using real-time shear-wave elastography. Radiology 274:
821-829, 2015. [PubMed: 25329764]

Aubry S, Risson JR, Kastler A, Barbier-Brion B, Siliman G, Runge M and Kastler B.
Biomechanical properties of the calcaneal tendon in vivo assessed by transient shear wave
elastography. Skeletal Radiol 42: 1143-1150, 2013. [PubMed: 23708047]

Auvrillon S, Hug F and Guilhem G. Between-muscle differences in coactivation assessed using
elastography. J Electromyogr Kinesiol 43: 88-94, 2018. [PubMed: 30265870]

Auvrillon S, Lacourpaille L, Hug F, Le Sant G, Frey A, Nordez A and Guilhem G. Hamstring
muscle elasticity differs in specialized high-performance athletes. Scand J Med Sci Sports 30:
83-91, 2020. [PubMed: 31593612]

Bachasson D, Dres M, Nierat MC, Gennisson JL, Hogrel JY, Doorduin J and Similowski T.
Diaphragm shear modulus reflects transdiaphragmatic pressure during isovolumetric inspiratory
efforts and ventilation against inspiratory loading. J Appl Physiol (1985) 126: 699-707, 2019.
[PubMed: 30730816]

Bachasson D, Dubois GJR, Allenbach Y, Benveniste O and Hogrel JY. Muscle Shear Wave
Elastography in Inclusion Body Myositis: Feasibility, Reliability and Relationships with Muscle
Impairments. Ultrasound Med Biol 44: 1423-1432, 2018. [PubMed: 29706410]

Badea I, Tamas-Szora A, Chiorean I, Fildan F, Ciulea E and Badea M. Quantitative assessment of
the masseter muscle’s elasticity using Acoustic Radiation Force Impulse. Med Ultrason 16: 89-94,
2014. [PubMed: 24791838]

Bala 'Y, Lefevre E, Roux JP, Baron C, Lasaygues P, Pithioux M, Kaftandjian V and Follet H. Pore
network microarchitecture influences human cortical bone elasticity during growth and aging. J
Mech Behav Biomed Mater 63: 164-173, 2016. [PubMed: 27389322]

Ballyns JJ, Turo D, Otto P, Shah JP, Hammond J, Gebreab T, Gerber LH and Sikdar S.
Office-based elastographic technique for quantifying mechanical properties of skeletal muscle.

J Ultrasound Med 31: 1209-1219, 2012. [PubMed: 22837285]

Barannik EA, Girnyk A, Tovstiak V, Marusenko Al, Emelianov SY and Sarvazyan AP. Doppler
ultrasound detection of shear waves remotely induced in tissue phantoms and tissue in vitro.
Ultrasonics 40: 849-852, 2002. [PubMed: 12160057]

Barannik EA, Girnyk SA, Tovstiak VV, Marusenko Al, Volokhov VA, Sarvazyan AP and
Emelianov SY. The influence of viscosity on the shear strain remotely induced by focused
ultrasound in viscoelastic media. J Acoust Soc Am 115: 2358-2364, 2004. [PubMed: 15139649]
Basford JR, Jenkyn TR, An KN, Ehman RL, Heers G and Kaufman KR. Evaluation of healthy and
diseased muscle with magnetic resonance elastography. Arch Phys Med Rehabil 83: 1530-1536,
2002. [PubMed: 12422320]

Baumer TG, Davis L, Dischler J, Siegal DS, van Holsbeeck M, Moutzouros V and Bey MJ. Shear
wave elastography of the supraspinatus muscle and tendon: Repeatability and preliminary findings.
J Biomech 53: 201-204, 2017. [PubMed: 28110933]

Ann Biomed Eng. Author manuscript; available in PMC 2022 November 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Blank et al.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Page 16

Baumer TG, Dischler J, Davis L, Labyed Y, Siegal DS, van Holsbeeck M, Moutzouros V and Bey
MJ. Effects of age and pathology on shear wave speed of the human rotator cuff. J Orthop Res 36:
282-288, 2018. [PubMed: 28657192]

Bekci T, Bilgici MC, Tekcan D, Ulus Y and Akyuz B. Quantitative Assessment of Muscular
Stiffness in Children With Chronic Kidney Disease Using Acoustic Radiation Force Impulse
Ultrasound Elastography. Ultrasound Q 2019.

Bell EA, Hibbert JE and Domire ZJ. Measurement of intrinsic foot stiffness in minimally and
traditionally shod runners using ultrasound elastography: A pilot study. J Sports Sci 38; 1516—
1523, 2020. [PubMed: 32228117]

Ben-Abraham El, Chen J, Felmlee JP, Rossman P, Manduca A, An KN and Ehman RL. Feasibility
of MR elastography of the intervertebral disc. Magn Reson Imaging 39: 132-137, 2017. [PubMed:
26743429]

Benech N and Negreira CA. Monitoring heat-induced changes in soft tissues with 1D transient
elastography. Phys Med Biol 55: 1753-1765, 2010. [PubMed: 20197604]

Bensamoun SF, Glaser KJ, Ringleb SI, Chen Q, Ehman RL and An KN. Rapid magnetic resonance
elastography of muscle using one-dimensional projection. J Magn Reson Imaging 27: 1083-1088,
2008. [PubMed: 18407545]

Bensamoun SF, Ringleb SI, Chen Q, Ehman RL, An KN and Brennan M. Thigh muscle stiffness
assessed with magnetic resonance elastography in hyperthyroid patients before and after medical
treatment. J Magn Reson Imaging 26: 708-713, 2007. [PubMed: 17729336]

Bensamoun SF, Ringleb S, Littrell L, Chen Q, Brennan M, Ehman RL and An KN. Determination
of thigh muscle stiffness using magnetic resonance elastography. J Magn Reson Imaging 23: 242—
247, 2006. [PubMed: 16374878]

Bercoff J, Pernot M, Tanter M and Fink M. Monitoring thermally-induced lesions with supersonic
shear imaging. Ultrason Imaging 26: 71-84, 2004. [PubMed: 15344412]

Bercoff J, Tanter M and Fink M. Supersonic shear imaging: a new technique for soft tissue
elasticity mapping. IEEE Transactions on Ultrasonics, Ferroelectrics, and Frequency Control 51:
396-409, 2004. [PubMed: 15139541]

Bernabei M, Lee SSM, Perreault EJ and Sandercock TG. Shear wave velocity is sensitive to
changes in muscle stiffness that occur independently from changes in force. J Appl Physiol (1985)
128: 8-16, 2020. [PubMed: 31556833]

Bernard S, Kazemirad S and Cloutier G. A Frequency-Shift Method to Measure Shear-Wave
Attenuation in Soft Tissues. IEEE Trans Ultrason Ferroelectr Freq Control 64: 514-524, 2017.
[PubMed: 27913343]

Berteau JP, Baron C, Pithioux M, Launay F, Chabrand P and Lasaygues P. In vitro ultrasonic and
mechanic characterization of the modulus of elasticity of children cortical bone. Ultrasonics 54:
1270-1276, 2014. [PubMed: 24112598]

Bieri O, Maderwald S, Ladd ME and Scheffler K. Balanced alternating steady-state elastography.
Magn Reson Med 55: 233-241, 2006. [PubMed: 16416431]

Bilgici MC, Bekci T, Ulus Y, Bilgici A, Tomak L and Selcuk MB. Quantitative assessment

of muscle stiffness with acoustic radiation force impulse elastography after botulinum toxin A
injection in children with cerebral palsy. Journal of Medical Ultrasonics 45: 137-141, 2018.
[PubMed: 28271231]

Bilgici MC, Bekci T, Ulus Y, Ozyurek H, Aydin OF, Tomak L and Selcuk MB. Quantitative
assessment of muscular stiffness in children with cerebral palsy using acoustic radiation force
impulse (ARFI) ultrasound elastography. J Med Ultrason (2001) 45: 295-300, 2018. [PubMed:
28900767]

Bishop J, Poole G, Leitch M and Plewes DB. Magnetic resonance imaging of shear wave
propagation in excised tissue. J Magn Reson Imaging 8: 1257-1265, 1998. [PubMed: 9848738]
Blain M, Bedretdinova D, Bellin MF, Rocher L, Gagey O, Soubeyrand M and Creze M. Influence
of thoracolumbar fascia stretching on lumbar back muscle stiffness: A supersonic shear wave
elastography approach. Clin Anat 32: 73-80, 2019. [PubMed: 30144317]

Blank JL, Thelen DG and Roth JD. Shear wave speeds track axial stress in porcine collateral
ligaments. J Mech Behav Biomed Mater 105: 103704, 2020.

Ann Biomed Eng. Author manuscript; available in PMC 2022 November 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Blank et al.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Page 17

Bortolotto C, Lungarotti L, Fiorina I, Zacchino M, Draghi F and Calliada F. Influence of
subjects’ characteristics and technical variables on muscle stiffness measured by shear wave
elastosonography. Journal of Ultrasound 20: 139-146, 2017. [PubMed: 28593004]

Botanlioglu H, Kantarci F, Kaynak G, Unal Y, Ertan S, Aydingoz O, Erginer R, Unlu MC,
Mihmanli | and Babacan M. Shear wave elastography properties of vastus lateralis and vastus
medialis obliquus muscles in normal subjects and female patients with patellofemoral pain
syndrome. Skeletal Radiol 42: 659-666, 2013. [PubMed: 22996306]

Botanlioglu H, Kaynak G, Kantarci F, Guven MF, Zengin G and Aydingoz O. Length, thickness,
and elasticity of the patellar tendon after closed wedge high tibial osteotomy: a shear wave
elastographic study. J Orthop Surg (Hong Kong) 24: 194-197, 2016. [PubMed: 27574262]
Botanlioglu H, Zengin G, Birsel O, Aydingoz O, Guven M, Erginer R, Kaynak G, Ustabasioglu
F and Gulsen F. The effect of shear-wave elastography on functional results and muscle stiffness
in patients undergoing non-selective and selective open kinetic chain exercises. Turk J Phys Med
Rehabil 65: 40-50, 2019. [PubMed: 31453543]

Bouillard K, Jubeau M, Nordez A and Hug F. Effect of vastus lateralis fatigue on load sharing
between quadriceps femoris muscles during isometric knee extensions. J Neurophysiol 111: 768—
776, 2014. [PubMed: 24259546]

Brandenburg JE, Eby SF, Song P, Bamlet WR, Sieck GC and An KN. Quantifying Effect of
Onabotulinum Toxin A on Passive Muscle Stiffness in Children with Cerebral Palsy Using
Ultrasound Shear Wave Elastography. Am J Phys Med Rehabil 97: 500-506, 2018. [PubMed:
29406405]

Brandenburg JE, Eby SF, Song P, Kingsley-Berg S, Bamlet W, Sieck GC and An KN. Quantifying
passive muscle stiffness in children with and without cerebral palsy using ultrasound shear wave
elastography. Dev Med Child Neurol 58: 1288-1294, 2016. [PubMed: 27374483]

Brandenburg JE, Eby SF, Song P, Zhao H, Landry BW, Kingsley-Berg S, Bamlet WR, Chen S,
Sieck GC and An KN. Feasibility and reliability of quantifying passive muscle stiffness in young
children by using shear wave ultrasound elastography. J Ultrasound Med 34: 663-670, 2015.
[PubMed: 25792582]

Braun J, Braun K and Sack I. Electromagnetic actuator for generating variably oriented shear
waves in MR elastography. Magn Reson Med 50: 220-222, 2003. [PubMed: 12815700]

Brosses ES, Pernot M and Tanter M. The link between tissue elasticity and thermal dose in vivo.
Phys Med Biol 56: 7755-7765, 2011. [PubMed: 22094357]

Brown E, Yoshitake Y, Shinohara M and Ueda J. Automatic analysis of ultrasound shear-wave
elastography in skeletal muscle without non-contractile tissue contamination. International Journal
of Intelligent Robotics and Applications 2: 209-225, 2018.

Brum J, Bernal M, Gennisson JL and Tanter M. In vivo evaluation of the elastic anisotropy of the
human Achilles tendon using shear wave dispersion analysis. Phys Med Biol 59: 505-523, 2014.
[PubMed: 24434420]

Burke CJ, Babb JS and Adler RS. Shear wave elastography in the pronator quadratus muscle
following distal radial fracture fixation: A feasibility study comparing the operated versus
nonoperated sides. Ultrasound 25: 222-228, 2017. [PubMed: 29163658]

Bustamante L, Saeki M and Matsukawa M. Characterization of shear waves in cortical bone using
the axial transmission technique. Japanese Journal of Applied Physics 58: 7, 2019.

Caglar E, Oz Il, Guneyli S, Bilici M, Yilmaz F, llikhan SU and Borazan A. Virtual touch 1Q
elastography in evaluation of Achilles tendon in patients with chronic renal failure. J Med Ultrason
(2001) 46: 45-49, 2019. [PubMed: 30291574]

Caliskan E, Akkoc O, Bayramoglu Z, Gozubuyuk OB, Kural D, Azamat S and Adaletli I.

Effects of static stretching duration on muscle stiffness and blood flow in the rectus femoris

in adolescents. Med Ultrason 21: 136-143, 2019. [PubMed: 31063516]

Camus E, Berger G and Laugier P. Cortical bone velocity mapping using leaky surface acoustic
waves. 1998 leee Ultrasonics Symposium - Proceedings, Vols 1 and 2 2: 1471-1474, 1998.

Cao W, Sun 'Y, Liu L, Wang Z, Wu JY, Qiu L, Wang YX, Yuan Y, Shen SF, Chen Q, Chen T,
Zhang W, Wu CJ, Liu FX, Zhong SG, Chen L, Tong MH, Cui LG and Guo RJ. A Multicenter

Ann Biomed Eng. Author manuscript; available in PMC 2022 November 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Blank et al.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Page 18

Large-Sample Shear Wave Ultrasound Elastographic Study of the Achilles Tendon in Chinese
Adults. J Ultrasound Med 38: 1191-1200, 2019. [PubMed: 30208234]

Carpenter EL, Lau HA, Kolodny EH and Adler RS. Skeletal Muscle in Healthy Subjects versus
Those with GNE-Related Myopathy: Evaluation with Shear-Wave US--A Pilot Study. Radiology
277: 546-554, 2015. [PubMed: 26035587]

Carvalho C, Slagmolen P, Bogaerts S, Scheys L, D’Hooge J, Peers K, Maes F and Suetens P.

3D Tendon Strain Estimation Using High-frequency Volumetric Ultrasound Images: A Feasibility
Study. Ultrason Imaging 40: 67-83, 2018. [PubMed: 28832256]

Catheline S, Gennisson JL, Delon G, Fink M, Sinkus R, Abouelkaram S and Culioli J. Measuring
of viscoelastic properties of homogeneous soft solid using transient elastography: an inverse
problem approach. J Acoust Soc Am 116: 3734-3741, 2004. [PubMed: 15658723]

Catheline S, Gennisson JL and Fink M. Measurement of elastic nonlinearity of soft solid with
transient elastography. J Acoust Soc Am 114: 3087-3091, 2003. [PubMed: 14714790]

Catheline S, Wu F and Fink M. A solution to diffraction biases in sonoelasticity: the acoustic
impulse technique. J Acoust Soc Am 105: 2941-2950, 1999. [PubMed: 10335643]

Cescon C, Madeleine P and Farina D. Longitudinal and transverse propagation of surface
mechanomyographic waves generated by single motor unit activity. Med Biol Eng Comput 46:
871-877, 2008. [PubMed: 18543012]

Ceyhan Bilgici M, Bekei T, Ulus Y, Bilgici A, Tomak L and Selcuk MB. Quantitative assessment
of muscle stiffness with acoustic radiation force impulse elastography after botulinum toxin A
injection in children with cerebral palsy. J Med Ultrason (2001) 45: 137-141, 2018. [PubMed:
28271231]

Chakouch MK, Charleux F and Bensamoun SF. Development of a phantom mimicking the
functional and structural behaviors of the thigh muscles characterized with magnetic resonance
elastography technique. Conf Proc IEEE Eng Med Biol Soc 2015: 6736-6739, 2015.

Chan QC, Li G, Ehman RL, Grimm RC, Li R and Yang ES. Needle shear wave driver for magnetic
resonance elastography. Magn Reson Med 55: 1175-1179, 2006. [PubMed: 16528708]

Chatelin S, Bernal M, Deffieux T, Papadacci C, Flaud P, Nahas A, Boccara C, Gennisson

JL, Tanter M and Pernot M. Anisotropic polyvinyl alcohol hydrogel phantom for shear wave
elastography in fibrous biological soft tissue: a multimodality characterization. Phys Med Biol 59:
6923-6940, 2014. [PubMed: 25350315]

Chatelin S, Charpentier I, Corbin N, Meylheuc L and Vappou J. An automatic differentiation-based
gradient method for inversion of the shear wave equation in magnetic resonance elastography:
specific application in fibrous soft tissues. Phys Med Biol 61: 5000-5019, 2016. [PubMed:
27300107]

100. Chatelin S, Gennisson JL, Bernal M, Tanter M and Pernot M. Modelling the impulse diffraction

field of shear waves in transverse isotropic viscoelastic medium. Phys Med Biol 60: 3639-3654,
2015. [PubMed: 25880794]

101. Chen J, Ni C and Zhuang T. Imaging mechanical shear waves induced by piezoelectric ceramics

in magnetic resonance elastography. Chinese Science Bulletin 51: 755-760, 2006.

102. Chen J, O’Dell M, He W, Du LJ, Li PC and Gao J. Ultrasound shear wave elastography in the

assessment of passive biceps brachii muscle stiffness: influences of sex and elbow position. Clin
Imaging 45: 26-29, 2017. [PubMed: 28586712]

103. Chen PY, Yang TH, Kuo LC, Shih CC and Huang CC. Characterization of Hand Tendons

Through High-Frequency Ultrasound Elastography. IEEE Trans Ultrason Ferroelectr Freq
Control 67: 37-48, 2020. [PubMed: 31478846]

104. Chen Q, Basford J and An KN. Ability of magnetic resonance elastography to assess taut bands.

Clin Biomech (Bristol, Avon) 23: 623-629, 2008.

105. Chen Q, Bensamoun S, Basford JR, Thompson JM and An KN. Identification and quantification

of myofascial taut bands with magnetic resonance elastography. Arch Phys Med Rehabil 88:
1658-1661, 2007. [PubMed: 18047882]

106. Chen Q, Ringleb SI, Manduca A, Ehman RL and An KN. A finite element model for analyzing

shear wave propagation observed in magnetic resonance elastography. J Biomech 38: 2198-2203,
2005. [PubMed: 16154406]

Ann Biomed Eng. Author manuscript; available in PMC 2022 November 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Blank et al.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

Page 19

Chen Q, Wang HJ, Gay RE, Thompson JM, Manduca A, An KN, Ehman RE and Basford JR.
Quantification of Myofascial Taut Bands. Arch Phys Med Rehabil 97: 67-73, 2016. [PubMed:
26461163]

Chen S, Urban MW, Pislaru C, Kinnick R, Zheng Y, Yao A and Greenleaf JF. Shearwave
dispersion ultrasound vibrometry (SDUV) for measuring tissue elasticity and viscosity. IEEE
Trans Ultrason Ferroelectr Freq Control 56: 55-62, 2009. [PubMed: 19213632]

Chen TL, Agresta CE, Lipps DB, Provenzano SG, Hafer JF, Wong DW, Zhang M and Zernicke
RF. Ultrasound elastographic assessment of plantar fascia in runners using rearfoot strike and
forefoot strike. J Biomech 89: 65-71, 2019. [PubMed: 31003754]

Chen XM, Cui LG, He P, Shen WW, Qian YJ and Wang JR. Shear wave elastographic
characterization of normal and torn achilles tendons: a pilot study. J Ultrasound Med 32: 449-
455, 2013. [PubMed: 23443185]

Cheng YS, Zhou B, Kubo K, An KN, Moran SL, Amadio PC, Zhang X and Zhao C. Comparison
of two ways of altering carpal tunnel pressure with ultrasound surface wave elastography. J
Biomech 74: 197-201, 2018. [PubMed: 29731324]

Chernak LA, DeWall RJ, Lee KS and Thelen DG. Length and activation dependent variations in
muscle shear wave speed. Physiol Meas 34: 713-721, 2013. [PubMed: 23719230]

Chino K, Kawakami Y and Takahashi H. Tissue elasticity of in vivo skeletal muscles measured in
the transverse and longitudinal planes using shear wave elastography. Clin Physiol Funct Imaging
37: 394-399, 2017. [PubMed: 26696446]

Chino K, Lacourpaille L, Sasahara J, Suzuki Y and Hug F. Effect of toe dorsiflexion on the
regional distribution of plantar fascia shear wave velocity. Clin Biomech (Bristol, Avon) 61:
11-15, 2019.

Chino K, Ohya T, Katayama K and Suzuki Y. Diaphragmatic shear modulus at various
submaximal inspiratory mouth pressure levels. Respir Physiol Neurobiol 252-253: 52-57, 2018.

Chino K, Ohya T, Kato E and Suzuki Y. Muscle Thickness and Passive Muscle Stiffness in Elite
Athletes: Implications of the Effect of Long-Term Daily Training on Skeletal Muscle. Int J Sports
Med 39: 218-224, 2018. [PubMed: 29365338]

Chino K and Takahashi H. Association of Gastrocnemius Muscle Stiffness With Passive Ankle
Joint Stiffness and Sex-Related Difference in the Joint Stiffness. J Appl Biomech 34: 169-174,
2018. [PubMed: 29139316]

Chino K and Takahashi H. The association of muscle and tendon elasticity with passive

joint stiffness: In vivo measurements using ultrasound shear wave elastography. Clin Biomech
(Bristol, Avon) 30: 1230-1235, 2015.

Chino K and Takahashi H. Influence of pennation angle on measurement of shear wave
elastography: in vivo observation of shear wave propagation in human pennate muscle. Physiol
Meas 39: 115003, 2018.

Chino K and Takahashi H. Measurement of gastrocnemius muscle elasticity by shear wave
elastography: association with passive ankle joint stiffness and sex differences. Eur J Appl
Physiol 116: 823-830, 2016. [PubMed: 26874517]

Chiu TC, Ngo HC, Lau LW, Leung KW, Lo MH, Yu HF and Ying M. An Investigation of the
Immediate Effect of Static Stretching on the Morphology and Stiffness of Achilles Tendon in
Dominant and Non-Dominant Legs. Plos One 11: e0154443, 2016.

Cho KH and Nam JH. Evaluation of Stiffness of the Spastic Lower Extremity Muscles in Early
Spinal Cord Injury by Acoustic Radiation Force Impulse Imaging. Ann Rehabil Med 39: 393-
400, 2015. [PubMed: 26161345]

Chodock E, Hahn J, Setlock CA and Lipps DB. Identifying predictors of upper extremity muscle
elasticity with healthy aging. J Biomech 103: 109687, 2020.

Ciloglu O and Gorgulu FF. Evaluation of a Torn Achilles Tendon After Surgical Repair: An
Ultrasound and Elastographic Study With 1-Year Follow-up. J Ultrasound Med 39: 1263-1269,
2020. [PubMed: 31943316]

Coombes BK, Tucker K, Hug F, Scott A, Geytenbeek M, Cox ER, Gajanand T and Coombes
JS. Relationships between cardiovascular disease risk factors and Achilles tendon structural and

Ann Biomed Eng. Author manuscript; available in PMC 2022 November 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Blank et al.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

Page 20

mechanical properties in people with Type 2 Diabetes. MItj-Muscles Ligaments and Tendons
Journal 9: 395-404, 2019.

Coombes BK, Tucker K, Vicenzino B, Vuvan V, Mellor R, Heales L, Nordez A and Hug F.
Achilles and patellar tendinopathy display opposite changes in elastic properties: A shear wave
elastography study. Scand J Med Sci Sports 28: 1201-1208, 2018. [PubMed: 28972291]
Coombes BK, Ziegenfuss B, David M, Badya R, van den Hoorn W, Hug F and Tucker K.
Heterogeneity of passive elastic properties within the quadriceps femoris muscle-tendon unit. Eur
J Appl Physiol 118: 213-221, 2018. [PubMed: 29147849]

Corona BT, Rivera JC, Dalske KA, Wenke JC and Greising SM. Pharmacological Mitigation of
Fibrosis in a Porcine Model of Volumetric Muscle Loss Injury. Tissue Eng Part A 26: 636-646,
2020. [PubMed: 31856683]

Corrado B, Albano M, Caprio MG, Di Luise C, Sansone M, Servodidio V, Russo S, Vallone G,
\Vola EA and lammarrone CS. Usefulness of point shear wave elastography to assess the effects
of extracorporeal shockwaves on spastic muscles in children with cerebral palsy: an uncontrolled
experimental study. MItj-Muscles Ligaments and Tendons Journal 9: 124-130, 2019.

Corrigan P, Cortes DH and Silbernagel KG. Immediate effect of photobiomodulation therapy on
Achilles tendon morphology and mechanical properties: an exploratory study. Transl Sports Med
2:164-172, 2019. [PubMed: 31742249]

Corrigan P, Zellers JA, Balascio P, Silbernagel KG and Cortes DH. Quantification of Mechanical
Properties in Healthy Achilles Tendon Using Continuous Shear Wave Elastography: A Reliability
and Validation Study. Ultrasound Med Biol 45: 1574-1585, 2019. [PubMed: 31076233]

Cortes DH, Suydam SM, Silbernagel KG, Buchanan TS and Elliott DM. Continuous Shear Wave
Elastography: A New Method to Measure Viscoelastic Properties of Tendons in Vivo. Ultrasound
Med Biol 41: 1518-1529, 2015. [PubMed: 25796414]

Cortez CD, Hermitte L, Ramain A, Mesmann C, Lefort T and Pialat JB. Ultrasound shear wave
velocity in skeletal muscle: A reproducibility study. Diagn Interv Imaging 97: 71-79, 2016.
[PubMed: 26119864]

Cotoi L, Amzar D, Sporea |, Borlea A, Navolan D, Varcus F and Stoian D. Shear Wave
Elastography versus Strain Elastography in Diagnosing Parathyroid Adenomas. Int J Endocrinol
2020: 3801902, 2020.

Cotoi L, Borcan F, Sporea |, Amzar D, Schiller O, Schiller A, Dehelean CA, Pop GN and Stoian
D. Shear Wave Elastography in Diagnosing Secondary Hyperparathyroidism. Diagnostics (Basel)
9: 16, 2019.

Creze M, Bedretdinova D, Soubeyrand M, Rocher L, Gennisson JL, Gagey O, Maitre X and
Bellin MF. Posture-related stiffness mapping of paraspinal muscles. J Anat 234: 787-799, 2019.
[PubMed: 30901090]

Creze M, Nyangoh Timoh K, Gagey O, Rocher L, Bellin MF and Soubeyrand M. Feasibility
assessment of shear wave elastography to lumbar back muscles: A Radioanatomic Study. Clin
Anat 30: 774-780, 2017. [PubMed: 28509432]

Creze M, Soubeyrand M, Yue JL, Gagey O, Maitre X and Bellin MF. Magnetic resonance
elastography of the lumbar back muscles: A preliminary study. Clin Anat 31: 514-520, 2018.
[PubMed: 29446170]

Dao TT, Pouletaut P, Charleux F, Tho MC and Bensamoun S. Analysis of shear wave propagation
derived from MR elastography in 3D thigh skeletal muscle using subject specific finite element
model. Conf Proc IEEE Eng Med Biol Soc 2014: 4026-4029, 2014.

Dashottar A, Montambault E, Betz JR and Evans KD. Area Covered for Shear Wave Velocity
Calculation Affects the Shear Wave Velocity Values. Journal of Diagnostic Medical Sonography
35: 182-187, 2019.

Debernard L, Robert L, Charleux F and Bensamoun SF. Characterization of muscle architecture
in children and adults using magnetic resonance elastography and ultrasound techniques. J
Biomech 44: 397-401, 2011. [PubMed: 21074773]

Debernard L, Robert L, Charleux F and Bensamoun SF. A possible clinical tool to depict muscle
elasticity mapping using magnetic resonance elastography. Muscle & Nerve 47: 903-908, 2013.
[PubMed: 23512304]

Ann Biomed Eng. Author manuscript; available in PMC 2022 November 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Blank et al.

143.

144.

145.

146.

147.

148.

149.

150.

151

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

Page 21

Deffieux T, Gennisson JL, Larrat B, Fink M and Tanter M. The variance of quantitative estimates
in shear wave imaging: theory and experiments. IEEE Trans Ultrason Ferroelectr Freq Control
59: 2390-2410, 2012. [PubMed: 23192803]

Demirel A, Baykara M, Koca TT and Berk E. Ultrasound elastography-based assessment of

the elasticity of the supraspinatus muscle in impingement syndrome: does elastography has any
diagnostic value? Clin Rheumatol 37: 1661-1665, 2018. [PubMed: 29313270]

Demirel A, Baykara M, Koca TT and Berk E. Ultrasound elastography findings in piriformis
muscle syndrome. Indian J Radiol Imaging 28: 412-418, 2018. [PubMed: 30662201]

Dewall RJ, Jiang J, Wilson JJ and Lee KS. Visualizing tendon elasticity in an ex vivo partial tear
model. Ultrasound Med Biol 40: 158-167, 2014. [PubMed: 24210863]

DeWall RJ, Slane LC, Lee KS and Thelen DG. Spatial variations in Achilles tendon shear wave
speed. J Biomech 47: 2685-2692, 2014. [PubMed: 24933528]

Dieterich AV, Andrade RJ, Le Sant G, Falla D, Petzke F, Hug F and Nordez A. Shear wave
elastography reveals different degrees of passive and active stiffness of the neck extensor
muscles. Eur J Appl Physiol 117: 171-178, 2017. [PubMed: 27913924]

Dieterich AV, Yavuz US, Petzke F, Nordez A and Falla D. Neck Muscle Stiffness Measured With
Shear Wave Elastography in Women With Chronic Nonspecific Neck Pain. J Orthop Sports Phys
Ther 50: 179-188, 2020. [PubMed: 31905095]

Ding Y, Liu B, Qiao H, Yin L, He W, Si F and Wang D. Can knee flexion contracture affect
cervical alignment and neck tension? A prospective self-controlled pilot study. Spine J 20: 251—
260, 2020. [PubMed: 31525471]

Dirrichs T, Quack V, Gatz M, Tingart M, Kuhl CK and Schrading S. Shear Wave Elastography
(SWE) for the Evaluation of Patients with Tendinopathies. Acad Radiol 23: 1204-1213, 2016.
[PubMed: 27318786]

Dirrichs T, Quack V, Gatz M, Tingart M, Rath B, Betsch M, Kuhl CK and Schrading S. Shear
Wave Elastography (SWE) for Monitoring of Treatment of Tendinopathies: A Double-blinded,
Longitudinal Clinical Study. Acad Radiol 25: 265-272, 2018. [PubMed: 29153963]

Dirrichs T, Schrading S, Gatz M, Tingart M, Kuhl CK and Quack V. Shear Wave Elastography
(SWE) of Asymptomatic Achilles Tendons: A Comparison Between Semiprofessional Athletes
and the Nonathletic General Population. Acad Radiol 26: 1345-1351, 2019. [PubMed:
30655054]

Dischler JD, Baumer TG, Finkelstein E, Siegal DS and Bey MJ. Association Between Years of
Competition and Shoulder Function in Collegiate Swimmers. Sports Health 10: 113-118, 2018.
[PubMed: 28829699]

Dobrev |, Farahmandi TS, Sim JH, Pfiffner F, Huber AM and Roosli C. Dependence of skull
surface wave propagation on stimulation sites and direction under bone conduction. J Acoust Soc
Am 147: 1985, 2020. [PubMed: 32237811]

Dobrev I, Sim JH, Stenfelt S, lhrle S, Gerig R, Pfiffner F, Eiber A, Huber AM and Roosli C.
Sound wave propagation on the human skull surface with bone conduction stimulation. Hear Res
355: 1-13, 2017. [PubMed: 28964568]

Doruk Analan P and Aslan H. Association Between the Elasticity of Hip Muscles and the Hip
Migration Index in Cerebral Palsy. J Ultrasound Med 38: 2667-2672, 2019. [PubMed: 30779197]
Dresner MA, Rose GH, Rossman PJ, Muthupillai R, Manduca A and Ehman RL. Magnetic
resonance elastography of skeletal muscle. J Magn Reson Imaging 13: 269-276, 2001. [PubMed:
11169834]

Du LJ, He W, Cheng LG, Li S, Pan YS and Gao J. Ultrasound shear wave elastography in
assessment of muscle stiffness in patients with Parkinson’s disease: a primary observation. Clin
Imaging 40: 1075-1080, 2016. [PubMed: 27408992]

Dubois G, Kheireddine W, Vergari C, Bonneau D, Thoreux P, Rouch P, Tanter M, Gennisson JL
and Skalli W. Reliable protocol for shear wave elastography of lower limb muscles at rest and
during passive stretching. Ultrasound Med Biol 41: 2284-2291, 2015. [PubMed: 26129731]
Ebihara B, Mutsuzaki H and Fukaya T. Relationships between Quadriceps Tendon Elasticity and
Knee Flexion Angle in Young Healthy Adults. Medicina (Kaunas) 55: 10, 2019.

Ann Biomed Eng. Author manuscript; available in PMC 2022 November 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Blank et al.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

Page 22

Ebrahimi A, Loegering IF, Martin JA, Pomeroy RL, Roth JD and Thelen DG. Achilles tendon
loading is lower in older adults than young adults across a broad range of walking speeds. Exp
Gerontol 137: 110966, 2020.

Eby S, Zhao H, Song P, Vareberg BJ, Kinnick R, Greenleaf JF, An KN, Chen S and Brown AW.
Quantitative Evaluation of Passive Muscle Stiffness in Chronic Stroke. Am J Phys Med Rehabil
95: 899-910, 2016. [PubMed: 27149584]

Eby SF, Cloud BA, Brandenburg JE, Giambini H, Song P, Chen S, LeBrasseur NK and An

KN. Shear wave elastography of passive skeletal muscle stiffness: influences of sex and age
throughout adulthood. Clin Biomech (Bristol, Avon) 30: 22-27, 2015.

Eby SF, Song P, Chen S, Chen Q, Greenleaf JF and An KN. Validation of shear wave
elastography in skeletal muscle. J Biomech 46: 2381-2387, 2013. [PubMed: 23953670]

Eby SF, Zhao H, Song P, Vareberg BJ, Kinnick RR, Greenleaf JF, An KN, Brown AW and Chen
S. Quantifying spasticity in individual muscles using shear wave elastography. Radiol Case Rep
12: 348-352, 2017. [PubMed: 28491186]

Eriksson Crommert M, Lacourpaille L, Heales LJ, Tucker K and Hug F. Massage induces an
immediate, albeit short-term, reduction in muscle stiffness. Scand J Med Sci Sports 25: e490-
496, 2015. [PubMed: 25487283]

Estrada H, Gottschalk S, Reiss M, Neuschmelting V, Goldbrunner R and Razansky D.
Observation of Guided Acoustic Waves in a Human Skull. Ultrasound Med Biol 44: 2388-2392,
2018. [PubMed: 30093337]

Ewertsen C, Carlsen J, Perveez MA and Schytz H. Reference Values for Shear Wave
Elastography of Neck and Shoulder Muscles in Healthy Individuals. Ultrasound Int Open 4:
E23-E29, 2018. [PubMed: 29629427]

Ewertsen C, Carlsen JF, Christiansen IR, Jensen JA and Nielsen MB. Evaluation of healthy
muscle tissue by strain and shear wave elastography - Dependency on depth and ROI position in
relation to underlying bone. Ultrasonics 71; 127-133, 2016. [PubMed: 27336792]

Feng YN, Li YP, Liu CL and Zhang ZJ. Assessing the elastic properties of skeletal muscle and
tendon using shearwave ultrasound elastography and MyotonPRO. Scientific Reports 8: 17064,
2018. [PubMed: 30459432]

Flatres A, Aarab Y, Nougaret S, Garnier F, Larcher R, Amalric M, Klouche K, Etienne P, Subra
G, Jaber S, Molinari N, Matecki S and Jung B. Real-time shear wave ultrasound elastography: a
new tool for the evaluation of diaphragm and limb muscle stiffness in critically ill patients. Crit
Care 24: 34, 2020. [PubMed: 32014005]

Fontenelle CRC, Mannarino P, Ribeiro F, Milito MA, Carvalho ACP, Menegaldo LL and Oliveira
LF. Semitendinosus and patellar tendons shear modulus evaluation by supersonic shearwave
imaging elastography. Clin Physiol Funct Imaging 38: 959-964, 2018.

Frankewycz B, Penz A, Weber J, da Silva NP, Freimoser F, Bell R, Nerlich M, Jung EM, Docheva
D and Pfeifer CG. Achilles tendon elastic properties remain decreased in long term after rupture.
Knee Surg Sports Traumatol Arthrosc 26: 2080-2087, 2018. [PubMed: 29147741]

Freitas SR, Antunes A, Salmon P, Mendes B, Firmino T, Cruz-Montecinos C, Cerda M and
Vaz JR. Does epimuscular myofascial force transmission occur between the human quadriceps
muscles in vivo during passive stretching? J Biomech 83: 91-96, 2019. [PubMed: 30477875]

Fu S, Cui L, He X and Sun Y. Elastic Characteristics of the Normal Achilles Tendon Assessed

by Virtual Touch Imaging Quantification Shear Wave Elastography. J Ultrasound Med 35: 1881—
1887, 2016. [PubMed: 27371371]

Fukuyoshi M, Takenaga T, Ono T, Hayashi N, Tsuchiya A, Goto H and Sugimoto K. Sonographic
sequential change of the anteroinferior labrum following arthroscopic Bankart repair: quantitative
and qualitative assessment. Skeletal Radiol 47: 1511-1515, 2018. [PubMed: 29781048]
Gabrielsen DA, Carney MJ, Weissler JM, Lanni MA, Hernandez J, Sultan LR, Enriquez F, Sehgal
CM, Fischer JP and Chauhan A. Application of ARFI-SWV in Stiffness Measurement of the
Abdominal Wall Musculature: A Pilot Feasibility Study. Ultrasound Med Biol 44: 1978-1985,
2018. [PubMed: 29980451]

Ann Biomed Eng. Author manuscript; available in PMC 2022 November 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Blank et al.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

Page 23

Gachon B, Nordez A, Pierre F, Fradet L, Fritel X and Desseauve D. In vivo assessment of the
levator ani muscles using shear wave elastography: a feasibility study in women. Int Urogynecol
J 30: 1179-1186, 2019. [PubMed: 29961111]

Gao J, Caldwell J, McLin K, Zhang M and Park D. Ultrasound Shear Wave Elastography to
Assess Osteopathic Manipulative Treatment on the lliocostalis Lumborum Muscle: A Feasibility
Study. J Ultrasound Med 39: 157-164, 2020. [PubMed: 31271461]

Gao J, He W, Du LJ, Chen J, Park D, Wells M, Fowlkes B and O’Dell M. Quantitative Ultrasound
Imaging to Assess the Biceps Brachii Muscle in Chronic Post-Stroke Spasticity: Preliminary
Observation. Ultrasound Med Biol 44: 1931-1940, 2018. [PubMed: 29398131]

Gao J, Li PC, Chen J, He W, Du LJ, Min R and O’Dell M. Ultrasound Strain Imaging in
Assessment of Biceps Muscle Stiffness and Dynamic Motion in Healthy Adults. Ultrasound Med
Biol 43: 1729-1736, 2017. [PubMed: 28549736]

Gao J, Rubin JM, Chen J and O’Dell M. Ultrasound Elastography to Assess Botulinum Toxin A
Treatment for Post-stroke Spasticity: A Feasibility Study. Ultrasound Med Biol 45: 1094-1102,
2019. [PubMed: 30898386]

Gatz M, Bejder L, Quack V, Schrading S, Dirrichs T, Tingart M, Kuhl C and Betsch M. Shear
Wave Elastography (SWE) for the Evaluation of Patients with Plantar Fasciitis. Acad Radiol 27:
363-370, 2020. [PubMed: 31153782]

Gatz M, Betsch M, Dirrichs T, Schrading S, Tingart M, Michalik R and Quack V. Eccentric and
Isometric Exercises in Achilles Tendinopathy Evaluated by the VISA-A Score and Shear Wave
Elastography. Sports Health 12: 373-381, 2020. [PubMed: 32003647]

Gatz M, Betsch M, Tingart M, Michalik R, Migliorini F, Dirrichs T, Kuhl C and Quack V. Effect
of a 12-week Eccentric and Isometric Training in Achilles Tendinopathy on the Gastrocnemius
Muscle: an Ultrasound Shear Wave Elastography Study. Muscle Ligaments and Tendons Journal
10: 92-99, 2020.

Gatz M, Schrading S, Dirrichs T, Betsch M, Tingart M, Rath B, Kuhl C and Quack V. Topical
polidocanol application in combination with static stretching in tendinopathies: a prospective
pilot study. Muscles Ligaments Tendons J 7: 88-97, 2017. [PubMed: 28717616]

Gennisson JL, Catheline S, Chaffai S and Fink M. Transient elastography in anisotropic medium:
application to the measurement of slow and fast shear wave speeds in muscles. J Acoust Soc Am
114: 536-541, 2003. [PubMed: 12880065]

Gennisson JL, Deffieux T, Mace E, Montaldo G, Fink M and Tanter M. Viscoelastic and
anisotropic mechanical properties of in vivo muscle tissue assessed by supersonic shear imaging.
Ultrasound Med Biol 36: 789-801, 2010. [PubMed: 20420970]

Ghandour AM and Ghandour TM. Strain-based elastography assessment of patients with De
Quervain tenosynovitis: A preliminary study. Egyptian Journal of Radiology and Nuclear
Medicine 49: 415-418, 2018.

Ghavami S, Denis M, Gregory A, Webb J, Bayat M, Kumar V, Fatemi M and Alizad A. Pulsed
vibro-acoustic method for assessment of osteoporosis & osteopenia: A feasibility study on human
subjects. J Mech Behav Biomed Mater 97: 187-197, 2019. [PubMed: 31125891]

Giambini H, Hatta T, Rezaei A and An KN. Extensibility of the supraspinatus muscle can be
predicted by combining shear wave elastography and magnetic resonance imaging-measured
quantitative metrics of stiffness and volumetric fat infiltration: A cadaveric study. Clin Biomech
(Bristol, Avon) 57: 144-149, 2018.

Gilbert F, Klein D, Weng AM, Kostler H, Schmitz B, Schmalzl J and Bohm D. Supraspinatus
muscle elasticity measured with real time shear wave ultrasound elastography correlates with
MRI spectroscopic measured amount of fatty degeneration. BMC Musculoskelet Disord 18: 549,
2017. [PubMed: 29282062]

Gomes J, Neto T, Vaz JR, Schoenfeld BJ and Freitas SR. Is there a relationship between back
squat depth, ankle flexibility, and Achilles tendon stiffness? Sports Biomech 1-14, 2020.
Grabowski PJ, Slane LC, Thelen DG, Obermire T and Lee KS. Evidence of Generalized Muscle
Stiffness in the Presence of Latent Trigger Points Within Infraspinatus. Arch Phys Med Rehabil
99: 2257-2262, 2018. [PubMed: 29709524]

Ann Biomed Eng. Author manuscript; available in PMC 2022 November 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Blank et al.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211

212.

213.

Page 24

Grasland-Mongrain P, Miller-Jolicoeur E, Tang A, Catheline S and Cloutier G. Contactless
remote induction of shear waves in soft tissues using a transcranial magnetic stimulation device.
Phys Med Biol 61: 2582-2593, 2016. [PubMed: 26952900]

Grimes M, Bouhadjera A, Haddad S and Benkedidah T. In vitro estimation of fast and slow wave
parameters of thin trabecular bone using space-alternating generalized expectation-maximization
algorithm. Ultrasonics 52: 614-621, 2012. [PubMed: 22284937]

Gronlund C, Claesson K and Holtermann A. Imaging two-dimensional mechanical waves of
skeletal muscle contraction. Ultrasound Med Biol 39: 360-369, 2013. [PubMed: 23219037]

Guertler CA, Okamoto RJ, Ireland J, Pacia C, Garbow JR, Chen H and Bayly PV. Estimation
of Anisotropic Material Properties of Soft Tissue by Mri of Ultrasound-induced Shear Waves. J
Biomech Eng 2020.

Guidetti M, Lorgna G, Hammersly M, Lewis P, Klatt D, Vena P, Shah R and Royston TJ.
Anisotropic composite material phantom to improve skeletal muscle characterization using
magnetic resonance elastography. J Mech Behav Biomed Mater 89: 199-208, 2019. [PubMed:
30292169]

Guilhem G, Doguet V, Hauraix H, Lacourpaille L, Jubeau M, Nordez A and Dorel S. Muscle
force loss and soreness subsequent to maximal eccentric contractions depend on the amount of
fascicle strain in vivo. Acta Physiol (Oxf) 217: 152-163, 2016. [PubMed: 26786411]

Gulledge CM, Baumer TG, Juliano L, Sweeney M, McGinnis M, Sherwood A, Moutzouros V
and Bey MJ. Shear wave elastography of the healing human patellar tendon following ACL
reconstruction. Knee 26: 347-354, 2019. [PubMed: 30638680]

Guo J, Hirsch S, Scheel M, Braun J and Sack I. Three-parameter shear wave inversion in MR
elastography of incompressible transverse isotropic media: Application to in vivo lower leg
muscles. Magn Reson Med 75: 1537-1545, 2016. [PubMed: 25988407]

Gupta N, Labis JS, Harris J, Trakhtenbroit MA, Peterson LE, Jack RA 2nd, and McCulloch PC.
Shear-wave elastography of the ulnar collateral ligament of the elbow in healthy volunteers: a
pilot study. Skeletal Radiol 48: 1241-1249, 2019. [PubMed: 30706109]

Hackett L, Aveledo R, Lam PH and Murrell GA. Reliability of shear wave elastography
ultrasound to assess the supraspinatus tendon: An intra and inter-rater in vivo study. Shoulder
Elbow 12: 18-23, 2020. [PubMed: 32010229]

Haen TX, Roux A, Labruyere C, Vergari C, Rouch P, Gagey O, Soubeyrand M and Laporte S.
Shear wear elastography of the human Achilles tendon: a cadaveric study of factors influencing
the repeatability. Comput Methods Biomech Biomed Engin 18 Suppl 1: 1954-1955, 2015.
[PubMed: 26237290]

Haen TX, Roux A, Soubeyrand M and Laporte S. Shear waves elastography for assessment

of human Achilles tendon’s biomechanical properties: an experimental study. J Mech Behav
Biomed Mater 69: 178-184, 2017. [PubMed: 28086149]

Ham S, Kim S, Choi H, Lee Y and Lee H. Greater Muscle Stiffness during Contraction at
Menstruation as Measured by Shear-Wave Elastography. Tohoku J Exp Med 250: 207-213, 2020.
[PubMed: 32238619]

Hardy A, Rodaix C, Vergari C and Vialle R. Normal Range of Patellar Tendon Elasticity Using
the Sharewave Elastography Technique: An In Vivo Study in Normal Volunteers. Surg Technol
Int 31: 227-230, 2017. [PubMed: 29301166]

Harris JD, Quatman CE, Manring MM, Siston RA and Flanigan DC. How to Write a Systematic
Review. The American Journal of Sports Medicine 42: 2761-2768, 2014. [PubMed: 23925575]
Hatta T, Giambini H, Hooke AW, Zhao C, Sperling JW, Steinmann SP, Yamamoto N, Itoi E and
An KN. Comparison of Passive Stiffness Changes in the Supraspinatus Muscle After Double-
Row and Knotless Transosseous-Equivalent Rotator Cuff Repair Techniques: A Cadaveric Study.
Arthroscopy 32: 1973-1981, 2016. [PubMed: 27157656]

Hatta T, Giambini H, Itoigawa Y, Hooke AW, Sperling JW, Steinmann SP, Itoi E and An

KN. Quantifying extensibility of rotator cuff muscle with tendon rupture using shear wave
elastography: A cadaveric study. J Biomech 61: 131-136, 2017. [PubMed: 28778388]

Hatta T, Giambini H, Sukegawa K, Yamanaka Y, Sperling JW, Steinmann SP, Itoi E and

An KN. Quantified Mechanical Properties of the Deltoid Muscle Using the Shear Wave

Ann Biomed Eng. Author manuscript; available in PMC 2022 November 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Blank et al.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

Page 25

Elastography: Potential Implications for Reverse Shoulder Arthroplasty. Plos One 11: 0155102,
2016. [PubMed: 27152934]

Hatta T, Giambini H, Uehara K, Okamoto S, Chen S, Sperling JW, Itoi E and An KN.
Quantitative assessment of rotator cuff muscle elasticity: Reliability and feasibility of shear wave
elastography. J Biomech 48: 3853-3858, 2015. [PubMed: 26472309]

Hatta T, Giambini H, Zhao C, Sperling JW, Steinmann SP, Itoi E and An KN. Biomechanical
Effect of Margin Convergence Techniques: Quantitative Assessment of Supraspinatus Muscle
Stiffness. Plos One 11: e0162110, 2016.

Heers G, Jenkyn T, Dresner MA, Klein MO, Basford JR, Kaufman KR, Ehman RL and An KN.
Measurement of muscle activity with magnetic resonance elastography. Clin Biomech (Bristol,
Avon) 18: 537-542, 2003.

Heiss R, Kellermann M, Swoboda B, Grim C, Lutter C, May MS, Wuest W, Uder M, Nagel

AM and Hotfiel T. Effect of Compression Garments on the Development of Delayed-Onset
Muscle Soreness: A Multimodal Approach Using Contrast-Enhanced Ultrasound and Acoustic
Radiation Force Impulse Elastography. J Orthop Sports Phys Ther 48: 887-894, 2018. [PubMed:
29895236]

Heizelmann A, Tasdemir S, Schmidberger J, Grater T, Kratzer W and Gruner B. Measurements
of the trapezius and erector spinae muscles using virtual touch imaging quantification ultrasound-
Elastography: a cross section study. BMC Musculoskelet Disord 18: 370, 2017. [PubMed:
28841869]

Hekimoglu A, Turan A, Simsir BD, Durmaz HA, Ayli MD and Hekimoglu B. Achilles Tendon
Thickness and Stiffness Evaluation with Shear-Wave Elastography in Hemodialysis Patients.
Iranian Journal of Radiology 16: 6, 2019.

Helfenstein-Didier C, Andrade RJ, Brum J, Hug F, Tanter M, Nordez A and Gennisson JL. In
vivo quantification of the shear modulus of the human Achilles tendon during passive loading
using shear wave dispersion analysis. Phys Med Biol 61: 2485-2496, 2016. [PubMed: 26948399]
Helland C, Bojsen-Magller J, Raastad T, Seynnes OR, Moltubakk MM, Jakobsen V, Visnes H

and Bahr R. Mechanical properties of the patellar tendon in elite volleyball players with and
without patellar tendinopathy. British Journal of Sports Medicine 47: 862-868, 2013. [PubMed:
23833044]

Herman J, Sedlackova Z, Vachutka J, Furst T, Salzman R and Vomacka J. Shear wave
elastography parameters of normal soft tissues of the neck. Biomed Pap Med Fac Univ Palacky
Olomouc Czech Repub 161: 320-325, 2017. [PubMed: 28546639]

Hirata K, Kanehisa H, Miyamoto-Mikami E and Miyamoto N. Evidence for intermuscle
difference in slack angle in human triceps surae. J Biomech 48: 1210-1213, 2015. [PubMed:
25682539]

Hirata K, Kanehisa H and Miyamoto N. Acute effect of static stretching on passive stiffness of
the human gastrocnemius fascicle measured by ultrasound shear wave elastography. Eur J Appl
Physiol 117: 493-499, 2017. [PubMed: 28161870]

Hirata K, Miyamoto-Mikami E, Kanehisa H and Miyamoto N. Muscle-specific acute changes in
passive stiffness of human triceps surae after stretching. Eur J Appl Physiol 116: 911-918, 2016.
[PubMed: 26945574]

Hirata K, Yamadera R and Akagi R. Associations between Range of Motion and Tissue Stiffness
in Young and Older People. Med Sci Sports Exerc 2020.

Hirata K, Yamadera R and Akagi R. Can Static Stretching Reduce Stiffness of the Triceps Surae
in Older Men? Med Sci Sports Exerc 52: 673-679, 2020. [PubMed: 31652247]

Hirayama K, Akagi R, Moniwa Y, Okada J and Takahashi H. Transversus Abdominis Elasticity
during Various Exercises: A Shear Wave Ultrasound Elastography Study. International Journal of
Sports Physical Therapy 12: 601-606, 2017. [PubMed: 28900566]

Hirayama K, Akagi R and Takahashi H. Reliability of ultrasound elastography for the
quantification of transversus abdominis elasticity. Acta Radiol Open 4: 2058460115603420,
2015.

Hofstetter LW, Fausett L, Mueller A, Odeen H, Payne A, Christensen DA and Parker DL.
Development and characterization of a tissue mimicking psyllium husk gelatin phantom for

Ann Biomed Eng. Author manuscript; available in PMC 2022 November 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Blank et al.

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

243.

244,

245.

246.

Page 26

ultrasound and magnetic resonance imaging. Int J Hyperthermia 37: 283-290, 2020. [PubMed:
32204632]

Hotfiel T, Heiss R, Janka R, Forst R, Raithel M, Lutter C, Gelse K, Pachowsky M and
Golditz T. Acoustic radiation force impulse tissue characterization of the anterior talofibular
ligament: a promising noninvasive approach in ankle imaging. Phys Sportsmed 46: 435-440,
2018. [PubMed: 29886782]

Hotfiel T, Kellermann M, Swoboda B, Wildner D, Golditz T, Grim C, Raithel M, Uder M and
Heiss R. Application of Acoustic Radiation Force Impulse Elastography in Imaging of Delayed
Onset Muscle Soreness: A Comparative Analysis With 3T MRI. J Sport Rehabil 27: 348-356,
2018. [PubMed: 28513280]

Hou SW, Merkle AN, Babb JS, McCabe R, Gyftopoulos S and Adler RS. Shear Wave Ultrasound
Elastographic Evaluation of the Rotator Cuff Tendon. J Ultrasound Med 36: 95-106, 2017.
[PubMed: 27914201]

Hsiao MY, Chen YC, Lin CY, Chen WS and Wang TG. Reduced Patellar Tendon Elasticity with
Aging: In Vivo Assessment by Shear Wave Elastography. Ultrasound Med Biol 41: 2899-2905,
2015. [PubMed: 26304500]

Hsiao YY, Yang TH, Chen PY, Hsu HY, Kuo LC, Su FC and Huang CC. Characterization of the
extensor digitorum communis tendon using high-frequency ultrasound shear wave elastography.
Med Phys 47: 1609-1618, 2020. [PubMed: 32020648]

Huang J, Qin K, Tang C, Zhu Y, Klein CS, Zhang Z and Liu C. Assessment of Passive Stiffness
of Medial and Lateral Heads of Gastrocnemius Muscle, Achilles Tendon, and Plantar Fascia

at Different Ankle and Knee Positions Using the MyotonPRO. Med Sci Monit 24; 7570-7576,
2018. [PubMed: 30352050]

Hug F, Lacourpaille L, Maisetti O and Nordez A. Slack length of gastrocnemius medialis and
Achilles tendon occurs at different ankle angles. J Biomech 46: 2534-2538, 2013. [PubMed:

23953502]

Huttel M, Golditz T, Mayer I, Heiss R, Lutter C, Hoppe MW, Engelhardt M, Grim C, Seehaus
F, Forst R and Hotfiel T. Effects of Pre- and Post-Exercise Cold-Water Immersion Therapy on
Passive Muscle Stiffness. Sportverletz Sportschaden 34: 72-78, 2020. [PubMed: 31319427]

Hvedstrup J, Kolding LT, Ashina M and Schytz HW. Increased neck muscle stiffness in migraine
patients with ictal neck pain: A shear wave elastography study. Cephalalgia 40: 565-574, 2020.
[PubMed: 32295400]

Hwang D, Shin YJ, Choi JY, Jung SJ and Yang SS. Changes in Muscle Stiffness in Infants with
Congenital Muscular Torticollis. Diagnostics (Basel) 9: 2019.

Ichihashi N, Umegaki H, Ikezoe T, Nakamura M, Nishishita S, Fujita K, Umehara J, Nakao
S and Ibuki S. The effects of a 4-week static stretching programme on the individual muscles
comprising the hamstrings. J Sports Sci 34: 2155-2159, 2016. [PubMed: 27113325]

Ikeda N, Otsuka S, Kawanishi Y and Kawakami Y. Effects of Instrument-assisted Soft Tissue
Mobilization on Musculoskeletal Properties. Med Sci Sports Exerc 51: 2166-2172, 2019.
[PubMed: 31083046]

Inami T, Tsujimura T, Shimizu T, Watanabe T, Lau WY and Nosaka K. Relationship between
isometric contraction intensity and muscle hardness assessed by ultrasound strain elastography.
Eur J Appl Physiol 117: 843-852, 2017. [PubMed: 28290056]

Ipek-Ugay S, Driessle T, Ledwig M, Guo J, Hirsch S, Sack | and Braun J. Tabletop magnetic
resonance elastography for the measurement of viscoelastic parameters of small tissue samples. J
Magn Reson 251: 13-18, 2015. [PubMed: 25554945]

Itoigawa Y, Maruyama Y, Kawasaki T, Wada T, Yoshida K, An KN and Kaneko K. Shear Wave
Elastography Can Predict Passive Stiffness of Supraspinatus Musculotendinous Unit During
Arthroscopic Rotator Cuff Repair for Presurgical Planning. Arthroscopy 34: 2276-2284, 2018.
[PubMed: 29685838]

Itoigawa Y, Sperling JW, Steinmann SP, Chen Q, Song P, Chen S, Itoi E, Hatta T and An KN.
Feasibility assessment of shear wave elastography to rotator cuff muscle. Clin Anat 28: 213-218,
2015. [PubMed: 25557287]

Ann Biomed Eng. Author manuscript; available in PMC 2022 November 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Blank et al.

247.

248.

249.

250.

251.

252.

253.

254.

255.

256.

257.

258.

259.

260.

261.

262.

263.

Page 27

Itoigawa Y, Takazawa Y, Maruyama Y, Yoshida K, Sakai T, Ichimura K and Kaneko K. A
new technique of surgical planning for anterior cruciate ligament reconstruction: Feasibility
Assessment of Shear Wave Elastography to Tendon of Semitendinosus Muscle. Clin Anat 31:
404-408, 2018. [PubMed: 29044664]

Itoigawa Y, Wada T, Kawasaki T, Morikawa D, Maruyama Y and Kaneko K. Supraspinatus
Muscle and Tendon Stiffness Changes After Arthroscopic Rotator Cuff Repair: A Shear Wave
Elastography Assessment. J Orthop Res 38: 219-227, 2020. [PubMed: 31517408]

lyidir OT, Rahatli FK, Bozkus Y, Ramazanova L, Turnaoglu H, Nar A and Tutuncu NB. Acoustic
Radiation Force Impulse Elastography and Ultrasonographic Findings of Achilles Tendon in
Patients With and Without Diabetic Peripheral Neuropathy: A Cross-Sectional Study. Exp Clin
Endocrinol Diabetes 2019.

Jakubowski KL, Smith AC, Elliott JM and Lee SSM. The Relationship Between Volitional
Activation and Muscle Properties in Incomplete Spinal Cord Injury. Top Spinal Cord Inj Rehabil
24: 1-5, 2018. [PubMed: 29434455]

Jakubowski KL, Terman A, Santana RVC and Lee SSM. Passive material properties of stroke-
impaired plantarflexor and dorsiflexor muscles. Clin Biomech (Bristol, Avon) 49: 48-55, 2017.

Jenkyn TR, Ehman RL and An KN. Noninvasive muscle tension measurement using the novel
technique of magnetic resonance elastography (MRE). Journal of Biomechanics 36: 1917-1921,
2003. [PubMed: 14614945]

Jeon M, Youn K and Yang S. Reliability and quantification of gastrocnemius elasticity at relaxing
and at submaximal contracted condition. Med Ultrason 20: 342-347, 2018. [PubMed: 30167588]

Jiang L, Wang YJ, Wang QY, Wang Q, Wei XM, Li N, Guo WP and Dou ZL. Correlation
between Pathological Characteristics and Young’s Modulus Value of Spastic Gastrocnemius in a
Spinal Cord Injury Rat Model. Biomed Res Int 2017: 5387948, 2017.

Johannsen S, Turkmeneli I, Isbary S, Roewer N and Schuster F. Ultrasound Elastography

for Rapid, Real-time Detection of Localized Muscular Reaction in Malignant Hyperthermia-
susceptible Pigs. Anesthesiology 129: 989-999, 2018. [PubMed: 30204593]

Joy J, McLeod G, Lee N, Munirama S, Corner G, Eisma R and Cochran S. Quantitative
assessment of Thiel soft-embalmed human cadavers using shear wave elastography. Ann Anat
202: 52-56, 2015. [PubMed: 26342463]

Kanazawa K, Hagiwara Y, Sekiguchi T, Fujita R, Suzuki K, Koide M, Ando A and Yabe Y.
Correlations Between Range of Motion and Elasticity of the Coracohumeral Ligament Evaluated
With Shear-Wave Elastography. J Sport Rehabil 1-7, 2020.

Kang JJ, Kim J, Park S, Paek S, Kim TH and Kim DK. Feasibility of Ultrasound-Guided Trigger
Point Injection in Patients with Myofascial Pain Syndrome. Healthcare (Basel) 7: 10, 2019.
Karatekin YS, Karaismailoglu B, Kaynak G, Ogut T, Dikici AS, Ure Esmerer E, Aydingoz O and
Botanlioglu H. Does elasticity of Achilles tendon change after suture applications? Evaluation
of repair area by acoustic radiation force impulse elastography. J Orthop Surg Res 13: 45, 2018.
[PubMed: 29499741]

Kawai M, Taniguchi K, Suzuki T and Katayose M. Estimation of quadriceps femoris muscle
dysfunction in the early period after surgery of the knee joint using shear-wave elastography.
BMJ Open Sport Exerc Med 4: e000381, 2018.

Kelly JP, Koppenhaver SL, Michener LA, Proulx L, Bisagni F and Cleland JA. Characterization
of tissue stiffness of the infraspinatus, erector spinae, and gastrocnemius muscle using ultrasound
shear wave elastography and superficial mechanical deformation. J Electromyogr Kinesiol 38:
73-80, 2018. [PubMed: 29175615]

Keuler EM, Loegering IF, Martin JA, Roth JD and Thelen DG. Shear Wave Predictions of
Achilles Tendon Loading during Human Walking. Scientific Reports 9: 13419, 2019. [PubMed:
31530823]

Kim K, Breton E, Gangi A and Vappou J. Simultaneous fat-referenced proton resonance
frequency shift thermometry and MR elastography for the monitoring of thermal ablations. Magn
Reson Med 84: 339-347, 2020. [PubMed: 31823418]

Ann Biomed Eng. Author manuscript; available in PMC 2022 November 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Blank et al.

264.

265.

266.

267.

268.

269.

270.

271.

272.

273.

274.

275.

276.

277.

278.

279.

280.

Page 28

Kim K, Hwang HJ, Kim SG, Lee JH and Jeong WK. Can Shoulder Muscle Activity Be Evaluated
With Ultrasound Shear Wave Elastography? Clin Orthop Relat Res 476: 1276-1283, 2018.
[PubMed: 29698293]

Kishimoto R, Kikuchi K, Koyama A, Kershaw J, Omatsu T, Tachibana Y, Suga M and Obata T.
Intra- and inter-operator reproducibility of US point shear-wave elastography in various organs:
evaluation in phantoms and healthy volunteers. Eur Radiol 29: 5999-6008, 2019. [PubMed:
31089847]

Kisilewicz A, Janusiak M, Szafraniec R, Smoter M, Ciszek B, Madeleine P, Fernandez-de-
Las-Penas C and Kawczynski A. Changes in Muscle Stiffness of the Trapezius Muscle After
Application of Ischemic Compression into Myofascial Trigger Points in Professional Basketball
Players. J Hum Kinet 64: 35-45, 2018. [PubMed: 30429897]

Kitamura G, Tateuchi H and Ichihashi N. Swimmers With Low Back Pain Indicate Greater
Lumber Extension During Dolphin Kick and Psoas Major Tightness. J Sport Rehabil 1-28, 2019.
[PubMed: 28714786]

Klatt D, Papazoglou S, Braun J and Sack I. Viscoelasticity-based MR elastography of skeletal
muscle. Phys Med Biol 55: 6445-6459, 2010. [PubMed: 20952814]

Kobayashi E, Matsumoto H, Hayashi I, Osaki M and Hagino H. Age-related changes in muscle
elasticity around the shoulder joint in young male baseball players: A prospective longitudinal
study. J Orthop Sci 25: 582-587, 2020. [PubMed: 31402264]

Kohles SS, Bowers JR, Vailas AC and Vanderby R Jr. Effect of a hypergravity environment on
cortical bone elasticity in rats. Calcif Tissue Int 59: 214-217, 1996. [PubMed: 8694900]

Kohles SS, Bowers JR, Vailas AC and Vanderby R Jr. Ultrasonic wave velocity measurement in
small polymeric and cortical bone specimens. J Biomech Eng 119: 232-236, 1997. [PubMed:
9285334]

Kohles SS, Cartee GD and Vanderby R Jr. Cortical elasticity in aging rats with and without
growth hormone treatments. J Med Eng Technol 20: 157-163, 1996. [PubMed: 8934407]

Kohles SS, Mason SS, Adams AP, Berg RJ, Blank J, Gibson F, Righetti J, Washington IS and
Saha AK. Ultrasonic wave propagation assessment of native cartilage explants and hydrogel
scaffolds for tissue engineering. Int J Biomed Eng Technol 10: 296-307, 2012. [PubMed:
23565122]

Koo TK, Guo JY, Cohen JH and Parker KJ. Quantifying the passive stretching response of human
tibialis anterior muscle using shear wave elastography. Clin Biomech (Bristol, Avon) 29: 33-39,
2014.

Koo TK, Guo JY, Cohen JH and Parker KJ. Relationship between shear elastic modulus and
passive muscle force: an ex-vivo study. J Biomech 46: 2053-2059, 2013. [PubMed: 23769175]
Koppenhaver S, Gaffney E, Oates A, Eberle L, Young B, Hebert J, Proulx L and Shinohara

M. Lumbar muscle stiffness is different in individuals with low back pain than asymptomatic
controls and is associated with pain and disability, but not common physical examination
findings. Musculoskelet Sci Pract 45: 102078, 2020.

Koppenhaver S, Kniss J, Lilley D, Oates M, Fernandez-de-Las-Penas C, Maher R, Croy T

and Shinohara M. Reliability of ultrasound shear-wave elastography in assessing low back
musculature elasticity in asymptomatic individuals. J Electromyogr Kinesiol 39: 49-57, 2018.
[PubMed: 29413453]

Koppenhaver SL, Scutella D, Sorrell BA, Yahalom J, Fernandez-de-Las-Penas C, Childs JD,
Shaffer SW and Shinohara M. Normative parameters and anthropometric variability of lumbar
muscle stiffness using ultrasound shear-wave elastography. Clin Biomech (Bristol, Avon) 62:
113-120, 2019.

Kot BC, Zhang ZJ, Lee AW, Leung VY and Fu SN. Elastic modulus of muscle and tendon

with shear wave ultrasound elastography: variations with different technical settings. Plos One 7:
e44348, 2012.

Krepkin K, Bruno M, Raya JG, Adler RS and Gyftopoulos S. Quantitative assessment of the
supraspinatus tendon on MRI using T2/T2* mapping and shear-wave ultrasound elastography: a
pilot study. Skeletal Radiol 46: 191-199, 2017. [PubMed: 27896400]

Ann Biomed Eng. Author manuscript; available in PMC 2022 November 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Blank et al.

281.

282.

283.

284,

285.

286.

287.

288.

289.

290.

291.

292.

293.

294.

295.

296.

297.

298.

299.

300.

Page 29

Kruse SA, Smith JA, Lawrence AJ, Dresner MA, Manduca A, Greenleaf JF and Ehman RL.
Tissue characterization using magnetic resonance elastography: preliminary results. Phys Med
Biol 45: 1579-1590, 2000. [PubMed: 10870712]

Kubo K, Zhou B, Cheng YS, Yang TH, Qiang B, An KN, Moran SL, Amadio PC, Zhang X and
Zhao C. Ultrasound elastography for carpal tunnel pressure measurement: A cadaveric validation
study. J Orthop Res 36: 477-483, 2018. [PubMed: 28731271]

Kumagai H, Miyamoto-Mikami E, Hirata K, Kikuchi N, Kamiya N, Hoshikawa S, Zempo H,
Naito H, Miyamoto N and Fuku N. ESR1 rs2234693 Polymorphism Is Associated with Muscle
Injury and Muscle Stiffness. Med Sci Sports Exerc 51: 19-26, 2019. [PubMed: 30113520]

Kuo WH, Jian DW, Wang TG and Wang YC. Neck muscle stiffness quantified by
sonoelastography is correlated with body mass index and chronic neck pain symptoms.
Ultrasound Med Biol 39: 1356-1361, 2013. [PubMed: 23683408]

Kural Rahatli F, Turnaoglu H, Haberal KM, Kirnap M, Fidan C, Sayin CB, Uslu N and Haberal
M. Acoustic Radiation Force Impulse Elastography Findings of Achilles Tendons in Patients on
Chronic Hemodialysis and in Renal Transplant Patients. Exp Clin Transplant 2018.

Kusano K, Nishishita S, Nakamura M, Tanaka H, Umehara J and Ichihashi N. Acute effect and
time course of extension and internal rotation stretching of the shoulder on infraspinatus muscle
hardness. J Shoulder Elbow Surg 26: 1782-1788, 2017. [PubMed: 28684232]

Kwon DR, Park GY, Lee SU and Chung I. Spastic cerebral palsy in children: dynamic
sonoelastographic findings of medial gastrocnemius. Radiology 263: 794-801, 2012. [PubMed:
22495685]

Lacourpaille L, Nordez A and Hug F. The nervous system does not compensate for an acute
change in the balance of passive force between synergist muscles. J Exp Biol 220: 3455-3463,
2017. [PubMed: 28751493]

Lacourpaille L, Nordez A, Hug F, Doguet V, Andrade R and Guilhem G. Early detection of
exercise-induced muscle damage using elastography. Eur J Appl Physiol 117: 2047-2056, 2017.
[PubMed: 28780603]

Lamouille J, Muller C, Aubry S, Bensamoun S, Raffoul W and Durand S. Extensor indicis
proprius tendon transfer using shear wave elastography. Hand Surg Rehabil 36: 173-180, 2017.
[PubMed: 28465195]

Langlais T, Vergari C, Pietton R, Dubousset J, Skalli W and Vialle R. Shear-wave elastography
can evaluate annulus fibrosus alteration in adolescent scoliosis. Eur Radiol 28: 2830-2837, 2018.
[PubMed: 29404767]

Lappi VG, King MS and Lemay I. Determination of Elastic-Constants for Human Femurs.
Journal of Biomechanical Engineering-Transactions of the Asme 101: 193-197, 1979.

Laubach M, Hellmann JT, Dirrichs T, Gatz M, Quack V, Tingart M and Betsch M. Anterior

knee pain after total knee arthroplasty: A multifactorial analysis. J Orthop Surg (Hong Kong) 28:
2309499020918947, 2020.

Le Sant G, Ates F, Brasseur JL and Nordez A. Elastography Study of Hamstring Behaviors during
Passive Stretching. Plos One 10: 0139272, 2015.

Le Sant G, Nordez A, Andrade R, Hug F, Freitas S and Gross R. Stiffness mapping of lower leg
muscles during passive dorsiflexion. J Anat 230: 639-650, 2017. [PubMed: 28251615]

Le Sant G, Nordez A, Hug F, Andrade R, Lecharte T, McNair PJ and Gross R. Effects of stroke
injury on the shear modulus of the lower leg muscle during passive dorsiflexion. J Appl Physiol
(1985) 126: 11-22, 2019. [PubMed: 30236050]

Lee HY, Lee JH, Shin JH, Kim SY, Shin HJ, Park JS, Choi YJ and Baek JH. Shear wave
elastography using ultrasound: effects of anisotropy and stretch stress on a tissue phantom and in
vivo reactive lymph nodes in the neck. Ultrasonography 36: 25-32, 2017. [PubMed: 27459989]
Lee Kl and Yoon SW. Propagation of time-reversed Lamb waves in bovine cortical bone in vitro.
J Acoust Soc Am 137: EL105-110, 2015. [PubMed: 25618089]

Lee Kl and Yoon SW. Relationships of the group velocity of the time-reversed Lamb wave with
bone properties in cortical bone in vitro. J Biomech 55: 147-151, 2017. [PubMed: 28285743]
Lee S, Kwak J, Lee S, Cho H, Oh E and Park JW. Quantitative stiffness of the median nerve,
flexor tendons, and flexor retinaculum in the carpal tunnel measured with acoustic radiation force

Ann Biomed Eng. Author manuscript; available in PMC 2022 November 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Blank et al.

301.

302.

303.

304.

305.

306.

307.

308.

309.

310.

311

312.

313.

314.

315.

316.

317.

318.

319.

Page 30

impulse elastography in various wrist and finger positions. Medicine (Baltimore) 98: 17066,
2019.

Lee SS, Gaebler-Spira D, Zhang LQ, Rymer WZ and Steele KM. Use of shear wave ultrasound
elastography to quantify muscle properties in cerebral palsy. Clin Biomech (Bristol, Avon) 31:
20-28, 2016.

Lee SS, Spear S and Rymer WZ. Quantifying changes in material properties of stroke-impaired
muscle. Clin Biomech (Bristol, Avon) 30: 269-275, 2015.

Lee SSM, Jakubowski KL, Spear SC and Rymer WZ. Muscle material properties in passive and
active stroke-impaired muscle. J Biomech 83: 197-204, 2019. [PubMed: 30551919]

Lefebvre F, Deblock Y, Campistron P, Ahite D and Fabre JJ. Development of a new ultrasonic
technique for bone and biomaterials in vitro characterization. J Biomed Mater Res 63: 441-446,
2002. [PubMed: 12115753]

Leng Y, Wang Z, Bian R, Lo WLA, Xie X, Wang R, Huang D and Li L. Alterations of Elastic
Property of Spastic Muscle With Its Joint Resistance Evaluated From Shear Wave Elastography
and Biomechanical Model. Front Neurol 10: 736, 2019. [PubMed: 31354610]

Leonardis JM, Desmet DM and Lipps DB. Quantifying differences in the material properties of
the fiber regions of the pectoralis major using ultrasound shear wave elastography. J Biomech 63:
41-46, 2017. [PubMed: 28823503]

Leonardis JM, Lyons DA, Giladi AM, Momoh AO and Lipps DB. Functional integrity of the
shoulder joint and pectoralis major following subpectoral implant breast reconstruction. J Orthop
Res 37: 1610-1619, 2019. [PubMed: 30816589]

Leong HT, Hug F and Fu SN. Increased Upper Trapezius Muscle Stiffness in Overhead Athletes
with Rotator Cuff Tendinopathy. Plos One 11: e0155187, 2016.

Leow MQH, Cui SL, Cao T, Tay SC and Ooi CC. Measuring the effects of acupuncture on muscle
stiffness with shear wave elastography. Acupunct Med 35: 304-306, 2017. [PubMed: 28624773]

Leung WKC, Chu KL and Lai C. Sonographic evaluation of the immediate effects of eccentric
heel drop exercise on Achilles tendon and gastrocnemius muscle stiffness using shear wave
elastography. PeerJ 5: €3592, 2017. [PubMed: 28740756]

Levinson SF, Shinagawa M and Sato T. Sonoelastic determination of human skeletal muscle
elasticity. J Biomech 28: 1145-1154, 1995. [PubMed: 8550633]

Li GY, He Q, Qian LX, Geng HY, Liu YL, Yang XY, Luo JW and Cao YP. Elastic Cherenkov
effects in transversely isotropic soft materials-11: Ex vivo and in vivo experiments. Journal of the
Mechanics and Physics of Solids 94: 181-190, 2016.

Li YP, Feng YN, Liu CL and Zhang ZJ. Paraffin therapy induces a decrease in the passive
stiffness of gastrocnemius muscle belly and Achilles tendon: A randomized controlled trial.
Medicine (Baltimore) 99: e19519, 2020.

Lim SD, Huang Q and Seibel EJ. Evaluation of Formalin Fixation for Tissue Biopsies Using
Shear Wave Laser Speckle Imaging System. IEEE J Transl Eng Health Med 7: 1500110, 2019.

Lima K, Martins N, Pereira W and Oliveira L. Triceps surae elasticity modulus measured by shear
wave elastography is not correlated to the plantar flexion torque. Muscles Ligaments Tendons J 7:
347-352, 2017. [PubMed: 29264348]

Lin C-Y, Sadeghi S, Bader DA and Cortes DH. Ultrasound Shear Wave Elastography of the
Elbow Ulnar Collateral Ligament: Reliability Test and a Preliminary Case Study in a Baseball
Pitcher. Journal of Engineering and Science in Medical Diagnostics and Therapy 1: 2018.

Lin CY, Chen PY, Shau YW and Wang CL. An Artifact in Supersonic Shear Wave Elastography.
Ultrasound Med Biol 43: 517-530, 2017. [PubMed: 27793363]

Lin DJ, Burke CJ, Abiri B, Babb JS and Adler RS. Supraspinatus muscle shear wave elastography
(SWE): detection of biomechanical differences with varying tendon quality prior to gray-scale
morphologic changes. Skeletal Radiol 49: 731-738, 2020. [PubMed: 31811348]

Linek P, Wolny T, Sikora D and Klepek A. Supersonic Shear Imaging for Quantification of
Lateral Abdominal Muscle Shear Modulus in Pediatric Population with Scoliosis: A Reliability
and Agreement Study. Ultrasound Med Biol 45: 1551-1561, 2019. [PubMed: 31031032]

Ann Biomed Eng. Author manuscript; available in PMC 2022 November 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Blank et al.

320.

321

322.

323.

324.

325.

326.

327.

328.

329.

330.

331

332.

333.

334.

335.

336.

337.

Page 31

Liu CL, Zhou JP, Sun PT, Chen BZ, Zhang J, Tang CZ and Zhang ZJ. Influence of different knee
and ankle ranges of motion on the elasticity of triceps surae muscles, Achilles tendon, and plantar
fascia. Scientific Reports 10: 6643, 2020. [PubMed: 32313166]

Liu J, Qian Z, Wang K, Wu J, Jabran A, Ren L and Ren L. Non-invasive Quantitative Assessment
of Muscle Force Based on Ultrasonic Shear Wave Elastography. Ultrasound Med Biol 45: 440-
451, 2019. [PubMed: 30396600]

Liu KH, Bhatia K, Chu W, He LT, Leung SF and Ahuja AT. Shear Wave Elastography--A New
Quantitative Assessment of Post-Irradiation Neck Fibrosis. Ultraschall Med 36: 348-354, 2015.
[PubMed: 25171602]

LiuY, Pan A, Hai Y, Li W, Yin L and Guo R. Asymmetric biomechanical characteristics of the
paravertebral muscle in adolescent idiopathic scoliosis. Clin Biomech (Bristol, Avon) 65: 81-86,
2019.

Long Z, Tradup DJ, Song P, Stekel SF, Chen S, Glazebrook KN and Hangiandreou NJ. Clinical
acceptance testing and scanner comparison of ultrasound shear wave elastography. J Appl Clin
Med Phys 19: 336-342, 2018.

Lopez O, Amrami KK, Manduca A and Ehman RL. Characterization of the dynamic shear
properties of hyaline cartilage using high-frequency dynamic MR elastography. Magn Reson
Med 59: 356-364, 2008. [PubMed: 18228594]

Lopez O, Amrami KK, Manduca A, Rossman PJ and Ehman RL. Developments in dynamic MR
elastography for in vitro biomechanical assessment of hyaline cartilage under high-frequency
cyclical shear. J Magn Reson Imaging 25: 310-320, 2007. [PubMed: 17260392]

Luan S, Zhu ZM, Ruan JL, Lin CN, Ke SJ, Xin WJ, Liu CC, Wu SL and Ma C. Randomized
Trial on Comparison of the Efficacy of Extracorporeal Shock Wave Therapy and Dry Needling in
Myofascial Trigger Points. Am J Phys Med Rehabil 98: 677-684, 2019. [PubMed: 31318748]

Luciani BD, Desmet DM, Alkayyali AA, Leonardis JM and Lipps DB. ldentifying the
mechanical and neural properties of the sternocleidomastoid muscles. J Appl Physiol (1985)
124: 1297-1303, 2018. [PubMed: 29420159]

Luo H, Li T, Wu S, Zhu H, Chen K, Ma L and Lin M. Clinical value of virtual touch tissue
imaging quantification in diagnosis and treatment of congenital muscular torticollis in children.
Transl Pediatr 9: 13-20, 2020. [PubMed: 32154131]

Lv H, Li Z, Hu T, Wang Y, Wu J and Li Y. The shear wave elastic modulus and the increased
nuclear factor kappa B (NF-kB/p65) and cyclooxygenase-2 (COX-2) expression in the area of
myofascial trigger points activated in a rat model by blunt trauma to the vastus medialis. J
Biomech 66: 44-50, 2018. [PubMed: 29137729]

Lynch HA, Johannessen W, Wu JP , Jawa A and Elliott DM. Effect of Fiber Orientation

and Strain Rate on the Nonlinear Uniaxial Tensile Material Properties of Tendon. Journal of
Biomechanical Engineering 125: 726-731, 2003. [PubMed: 14618932]

MacDonald D, Wan A, McPhee M, Tucker K and Hug F. Reliability of Abdominal Muscle
Stiffness Measured Using Elastography during Trunk Rehabilitation Exercises. Ultrasound Med
Biol 42: 1018-1025, 2016. [PubMed: 26746381]

Madsen EL, Sathoff HJ and Zagzebski JA. Ultrasonic shear wave properties of soft tissues and
tissuelike materials. J Acoust Soc Am 74: 1346-1355, 1983. [PubMed: 6643846]

Maher RM, Hayes DM and Shinohara M. Quantification of dry needling and posture effects on
myofascial trigger points using ultrasound shear-wave elastography. Arch Phys Med Rehabil 94:
2146-2150, 2013. [PubMed: 23684553]

Mannarino P, Matta TTD and Oliveira LF. An 8-week resistance training protocol is effective
in adapting quadriceps but not patellar tendon shear modulus measured by Shear Wave
Elastography. Plos One 14: 0205782, 2019.

Martin JA, Biedrzycki AH, Lee KS, DeWall RJ, Brounts SH, Murphy WL, Markel MD and
Thelen DG. In Vivo Measures of Shear Wave Speed as a Predictor of Tendon Elasticity and
Strength. Ultrasound Med Biol 41: 2722-2730, 2015. [PubMed: 26215492]

Martin JA, Brandon SCE, Keuler EM, Hermus JR, Ehlers AC, Segalman DJ, Allen MS

and Thelen DG. Gauging force by tapping tendons. Nat Commun 9: 1592, 2018. [PubMed:
29686281]

Ann Biomed Eng. Author manuscript; available in PMC 2022 November 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Blank et al.

338.

339.

340.

341.

342.

343.

344.

345.

346.

347.

348.

349.

350.

351

352.

353.

354.

355.

Page 32

Martin JA, Kindig MW, Stender CJ, Ledoux WR and Thelen DG. Calibration of the shear wave
speed-stress relationship in in situ Achilles tendons using cadaveric simulations of gait and
isometric contraction. J Biomech 106: 109799, 2020.

Martin JA, Schmitz DG, Ehlers AC, Allen MS and Thelen DG. Calibration of the shear wave
speed-stress relationship in ex vivo tendons. J Biomech 90: 9-15, 2019. [PubMed: 31088754]

Masaki M, Aoyama T, Murakami T, Yanase K, Ji X, Tateuchi H and Ichihashi N. Association of
low back pain with muscle stiffness and muscle mass of the lumbar back muscles, and sagittal
spinal alignment in young and middle-aged medical workers. Clin Biomech (Bristol, Avon) 49:
128-133, 2017.

Masaki M, lkezoe T, Yanase K, Ji X, Umehara J, Aoyama J, Minami S, Fukumoto Y, Watanabe
Y, Kimura M and Ichihashi N. Association of Pain History and Current Pain With Sagittal Spinal
Alignment and Muscle Stiffness and Muscle Mass of the Back Muscles in Middle-aged and
Elderly Women. Clin Spine Surg 32: E346-E352, 2019. [PubMed: 30839423]

Masaki M, Ji X, Yamauchi T, Tateuchi H and Ichihashi N. Effects of the trunk position on
muscle stiffness that reflects elongation of the lumbar erector spinae and multifidus muscles: an
ultrasonic shear wave elastography study. Eur J Appl Physiol 119: 1085-1091, 2019. [PubMed:
30747266]

Maslarska M, Weis C, Bode C and Hehrlein C. Shear Wave Elastography of Peripheral Muscle
Weakness in Patients with Chronic Congestive Heart Failure. Ultrasound Med Biol 44: 2531—
2539, 2018. [PubMed: 30286950]

Mathevon L, Michel F, Aubry S, Testa R, Lapole T, Arnaudeau LF, Fernandez B, Parratte B

and Calmels P. Two-dimensional and shear wave elastography ultrasound: A reliable method to
analyse spastic muscles? Muscle & Nerve 57: 222-228, 2018. [PubMed: 28561920]

Matsuda R, Kumamoto T, Seko T, Miura S and Hamamoto T. Reproducibility of elastic modulus
measurement of the multifidus using the shear wave elastography function of an ultrasound
diagnostic device. J Phys Ther Sci 31: 617-620, 2019. [PubMed: 31527996]

Mauldin FW Jr., Haider MA, Loboa EG, Behler RH, Euliss LE, Pfeiler TW and Gallippi

CM. Monitored steady-state excitation and recovery (MSSER) radiation force imaging using
viscoelastic models. IEEE Trans Ultrason Ferroelectr Freq Control 55: 1597-1610, 2008.
[PubMed: 18986950]

Mayer |, Hoppe MW, Freiwald J, Heiss R, Engelhardt M, Grim C, Lutter C, Huettel M, Forst R
and Hotfiel T. Different Effects of Foam Rolling on Passive Tissue Stiffness in Experienced and
Nonexperienced Athletes. J Sport Rehabil 1-8, 2019. [PubMed: 28714786]

McPherson AL, Nagai T, Schilaty ND, Hale R, Hewett TE and Bates NA. High school male
basketball athletes exhibit greater hamstring muscle stiffness than females as assessed with shear
wave elastography. Skeletal Radiol 49: 1231-1237, 2020. [PubMed: 32123955]

Mehta S and Antich P. Measurement of shear-wave velocity by ultrasound critical-angle
reflectometry (UCR). Ultrasound Med Biol 23: 1123-1126, 1997. [PubMed: 9330455]

Mehta SS, Antich PP and Landis WJ. Bone material elasticity in a murine model of osteogenesis
imperfecta. Connect Tissue Res 40: 189-198, 1999. [PubMed: 10772540]

Mendes B, Firmino T, Oliveira R, Neto T, Infante J, Vaz JR and Freitas SR. Hamstring

stiffness pattern during contraction in healthy individuals: analysis by ultrasound-based shear
wave elastography. Eur J Appl Physiol 118: 2403-2415, 2018. [PubMed: 30109503]

Mhanna C, Marquardt TL and Li ZM. Adaptation of the Transverse Carpal Ligament Associated
with Repetitive Hand Use in Pianists. Plos One 11: e0150174, 2016.

Mifune Y, Inui A, Nishimoto H, Kataoka T, Kurosawa T, Yamaura K, Mukohara S, Niikura T,
Kokubu T, Akisue T and Kuroda R. Assessment of posterior shoulder muscle stiffness related to
posterior shoulder tightness in college baseball players using shear wave elastography. J Shoulder
Elbow Surg 29: 571-577, 2020. [PubMed: 31495703]

Miwa T, Yoshihara Y, Kanzawa K, Parajuli RK and Yamakoshi Y. Tissue Viscoelasticity
Measurement System by Simultaneous Multiple-Frequency Excitation. Japanese Journal of
Applied Physics 51: 5, 2012.

Miyamoto-Mikami E, Miyamoto N, Kumagai H, Hirata K, Kikuchi N, Zempo H, Kimura N,
Kamiya N, Kanehisa H, Naito H and Fuku N. COL5A1 rs12722 polymorphism is not associated

Ann Biomed Eng. Author manuscript; available in PMC 2022 November 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Blank et al.

356.

357.

358.

359.

360.

361.

362.

363.

364.

365.

366.

367.

368.

369.

370.

371

372.

373.

Page 33

with passive muscle stiffness and sports-related muscle injury in Japanese athletes. BMC Med
Genet 20: 192, 2019. [PubMed: 31791263]

Miyamoto N and Hirata K. Moderate Associations of Muscle Elasticity of the Hamstring with
Hip Joint Flexibility. Int J Sports Med 40: 717-724, 2019. [PubMed: 31426105]

Miyamoto N, Hirata K, Inoue K and Hashimoto T. Muscle Stiffness of the Vastus Lateralis in
Sprinters and Long-Distance Runners. Med Sci Sports Exerc 51: 2080-2087, 2019. [PubMed:
31525172]

Miyamoto N, Hirata K and Kanehisa H. Effects of hamstring stretching on passive muscle
stiffness vary between hip flexion and knee extension maneuvers. Scand J Med Sci Sports 27:
99-106, 2017. [PubMed: 26669626]

Miyamoto N, Hirata K, Kanehisa H and Yoshitake Y. Validity of measurement of shear modulus
by ultrasound shear wave elastography in human pennate muscle. Plos One 10: 0124311, 2015.

Miyamoto N, Hirata K, Kimura N and Miyamoto-Mikami E. Contributions of Hamstring
Stiffness to Straight-Leg-Raise and Sit-and-Reach Test Scores. Int J Sports Med 39: 110-114,
2018. [PubMed: 29190853]

Miyamoto N, Hirata K, Miyamoto-Mikami E, Yasuda O and Kanehisa H. Associations of
passive muscle stiffness, muscle stretch tolerance, and muscle slack angle with range of motion:
individual and sex differences. Scientific Reports 8: 8274, 2018. [PubMed: 29844513]
Miyamoto N, Miyamoto-Mikami E, Hirata K, Kimura N and Fuku N. Association analysis of the
ACTN3 R577X polymorphism with passive muscle stiffness and muscle strain injury. Scand J
Med Sci Sports 28: 1209-1214, 2018. [PubMed: 29032593]

Mo J, Xu H, Qiang B, Giambini H, Kinnick R, An KN, Chen S and Luo Z. Bias of shear wave
elasticity measurements in thin layer samples and a simple correction strategy. Springerplus 5:
1341, 2016. [PubMed: 27588234]

Moher D, Liberati A, Tetzlaff J and Altman DG. Preferred reporting items for systematic reviews
and meta-analyses: the PRISMA statement. BMJ 339: b2535, 2009. [PubMed: 19622551]

Moore CJ, Caughey MC, Meyer DO, Emmett R, Jacobs C, Chopra M, Howard JF Jr. and Gallippi
CM. In Vivo Viscoelastic Response (VisR) Ultrasound for Characterizing Mechanical Anisotropy
in Lower-Limb Skeletal Muscles of Boys with and without Duchenne Muscular Dystrophy.
Ultrasound Med Biol 44: 2519-2530, 2018. [PubMed: 30174231]

Morales-Artacho AJ, Lacourpaille L and Guilhem G. Effects of warm-up on hamstring muscles
stiffness: Cycling vs foam rolling. Scand J Med Sci Sports 27: 1959-1969, 2017. [PubMed:
28124382]

Moreau B, Vergari C, Gad H, Sandoz B, Skalli W and Laporte S. Non-invasive assessment of
human multifidus muscle stiffness using ultrasound shear wave elastography: A feasibility study.
Proc Inst Mech Eng H 230: 809-814, 2016. [PubMed: 27435466]

Morel B, Hug F, Nordez A, Pournot H, Besson T, Mathevon L and Lapole T. Reduced Active
Muscle Stiffness after Intermittent Submaximal Isometric Contractions. Med Sci Sports Exerc
51: 2603-2609, 2019. [PubMed: 31269006]

Motomura Y, Tateuchi H, Nakao S, Shimizu I, Kato T, Kondo Y and Ichihashi N. Effect of
different knee flexion angles with a constant hip and knee torque on the muscle forces and
neuromuscular activities of hamstrings and gluteus maximus muscles. Eur J Appl Physiol 119:
399-407, 2019. [PubMed: 30430278]

Murillo C, Falla D, Rushton A, Sanderson A and Heneghan NR. Shear wave elastography
investigation of multifidus stiffness in individuals with low back pain. J Electromyogr Kinesiol
47: 19-24, 2019. [PubMed: 31077992]

Muthupillai R, Lomas D, Rossman P, Greenleaf JF, Manduca A and Ehman RL. Magnetic
resonance elastography by direct visualization of propagating acoustic strain waves. science 269:
1854-1857, 1995. [PubMed: 7569924]

Nabavizadeh A, Greenleaf JF, Fatemi M and Urban MW. Optimized shear wave generation using
hybrid beamforming methods. Ultrasound Med Biol 40: 188-199, 2014. [PubMed: 24139918]
Nagai T, Schilaty ND, Krause DA, Crowley EM and Hewett TE. Sex Differences in Ultrasound-
Based Muscle Size and Mechanical Properties of the Cervical-Flexor and -Extensor Muscles. J
Athl Train 55: 282-288, 2020. [PubMed: 31967864]

Ann Biomed Eng. Author manuscript; available in PMC 2022 November 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Blank et al.

374.

375.

376.

377.

378.

379.

380.

381.

382.

383.

384.

385.

386.

387.

388.

389.

390.

Page 34

Nakamura M, Hasegawa S, Umegaki H, Nishishita S, Kobayashi T, Fujita K, Tanaka H, Ibuki
S and Ichihashi N. The difference in passive tension applied to the muscles composing the
hamstrings - Comparison among muscles using ultrasound shear wave elastography. Man Ther
24:1-6, 2016. [PubMed: 27317500]

Nakamura M, lkezoe T, Kobayashi T, Umegaki H, Takeno Y, Nishishita S and Ichihashi N.
Acute effects of static stretching on muscle hardness of the medial gastrocnemius muscle belly
in humans: an ultrasonic shear-wave elastography study. Ultrasound Med Biol 40: 1991-1997,
2014. [PubMed: 24973829]

Nakamura M, Ikezoe T, Nishishita S, Umehara J, Kimura M and Ichihashi N. Acute effects of
static stretching on the shear elastic moduli of the medial and lateral gastrocnemius muscles in
young and elderly women. Musculoskelet Sci Pract 32: 98-103, 2017. [PubMed: 28988152]
Nakamura M, lkezoe T, Umegaki H, Kobayashi T, Nishisita S and Ichihashi N. Shear

elastic modulus is a reproducible index reflecting the passive mechanical properties of medial
gastrocnemius muscle belly. Acta Radiol Open 5: 2058460115604009, 2016.

Nakamura M, Sato S, Kiyono R, Takahashi N and Yoshida T. Effect of Rest Duration Between
Static Stretching on Passive Stiffness of Medial Gastrocnemius Muscle in vivo. J Sport Rehabil
1-16, 2019. [PubMed: 28714786]

Nakao G, Taniguchi K and Katayose M. Acute Effect of Active and Passive Static Stretching

on Elastic Modulus of the Hamstrings. Sports Med Int Open 2: E163-E170, 2018. [PubMed:
30539134]

Nelissen JL, de Graaf L, Traa WA, Schreurs TJ, Moerman KM, Nederveen AJ, Sinkus R, Oomens
CW, Nicolay K and Strijkers GJ. A MRI-Compatible Combined Mechanical Loading and MR
Elastography Setup to Study Deformation-Induced Skeletal Muscle Damage in Rats. Plos One
12: e0169864, 2017.

Nightingale K, Soo MS, Nightingale R and Trahey G. Acoustic radiation force impulse imaging:
in vivo demonstration of clinical feasibility. Ultrasound in medicine & biology 28: 227-235,
2002. [PubMed: 11937286]

Nishishita S, Hasegawa S, Nakamura M, Umegaki H, Kobayashi T and Ichihashi N. Effective
stretching position for the supraspinatus muscle evaluated by shear wave elastography in vivo. J
Shoulder Elbow Surg 27: 2242-2248, 2018. [PubMed: 30030031]

Nojiri S, Yagi M, Mizukami Y and Ichihashi N. Static stretching time required to reduce iliacus
muscle stiffness. Sports Biomech 1-10, 2019.

Obst SJ, Heales LJ, Schrader BL, Davis SA, Dodd KA, Holzberger CJ, Beavis LB and Barrett
RS. Are the Mechanical or Material Properties of the Achilles and Patellar Tendons Altered in
Tendinopathy? A Systematic Review with Meta-analysis. Sports Medicine 48: 2179-2198, 2018.
[PubMed: 29961208]

Ogawa T, Saeki J and Ichihashi N. The effect of hip flexion angle on muscle elongation of the hip
adductor muscles during stretching. J Biomech 101: 109649, 2020.

Ogura I, Nakahara K, Sasaki Y, Sue M and Oda T. Usefulness of shear wave elastography in

the diagnosis of oral and maxillofacial diseases. Imaging Sci Dent 48: 161-165, 2018. [PubMed:
30276152]

Ohya S, Nakamura M, Aoki T, Suzuki D, Kikumoto T, Nakamura E, Ito W, Hirabayashi R,
Takabayashi T and Edama M. The effect of a running task on muscle shear elastic modulus of
posterior lower leg. J Foot Ankle Res 10: 56, 2017. [PubMed: 29238405]

Ooi CC, Malliaras P, Schneider ME and Connell DA. “Soft, hard, or just right?” Applications
and limitations of axial-strain sonoelastography and shear-wave elastography in the assessment of
tendon injuries. Skeletal Radiol 43: 1-12, 2014. [PubMed: 23925561]

Otsuka S, Shan X and Kawakami Y. Dependence of muscle and deep fascia stiffhess on the
contraction levels of the quadriceps: An in vivo supersonic shear-imaging study. J Electromyogr
Kinesiol 45: 33-40, 2019. [PubMed: 30785019]

Palmeri ML, Sharma AC, Bouchard RR, Nightingale RW and Nightingale KR. A finite-element
method model of soft tissue response to impulsive acoustic radiation force. IEEE Transactions on
Ultrasonics, Ferroelectrics, and Frequency Control 52: 1699-1712, 2005. [PubMed: 16382621]

Ann Biomed Eng. Author manuscript; available in PMC 2022 November 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Blank et al.

391

392.

393.

394.

395.

396.

397.

398.

399.

400.

401.

402.

403.

404.

405.

406.

407.

408.

4009.

Page 35

Palnitkar H, Reiter RO, Majumdar S, Lewis P, Hammersley M, Shah RN, Royston TJ and Klatt
D. An investigation into the relationship between inhomogeneity and wave shapes in phantoms
and ex vivo skeletal muscle using Magnetic Resonance Elastography and finite element analysis.
J Mech Behav Biomed Mater 98; 108-120, 2019. [PubMed: 31226553]

Paluch L, Maj P, Pietruski P, Korba M and Noszczyk BH. Shear Wave Elastography in the
Evaluation of Temporomandibular Joint Disorders. Ultrasound Med Biol 46: 46-54, 2020.
[PubMed: 31635758]

Pamboris GM, Noorkoiv M, Baltzopoulos V, Gokalp H, Marzilger R and Mohagheghi AA.
Effects of an acute bout of dynamic stretching on biomechanical properties of the gastrocnemius
muscle determined by shear wave elastography. Plos One 13: 0196724, 2018.

Papadacci C, Tanter M, Pernot M and Fink M. Ultrasound backscatter tensor imaging (BTI):
analysis of the spatial coherence of ultrasonic speckle in anisotropic soft tissues. IEEE Trans
Ultrason Ferroelectr Freq Control 61: 986-996, 2014. [PubMed: 24859662]

Papazoglou S, Braun J, Hamhaber U and Sack I. Two-dimensional waveform analysis in MR
elastography of skeletal muscles. Phys Med Biol 50: 1313-1325, 2005. [PubMed: 15798324]
Papazoglou S, Rump J, Braun J and Sack |. Shear wave group velocity inversion in MR
elastography of human skeletal muscle. Magn Reson Med 56: 489-497, 2006. [PubMed:
16894586]

Park B and Chen YR. Ultrasonic shear wave characterization in beef longissimus muscle.
Transactions of the Asae 40: 229-235, 1997.

Park GY, Kwon DR and Kwon DG. Shear wave sonoelastography in infants with congenital
muscular torticollis. Medicine (Baltimore) 97: €9818, 2018. [PubMed: 29419681]

Park JY, Kim JK, Cheon JE, Lee MC and Han HS. Meniscus Stiffness Measured with Shear Wave
Elastography is Correlated with Meniscus Degeneration. Ultrasound Med Biol 46: 297-304,
2020. [PubMed: 31753598]

Payne C, Watt P, Cercignani M and Webborn N. Reproducibility of shear wave elastography
measuresof the Achilles tendon. Skeletal Radiol 47: 779-784, 2018. [PubMed: 29260258]
Payne C, Watt P and Webborn N. Shear Wave Elastography Measures of the Achilles Tendon:
Influence of Time of Day, Leg Dominance and the Impact of an Acute 30-Minute Bout of
Running. Applied Sciences-Basel 8: 14, 2018.

Peltz CD, Haladik JA, Divine G, Siegal D, van Holsbeeck M and Bey MJ. ShearWave
elastography: repeatability for measurement of tendon stiffness. Skeletal Radiol 42: 1151-1156,
2013. [PubMed: 23640400]

Peralta L, Cai X, Laugier P and Grimal Q. A critical assessment of the in-vitro measurement of
cortical bone stiffness with ultrasound. Ultrasonics 80: 119-126, 2017. [PubMed: 28549340]
Petitpierre F, Perez JT, Bise S, Fournier C, Hauger O and Dallaudiere B. Quantitative
elastography of Achilles tendon using Shear Wave Elastography (SWE): correlation with zonal
anatomy. MItj-Muscles Ligaments and Tendons Journal 8: 229-237, 2018.

Petrescu PH, Izvernariu DA, lancu C, Dinu GO, Crisan D, Popescu SA, Sirli RL, Nistor BM,
RauTia IC, Lazureanu DC, Dema S, Prejbeanu IR and Sporea |. Evaluation of normal and
pathological Achilles tendon by real-time shear wave elastography. Rom J Morphol Embryol 57:
785-790, 2016. [PubMed: 27833972]

Phan A, Lee J and Gao J. Ultrasound shear wave elastography in assessment of skeletal muscle
stiffness in senior volunteers. Clin Imaging 58: 22-26, 2019. [PubMed: 31228827]

Pichiecchio A, Alessandrino F, Bortolotto C, Cerica A, Rosti C, Raciti MV, Rossi M, Berardinelli
A, Baranello G, Bastianello S and Calliada F. Muscle ultrasound elastography and MRI in
preschool children with Duchenne muscular dystrophy. Neuromuscul Disord 28: 476-483, 2018.
[PubMed: 29661643]

Pinton G, Aubry JF, Bossy E, Muller M, Pernot M and Tanter M. Attenuation, scattering, and
absorption of ultrasound in the skull bone. Med Phys 39: 299-307, 2012. [PubMed: 22225300]
Point M, Guilhem G, Hug F, Nordez A, Frey A and Lacourpaille L. Cryotherapy induces an
increase in muscle stiffness. Scand J Med Sci Sports 28: 260-266, 2018. [PubMed: 28263409]

Ann Biomed Eng. Author manuscript; available in PMC 2022 November 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Blank et al.

410.

411

412.

413.

414.

415.

416.

417.

418.

419.

420.

421.

422.

423.

424.

425.

426.

Page 36

Pournot H, Tindel J, Testa R, Mathevon L and Lapole T. The Acute Effect of Local Vibration As a
Recovery Modality from Exercise-Induced Increased Muscle Stiffness. Journal of Sports Science
and Medicine 15: 142-147, 2016. [PubMed: 26957937]

Provenzano PP, Heisey D, Hayashi K, Lakes R and Ray Vanderby J. Subfailure damage in
ligament: a structural and cellular evaluation. Journal of Applied Physiology 92: 362-371, 2002.
[PubMed: 11744679]

Provenzano PP and Vanderby R. Collagen fibril morphology and organization: Implications
for force transmission in ligament and tendon. Matrix Biology 25: 71-84, 2006. [PubMed:
16271455]

Prucha J, Socha V, Sochova V, Hanakova L and Stojic S. Effect of High-Induction Magnetic
Stimulation on Elasticity of the Patellar Tendon. J Healthc Eng 2018: 7172034, 2018.

Qiang B, Brigham JC, Aristizabal S, Greenleaf JF, Zhang X and Urban MW. Modeling
transversely isotropic, viscoelastic, incompressible tissue-like materials with application in
ultrasound shear wave elastography. Phys Med Biol 60: 1289-1306, 2015. [PubMed: 25591921]
Qiang B, Greenleaf J, Oyen M and Zhang X. Estimating material elasticity by spherical
indentation load-relaxation tests on viscoelastic samples of finite thickness. IEEE Trans Ultrason
Ferroelectr Freq Control 58: 1418-1429, 2011. [PubMed: 21768026]

Quack V, Betsch M, Hellmann J, Eschweiler J, Schrading S, Gatz M, Rath B, Tingart M,
Laubach M, Kuhl CK and Dirrichs T. Evaluation of Postoperative Changes in Patellar and
Quadriceps Tendons after Total Knee Arthroplasty-A Comprehensive Analysis by Shear Wave
Elastography, Power Doppler and B-mode Ultrasound. Acad Radiol 27: e148—e157, 2020.
[PubMed: 31526688]

Raiteri BJ, Hug F, Cresswell AG and Lichtwark GA. Quantification of muscle co-contraction
using supersonic shear wave imaging. J Biomech 49: 493-495, 2016. [PubMed: 26776929]

Ramana YV, Krishna GG and Khadeer MA. Shear velocity of muscle tissues. J Biomed Eng 2:
211-215, 1980. [PubMed: 7412252]

Rasool G, Wang AB, Rymer WZ and Lee SSM. Shear Waves Reveal Viscoelastic Changes
in Skeletal Muscles After Hemispheric Stroke. IEEE Trans Neural Syst Rehabil Eng 26: 2006—
2014, 2018. [PubMed: 30334740]

Reeves ND, Maganaris CN, Maffulli N and Rittweger J. Human patellar tendon stiffness is
restored following graft harvest for anterior cruciate ligament surgery. Journal of Biomechanics
42: 797-803, 2009. [PubMed: 19268289]

Rominger MB, Kalin P, Mastalerz M, Martini K, Klingmuller V, Sanabria S and Frauenfelder T.
Influencing Factors of 2D Shear Wave Elastography of the Muscle - An Ex Vivo Animal Study.
Ultrasound Int Open 4: E54-E60, 2018. [PubMed: 30250941]

Rosskopf AB, Bachmann E, Snedeker JG, Pfirrmann CW and Buck FM. Comparison of shear
wave velocity measurements assessed with two different ultrasound systems in an ex-vivo tendon
strain phantom. Skeletal Radiol 45: 1541-1551, 2016. [PubMed: 27631078]

Rosskopf AB, Ehrmann C, Buck FM, Gerber C, Fluck M and Pfirrmann CW. Quantitative Shear-
Wave US Elastography of the Supraspinatus Muscle: Reliability of the Method and Relation to
Tendon Integrity and Muscle Quality. Radiology 278: 465-474, 2016. [PubMed: 26540450]

Rothberg S, Allen M, Castellini P, Di Maio D, Dirckx J, Ewins D, Halkon BJ, Muyshondt P,
Paone N and Ryan T. An international review of laser Doppler vibrometry: Making light work of
vibration measurement. Optics and Lasers in Engineering 99: 11-22, 2017.

Ruan ZM, Zhao B, Qi HT, Zhang Y, Zhang FX, Wu M and Shao GR. Elasticity of healthy
Achilles tendon decreases with the increase of age as determined by acoustic radiation force
impulse imaging. International Journal of Clinical and Experimental Medicine 8: 1043-1050,
2015. [PubMed: 25785091]

Ruby L, Mutschler T, Martini K, Klingmuller V, Frauenfelder T, Rominger MB and Sanabria SJ.
Which Confounders Have the Largest Impact in Shear Wave Elastography of Muscle and How
Can They be Minimized? An Elasticity Phantom, Ex Vivo Porcine Muscle and Volunteer Study
Using a Commercially Available System. Ultrasound Med Biol 45: 2591-2611, 2019. [PubMed:
31375216]

Ann Biomed Eng. Author manuscript; available in PMC 2022 November 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Blank et al.

427.

428.

429.

430.

431.

432.

433.

434,

435.

436.

437.

438.

439.

440.

441.

442.

443.

444,

445,

446.

Page 37

Rudenko OV, Tsyuryupa SN and Sarvazyan AP. Velocity and attenuation of shear waves in the
phantom of a muscle-soft tissue matrix with embedded stretched fibers. Acoustical Physics 62:
608-614, 2016.

Sadeghi S and Cortes DH. Measurement of the shear modulus in thin-layered tissues using
numerical simulations and shear wave elastography. J Mech Behav Biomed Mater 102: 103502,
2020.

Sadeghi S, Johnson M, Bader DA and Cortes DH. The shear modulus of lower-leg muscles
correlates to intramuscular pressure. J Biomech 83: 190-196, 2019. [PubMed: 30563763]

Sadeghi S, Newman C and Cortes DH. Change in skeletal muscle stiffness after running
competition is dependent on both running distance and recovery time: a pilot study. PeerJ 6:
e4469, 2018. [PubMed: 29576951]

Sadeghi S, Quinlan K, E. KE, B. G G, Bible J, Sions M and Cortes D. Changes in Shear Modulus
of the Lumbar Multifidus Muscle during Different Body Positions. J Biomech Eng 141: 7, 2019.
Saeki J, Ikezoe T, Nakamura M, Nishishita S and Ichihashi N. The reliability of shear elastic
modulus measurement of the ankle plantar flexion muscles is higher at dorsiflexed position of the
ankle. J Foot Ankle Res 10: 18, 2017. [PubMed: 28428826]

Saeki J, Ikezoe T, Yoshimi S, Nakamura M and Ichihashi N. Menstrual cycle variation and gender
difference in muscle stiffness of triceps surae. Clin Biomech (Bristol, Avon) 61: 222-226, 2019.
Saeki J, Nakamura M, Nakao S, Fujita K, Yanase K and Ichihashi N. Muscle stiffness of posterior
lower leg in runners with a history of medial tibial stress syndrome. Scand J Med Sci Sports 28:
246-251, 2018. [PubMed: 28207961]

Sahan MH, Inal M, Burulday V and Kultur T. Evaluation of tendinosis of the long head of

the biceps tendon by strain and shear wave elastography. Med Ultrason 20: 192-198, 2018.
[PubMed: 29730686]

Sahr M, Sturnick DR and Nwawka OK. Quantitative Ultrasound Assessment of the Achilles
Tendon Under Varied Loads. J Ultrasound Med 37: 2413-2418, 2018. [PubMed: 29516536]
Salman M and Sabra KG. Assessing non-uniform stiffening of the achilles tendon noninvasively
using surface wave. J Biomech 82: 357-360, 2019. [PubMed: 30473135]

Salman M and Sabra KG. Surface wave measurements using a single continuously scanning

laser Doppler vibrometer: application to elastography. J Acoust Soc Am 133: 1245-1254, 2013.
[PubMed: 23463997]

Salman M, Sabra KG and Shinohara M. Assessment of muscle stiffness using a continuously
scanning laser-Doppler vibrometer. Muscle & Nerve 50: 133-135, 2014. [PubMed: 24395193]
Sandrin L, Tanter M, Gennisson JL, Catheline S and Fink M. Shear elasticity probe for soft
tissues with 1-D transient elastography. IEEE Trans Ultrason Ferroelectr Freq Control 49: 436—
446, 2002. [PubMed: 11989699]

Sarabon N, Kozinc Z and Podrekar N. Using shear-wave elastography in skeletal muscle: A
repeatability and reproducibility study on biceps femoris muscle. Plos One 14: €0222008, 2019.
Sarvazyan AP, Urban MW and Greenleaf JF. Acoustic Waves in Medical Imaging and
Diagnostics. Ultrasound in medicine & biology 39: 1133-1146, 2013. [PubMed: 23643056]

Sato S, Kiyono R, Takahashi N, Yoshida T, Takeuchi K and Nakamura M. The acute and
prolonged effects of 20-s static stretching on muscle strength and shear elastic modulus. Plos One
15: 0228583, 2020.

Schatzmann L, Brunner P and Staubli HU. Effect of cyclic preconditioning on the tensile
properties of human quadriceps tendons and patellar ligaments. Knee Surgery, Sports
Traumatology, Arthroscopy 6: S56-S61, 1998.

Schrank F, Warmuth C, Gorner S, Meyer T, Tzschatzsch H, Guo J, Uca YO, Elgeti T, Braun J and
Sack I. Real-time MR elastography for viscoelasticity quantification in skeletal muscle during
dynamic exercises. Magn Reson Med 84: 103-114, 2020. [PubMed: 31774210]

Seliger G, Chaoui K, Kunze C, Dridi Y, Jenderka KV, Wienke A and Tchirikov M. Intra- and
inter-observer variation and accuracy using different shear wave elastography methods to assess
circumscribed objects - a phantom study. Med Ultrason 19: 357-365, 2017. [PubMed: 29197911]

Ann Biomed Eng. Author manuscript; available in PMC 2022 November 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Blank et al.

447.

448.

449.

450.

451.

452.

453.

454,

455.

456.

457.

458.

459.

460.

461.

462.

463.

Page 38

Sendur HN, Cindil E, Cerit M, Demir NB, Sendur AB and Oktar SO. Interobserver variability
and stiffness measurements of normal common extensor tendon in healthy volunteers using shear
wave elastography. Skeletal Radiol 48: 137-141, 2019. [PubMed: 30006828]

Seo JB, Yoon SH, Lee JY, Kim JK and Yoo JS. What Is the Most Effective Eccentric Stretching
Position in Lateral Elbow Tendinopathy? Clin Orthop Surg 10: 47-54, 2018. [PubMed:
29564047]

Shen ZL, Vince DG and Li ZM. In vivo study of transverse carpal ligament stiffness using
acoustic radiation force impulse (ARFI) imaging. Plos One 8: 68569, 2013.

Shimizu I, Tateuchi H, Motomura Y, Morishita K, Masaki M and Ichihashi N. Abdominal girth as
an index of muscle tension during abdominal hollowing: Selecting the optimal training intensity
for the transversus abdominis muscle. J Biomech 89: 72-77, 2019. [PubMed: 31003753]

Shimizu M and Ito Y. Change in Shear Elastic Modulus of Thigh Muscle by Changing Muscle
Length Using Ultrasound Shear Wave Elastography in Beagle Dogs. Vet Comp Orthop Traumatol
32: 454-459, 2019. [PubMed: 31242519]

Shin D, Finni T, Ahn S, Hodgson JA, Lee H-D, Edgerton VR and Sinha S. Effect of chronic
unloading and rehabilitation on human Achilles tendon properties: a velocity-encoded phase-
contrast MRI study. Journal of Applied Physiology 105: 1179-1186, 2008. [PubMed: 18687975]
Shinohara M, Sabra K, Gennisson JL, Fink M and Tanter M. Real-time visualization of muscle
stiffness distribution with ultrasound shear wave imaging during muscle contraction. Muscle &
Nerve 42: 438-441, 2010. [PubMed: 20665510]

Shiotani H, Yamashita R, Mizokuchi T, Naito M and Kawakami Y. Site- and sex-differences in
morphological and mechanical properties of the plantar fascia: A supersonic shear imaging study.
J Biomech 85: 198-203, 2019. [PubMed: 30665708]

Siracusa J, Charlot K, Malgoyre A, Conort S, Tardo-Dino PE, Bourrilhon C and Garcia-Vicencio
S. Resting Muscle Shear Modulus Measured With Ultrasound Shear-Wave Elastography as an
Alternative Tool to Assess Muscle Fatigue in Humans. Front Physiol 10: 626, 2019. [PubMed:
31178757]

Siu WL, Chan CH, Lam CH, Lee CM and Ying M. Sonographic evaluation of the effect of
long-term exercise on Achilles tendon stiffness using shear wave elastography. J Sci Med Sport
19: 883-887, 2016. [PubMed: 26996945]

Slane LC, Martin J, DeWall R, Thelen D and Lee K. Quantitative ultrasound mapping of regional
variations in shear wave speeds of the aging Achilles tendon. Eur Radiol 27: 474-482, 2017.
[PubMed: 27236815]

Song P, Zhao H, Manduca A, Urban MW, Greenleaf JF and Chen S. Comb-Push Ultrasound
Shear Elastography (CUSE): A Novel Method for Two-Dimensional Shear Elasticity Imaging of
Soft Tissues. leee Transactions on Medical Imaging 31: 1821-1832, 2012. [PubMed: 22736690]

Song Y, Zhang TJ, Li Y and Gao Y. Application of real-time shear wave elastography in the
assessment of torsional cervical dystonia. Quant Imaging Med Surg 9: 662-670, 2019. [PubMed:
31143657]

Souron R, Zambelli A, Espeit L, Besson T, Cochrane DJ and Lapole T. Active versus local
vibration warm-up effects on knee extensors stiffness and neuromuscular performance of healthy
young males. J Sci Med Sport 22: 206-211, 2019. [PubMed: 30017464]

Stenroth L, Peltonen J, Cronin NJ, Sipild S and Finni T. Age-related differences in Achilles
tendon properties and triceps surae muscle architecture in vivo. Journal of Applied Physiology
113: 1537-1544, 2012. [PubMed: 23042907]

Suga M, Obata T, Hirano M, Tanaka T and Ikehira H. Magnetic resonance elastography

to observe deep areas: Comparison of external vibration systems. In: 2007 29th Annual
International Conference of the IEEE Engineering in Medicine and Biology SocietylEEE, 2007,
p. 2599-2602.

Sugahara |, Doi M, Nakayama R and Sasaki K. Acute effect of wearing compression stockings on
lower leg swelling and muscle stiffness in healthy young women. Clin Physiol Funct Imaging 38:
1046-1053, 2018.

Ann Biomed Eng. Author manuscript; available in PMC 2022 November 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Blank et al.

464.

465.

466.

467.

468.

469.

470.

471.

472.

473.

474.

475.

476.

477.

478.

479.

480.

481.

Page 39

Sun'Y, Xiao Y, Li F, Wang C, Wu T, Zhou M and Cui L. Diagnosing Muscle Atrophy by Use of a
Comprehensive Method of Assessing the Elastic Properties of Muscle During Passive Stretching.
AJR Am J Roentgenol 214: 862-870, 2020. [PubMed: 31887095]

Suydam SM, Cortes DH, Axe MJ, Snyder-Mackler L and Buchanan TS. Semitendinosus Tendon
for ACL Reconstruction: Regrowth and Mechanical Property Recovery. Orthop J Sports Med 5:
2325967117712944, 2017.

Suydam SM, Soulas EM, Elliott DM, Silbernagel KG, Buchanan TS and Cortes DH. Viscoelastic
properties of healthy achilles tendon are independent of isometric plantar flexion strength and
cross-sectional area. J Orthop Res 33: 926-931, 2015. [PubMed: 25882209]

Tachi K, Hasegawa H and Kanai H. Measurement of shear viscoelasticity using dual acoustic
radiation pressure induced by continuous-wave ultrasounds. Japanese Journal of Applied Physics
53: 2014.

Takashima M, Arai Y, Kawamura A, Hayashi T and Takagi R. Quantitative evaluation of masseter
muscle stiffness in patients with temporomandibular disorders using shear wave elastography. J
Prosthodont Res 61: 432-438, 2017. [PubMed: 28188109]

Takenaga T, Sugimoto K, Goto H, Nozaki M, Fukuyoshi M, Tsuchiya A, Murase A, Ono T
and Otsuka T. Posterior Shoulder Capsules Are Thicker and Stiffer in the Throwing Shoulders
of Healthy College Baseball Players: A Quantitative Assessment Using Shear-Wave Ultrasound
Elastography. Am J Sports Med 43: 2935-2942, 2015. [PubMed: 26473012]

Tang JH, Zhong C, Wen W, Wu R, Liu Y and Du LF. Quantifying Levator Ani Muscle Elasticity
Under Normal and Prolapse Conditions by Shear Wave Elastography: A Preliminary Study. J
Ultrasound Med 39: 1379-1388, 2020. [PubMed: 32003904]

Taniguchi K, Shinohara M, Nozaki S and Katayose M. Acute decrease in the stiffness of resting
muscle belly due to static stretching. Scand J Med Sci Sports 25: 32-40, 2015. [PubMed:
25754769]

Tas S and Cetin A. An investigation of the relationship between plantar pressure distribution and
the morphologic and mechanic properties of the intrinsic foot muscles and plantar fascia. Gait
Posture 72: 217-221, 2019. [PubMed: 31260859]

Tas S and Cetin A. Mechanical properties and morphologic features of intrinsic foot muscles and
plantar fascia in individuals with hallux valgus. Acta Orthop Traumatol Turc 53: 282-286, 2019.
[PubMed: 30961928]

Tas S, Korkusuz F and Erden Z. Neck Muscle Stiffness in Participants With and Without Chronic
Neck Pain: A Shear-Wave Elastography Study. J Manipulative Physiol Ther 41: 580-588, 2018.
[PubMed: 30442356]

Tas S, Onur MR, Yilmaz S, Soylu AR and Korkusuz F. Shear Wave Elastography Is a Reliable
and Repeatable Method for Measuring the Elastic Modulus of the Rectus Femoris Muscle and
Patellar Tendon. J Ultrasound Med 36: 565-570, 2017. [PubMed: 28108983]

Tas S, Ozkan O, Karacoban L, Donmez G, Cetin A and Korkusuz F. Knee muscle and tendon
stiffness in professional soccer players: a shear-wave elastography study. J Sports Med Phys
Fitness 60: 276-281, 2020. [PubMed: 31663309]

Tas S, Unluer NO and Korkusuz F. Morphological and mechanical properties of plantar fascia and
intrinsic foot muscles in individuals with and without flat foot. J Orthop Surg (Hong Kong) 26:
2309499018802482, 2018.

Tatarinov A, Egorov V, Sarvazyan N and Sarvazyan A. Multi-frequency axial transmission bone
ultrasonometer. Ultrasonics 54: 1162-1169, 2014. [PubMed: 24206675]

Tateuchi H, Shiratori S and Ichihashi N. The effect of angle and moment of the hip and knee joint
on iliotibial band hardness. Gait Posture 41: 522-528, 2015. [PubMed: 25542398]

Tateuchi H, Shiratori S and Ichihashi N. The effect of three-dimensional postural change on shear
elastic modulus of the iliotibial band. J Electromyogr Kinesiol 28: 137-142, 2016. [PubMed:
27151824]

Ternifi R, Kammoun M, Pouletaut P, Subramaniam M, Hawse JR and Bensamoun SF. Ultrasound
image processing to estimate the structural and functional properties of mouse skeletal muscle.
Biomedical Signal Processing and Control 56: 2020.

Ann Biomed Eng. Author manuscript; available in PMC 2022 November 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Blank et al.

482.

483.

484.

485.

486.

487.

488.

489.

490.

491.

492.

493.

494,

495.

496.

497.

498.

Page 40

Topp KA and Jr WDOB. Anisotropy of ultrasonic propagation and scattering properties in fresh
rat skeletal muscle in vitro. The Journal of the Acoustical Society of America 107: 1027-1033,
2000. [PubMed: 10687711]

Torgutalp SS, Babayeva N, Tas S, Donmez G and Korkusuz F. Effects of hyperlipidemia on
patellar tendon stiffness: A shear wave elastography study. Clin Biomech (Bristol, Avon) 75:
104998, 2020.

Toyoshima Y, Webb J, Gregory A, Fatemi M, Alizad A and Zhao C. Ultrasound shear wave
elastography for measuring intracompartmental pressure of compartment syndrome using a
turkey hind limb model. J Biomech 98: 109427, 2020.

Tran D, Podwojewski F, Beillas P, Ottenio M, Voirin D, Turquier F and Mitton D. Abdominal wall
muscle elasticity and abdomen local stiffness on healthy volunteers during various physiological
activities. J Mech Behav Biomed Mater 60: 451-459, 2016. [PubMed: 26994992]

Tran T, Sacchi MD, Ta D, Nguyen VH, Lou E and Le LH. Nonlinear Inversion of Ultrasonic
Dispersion Curves for Cortical Bone Thickness and Elastic Velocities. Ann Biomed Eng 47:
2178-2187, 2019. [PubMed: 31218488]

Tran TN, Nguyen KC, Sacchi MD and Le LH. Imaging ultrasonic dispersive guided wave

energy in long bones using linear radon transform. Ultrasound Med Biol 40: 2715-2727, 2014.
[PubMed: 25282483]

Tse Z, Janssen H, Hamed A, Ristic M, Young | and Lamperth M. Magnetic resonance
elastography hardware design: a survey. Proceedings of the Institution of Mechanical Engineers,
Part H: Journal of Engineering in Medicine 223: 497-514, 2009. [PubMed: 19499839]

Tsuchiya Y, Hirayama K, Ueda H and Ochi E. Two and Four Weeks of beta-Hydroxy-
beta-Methylbutyrate (HMB) Supplementations Reduce Muscle Damage Following Eccentric
Contractions. J Am Coll Nutr 38: 373-379, 2019. [PubMed: 30589391]

Tsuchiya Y, Yanagimoto K, Ueda H and Ochi E. Supplementation of eicosapentaenoic acid-rich
fish oil attenuates muscle stiffness after eccentric contractions of human elbow flexors. J Int Soc
Sports Nutr 16: 19, 2019. [PubMed: 30987668]

Turkay R, Inci E, Aydeniz B and Vural M. Shear wave elastography findings of de Quervain
tenosynovitis. Eur J Radiol 95: 192-196, 2017. [PubMed: 28987667]

Umegaki H, Ikezoe T, Nakamura M, Nishishita S, Kobayashi T, Fujita K, Tanaka H and Ichihashi
N. Acute effects of static stretching on the hamstrings using shear elastic modulus determined

by ultrasound shear wave elastography: Differences in flexibility between hamstring muscle
components. Man Ther 20: 610-613, 2015. [PubMed: 25795108]

Umegaki H, Ikezoe T, Nakamura M, Nishishita S, Kobayashi T, Fujita K, Tanaka H and Ichihashi
N. The effect of hip rotation on shear elastic modulus of the medial and lateral hamstrings during
stretching. Man Ther 20: 134-137, 2015. [PubMed: 25194631]

Umehara J, Hasegawa S, Nakamura M, Nishishita S, Umegaki H, Tanaka H, Fujita K, Kusano
K and Ichihashi N. Effect of scapular stabilization during cross-body stretch on the hardness

of infraspinatus, teres minor, and deltoid muscles: An ultrasonic shear wave elastography study.
Musculoskelet Sci Pract 27: 91-96, 2017. [PubMed: 27847244]

Umehara J, Ikezoe T, Nishishita S, Nakamura M, Umegaki H, Kobayashi T, Fujita K and
Ichihashi N. Effect of hip and knee position on tensor fasciae latae elongation during stretching:
An ultrasonic shear wave elastography study. Clin Biomech (Bristol, Avon) 30: 1056-1059,
2015.

Umehara J, Nakamura M, Fujita K, Kusano K, Nishishita S, Araki K, Tanaka H, Yanase K and
Ichihashi N. Shoulder horizontal abduction stretching effectively increases shear elastic modulus
of pectoralis minor muscle. J Shoulder Elbow Surg 26: 1159-1165, 2017. [PubMed: 28169137]
Umehara J, Nakamura M, Nishishita S, Tanaka H, Kusano K and Ichihashi N. Scapular kinematic
alterations during arm elevation with decrease in pectoralis minor stiffness after stretching in
healthy individuals. J Shoulder Elbow Surg 27: 1214-1220, 2018. [PubMed: 29602634]

Urban MW, Chen S and Greenleaf JF. Error in estimates of tissue material properties from

shear wave dispersion ultrasound vibrometry. IEEE Trans Ultrason Ferroelectr Freq Control 56:
748-758, 2009. [PubMed: 19406703]

Ann Biomed Eng. Author manuscript; available in PMC 2022 November 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Blank et al.

499.

500.

501.

502.

503.

504.

505.

506.

507.

508.

509.

510.

511

512.

513.

514.

515.

Page 41

Urban MW and Greenleaf JF. A Kramers-Kronig-based quality factor for shear wave propagation
in soft tissue. Phys Med Biol 54: 5919-5933, 2009. [PubMed: 19759409]

Urban MW, Lopera M, Aristizabal S, Amador C, Nenadic I, Kinnick RR, Weston AD, Qiang
B, Zhang X and Greenleaf JF. Characterization of transverse isotropy in compressed tissue-
mimicking phantoms. IEEE Trans Ultrason Ferroelectr Freq Control 62: 1036-1046, 2015.
[PubMed: 26067038]

Vergari C, Chanteux L, Pietton R, Langlais T, Vialle R and Skalli W. Shear wave elastography of
lumbar annulus fibrosus in adolescent idiopathic scoliosis before and after surgical intervention.
Eur Radiol 30: 1980-1985, 2020. [PubMed: 31834510]

Vergari C, Dubois G, Vialle R, Gennisson JL, Tanter M, Dubousset J, Rouch P and Skalli W.
Lumbar annulus fibrosus biomechanical characterization in healthy children by ultrasound shear
wave elastography. Eur Radiol 26: 1213-1217, 2016. [PubMed: 26198667]

Vergari C, Rouch P, Dubois G, Bonneau D, Dubousset J, Tanter M, Gennisson JL and Skalli W.
Intervertebral disc characterization by shear wave elastography: An in vitro preliminary study.
Proc Inst Mech Eng H 228: 607-615, 2014. [PubMed: 24920647]

Vergari C, Rouch P, Dubois G, Bonneau D, Dubousset J, Tanter M, Gennisson JL and Skalli
W. Non-invasive biomechanical characterization of intervertebral discs by shear wave ultrasound
elastography: a feasibility study. Eur Radiol 24: 3210-3216, 2014. [PubMed: 25120207]

Vola EA, Albano M, Di Luise C, Servodidio V, Sansone M, Russo S, Corrado B, Servodio
lammarrone C, Caprio MG and Vallone G. Use of ultrasound shear wave to measure muscle
stiffness in children with cerebral palsy. Journal of Ultrasound 21: 241-247, 2018. [PubMed:
30030747]

Wada T, Itoigawa Y, Yoshida K, Kawasaki T, Maruyama Y and Kaneko K. Increased Stiffness
of Rotator Cuff Tendons in Frozen Shoulder on Shear Wave Elastography. J Ultrasound Med 39:
89-97, 2020. [PubMed: 31218712]

Wakker J, Kratzer W, Graeter T, Schmidberger J and D. f. t. E S. G Ph. Elasticity standard
values of the Achilles tendon assessed with acoustic radiation force impulse elastography on
healthy volunteers: a cross section study. BMC Musculoskelet Disord 19: 139, 2018. [PubMed:
29743056]

Wang AB, Perreault EJ, Royston TJ and Lee SSM. Changes in shear wave propagation within
skeletal muscle during active and passive force generation. J Biomech 94: 115-122, 2019.
[PubMed: 31376979]

Wang CZ, Guo JY, Li TJ, Zhou Y, Shi W and Zheng YP. Age and Sex Effects on the Active
Stiffness of Vastus Intermedius under Isometric Contraction. Biomed Res Int 2017: 9469548,
2017.

Wang KY, Liu J, Wu JN, Qian ZH, Ren LQ and Ren L. Noninvasive in Vivo Study of the
Morphology and Mechanical Properties of Plantar Fascia Based on Ultrasound. leee Access 7:
53641-53649, 2019.

Wang LY, Yang TH, Huang YC, Chou WY, Huang CC and Wang CJ. Evaluating posterior
cruciate ligament injury by using two-dimensional ultrasonography and sonoelastography. Knee
Surg Sports Traumatol Arthrosc 25: 3108-3115, 2017. [PubMed: 27145775]

Wang M, Byram B, Palmeri M, Rouze N and Nightingale K. Imaging transverse isotropic
properties of muscle by monitoring acoustic radiation force induced shear waves using a 2-D
matrix ultrasound array. IEEE Trans Med Imaging 32: 1671-1684, 2013. [PubMed: 23686942]
Wang X, Hu Y, Zhu J, Gao J, Chen S, Liu F, Li W, Liu Y and Ariun B. Effect of acquisition
depth and precompression from probe and couplant on shear wave elastography in soft tissue: an
in vitro and in vivo study. Quant Imaging Med Surg 10: 754765, 2020. [PubMed: 32269934]
Wang Y, Qiang B, Zhang X, Greenleaf JF, An KN, Amadio PC and Zhao C. A non-invasive
technique for estimating carpal tunnel pressure by measuring shear wave speed in tendon: a
feasibility study. J Biomech 45: 2927-2930, 2012. [PubMed: 23031416]

Watanabe Y, Iba K, Taniguchi K, Aoki M, Sonoda T and Yamashita T. Assessment of the
Passive Tension of the First Dorsal Interosseous and First Lumbrical Muscles Using Shear Wave
Elastography. J Hand Surg Am 44: 1092 €1091-1092 1098, 2019. [PubMed: 30819410]

Ann Biomed Eng. Author manuscript; available in PMC 2022 November 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Blank et al.

516.

517.

518.

519.

520.

521.

522.

523.

524.

525.

526.

527.

528.

529.

530.

531

532.

533.

534.

Page 42

Waugh CM, Blazevich AJ, Fath F and Korff T. Age-related changes in mechanical properties of
the Achilles tendon. Journal of Anatomy 220: 144-155, 2012. [PubMed: 22150089]

Wen J, Wang Y, Jiang W, Luo Y, Peng J, Chen M and Jing X. Quantitative Evaluation of
Denervated Muscle Atrophy with Shear Wave Ultrasound Elastography and a Comparison with
the Histopathologic Parameters in an Animal Model. Ultrasound Med Biol 44: 458-466, 2018.
[PubMed: 29174043]

Wen X, Yu X, Cheng W, Li Y and Tian J. Quantitative Evaluation of Shear Wave Elastography
on Radiation-Induced Neck Fibrosis in Patients With Nasopharyngeal Carcinoma. Ultrasound Q
20109.

Wenz H, Dieckmann A, Lehmann T, Brandl U and Mentzel HJ. Strain Ultrasound Elastography
of Muscles in Healthy Children and Healthy Adults. Rofo 191: 1091-1098, 2019. [PubMed:
31035300]

White PJ, Clement GT and Hynynen K. Longitudinal and shear mode ultrasound propagation in
human skull bone. Ultrasound Med Biol 32: 1085-1096, 2006. [PubMed: 16829322]

Wilson MT, Ryan AMF, Vallance SR, Dias-Dougan A, Dugdale JH, Hunter AM, Hamilton DL
and Macgregor LJ. Tensiomyography Derived Parameters Reflect Skeletal Muscle Architectural
Adaptations Following 6-Weeks of Lower Body Resistance Training. Front Physiol 10: 1493,
2019. [PubMed: 31920699]

Wu CH, Chen WS and Wang TG. Elasticity of the Coracohumeral Ligament in Patients with
Adhesive Capsulitis of the Shoulder. Radiology 278: 458-464, 2016. [PubMed: 26323030]

Wu CH, Ho YC, Hsiao MY, Chen WS and Wang TG. Evaluation of Post-Stroke Spastic Muscle
Stiffness Using Shear Wave Ultrasound Elastography. Ultrasound Med Biol 43: 1105-1111,
2017. [PubMed: 28285729]

Wu J, Qian Z, Liang W, Liu J, Ren L and Ren L. In vivo assessment of material properties of
muscles and connective tissues around the knee joint based on shear wave elastography. J Mech
Behav Biomed Mater 109: 103829, 2020.

Wu JR and Cubberley F. Measurement of velocity and attenuation of shear waves in bovine
compact bone using ultrasonic spectroscopy. Ultrasound in Medicine and Biology 23: 129-134,
1997. [PubMed: 9080625]

Wu T, Felmlee JP, Greenleaf JF, Riederer SJ and Ehman RL. MR imaging of shear waves
generated by focused ultrasound. Magn Reson Med 43: 111-115, 2000. [PubMed: 10642737]

Xiao Y, Wang C, Sun Y, Zhang X, Cui L, Yu J and Zheng H. Quantitative Estimation of

Passive Elastic Properties of Individual Skeletal Muscle in Vivo Using Normalized Elastic
Modulus-Length Curve. IEEE Trans Biomed Eng 2020.

Xie'Y, Thomas L, Hug F, Johnston V and Coombes BK. Quantifying cervical and axioscapular
muscle stiffness using shear wave elastography. J Electromyogr Kinesiol 48: 94-102, 2019.
[PubMed: 31272075]

Xu H, Chen S, An KN and Luo ZP. Near field effect on elasticity measurement for cartilage-bone
structure using Lamb wave method. Biomed Eng Online 16: 123, 2017. [PubMed: 29084547]
Xu H, Shi L, Chen S, Zhang X, An KN and Luo ZP. Viscoelasticity measurement of ex vivo
bovine cartilage using Lamb wave method. Phys Med Biol 63: 235019, 2018.

Xu J, Fu SN, Zhou D, Huang C and Hug F. Relationship between pre-exercise muscle stiffness
and muscle damage induced by eccentric exercise. Eur J Sport Sci 19: 508-516, 2019. [PubMed:
30362889]

Xu J, Hug F and Fu SN. Stiffness of individual quadriceps muscle assessed using ultrasound shear
wave elastography during passive stretching. J Sport Health Sci 7: 245-249, 2018. [PubMed:
30356470]

Yamakoshi Y, Yamamoto A, Kasahara T, lijima T and Yuminaka Y. Shear wave mapping
of skeletal muscle using shear wave wavefront reconstruction based on ultrasound color flow
imaging. Japanese Journal of Applied Physics 54: 6, 2015.

Yamamoto A, Yamakoshi Y, Ohsawa T, Shitara H, Ichinose T, Shiozawa H, Sasaki T, Hamano
N, Yuminaka Y and Takagishi K. Shear wave velocity measurement of upper trapezius muscle
by color Doppler shear wave imaging. J Med Ultrason (2001) 45: 129-136, 2018. [PubMed:
28660306]

Ann Biomed Eng. Author manuscript; available in PMC 2022 November 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Blank et al.

535.

536.

537.

538.

539.

540.

541.

542.

543.

544,

545.

546.

547.

548.

549.

550.

551.

552.

Page 43

Yamauchi T, Hasegawa S, Nakamura M, Nishishita S, Yanase K, Fujita K, Umehara J, Ji X, Ibuki
S and Ichihashi N. Effects of two stretching methods on shoulder range of motion and muscle
stiffness in baseball players with posterior shoulder tightness: a randomized controlled trial. J
Shoulder Elbow Surg 25: 1395-1403, 2016. [PubMed: 27475455]

Yavuz A, Bora A, Bulut MD, Batur A, Milanlioglu A, Goya C and Andic C. Acoustic Radiation
Force Impulse (ARFI) elastography quantification of muscle stiffness over a course of gradual
isometric contractions: a preliminary study. Med Ultrason 17: 49-57, 2015. [PubMed: 25745658]

Ye S, Wu J and Peach J. Ultrasound shear wave imaging for bone. Ultrasound Med Biol 26:
833-837, 2000. [PubMed: 10942830]

Yeh CL, Kuo PL, Gennisson JL, Brum J, Tanter M and Li PC. Shear Wave Measurements for
Evaluation of Tendon Diseases. IEEE Trans Ultrason Ferroelectr Freq Control 63: 1906-1921,
2016. [PubMed: 27824567]

Yilmaz B Achilles tendon elasticity decreases with intermittent claudication in patients by
Acoustic Radiation Force Impulse Imaging (ARFI). J Pak Med Assoc 68: 16-20, 2018.
[PubMed: 29371711]

YinL, Lu R, Cao W, Zhang L, Li W, Sun H and Guo R. Three-Dimensional Shear Wave
Elastography of Skeletal Muscle: Preliminary Study. J Ultrasound Med 37: 2053-2062, 2018.
[PubMed: 29399850]

Yoo SJ, Lee S, Song Y, Kim CK, Lee BG and Bae J. Elasticity of torn supraspinatus
tendons measured by shear wave elastography: a potential surrogate marker of chronicity?
Ultrasonography 39: 144-151, 2020. [PubMed: 32106664]

Yoshida K, Itoigawa Y, Maruyama Y and Kaneko K. Healing Process of Gastrochemius Muscle
Injury on Ultrasonography Using B-Mode Imaging, Power Doppler Imaging, and Shear Wave
Elastography. J Ultrasound Med 38: 3239-3246, 2019. [PubMed: 31165497]

Yoshida K, Itoigawa Y, Maruyama Y, Saita Y, Takazawa Y, lkeda H, Kaneko K, Sakai T and
Okuwaki T. Application of shear wave elastography for the gastrocnemius medial head to tennis
leg. Clin Anat 30: 114-119, 2017. [PubMed: 27593916]

Yoshitake Y, Miyamoto N, Taniguchi K, Katayose M and Kanehisa H. The Skin Acts to Maintain
Muscle Shear Modulus. Ultrasound Med Biol 42: 674-682, 2016. [PubMed: 26738629]
Yoshitake Y, Takai Y, Kanehisa H and Shinohara M. Muscle shear modulus measured with
ultrasound shear-wave elastography across a wide range of contraction intensity. Muscle & Nerve
50: 103-113, 2014. [PubMed: 24155045]

Yoshitake Y, Uchida D, Hirata K, Mayfield DL and Kanehisa H. Mechanical interaction

between neighboring muscles in human upper limb: Evidence for epimuscular myofascial force
transmission in humans. J Biomech 74: 150-155, 2018. [PubMed: 29776820]

Yu Q, Hu C and Chen L. Shear Wave Elastography to Evaluate the Effect of Radiotherapy for
Nasopharyngeal Carcinoma on the Sternocleidomastoid Muscle. Acta Medica Mediterranea 36:
699-704, 2020.

Yun SJ, Jin W, Cho NS, Ryu KN, Yoon YC, Cha JG, Park JS, Park SY and Choi NY. Shear-Wave
and Strain Ultrasound Elastography of the Supraspinatus and Infraspinatus Tendons in Patients
with Idiopathic Adhesive Capsulitis of the Shoulder: A Prospective Case-Control Study. Korean J
Radiol 20: 1176-1185, 2019. [PubMed: 31270981]

Yurdaisik I Comparison of two-dimensional shear wave elastography and point shear wave
elastography techniques with magnetic resonance findings in detection of patellar tendinopathy.
Eklem Hastalik Cerrahisi 30: 275-281, 2019. [PubMed: 31650925]

Zardi EM, Franceschetti E, Giorgi C, Palumbo A and Franceschi F. Reliability of quantitative
point shear-wave ultrasound elastography on vastus medialis muscle and quadriceps and patellar
tendons. Med Ultrason 21: 50-55, 2019. [PubMed: 30779831]

Zellers JA, Carmont MR and Silbernagel KG. Achilles Tendon Resting Angle Relates to Tendon
Length and Function. Foot Ankle Int 39: 343-348, 2018. [PubMed: 29272160]

Zellers JA, Cortes DH, Corrigan P, Pontiggia L and Silbernagel KG. Side-to-side differences in
Achilles tendon geometry and mechanical properties following achilles tendon rupture. Muscles
Ligaments Tendons J 7: 541-547, 2017. [PubMed: 29387649]

Ann Biomed Eng. Author manuscript; available in PMC 2022 November 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Blank et al.

553.

554.

555.

556.

557.

558.

559.

560.

561.

562.

563.

564.

565.

566.

567.

568.

569.

570.

Page 44

Zellers JA, Pohlig RT, Cortes DH and Gravare Silbernagel K. Achilles tendon cross-sectional area
at 12 weeks post-rupture relates to 1-year heel-rise height. Knee Surg Sports Traumatol Arthrosc
28: 245-252, 2020. [PubMed: 31267192]

Zhang C, Ban W, Jiang J, Zhou Q, Li J and Li M. Two-Dimensional Ultrasound and Shear Wave
Elastography in Infants With Late-Referral Congenital Muscular Torticollis. J Ultrasound Med
38: 2407-2415, 2019. [PubMed: 30666660]

Zhang C, Duan L, Liu Q and Zhang W. Application of shear wave elastography and B-mode
ultrasound in patellar tendinopathy after extracorporeal shockwave therapy. J Med Ultrason
(2001) 47: 469-476, 2020.

Zhang J, Yu J, Liu C, Tang C and Zhang Z. Modulation in Elastic Properties of Upper Trapezius
with Varying Neck Angle. Appl Bionics Biomech 2019: 6048562, 2019.

Zhang L, Yong Q, Pu T, Zheng C, Wang M, Shi S and Li L. Grayscale ultrasonic and

shear wave elastographic characteristics of the Achilles’ tendon in patients with familial
hypercholesterolemia: A pilot study. Eur J Radiol 109: 1-7, 2018. [PubMed: 30527289]

Zhang LN, Wan WB, Wang YX, Jiao ZY, Zhang LH, Luo YK and Tang PF. Evaluation of
Elastic Stiffness in Healing Achilles Tendon After Surgical Repair of a Tendon Rupture Using
In Vivo Ultrasound Shear Wave Elastography. Med Sci Monit 22: 1186-1191, 2016. [PubMed:
27072885]

Zhang Y, Guo Y and Lee WN. Ultrafast Ultrasound Imaging With Cascaded Dual-Polarity Waves.
IEEE Trans Med Imaging 37: 906-917, 2018. [PubMed: 29610070]

Zhang Z, Liu D, Deng M, Ta D and Wang W. Experimental observation of cumulative second-
harmonic generation of lamb waves propagating in long bones. Ultrasound Med Biol 40: 1660-
1670, 2014. [PubMed: 24726796]

Zhang ZJ, Ng GYF, Lee WC and Fu SN. Increase in passive muscle tension of the quadriceps
muscle heads in jJumping athletes with patellar tendinopathy. Scand J Med Sci Sports 27: 1099—
1104, 2017. [PubMed: 27539811]

Zhao H, Song P, Urban MW, Greenleaf JF and Chen S. Shear wave speed measurement using an
unfocused ultrasound beam. Ultrasound Med Biol 38: 1646-1655, 2012. [PubMed: 22766123]

Zhou J, Yu J, Liu C, Tang C and Zhang Z. Regional Elastic Properties of the Achilles Tendon Is
Heterogeneously Influenced by Individual Muscle of the Gastrocnemius. Appl Bionics Biomech
2019: 8452717, 2019.

Zhou JP, Liu CL and Zhang ZJ. Non-uniform Stiffness within Gastrocnemius-Achilles tendon
Complex Observed after Static Stretching. Journal of Sports Science and Medicine 18: 454-461,
2019. [PubMed: 31427867]

Zhou JP, Yu JF, Feng YN, Liu CL, Su P, Shen SH and Zhang ZJ. Modulation in the elastic
properties of gastrocnemius muscle heads in individuals with plantar fasciitis and its relationship
with pain. Scientific Reports 10: 2770, 2020. [PubMed: 32066869]

Zhou X, Wang C, Qiu S, Mao L, Chen F and Chen S. Non-invasive Assessment of Changes in
Muscle Injury by Ultrasound Shear Wave Elastography: An Experimental Study in Contusion
Model. Ultrasound Med Biol 44: 2759-2767, 2018. [PubMed: 30172571]

Zhu B, You Y, Xiang X, Wang L and Qiu L. Assessment of common extensor tendon elasticity
in patients with lateral epicondylitis using shear wave elastography. Quant Imaging Med Surg 10:
211-219, 2020. [PubMed: 31956543]

Zhu Y, Jin Z, Luo Y, Wang Y, Peng N, Peng J, Wang Y, Yu B, Lu C and Zhang S. Evaluation
of the Crushed Sciatic Nerve and Denervated Muscle with Multimodality Ultrasound Techniques:
An Animal Study. Ultrasound Med Biol 46: 377-392, 2020. [PubMed: 31699548]

Zonnino A, Smith DR, Delgorio PL, Johnson CL and Sergi F. MM-MRE: a new technique to
quantify individual muscle forces during isometric tasks of the wrist using MR elastography.
IEEE Int Conf Rehabil Robot 2019: 270-275, 2019. [PubMed: 31374641]

Zvietcovich F, Rolland JP, Yao J, Meemon P and Parker KJ. Comparative study of shear wave-
based elastography techniques in optical coherence tomography. J Biomed Opt 22: 35010, 2017.
[PubMed: 28358943]

Ann Biomed Eng. Author manuscript; available in PMC 2022 November 03.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Blank et al.

Page 45

(a)

Ultrasound
transducer

e

Shear wave

Focal point

(b)

Mechanical
tapper

7~

I,.\\

= Shear wave
SN—r”
N ~— -
e e
- e ——

Figure 1:
The two primary methods used to excite shear waves in musculoskeletal tissues are

(a) acoustic pushes, such as an acoustic radiation force impulse (ARFI) (shown),
supersonic shear imaging (SSI), and comb-push ultrasound shear elastography (CUSE)
based techniques, and (b) mechanical taps using electrodynamic, piezoelectric elements, or
electromagnetic shakers (shown).
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Figure 2:
The four primary methods used to measure shear waves are (a) ultrasound, (b) magnetic

resonance imaging (MRI), (c) accelerometers (Accel), and (d) laser Doppler vibrometers
(LDVs).
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Figure 3.

PRISMA flow chart showing the number of articles included and removed at each stage

of the search process (US = Ultrasound, MRI = Magnetic Resonance Imaging, and LDV

= Laser Doppler Vibrometers). Note that the numbers may differ from the sum from each
excitation and measurement category because some papers: 1) used more than one excitation
or measurement method, 2) do not state which excitation or measurement method was used,
and/or 3) appear in both excitation and measurement categories.
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Figure 4.

Scatter plots show the mean shear wave speeds reported in muscle, tendon, ligament,
cartilage (including both articular and fibrocartilage), bone, and tissue-mimicking phantoms.
These reported values are further divided by the measurement method used (i.e., ultrasound
(US), magnetic resonance imaging (MRI), accelerometers (Accel), and laser Doppler
vibrometers (LDV)) and the experimental condition (i.e., in vivo, ex vivo, in situ). Solid
horizontal lines indicate the mean of all measurements within a condition. The number of
conditions/subgroups across all studies (ng) is indicated in the x-axis label. Mean values
exceeding measurements from other studies by over two orders of magnitude were excluded

from the scatter but can be found in Tables S2-5.
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Figure5.

Scatter plots show the mean shear moduli reported in muscle, tendon, ligament, cartilage
(including both articular and fibrocartilage), bone, and tissue-mimicking phantoms. These
reported values are further divided by the measurement method used (i.e., ultrasound (US),
magnetic resonance imaging (MRI), accelerometers (Accel), and laser Doppler vibrometers
(LDV)) and the experimental condition (i.e., in vivo, ex vivo, in situ). Solid horizontal
lines indicate the mean of all measurements within a condition. The number of conditions/
subgroups across all studies (ng) is indicated in the x-axis label. Mean values exceeding
measurements from other studies by over two orders of magnitude were excluded from

the scatter but can be found in Tables S2-5. Note that Accel was left in the legend

for consistency, but there were no papers that reported shear modulus measured with
accelerometers.
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Figure 6.

Scatter plots show the mean elastic moduli reported in muscle, tendon, ligament, cartilage
(including both articular and fibrocartilage), bone, and tissue-mimicking phantoms. These
reported values are further divided by the measurement method used (i.e., ultrasound (US)

and magnetic resonance imaging (MRI)) and the experimental condition (i.e., in vivo,
ex Vivo, in situ). Solid horizontal lines indicate the mean of all measurements within a

condition. The number of conditions/subgroups across all studies (ns) is indicated in the
x-axis label. Mean values exceeding measurements from other studies by over two orders of
magnitude were excluded from the scatter but can be found in Tables S2-5. Note that Accel
and LDV were left in the legend for consistency, but there were no papers that reported

elastic modulus measured with either modality.
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Figure7.

Pie charts and bar graphs show the rapidly increasing number of papers that met our
search criteria, especially within the last decade. Overall, ultrasound was the most widely

used among measurement techniques, with MRI being the second most widely used. Laser
Doppler vibrometers have emerged as a measurement technique only within the last decade

(2010s).
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Table 1:

Page 52

Advantages and disadvantages of shear wave excitation methods

Advantages Disadvantages
Ultrasound Can excite a shear wave through the entire thickness | *Acoustic scattering due to tissue geometries (e.g., pennation)
Excitation «Can excite deep tissues «Difficult to perform during movement
*Easily compatible with ultrasound elastography
Mechanical *Easy to use during movement *Generates multiple types of waves (e.g., shear, compressional)
Excitation *Compatible with all measurement methods «Cannot excite deep tissues

«Can excite large-amplitude shear waves
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Table 2:

Advantages and disadvantages of shear wave measurement methods

Page 53

Advantages

Disadvantages

Ultrasound

*Permits shear wave speed measurements across
entire tissue depth
«Can measure in deep tissue

Limited temporal resolution on most systems
*Burdensome to use during functional tasks

*Need to know tissue anisotropy relative to transducer orientation

Magnetic Resonance
Imaging

*Easy to pair shear wave speed measurements
with 3D geometry acquisition

*Non-contact

«Can measure in deep tissues

*Burdensome to use during functional tasks
eLong processing time

Accelerometers

*Works well during movement
*High dynamic range

*Must be in contact with tissue surface or on skin over tissue

Limited to superficial tissues
«Sensitive to design of sensor holder

Laser Doppler
Vibrometers

«Non-contact
*Point-and-shoot
*High dynamic range

«Difficult to perform in vivo measurements, especially during

movement
«Sensitive to focal distance and light scatter
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Table 3:

Ranges of mean values of reported shear wave speeds. Values reported can be visualized in Figure 4. Mean

values from two studies43418 were excluded as the reported shear wave speeds in muscle occur on the scale
of mm/s and km/s, respectively (results from all studies can be found in Tables S2-5).

Shear Wave Speed [m/s]

In Vivo Ex Vivo In Situ Phantom

Low High Low High Low High Low High

us 0.7-9.7 1.6-16.9 1.9-10.0 - - - - -

MRI 1.0-4.1 - A4.7-4.7 - _ _ _ _

Muscle
Accel 24 - - - - - - -

LDV 4.0-45 | 12.2-12.4 - - - - - -

us 0.5-21.0 4.0-6.1 1.8-28.0 5.0-36.0 | 2.9-7.1 | 49-9.9 - -

MRI - - - - - - - -

Tendon
Accel - 34.1-85.6 - - - - - -

LDV - - - - - - - -

us 1.7-29.7 5152 - - - - - -

MRI - - - - - - - -

Ligament
Accel - - - - - - - -

LDV - - - 128.0 - - - -

us 2.9-35 - 53 53 - - - -

MRI - - - - - - - -

Cartilage
Accel - - - - - - - -

LDV - - - - - - - -

us - - 1074-3623 - - - - -

MRI - - - - - - - -

Bone
Accel - - - - - - - -

LDV - - - - - - - -

us - - - - - - 1.2-7.0 -

MRI - - - - - - 2.9 -

Phantom
Accel - - - - - - - -

LDV - - - - - - 24.2-165.0 -

Abbreviations used: US = Ultrasound, MRI = Magnetic Resonance Imaging, Accel = Accelerometers, and LDV = Laser Doppler Vibrometers.
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Table 4:

Ranges of mean values of reported shear moduli. Values reported can be visualized in Figure 5. Mean values
from one study*!® were excluded as the reported shear moduli in muscle occur on the scale of GPa (results
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from all studies can be found in Tables S2-5).

Shear Modulus [kPa]

In Vivo

Ex Vivo

In Situ

Phantom

Low

High

Low

High

Low

High

Low High

Muscle

us

0.6-205.5

1.1-122.8

1.6-240.0

38.2-72.4

61.3-129.3

MRI

1.3-54

.0

4.2-23.5

Accel

LDV

Tendon

us

9.5-563.5

67.1-89.9

126.7-392.0 -

MRI

Accel

LDV

Ligament

us

31.1-879.6

MRI

Accel

LDV

Cartilage

us

31.9

MRI

1083-7714

Accel

LDV

700-1000 -

Bone

us

3x10%-6.7x10°

MRI

Accel

LDV

Phantom

us

3.8-64.6 -

MRI

2.9-28.5 -

Accel

LDV

0.8-0.9 -

Abbreviations used: US = Ultrasound, MRI = Magnetic Resonance Imaging, Accel = Accelerometers, and LDV = Laser Doppler Vibrometers.
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Table 5:

Ranges of mean values of reported elastic moduli. Values reported can be visualized in Figure 6. Mean values
from one study*!® were excluded as the reported elastic moduli in muscle occur on the scale of GPa (results
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from all studies can be found in Tables S2-5).

Elastic Modulus [kPa]

In Vivo

Ex Vivo

In Situ

Phantom

Low

High

Low

High

Low

High

Low

High

Muscle

us

2.0-145.6

3.3-268.2

37.0-106.8

50.5-63.9

MRI

11.4-16.0

71.0

Accel

LDV

Tendon

us

22.6-722.4

MRI

Accel

LDV

Ligament

us

24.5-230.6

MRI

Accel

LDV

Cartilage

us

17.1-50.3

MRI

Accel

LDV

Bone

us

6.5%106-25.8x106

MRI

Accel

LDV

Phantom

us

52.5-187.6

MRI

Accel

LDV

Abbreviations used: US = Ultrasound, MRI = Magnetic Resonance Imaging,
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Accel = Accelerometers, and LDV = Laser Doppler Vibrometers.
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