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Preface

When we accepted Springer’s invitation to write this book, we decided that it
had to meet several essential requirements. One of them was the choice of
world references and, given the authors who have graciously accepted our
invitation, we do not doubt that we have succeeded. The choice of chapters
has not been random, they have been selected to be of interest in different
medical specialties including Rheumatology, Dermatology, Sports Medicine
and Rehabilitation, Traumatology, Oncology and Radiology. Considering the
diversity of the possible readers, the chapters have been elaborated in a didac-
tic but rigorous way, showing the author's personal experience in the subject.
Our greatest achievement would be to get elastography to be considered as
another tool in a routine ultrasound study.

We are aware that we have not dealt with all the topics in which elastogra-
phy can have a wide development and implication in the medical practice, but
who knows, maybe there will be the second part of this extraordinary training
experience in which we have had the honour to participate.

We have organized a complete review which has as its objective first the
exposure of the state of the art regarding this technique in the literature, trying
to make what is already known on the subject complete and understandable,
and at the same time trying to have a book with clinically practical connota-
tions in the implementation of elastography in the musculoskeletal system
and soft tissues.

The book is designed to be useful for both the novice and an experienced
ultrasound operator. It is a collection of the experience of our research group
and of some of the world's references in elastography with its application in
the most advanced ultrasound systems.

First, we have analysed the technical-physical bases of elastography, try-
ing above all to deal with the aspects that are decisive in the diagnostic pro-
cedure, the technical appropriateness, with artefacts and technical tricks to
have a valid elastographic image.

Secondly, we have tried to treat the pathology of the musculoskeletal sys-
tem and the soft tissues in a macro-systemic way, with the help of world ref-
erences on the respective topics.

Each chapter presents a description of the elastographic semiotics of the
main pathologies of the musculoskeletal system and soft tissue, images that
represent both routine and more complex clinical cases in a practical and
schematic way and summary tables on the characteristics in terms of elastic-
ity found in the main pathologies.
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Preface

Particular attention has been given to the evaluation of the prospects of this
imaging method as we know that despite its widespread use, it has areas in
which its application is very limited, such as the study of rheumatological and
inflammatory articular pathologies and in which our research group, in col-
laboration with the Rheumatology Department of the Hospital del Mar,
believes and tries to develop.

We would like to give our thanks to the patients who have participated and
are participating in our research studies, which have allowed this technology
to reach routine clinical use.

We want to give a special thanks to the medical and technical, nursing and
administrative staff of the Radiology Department of the Hospital del Mar,
who have allowed us to easily apply this technique in our clinical routine
allowing us to accumulate a remarkable clinical experience in this field, espe-
cially in the last 3 years and without which it would have been impossible just
to imagine the drafting of this book.

Thanks to the staff of General Electrics for their help in facilitating our
studies, especially in the field of technical optimization of the ultrasounds we
use and the resolution of artefacts that are critical in our field.

Without the trust that Springer has placed in us, this extraordinary project
would not have been possible. We would like to thank the magnificent work
done by each of the authors who have participated in the book, and we hope
to have the opportunity to collaborate with them again soon.

But above all, we would like to express our most sincere and profound
gratitude to our wives, Gaia and Teresa, and to our families for their uncondi-
tional and daily encouragement, understanding and infinite tolerance in the
face of such a demanding and rewarding experience.

The book is dedicated to them.

Barcelona, Spain Salvatore Marsico
Barcelona, Spain Albert Solano
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Elastography: Technical Aspects

Salvatore Marsico, José Maria Maiques,

and Albert Solano

1.1  Introduction

The term rheology was coined by Cook Bingham
in 1920, inspired by the aphorism of Heraclitus.
Rheology is a branch of physics which studies
the characteristics of the deformable body includ-
ing their elasticity, viscosity, plasticity, and
fluidity.

An image is a representation of specific
properties of a physical object. Medical images
are made based on exploiting physical pro-
cesses as contrast mechanisms. In biomedical
ultrasound, the basic contrast mechanism is the
acoustic impedance differences between differ-
ent structures related to the compressibility of
tissue [1].

Purely mechanical characterization of materi-
als, based on tensile and compression mechanical
testing, has classically been considered the gold
standard, although it often involves injury to the
material under study. Over the past 30 years, sci-
entists have focused their studies on generating
non-invasive techniques to create images based
on differences in the stiffness of body tissues.

S. Marsico - J. M. Maiques - A. Solano (D<)
Department of Radiology, Hospital del Mar, Passeig
Maritim de la Barceloneta, Barcelona, Spain
e-mail: asolano@psmar.cat

This imaging modality is known as elasticity
imaging or elastography.

The advantages of this modality are that it
would be objective, quantitative, examiner-
independent, and with high spatial and temporal
resolution [2].

Ormachea et al. [3] state that elastography
allows a non-invasive way to visualize and quan-
tify the rheology of tissues and internal organs of
the body.

A thorough examination and evaluation of
changes in the biomechanical qualities of tissues
should lead to earlier diagnosis and more effec-
tive therapy of diseases, as well as help us to
understand the various physiological states of
cells, tissues, and organs. For this reason, differ-
ent authors [4] consider that elastography may
represent the most important advance in medical
imaging since the invention of Doppler. However,
until elastography becomes an additional tool in
the ultrasound study of the patient, this statement
will not be fully valid (Fig. 1.1).

This chapter will discuss only the physical
basis of elastography as applied to ultrasound.

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023 1
S. Marsico, A. Solano (eds.), Elastography of the Musculoskeletal System,
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Fig. 1.1 The technique of ultrasound elastography should be valued as an additional tool in any study performed in
routine medical practice

1.2  Physics Principles

of Ultrasound Elastography

Ultrasound Elastography (USE) is based on the
principle that the application of a stress force on
a tissue will induce internal displacements intrin-
sically related to its elastic properties. USE meth-
ods vary, but they always involve the same three
steps: applying excitation (stress), measuring tis-
sue reaction (strain), and estimating mechanical
parameters (Fig. 1.2).

When a material is subjected to stress it will
experience strain. Within the elastic limit, strain
varies linearly with the applied stress and leads to
the definition of the common elastic material
properties, which are Young’s modulus, bulk
modulus, shear modulus, and Poisson’s ratio.
Additional to these elastic constants there are the
longitudinal modulus and transverse modulus
that can be determined from the velocity of prop-
agation of longitudinal waves and transverse
waves through a solid [5]. The equations that

describe physical quantities and laws are called
tensor equations. They combine quantities, mea-
sured with a number, and represented by scalars,
with any special direction [6].

Elastography assesses tissue elasticity, which
is the tendency of tissue to resist deformation
with an applied force or to resume its original
shape after the removal of the force.

In physics, a constitutive equation is a relation
between two physical quantities that is specific to
a material or substance and approximates the
response of that material to external stimuli. The
first constitutive equation was developed by
Robert Hooke and is known as Hooke’s law. It
deals with the case of linear elastic materials [7].

Hooke'slawo = 1 -¢.

Stress (o) is the force per unit area with units of
kilopascals. Strain (e) is the expansion per unit
length which is dimensionless.

The elastic modulus (1) relates stress to strain
with units of kilopascals and when compared to
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monitor the response infer mechanical
external/internal of soft tissue properties
stimuli using a medical from the response
imaging method of the soft tissue
biological soft tissue

Fig. 1.2 USE always involves the same three steps: applying excitation (stress), measuring tissue reaction (strain), and
estimating mechanical parameters

other imaging modalities’ properties, the elastic 1. Young’s modulus E is defined by the following

modulus has a greater range, enabling better dif- equation when a stress (o) produces a strain
ferentiation between diverse tissues and between (¢), and the strain is perpendicular to the
normal and pathologic tissues. surface.

There are three types of elastic moduli defined
by the method of deformation:

2. Shear modulus G is defined by the following shear strain (g,), where shear is tangential to
equation when shear stress (o;) produces a the surface.




S. Marsico et al.

3. Bulk modulus K is defined by the following
equation when a normal inward force or pres-

sure (op) produces a bulk strain or change in
volume (&3).

The elastic modulus A also characterizes the
propagation speed of waves:

r=c’p,

where p is the material density and c, is the wave
speed

Soft tissue material density is normally calcu-
lated using values from the literature for the type
of tissue being studied or is roughly considered to
be like water’s density (1 g/cm?).

As a solid try to maintain its original volume,
the three different forms of deformations and
elastic moduli are not independent but have rela-
tionships; this endeavour’s success is indicated
by Poisson’s ratio (v).

There is a direct relationship between the
shear and the Young’s moduli; £ = 2G (1 + v),
where v is the Poisson ratio.

Poisson’s ratio is a measure of the Poisson
effect, the phenomenon in which a material tends
to expand in directions perpendicular to the direc-
tion of compression. Conversely, if the material is

¥

X

)

Fig. 1.3 A cube with sides of length L of an isotropic
linearly elastic material subject to tension along the x-axis,
with a Poisson’s ratio of 0.5. The blue cube is unstrained,

stretched rather than compressed, it usually tends
to contract in the direction transverse to the direc-
tion of stretching. The Poisson’s ratio of a stable,
isotropic, linear elastic material must be between
—1.0 and +0.5.

Most materials have Poisson’s ratio values
ranging between 0.0 and 0.5. A perfectly incom-
pressible isotropic material deformed elastically
at small strains would have a Poisson’s ratio of
exactly 0.5 [8] (Fig. 1.3).

Finally, the ratio of axial stress to axial strain
in a state of uniaxial deformation is the wave
modulus P, also known as the longitudinal modu-
lus or constrained modulus, in linear elasticity.

There are two types of mechanical wave prop-
agation in ultrasound: pressure (longitudinal)
waves and shear (transverse) waves which propa-
gate independently in the bulk material, interact-
ing only at boundaries (Fig. 1.4).

Longitudinal waves. Longitudinal waves are
waves in which the vibration of the medium is
parallel to the direction the wave travels and the

#

: . ¥

the orange is expanded in the x direction by AL due to
tension, and contracted in the y and z directions by A’L



1 Elastography: Technical Aspects

Fig. 1.4 Types of
mechanical wave
propagation in
ultrasound: pressure
(longitudinal) waves and
shear (transverse) waves

<4+— particle motion

I particle motion

displacement of the medium is in the same (or
opposite) direction of the wave propagation.
Mechanical longitudinal waves are also called
compressional or compression waves because
they produce compression and rarefaction when
travelling through a medium, and pressure waves,
because they produce increases and decreases in
pressure. The oscillations in pressure are sinusoi-
dal in nature and are characterized by their fre-
quency, amplitude, and wavelength [9].

They are defined using the bulk modulus
where the longitudinal wave speed (c;) is approx-
imately 1450-1550 m/s.

Whilst longitudinal waves are used in B-mode
US, the relatively small differences in wave speed
and hence K between different soft tissues do not
allow adequate tissue contrast for elastography
measurements.

Shear waves have particle motion perpendic-
ular to the direction of wave propagation and are
defined using the shear modulus where the shear
wave speed (cg) is approximately 1-10 m/s in
soft tissues. Shear wave propagation velocity
depends on tissue stiffness. It is well known that
biological tissues exhibit a larger attenuation of

Longitudinal wave
(ultrasound)

Speed in tissue
=1540 m/s

<+— wave motion

Shear wave

Speed in tissue
=1-10m/s

<+— wave motion

the shear waves. The amplitude of the shear
wave decreases during propagation approxi-
mately 10,000 times faster than longitudinal
conventional ultrasound waves and Shear waves
go through soft tissues at a speed of around a
thousand times slower [10].

Shear waves cannot propagate in liquids with
zero or very low viscosity; however, they may
propagate in liquids with high viscosity This con-
cept is crucial for understanding inflammatory
joint pathology, as it will help us to potentially
distinguish between synovitis and joint effusion
(Fig. 1.5).

The shear moduli of human tissue can span six
orders of magnitude, from a few hundred Pa for
brain tissue to several GPa for bone and cartilage
[11]. Also, the shear moduli of diseased tissues
can increase 2—10 fold when compared to healthy
baseline values High elasticity contrast for dis-
ease states is beneficial in clinical diagnosis but
can pose challenges when estimating properties
[12]. The low wave speed in soft tissues allows
for high differences in shear elastic modulus
between tissues, giving suitable tissue contrast
for elastography measurements (Fig. 1.6).
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[e)}

Fig. 1.5 Conventional ultrasound (up) and Shear Wave Elastography (down) images showing the transmissibility of
Shear Waves in viscous liquids (infected seroma)

]02— qu
TISULAR STIFFNESS IN KPA

Fig. 1.6 In the evaluation of the mechanical properties of ~ tissues and secondly because of the variation that can
the different human tissues the shear elastic moduli play — occur within the same tissue when it is affected by pathol-
an important role for two reasons; firstly because of the — ogy or when it is within the normal range

enormous difference in its value between the different
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1.3  Ultrasound Elastography

Technique

The key steps involved in an elastography method
are:

1. A target soft tissue is subjected to external or
internal stimulation.

2. Monitoring is done of the soft tissue’s reac-
tions, including its static and/or dynamic
deformation behaviours.

3. Using inverse analysis, it is, therefore possible
to deduce from the measured responses the
mechanical characteristics of the soft tissue.

To make the processing and interpretation of
data and images more straightforward, commer-
cially available USE modes rely on several pre-
sumptions about the tissue material being studied
[13]. Core assumptions are that the tissue is:

e Linear: resulting strain linearly increases as a
function of incremental stress,

e Elastic: tissue deformation is not dependent
on stress rate, and tissue returns to its original
non-deformed equilibrium state.

* Isotropic: the tissue is symmetrical/homoge-
neous and responds to stress the same from all
directions.

e Incompressible: the overall volume of tissue
remains the same under stress applied.

But the real situation is that the biomechanics
of tissue can exhibit anisotropic, viscous, and
nonlinear behaviour, and these properties will
differ depending on the direction, extent, and rate
of deformation [3].

The majority of elastography efforts have con-
centrated on recovering the linear properties of
tissues, ignoring their nonlinear behaviour, which
is seen in some neoplasms and is characterized
by malignant tissue’s tendency to harden more
with increasing strain.

The development, assessment, and advance-
ment of elastography methods depend critically
on continuum mechanics, which also makes it
possible to predict how biological soft tissue will
react to a static load or a dynamic stimulus. The

field of classical mechanics known as continuum
mechanics [14, 15] examines the mechanical
behaviour of materials that are modelled as con-
tinuous masses as opposed to discrete particles.
Since the continuum model postulates that the
substance of an object completely fills the area it
occupies, we define an object as continuous if it
can be continuously divided into tiny pieces with
attributes identical to those of the original
material. A basic principle of contemporary
physics, atomic structure, and interactions
between atoms are not considered in continuum
mechanics. Continuum mechanics is based on a
series of axioms or basic principles whose
exhaustive review is not feasible in this chapter,
however, I would like to mention in a very brief
way the material frame indifference principle
(MFI), whose interpretation has varied in the last
decades due to its vague mathematical
definition.

Mathematically, the material frame indiffer-
ence principle can be stated as the invariance of
the constitutive function under frame change. Liu
or Sampaio [16], however, claim that the ultimate
meaning of the IFM is the simple idea that mate-
rial properties are independent of observers.

An inverse problem in science is the process
of calculating from a set of observations the
causal factors that produced them and many
important inverse problems in engineering and
science are ill-posed.

French mathematician Jacques Hadamard
defined the concept of a “well-posed problem” in
the twentieth century. He thought that mathemat-
ical representations of physical phenomena
should include:

1. A solution exists and is unique.
2. The solution’s behaviour changes continu-
ously with the initial conditions.

An inverse problem is ill-posed if one of the
Hadamard properties is not respected.

Besides linear elastic parameters, it has been
demonstrated that hyperelastic, viscoelastic, and
anisotropic elastic parameters of soft tissues may
be inferred using different inverse methods
reported in recent years [17].
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1.4  Primary Categories
of Ultrasonic Elastography

Techniques

Elastography is generally classified by the imag-
ing modality, the measured physical quantity, and
the applied stimulus or load that is utilized. As

mentioned in the introduction, we will focus
exclusively on ultrasound techniques. The way to
categorize the more widely used approaches is by
the class of applied stimulus: quasi-static and
dynamic. Continual (harmonic) or transient stim-
uli are the two main categories within dynamic
approaches [3, 17] (Figs. 1.7 and 1.8).

| ELASTICITY MEASUREMENT AND MEDICAL IMAGING |

TRANSIENT
ELASTOGRAPHY
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Fig. 1.7 Ultrasound elasticity imaging by a mechanical excitation
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Fig. 1.8 Ultrasound elasticity imaging by radiation force
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We would like to briefly discuss vibration
amplitude sonoelastography (VASE), which is
regarded as the original elasticity imaging tech-
nique and the first dynamic elasticity imaging.
Lerner et al. [18] introduced this method for the
detection of hard lesions in relatively soft tissue.
Vibration amplitude sonoelastography entails
the application of a continuous low-frequency
vibration (40-1000 Hz) to excite internal shear
waves within the tissue of interest The main
idea is to send low-amplitude and low-frequency
shear waves through deep organs (with displace-
ments below 0.1 mm and then use advanced
colour Doppler imaging techniques to display
the vibration response in real time. Vibration
above a predetermined threshold (in the 2-pm
range) resulted in a saturated colour in these
images.

The eigenmode pattern would be locally per-
turbed by lesions, and from the patterns at dis-
crete eigenfrequencies, the background Young’s
modulus could be determined. Therefore, vibra-
tion elastography could be used to perform tasks
for both quantitative and relative image contrast
detection [19].

1.4.1 Quasi-Static Ultrasound

Elastography Techniques

There are two approaches for strain imaging
using ultrasound:

BEFORE

-

AFTER STATIC COMPRESSION

l?

1.4.1.1 Strain Elastography (SE)
Two-dimensional (2D) tissue strain estimates
were introduced by Ophir et al. (1991) and are
considered a qualitative or semi-quantitative
technique based on the application of compres-
sive waves on tissues [3]. In strain elastography,
by means of manual compression with the trans-
ducer itself or by means of a specially designed
mechanism or by taking advantage of the changes
inherent in cardiac movement, respiration, or the
beating of blood vessels, a small tissue move-
ment is generated, which most authors estimate
to be approximately 2%.

Subsequently, by cross correlating the pre-
and post-deformed RF echo frames we determine
the displacement generated in the tissue in the
axial axis (Fig. 1.9).

Given a certain amount of applied stress, softer
tissues have more deformation and, therefore, expe-
rience larger strain than stiffer tissues (Fig. 1.10).

The strain measurements are displayed as a
semitransparent colour map called an elasto-
gram, which is overlaid on the B-mode image.
Although there is a strong tendency towards uni-
formity of scale, it should be noted that the scale
of the elastogram may change depending on the
firm. Low strain (stiff tissue) is typically shown
in red, whereas high strain (soft tissue) is typi-
cally shown in blue (Fig. 1.11).

Although there have been numerous studies for
the application of semi-quantitative assessment
(like the Tsukuba score) of tissue stiffness using

Fig. 1.9 In strain elastography, by means of manual com-
pression or by taking advantage of the changes inherent in
cardiac movement, respiration, or the beating of blood

vessels, a small tissue movement is generated that can be
measured in axial plane
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Fig. 1.10 Given a certain amount of applied stress, softer tissues have more deformation and, therefore, experience

larger strain than stiffer tissues

Fig. 1.11 Low strain (stiff tissue) is typically shown in red, whereas high strain (soft tissue) is typically shown in blue

in the elastogram colour map

strain elastography, there exists no, linear relation-
ship between degree of tissue stiffness and bright-
ness/colour code on the strain elastogram [20].

The strain ratio a pseudo-quantitative mea-
surement is the ratio of strain measured in adja-
cent (usually normal) reference tissue region of
interest (ROI) to strain measured in a target lesion
[4]. A strain ratio > 1 indicates that the target
lesion compresses less than the normal reference
tissue, indicating lower strain and greater stiff-
ness (Fig. 1.12).

Recently an acoustic coupler with a known
Young’s modulus [21] has been developed for
a more consistent strain ratio measurement
reference and was shown to be reproducible

and to correlate with qualitative elastography
measurements.

Another technical factor to consider is the
elastogram quality indicator, which can vary
depending on the manufacturer but always show
whether the elastogram obtained is valid or not as
highlighted and explained in Fig. 1.13.

The main disadvantages of this technique are:

1. The validity of the elastogram is compro-
mised when evaluating structures with signifi-
cant bone projections since it is challenging to
apply uniform compression (Maltese cross
artefact) [22].

2. Even with a homogeneous stiff tissue, the
stress conveyed to the tissue will decrease
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Fig. 1.12 The strain ratio is the ratio of strain measured  cates that the target lesion compresses less than the nor-
in adjacent reference tissue region of interest (ROI) to  mal reference tissue, indicating lower strain and greater
strain measured in a target lesion. A strain ratio > 1 indi-  stiffness

Fig. 1.13 Elastogram quality indicator: The colour of red. On the other side, the measurement will be more
these indicators, which are on the left side, ranges from  accurate the greener the indicator is
red to green. The elastogram is invalid if the indicator is
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with increasing distance, resulting in a lesser
deformation in the area furthest from the
transducer [17].

3. Measurements in both modes are very subjec-
tive due to the intrinsic variability of physio-
logic motion when utilized as a stimulus and
the difficulty in controlling the amplitude of
the applied stress using operator-dependent
manual compression.

4. The degree of stress created by an operator
can cause strain concentration artefacts to
form around certain structures, which subse-
quently distort the strain field and produce
artefacts in  images or  inaccurate
measurements.

5. Another artefact, called the egg-shell effect is
seen as a falsely high tissue stiffness in a
necrotic area within a hard lesion [22].

6. Nonlinearity of the mechanical property of
tissue also produces an artefact, more the
stress applied, the greater the stiffness of tis-
sue, represented as an exponential relation-
ship in mathematical terms. This type of
artefact is called prestress artefact [22].

Tension elastography is a variation of com-
pression elastography, with tissue strain mea-
sured in response to an internally generated
tensile stress, which has been validated recently
ex vivo Tensile force is created by voluntary iso-
metric muscle contraction, whereas the generated
force is measured externally using a dynamome-
ter and data acquisition system. When compared
with compression sonoelastography, tension
elastography provides quantitative information
related to tissue elasticity (elastic modulus),
which is relevant as the primary function of ten-
dons is to transmit tensile force from muscle to
bone. Although this technique is not yet commer-
cially available, it holds great promise as a new
functional imaging test, which may guide treat-
ment for tendinopathies and other chronic tendon
disorders [10].

1.4.1.2 Acoustic Radiation Force

Impulse (ARFI) Strain Imaging
The use of ARF as a tissue characterization
modality was proposed by Sugimoto et al. (1990)
as a laboratory system and the use of ARFI in an

imaging system with estimates of displacements
from deep internal tissue was described by
Nightingale (1999) [3, 13, 23].

The mechanical excitation used to cause tissue
motion in ARFI is given with temporal and spa-
tial precision using impulsive, focused acoustic
radiation force (ARF), setting it apart from com-
peting strain elastography imaging techniques.
An advantage of ARFI imaging versus compres-
sion elastography is that the force is applied
directly to the targeted tissue, eliminating prob-
lems with indirect force coupling and decreasing
the stresses required to generate appropriate con-
trast of mechanical features.

One ultrasound transducer is used for both
producing impulsive ARF and detecting the gen-
erated displacements in ARFI imaging. The
impulsive ARF excitation force, which is a cru-
cial part of ARFI imaging, is supplied by a
focused ultrasonic pulse with a longer length
and/or higher acoustic power than typical B-mode
imaging pulses. The tissue displacement response
has an inverse relationship with tissue stiffness
and a direct relationship with the size of the
applied force [24, 25].

Acoustic radiation force impulse (ARFI)
strain imaging achieves finer spatial resolution
and is therefore relevant for applications in which
structural information is important.

1.5 Shear Wave Imaging

Currently, the largest group of techniques in elas-
tography employ shear wave phenomena associ-
ated with transient and harmonic approaches.

1.5.1 Transient Elastography (TE) or
Vibration-Controlled

Elastography

Matias Fink et al. (1999) and Sandrin et al. (2003)
advocated the application of TE as a tissue char-
acterization modality as a laboratory system and
imaging system, respectively. It is important to
know that transient elastography refers specifi-
cally to transient elastic imaging techniques in
which transient shear waves are mechanically
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Fig. 1.14 FibroScan® technique and application. Courtesy of Echosens

induced, although transient elastic imaging refers
to elastography techniques that are based on the
use of transient shear waves [3, 26]. The techno-
logical development of this technique is related
to Green’s function, a powerful mathematical
tool. By using transient stimulation, transient
elastography minimizes interfering nodes within
the medium under study and enables the separa-
tion of compression and shear waves [26].

The commercialization of FibroScan® started
in December 2003 and currently is the most widely
used and validated technique for the assessment of
liver fibrosis [27] (Figs. 1.14 and 1.15).

The ultrasound transducer and a vibrator
employed during the procedure must be situated
on the same axis (reflection mode). The reflection
mode ensures a perfect alignment of the ultra-
sound and shear wave axis of propagation which
means that only purely longitudinal displace-
ments can be measured with this setup.

Controlling the shear wave frequency is essen-
tial since the viscoelastic parameters of soft tis-
sues are frequency dependent as example the
stiffness of a fresh liver can vary between 2 kPa
at 50 Hz and 10 kPa at 400 Hz [26].

This technique assesses three parameters:

1. Liver stiffness measurement (LSM). Liver
stiffness measurement shows excellent results

in the estimation of liver cirrhosis and is a key
biomarker for liver diseases and a prognostic
factor for cirrhosis.

2. Controlled attenuation parameter (CAP). The
CAP reflects the degree of fatty infiltration of
the organ (steatosis).

3. Spleen stiffness measurement (SSM). Finally,
the alteration of SSM is related in recent stud-
ies to the existence of grade 3 or 4 oesopha-
geal varices.

There have been developments in both one-
and two-dimensional TE. The vibration fre-
quency in the one-dimensional TE is as low as
50 Hz, and the tracking ultrasonography has a
frame rate of more than 1000 frames per second.
In contrast, the two-dimensional TE develops a
programmable ultrasound electronic device to
accomplish ultrafast imaging, and the raw data
are recorded at a frame rate of over 5000 per sec-
ond [7].

1.5.2 ARF-Based Shear Wave
Elastography (SWE)

Radiation force-based elastography techniques
exhibit depth- and frequency-dependent bias.
The following variables affect the frequency con-
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Fig. 1.15 FibroScan®Probes. Courtesy of gastroenterology department of the Parc de Salut Mar (Barcelona—Spain)

tent of the shear waves caused by the radiation
force [24, 25]:

1. The measurement’s depth, as the ultrasound’s
frequency content varies with depth because
of the frequency dependence of the attenua-
tion at the ultrasonic frequencies. In general,
in vivo radiation force is mainly related to
attenuation in soft tissues (about 0.3—-1.0 dB/
cm/MHz).

2. The ultrasonic transducer’s centre frequency.

3. The length of the ultrasonic transducer’s exci-
tation and the radiation force’s effect on the
tissue’s stiffness at the push point.

1.5.3 Point Shear Wave
Elastography (pSWE)

Point shear wave also known as quantitative ARF,
produces a focused, short-duration ultrasound
beam that is directed into a small, localized area
(1 cm?®) at a specific depth in the tissue. This tech-
nique results in the displacement of the targeted
area along the axis of the ultrasound beam that
can be detected. The elasticity for the focal area
is calculated using the displacement over the time
of ARFI stimuli, including the maximum dis-
placement, the time to reach the maximum

displacement, and the relaxation time of the total
recovery from the displacement [28].

Most of the published articles focus on com-
paring this technique with transient elastography
in the assessment of liver involvement (fibrosis).
The great advantage of pSWE is that it can select
the area to be studied and thus avoid structures
such as large vessels or dilated bile ducts that
affect its measurement and that obesity or the
existence of ascites alter less the assessment of
hepatic stiffness.

Their main drawback is that the pSWE tech-
nique is not a real-time technique as well as the
small area to be studied [22].

1.5.4 Shear Wave Elasticity Imaging
and ARF Impulse

The shear wave elasticity imaging (SWEI)
approach was developed by Sarvazyan et al. in
1998.

On commercial diagnostic ultrasound sys-
tems, a method of generating shear waves relies
on the phenomenon of acoustic radiation force.
This is a body force associated with the propaga-
tion of an acoustic wave in an absorptive medium.
The direction of the force is in the direction of the
flow of acoustic energy. For a weakly focused
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ultrasound beam of intensity (/), the associated
acoustic radiation force F is given by:

2001

¢

F =

where a is the absorption coefficient, / the tem-
poral average intensity, and c; is the speed of
sound (Fig. 1.16).

In soft tissues, the variations of cL and « are
small compared to the variations in I that can be
achieved by focusing. We can thus generate force
distributions in tissue in equal proportion to our
ability to shape the intensity of an ultrasound
beam [25]. High-intensity ultrasound tone bursts
with durations of 107 to 10~ s are thus able to be
used to generate localized body forces that act as
shear wave sources, a method called acoustic
radiation force impulse. (ARFI). Here the term
“impulse” is used to imply that the duration of
force application is short (a few hundred micro-
seconds long) compared with the timescale of the
mechanical response (on the order of millisec-
onds) of the tissue [25]. The generated waves’
amplitudes are small—less than 100 pm —but
sufficient for in vivo ultrasonographic measure-
ment [25].

The speed of the shear wave as it propagates
away from the source can be measured by timing
its arrival at two or more “gates or points” a
known distance apart. We will refer to this
approach, involving the timing of shear arrival at
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several locations, as the multiple tracking loca-
tion (MTL) method. Examples of MTL methods
include shear dispersion ultrasound vibrometry,
(SDUYV), supersonic shear wave imaging (SSI),
and ARFI shear wave elastography (ARFI-SWE)
(Fig. 1.17) [25].

A complementary approach is to be imple-
mented, which we call a single tracking location
(STL).

1.5.5 Supersonic Shear Imaging

Bercoff et al. provided the first description of the
supersonic shear imaging (SSI) technique [24].
The uniqueness of this SWEI is characterized by
the combination of acoustic radiation force exci-
tation with ultrafast ultrasound imaging of the
ensuing shear waves. The following is a brief
explanation of the three steps involved in this
technique:

1. Excitation by acoustic radiation force. The
SSI technique uses radiation force to excite
the medium. The radiation pressure is a force
that originates from the momentum transfer
between a wave and its propagation medium.
The acoustic radiation force generates a
mechanical force at a distance proportional to
the square of the ultrasound amplitude a
focusing law is used to locally raise the ampli-
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The acoustic radiation force field from a focused ultrasound beam. .

The force field (or region of excitation) always lies within the = 4
geometric shadow of the active transmit aperture and is typically
most energetic near the focal point. High-intensity focused
ultrasound beams can be used to push on a tissue to generate shear
waves, which propagate laterally away from the region of excitation.

Fig. 1.17 Acoustic radiation force impulse

tude of the ultrasonic waves to generate a
peak force at a precise point.

The amplitude of this wave is quite low

and, in addition, decreases sharply during
propagation. The idea behind SSI is to focus
the ultrasound on various depths consecu-
tively. As the speed at which the shear wave
source is moved in depth is higher than the
shear wave rate of the medium, it will create a
supersonic regime and a Mach cone. The
interference of the shear waves created by
each focusing allows one to create a quasi-
plane shear wave that greatly reduces the total
ultrasound focusing time in the medium and
thus reducing the risk of overheating or
cavitation.
Ultrasound imaging. It has been necessary to
develop an imaging mode capable of making
several thousand images per second to fol-
low the shear wave in this condition. The
SSI technique uses ultrafast imaging by illu-
minating the medium with an ultrasonic
plane wave to obtain an excellent temporal
resolution The last step to be able to follow
the shear wave is to measure the displace-
ment of the tissue from the ultrafast movie
for this purpose, the technique known as
ultrasonic speckle interferometry has been
developed.

. Shear Wave Speed Mapping. One possible

way to map the shear wave speed in tissues is

to use a time-of-flight algorithm and an intui-
tive way to find the time that the shear wave
travels between two spatial points. Three
match cones are needed to properly construct
the image and thus be able to infer in a precise
way the mechanical properties of the object
under study. The Mach cone produced in
SWE has the advantage of being less suscep-
tible to decay, allowing better depth penetra-
tion (up to 8 cm) [22].

1.5.6 Vibro-acoustography

Vibro-Acoustography (VA) uses the acoustic
response of a tissue or object to a vibration cre-
ated by the ultrasonic radiation force as a non-
invasive imaging tool to determine its mechanical
properties [29-31]. The VA technique can be
summarized in three steps:

1. A localized oscillating force is applied to the
tissue to cause vibration.

2. The sound produced by the vibrating tissue is
recorded.

3. An image is produced using the recorded
acoustic signal.

VA produces a modulated ultrasonic radiation
force and an acoustic field by focusing two ultra-
sound beams at slightly different frequencies on a
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Fig. 1.18 Vibro-acoustography. By concentrating two
ultrasound beams at marginally different frequencies on a
single region, VA creates an acoustic field and a modu-

single area. Posteriorly, a hydrophone placed
nearby obtains acoustic emissions to form an
image (Fig. 1.18). The two most important fea-
tures of the VA image are its high contrast and
speckle free. Speckle reduces the contrast of
ultrasound images and small structures such as
microcalcifications.

The main clinical application of this imaging
technology is in young women with high or mod-
erate risk of breast cancer and dense breasts
because it has the highest potential for the detec-
tion of microcalcifications.

Its major disadvantages are:

1. Lesions that are quite proximal to the chest
wall cannot be studied.

2. The length of the study and the patient’s pain
during picture acquisition.

1.5.7 Harmonic Motion Imaging

Elisa Konofagou et al. devised localized har-
monic imaging (HMI) in 2003 [32, 33].

RECEIVER- DETECTOR
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lated ultrasonic radiation force. A hydrophone placed
nearby collects sound emissions to create an image

HMI is a radiation force-based elasticity
imaging that combines the advantages of diag-
nostic ultrasound (high spatial and temporal reso-
lution) with the advantages of radiation
force-based elasticity imaging (sensitive, reliable,
stiffness-based measurements at large depths).
HMI utilizes the ultrasound beam to induce oscil-
latory displacements in the focal area but does
not require any direct contact, alignment, or
external tissue deformation to infer their mechan-
ical properties.

HMIFU denotes the seamless application of
HMI to HIFU (High-Intensity Focused
Ultrasound) monitoring. This technique utilizes
the same ultrasound beam before, during, and
after HIFU treatment. For detecting the changes
in tissue elasticity during HIFU treatment, some
ultrasound-based elasticity imaging techniques
have been developed, including quasi-static elas-
tography, supersonic shear imaging (SSI), acous-
tic radiation force imaging (ARFI), and HMI.

HMI can differentiate the margins of the
treated tumour and thus know in real time the
success of the therapy [34].
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1.5.8 “Spatially Modulated
Ultrasound Radiation Force”

(SMURF)

As its acronym states, the concept behind the spa-
tially modulated ultrasound radiation force
(SMUREF), is to use a spatially variable acoustic
radiation force to generate a shear wave with a
known wavelength [25]. It was the first method to
use single-tracking localization in the develop-
ment of shear wave elasticity imaging.
Wavelength is commonly designated by the
Greek letter lambda (1) The spatial period of a
periodic wave or the distance between two neigh-
bouring wave points that correspond to the same
phase is referred to as its wavelength in physics.
The inverse of the wavelength is called the spatial
frequency.

Once it has been generated, this wave’s speed
can be determined by measuring its frequency f
and applying the formula ¢ = Af. Assuming linear
propagation of the shear wave, its frequency does
not change as it propagates. The size of the zone
of excitation affects the spatial resolution associ-
ated with SMURF [35]. Reducing the extent of
the zone of excitation is necessary to improve the
spatial resolution of the shear wave speed estima-
tion. The applicability of SMUREF is limited to
cases where the viscoelasticity of the medium

does not inhibit the generation of shear waves of
the desired spatial frequency.

1.5.9 Comb-Push Ultrasound Shear
Elastography

There are two critical problems with traditional
ultrasonic shear wave elastography:

1. The signal-to-noise ratio (SNR) of the shear
waves decreases as one advances away from
the push beam due to greater attenuation.

2. It is not possible to establish the shear wave
speed underneath the shear wave source zone.

Comb-push Ultrasound Shear Elastography
(CUSE), a novel technology created by Song et al
[36]. in 2003, relies on the employment of several
shear wave sources within the tissue. A crucial bal-
ance needs to be struck between the two since the
shear wave energy of each source is inversely propor-
tional to the total number of sources. Each push beam
produces two shear waves propagating in opposite
directions away from the push beam. The shear
waves from different push beams interfere with each
other and eventually fill the entire FOV. The most
useful approach for getting rid of interference arte-
facts is using directional filters [37] (Fig. 1.19).

T

Fig. 1.19 Comparison of single push beams and simultaneous pushing beams in a comb-like pattern
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There are three different CUSE modes:
focused, unfocused, and marching comb-push,
depending on the depth of the area to be explored.
The same author has created an even more sophis-
ticated mode called “rain-push” CUSE, which
simultaneously distributes numerous shear wave
sources at various axial and lateral positions [38].

1.5.10 Harmonic SWE

Another broad category of elastography uses con-
tinuous wave external vibration sources and can be
classified as harmonic elastography (HE). HE
approaches apply a low frequency and a spatially
localized sinusoidal mechanical source. The phase
and amplitude of the propagating shear waves are
estimated by applying similar techniques to those
used in colour Doppler imaging [3].

1.5.11 Vibro-Elastography

Vibro-elastography is an extension of static elas-
tography and was developed by Emre Turgay and
Rob Rohling. The method consists of applying
multi-frequency broadband low-frequency (typi-
cally <30 Hz z frequency, 0-3 mm amplitude)
compression waves to tissue by an external vibra-
tion source. The RF data, collected at the approx-
imate rate of 40 fps, was processed to compute
the tissue motion resulting from the applied com-
pression. A measure of strain energy was com-
puted in the frequency domain to show tissue
stiffness contrast.

The regional CNR of VE images is significantly
higher than that of B-mode. Studies using this
technique have been basically oriented towards
prostatic [39] and uterine pathology [40], but very
few recent articles have been published on it.

1.5.12 Crawling Waves Elastography

The use of crawling waves was first described in
2004 by Wu et al. [41]. It was shown that crawl-

ing waves could be used to accurately derive
Young’s modulus of materials Estimators of
shear wave speed and the shear wave attenuation
are derived by Hoyt et al. [42].

The term “crawling waves” comes from the
useful fact that by implementing a slight fre-
quency difference, on the order of 0.1 Hz,
between the two parallel sources, the interference
pattern will move across the imaging plane at a
speed controlled by the sources [43]. Thus, the
crawling waves are readily visualized by conven-
tional Doppler imaging scanners at typical
Doppler frame rates; another advantage of crawl-
ing waves is that the region of interest excited
between the two sources is large. The implemen-
tation of scanning probes can be accomplished
by utilizing a pair of miniature vibration external
sources.

1.5.13 2D Time-Harmonic
Elastography (2D-THE)

The method requires single- or multi-frequency
external vibrations devices incorporated into the
patient bed that generates a shear wave that prop-
agates in multiple directions. These vibrators
have been demonstrated to be an efficient way to
stimulate tissues in almost all organs and regions
of the body. Again, the process consists of three
basic steps:

1. For tissue stimulation in the lower-frequency
range, a multi-harmonic waveform was
designed, which was composed of different
frequencies.

2. Raw radiofrequency data were acquired over
1 s at a frame rate (FR) of 80 Hz.

3. The flowchart of the post-processing algo-
rithm is very complicated by referring the
interested reader to the original article by
Tzschatzsch [44, 45].

The main advantage of this technique is that it
allows the evaluation of larger and deeper areas
than other SWEI techniques.
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1.5.14 Reverberant Shear Wave
Elastography

The presence of reflected waves, from organ
boundaries and internal inhomogeneities, may
cause modal patterns applying continuous waves
or backward travelling waves in transient waves.
To overcome this problem, reverberant shear
wave elastography (SWE) was proposed as an
alternative method which applies the concept of a
narrow band random isotropic field of shear
waves within the tissue.

Like 2D Time Harmonic Elastography exter-
nal mechanical vibrators (frequency 40-700 Hz)
are used and are situated on the same research
bed. The reverberant shear wave field can be
described as the superposition of plane shear
waves propagating in random directions and at
least 60 incident plane waves were necessary to
generate a reverberant shear wave field. This new
method establishes a profusion of shear waves
propagating in different directions, incorporating
shear wave reflections from boundaries and
inhomogeneities.

Fig. 1.20 Chronology

of the development of | 1990 |
elastographic imaging ' )
methods over the past 30 ‘ 1991 |
years —_ 4
1998
1999
1999

One advantage of using RSWE is that it pro-
duces stronger shear waves at deeper tissue regions
of interest (~16 cm depth), and it can provide
additional parameters such as the evolution of
SWS as a function of frequency (dispersion). In
summary, RSWE is an approach that overcomes
some major limitations of current elastography: by
incorporating reflections and deep penetration of
shear waves, avoiding the need for prior knowl-
edge of wave propagation direction, and by mini-
mizing the effects of surface acoustic waves.

I refer the interested reader to the articles pro-
vided by Ormachea, Zvietcovich, and Parker [45,
46, 47].

We provide a chronology of the development
of elastographic imaging methods over the past
30 years as a summary (Fig. 1.20).

2D SWE generates a colour-coded map in a
2D region of interest and provides the user with a
quantitative measurement. It is therefore essen-
tial to carry out the study in a rigorous manner
and only perform the measurement when strict
quality criteria are met in the image obtained
(Figs. 1.21 and 1.22).
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Fig. 1.21 A fundamental characteristic of SWEI is to
objectively provide a value of the stiffness of the tissues as
an expression of their mechanical properties. However,
this value will only be representative if the measurement
is performed according to the quality criteria established

by the equipment. In this way, in our equipment, the val-
ues obtained on red areas in the quality indicator will not
be valid or, in other words, the pale yellow or white areas
will be the optimal ones in the measurement of the stiff-
ness of tissue

Fig.1.22 There is controversy about what should be the optimal size of the region of interest on which to measure the
stiffness or velocity of the tissue

Therefore, we must ask ourselves the follow-
ing questions:

1. Is the elastogram obtained valid? All the
equipments have an image quality indicator
that varies substantially between the different
commercial firms. We can only perform the
measurement if we are in the quality range set
by the manufacturer.

2. The measurement is performed in the right
area. With the B-Mode image for guidance,
the user can adjust the size and position of the
ROI to align with the anatomy of interest.

3. What should be the size of the ROI? It will be
determined by the area to be studied (Fig. 1.22a)
and the transducer used (Fig. 1.22b). There is no
consensus on a specific size. Kot et al. studied
the impact of ROI size on quantitative elasticity
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Fig. 1.23 It is accepted that a minimum of three mea-
surements should be made and it is advisable to make five
whenever possible

values in a musculotendinous environment [48].
Indeed, the larger the ROI size, the greater the
chance of including stiffer structures (fascia,
dense collagen fibre). It is recommended to
choose a size that reduces the possibility of
including artefacts. In the case of heterogeneity
of the lesion, it is recommended to measure the
different areas with an adjusted ROI [49, 50].

This will depend on the structure to be
studied and the transducer used.

Generally, it should be sufficiently adjusted
to not include structures that alter the average
value of the same and in the case of very het-
erogeneous structures, measurements should
be made on each of the differentiated zones.

What number of measurements should be
performed? Again, there is no broad consen-
sus on this issue except for liver assessment.
(a) The guidelines have recommended

obtaining a minimum of three acquisi-
tions and using the mean value of the
acquisitions as representative of stiffness.
We suggest obtaining up to five acquisi-
tions to better judge the variability
between measurements (Fig. 1.23).

4. Tt is recommended to use the IQR/M as a
quality factor: it should be <30% when the
median value is given in kPa and <15% when
the median value is given in m/s. This cut-off
value may vary depending on the anatomical
area explored. The recommendation is to try
to keep it as low as possible.

5. Measurements should be performed on one
area or several. It will depend on the area of
study, so in the case of a small joint effusion
will be only on one area, in the case of mus-
cles it is advisable to perform in its proximal,
middle, and distal third.

6. Itis necessary to know the indications prior to
the study; for example, in the case of a muscu-
lar study, it is required to know if the patient
must remain at rest and if so, for how long, or
if the study can be performed with flexion or
extension in the case of the extremities. SWE
measures must, in practice, be taken from a
patient who is completely still.

7. Finally, it is recommended that in the case of
periodical controls of the stiffness values
obtained, these should always be carried out
with the same equipment.

1.6  Shear Wave Elastography:
Artefacts in Muscles
and Tendons

1.6.1 Signal Void Area

2D-SWE elastograms may present areas without
any information on the medium. These areas,
considered null values, are not coded on the
colour map, and appear in black. This is referred
to as a “signal void area” (Fig. 1.24).

Bouchet [51] gives a complete description of
the causes that can generate it:

e Incorrect acquisition settings in B-mode ultra-
sound and SWE mode

» Existence of liquid

* Posterior elastographic shadowing artefact

e Lesion too stiff

¢ Intralesional necrosis

e Lesion too hypoechoic

e Depth of analysis is too great
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Fig. 1.24 “Signal void area”

Fig. 1.25 “Black Hole
Phenomenon”

1.6.2 Black Hole Phenomenon

When the medium is too stiff, it is not possible to
track shear wave propagation even with an ultra-
fast frame rate. As a result, SWE elasticity values
are considered null (Fig. 1.25).

1.6.3 Pseudo-Liquid Lesions

In 2D-SWE, signal void areas may also mean that
the device did not detect any speckle movement
when shear waves pass over because of a highly
hypoechoic environment.

For example, myxoid lesions appear as
pseudo-liquid lesions in standard B-mode and

SWE mode, whereas they are solid and vascular-
ized in Doppler mode [50].

1.6.4 Musculotendinous Anisotropy

Muscles and tendons combine some elastic
properties of solids, viscous properties of lig-
uids, and properties related to their anisot-
ropy. Because of this, calculating Young’s
modulus involves a complex transversally iso-
tropic rheological model not yet used in com-
mon practice [52]. Anisotropy of muscles or
tendons should not be considered an artefact,
but rather an inherent characteristic of these
structures.
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Fig.1.26 The shear modulus is influenced by the probe’s
orientation about the structures being studied, and SWE is
sensitive to transducer pressure and angle. The anisotropy
of muscles and tendons determines that the elastographic

The importance of the angulation of the probe
relative to the muscle fibre axis in the quantiza-
tion of the results has been demonstrated [53].

When measurements are made parallel to the
fibre axis rather than perpendicularly, shear wave
velocities within anisotropic materials like stri-
ated muscle, and tendons are significantly higher
[52].

1.6.5 Only Elasticity Measurements
Measured Perpendicular
to the Fibre Axis Are
Representative
of the Medium’s Mechanical
Properties

Orientation of the muscle fibres affects shear
wavefront attenuation. When the wavefront is per-
pendicular to the fibre axis, it is substantial but
negligible when the wavefront is parallel. Muscle

study of these structures must be done in a very proto-
colized way. It is only parallel to the fibre axis that
mechanical properties of anisotropic mediums can be
directly calculated from the shear wave velocity

and tendon are transversely isotropic. It is only
parallel to the fibre axis that mechanical properties
of anisotropic mediums are consistent with Voigt’s
model underlying SWE physical principles, and
that Young’s modulus can be directly calculated
from the shear wave velocity (Fig. 1.26).

The shear modulus is influenced by the probe’s
orientation about the structures being studied,
and SWE is sensitive to transducer pressure and
angle and for that reason, light pressure with the
transducer is recommended [4, 10].

For the calculation of the elastograms, most
US elastography equipment demands a minimum
distance (often 1-2 mm) between the structure of
interest and the skin’s surface. The usage of gel
spacers to satisfy this criterion, because slim peo-
ple may not be able to see this minimum distance,
has not been proved to accurately generate the
same outcomes.

Poor contact and coupling between the probe
and tissue can prevent the energy of the push
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Fig. 1.27 SWE study
of Achilles tendon
shows that poor contact
and coupling between
the probe and tissue can
prevent the energy of the
push pulse from being
transmitted into the
tissue

Losg ACHILLES

Fig. 1.28 Artefact secondary to reverberation echoes from a strong reflector-like bone

pulse from being transmitted into the tissue. This
results in low shear wave amplitude which can
cause inaccurate shear wave measurements and
poor color fill (Fig. 1.27).

1.6.6 Reverberation Echoes
from a Strong Reflector-Like
Bone Can Cause Artefacts
in Shear Wave Elastography
(Fig. 1.28)

The assessment of the stiffness of certain tendon
structures such as the Achilles tendon or the
supraspinatus or infraspinatus tendons can be
affected by the reverberation artefact created by
adjacent bone surfaces.

Nowadays, the increased power of the new
probes can reduce this artefact.
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Fernando Alfageme Roldan

2.1 Introduction

Since Hippocratic medicine, palpation has played
an important role in the general physical exami-
nation of patients because it provides information
about the physical characteristics of the tissues
[1]. A loss of elasticity or increase in rigidity of
organs or tissues has traditionally been associ-
ated with a poorer prognosis in inflammatory
processes, which histologically tend to be associ-
ated with fibrosis, and in tumor processes, in
which the elastic properties of healthy tissues
decrease [2, 3].

Estimation of the elasticity or rigidity of tis-
sues could therefore facilitate early, noninvasive
monitoring and treatment of inflammatory and
tumor processes [4].

Elastography is a technique in which ultra-
sound is used to detect changes in the elasticity of
tissues [5]. Since the late twentieth century, elas-
tography has been used in various diseases,
including tumors of the breast, thyroid, and liver,
as well as in inflammatory processes in the same
organs [6].

The recent introduction of high-frequency lin-
ear ultrasound probes has made it possible for
this technology to be applied to superficial tis-
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sues such as the bone and muscle system [6], and
the skin [7].

It is important to note that most cutaneous
elastography studies are small case series, a
majority of which are observational and of lim-
ited scientific robustness.

Nevertheless, the possibilities of this tech-
nique to assess the features of skin tissues added
to B and color Doppler findings, completes a
multimodal ultrasound skin evaluation.

2.1.1 Elastography: The Physical
Concepts of Strain

and Shear Wave

When a tissue is subjected to pressure, it deforms
and tends to recover its initial shape (elasticity).
The resistance of the tissue to deformation is
called rigidity or stiffness [8, 9].

The term strain describes the change in the
relative length of a structure subjected to pressure
with respect to the surrounding tissue (Fig. 2.1).

In addition to this physical phenomenon, a
series of waves perpendicular to the displacement
of the pressure wave, known as shear waves, are
also generated in the tissue [10]. It is possible to
determine the velocity of the shear wave, which
provides indirect quantitative information about
the stiffness of the tissue.
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Fig. 2.1 When a tissue
is compressed with a
force F, its particles (A)
undergo a displacement
(A’). The quotient
between the
displacement of the
structure under study
(d) and the initial total
length D is called strain.
Perpendicular to this
pressure wave there is a
displacement of the
particles that generate
waves called shear
waves

2.1.2 Types of Elastography
and their Limitations

According to the clinical guidelines on elastogra-
phy published by the European Federation of
Societies for Ultrasound in Medicine and Biology
(EFSUMB) [11] there are two basic types of elas-
tography: strain elastography (SE), which
assesses tissue deformation, and shear wave elas-
tography (SWE), which characterizes the shear
waves.

Elastography can also be classified according
to the physical force that produces the tissue
deformation. This force can be mechanical (man-
ual or automatic) or it can be produced by an
ultrasound pulse called acoustic radiation force
impulse (ARFI). Each of these elastography
methods offers qualitative or quantitative infor-
mation about the rigidity or stiffness (terms used
interchangeably in this review) of tissues.

Semiquantitative measurement scales nor-
mally associate a number from 1 to 5 with the
rigidity percentage of a structure, with 1 being
softest and 5 being stiffest [11].

Another way to quantify the stiffness of a
structure is to express it in relation to the sur-
rounding parenchyma. This quotient is known as
the strain ratio [12].

In SWE, which determines shear wave dis-
placement velocities, measurements are quantita-

Strain=d/D

tive and can be expressed in either kPa or m/s
[13].

Inter- and intraobserver variability is greater
in SE (especially the manual variant) than in
SWE [11].

However, as in the case of conventional ultra-
sound, these artifacts also provide information
about the structure being examined [14].

2.2  Elastography
in Dermatology: Technique

and Peculiarities

According to the EFSUMB clinical guidelines on
elastography [11], the following recommenda-
tions should be considered when elastography is
performed on any organ:

1. The structure should be in close proximity to
the transducer (<4 cm).

2. The structure should be nearly homogeneous.

3. When pressure is applied, there should be no
slippage in the structure over deeper planes.

4. Pressure should be applied by a surface larger
than the structure being examined.

5. No structures that damp compression, such as
large blood vessels, should be present.

6. The structures being examined should be com-
pletely included within the region of interest.
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7. The direction of the compression force should
be known.

8. The number of structures being examined
should be limited.

When elastography is used on the skin, gel
should not be used in the region of interest
[11]. As we can infer, the skin is an organ that
adapts to the conditions in which elastography
can be carried out with the appropriate tech-
nique and technology, that is, high-frequency
linear probes applied to the skin and adnexa
[15].
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2.3  Elastography of Normal Skin

and Adnexa

The stiffness of healthy skin varies according to
the cutaneous layer being studied. The dermis is
more rigid than the subcutaneous cellular tissue
[16] (Fig. 2.2).

In the subcutaneous cellular tissue, the septa
are more rigid than the fat lobules. Blood vessels,
like the peripheral nerves, are not very rigid in
comparison to the surrounding subcutaneous cel-
lular tissue [16]. Regarding nail elastography nail
plate is harder than the nail bed (Fig. 2.3).

PRC M/ 7/7 PRS 7

Fig. 2.2 Strain elastography of normal skin (E. Epidermis, D, dermis, TCS, subcutaneous cellular tissue). Note the
stiffness ratio of dermis and fat SR = 1.86 indicating that the dermis is stiffer than the subcutaneous cellular tissue
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Fig. 2.3 Nail strain elastography. The nail plate (T) is harder than the bed (L) and similar to the distal phalanx (F)

2.4  Benign Skin Tumors

and Neck Masses

Although benign subcutaneous tumors have a
recognizable appearance in B-mode ultra-
sound [17] in doubtful cases elastography
could play a useful role in the differential
diagnosis.

In a study by Bhatia et al. [18], 52 non-nodal
neck masses were evaluated using real-time qual-
itative ultrasound elastography.

The diagnosis of the lesions was later corrobo-
rated by cytology and histology. The lesions were
evaluated semiquantitatively on a scale of 0-3,
where 0 was completely soft and 3 was com-
pletely stiff.

Lipomas were less stiff than other types of
lesions, most of which were cysts, malforma-
tions, and neurogenic tumors (Fig. 2.4).

In an extension of the study [19], SWE was
used to assess malignant and benign neck tumors.
The mean stiffness of the malignant tumors
(226.4 kPa) was higher than that of the benign
lesions (28.3 kPa) and the difference was statisti-
cally significant

With a cut-off of 174.4 kPa, sensitivity of
83.3% and specificity of 97.5% were achieved in
the differentiation of benign and malignant
lesions.

The authors noted that all tumors were cor-
rectly diagnosed with conventional ultrasound
and that elastography would not have altered the
treatment, but they argued that less experienced
operators could find the technique helpful in the
diagnosis of neck lesions.

Park et al. [20] used elastography to differenti-
ate inflamed and unruptured epidermal cysts, the
latter being stiffer than the former (Fig. 2.4b).
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Fig. 2.4 (a) Strain elastography of a lipoma (L). (b) Strain elastography of a cyst (Q)
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25 Malignant Skin Tumors
Elastography shows that malignant skin tumors
are stiffer than the surrounding tissue (Fig. 2.5).

Dasgeb et al. [21] studied 55 patients with a
total of 67 epithelial tumors, of which 29 were
malignant (17 basal cell carcinomas and 12
squamous cell carcinomas) and 19 were benign.
In this study, the strain ratio was >3.9 in all
malignant skin tumors and <3 in all benign skin
tumors.

For strain ratio values between 3.00 and 3.9,
sensitivity and specificity were 100% in the diag-
nosis of malignant lesions.

Elastography has been wused to
melanoma.

study
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In a pilot study by Botar et al. [22] 42 melano-
mas in 39 patients were studied using SE and
color  Doppler ultrasound to  assess
vascularization.

The use of elastography in the evaluation of
biologic behavior of basal cell carcinomas, some
authors like Liang et al., indicate that high-risk
basal cell carcinoma are harder than low-risk
BCC [23]. Our group also published a paper on
the increased marginal strain of infiltrative BCC
vs non-infiltrative BCC [24].

The correlation between melanoma neovascu-
larization and prognosis is well known in the lit-
erature [25]. This correlation with lesions
together with stiffness could be a prognostic fac-
tor in melanoma [26].

G 75%
PRS

Fig. 2.5 Strain elastography in epidermoid carcinoma of the cheek (CE). SR = 2.36 indicates that it is harder than the

adjacent subcutaneous cellular tissue
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2.6 Lymph Node Enlargement

The aim of ultrasound assessment of lymph
nodes is to noninvasively diagnose malignant
lymph nodes in patients with clinically suspi-
cious lesions [27, 28].

Lymph nodes have an elastic structure in
which the cortex tends to be less rigid than the
capsule and the hilum (Fig. 2.6).

To assess the stiffness of lymph nodes, SE is
used to classify nodes into 4 or 5 categories accord-
ing to the proportion of stiff areas they present [28].

Benign enlarged nodes generally tend to be soft,
whereas malignant nodes tend to be stiffer [29].

However, lymphomas are less stiff than meta-
static nodes and similar in stiffness to inflamed
nodes. Therefore, benign and lymphomatous
nodes cannot be distinguished with elastography
alone [30].

In the case of melanoma, Hinz et al. [31]
found that elastography in addition to conven-
tional B-mode sonography combined with color
Doppler sonography increased sensitivity in the
detection of metastatic disease (Fig. 2.7) in clini-
cally suspicious enlarged lymph but found no
increase in specificity (76.2%). Similar results
were obtained in later studies such as that of
Ogata et al. [32] (Fig. 2.7).

Fig. 2.6 Strain elastography in inflammatory lymphadenopathy (A). Note that the medullary is harder than the
cortical
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Fig.2.7 Strain elastography in a melanoma lymph node metastasis (M), note the complete stiffness of the lesion with-
out soft zones

2.7  Elastography
in Inflammatory Skin

Diseases

Inflammation not only causes changes in the
sonographic structure of the skin and adnexa in
B-mode and Doppler ultrasound [33] it also
affects the stiffness of the structures.

In a study by Gaspari et al. [34], 50 patients
who visited the emergency department for
abscess drainage were examined using B-mode
ultrasound and SE. With elastography, it was pos-
sible to observe stiff areas around the abscesses
that were not visible with B-mode ultrasound.

Cucos et al. [35] measured the effects of
topical corticosteroid treatment on epidermal
and dermal thickness and elasticity in 16 psori-
atic plaques. Epidermal thickness decreased,
whereas dermal thickness increased slightly
and there was no change in plaque elasticity.

Despite the small number of patients in this
study, the results seem to indicate that the sen-
sitivity of SE in the treatment of psoriatic
plaques is low.

In a recent paper, using SW elastography,
Guazzaroni et al. [36] in a series of 26 patients
found a reduction in stiffness and vascularization
of responsive psoriatic plaques.

Asil et al. [37] found increased strain in psori-
atic nails compared with control nails. This
increase in nail strain correlated with NAPSI
scores.

The use of elastography in hidradenitis sup-
purativa tunnels has recently been studied by
Iznardo et al. as a tool to evaluate fibrosis in these
structures [38].

Elastography has been more extensively
developed in fibrotic and sclerotic processes that
are primarily cutaneous or systemic (morphea/
systemic sclerosis), in which clinical measure-
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Fig. 2.8 Elastography in morphea (M). Increased hardness of the dermo-subdermal interface can be seen in the plaque

with respect to the surrounding tissue (SR = 3.4)

ment scales have very limited sensitivity and
specificity [39] (Fig. 2.8).

Initial studies carried out with SE in systemic
sclerosis, such as that of Iagnocco et al. [39] have
indicated that dermal stiffness is greater in
patients with systemic sclerosis than in controls.
However, the reproducibility of the technique at
other sites, such as the fingers, was variable, per-
haps because of the proximity of the bony surface
of the phalanges.

Di Geso et al. [40] repeated this exercise to
determine the degree of correlation between
measurements with SE and with B-mode
ultrasound. The authors concluded that elastogra-
phy reduces inter- and intraobserver variability in
the assessment of dermal thickness of the fingers
in patients with systemic sclerosis.

Tumsatan et al. [41] compared a cohort of 29
patients with systemic sclerosis and 29 controls
and found significative increased hardness in the

skin of these patients, with a good correlation
with clinical palpation scores.

2.8 Elastography in Other Skin

Diseases

Recently in the field of alopecias, some groups
have explored the possibility of assessment of
fibrotic tissue through SWE in scarring alopecias
[41] and even in patients with pre-androgenetic
alopecias in which early loss of rigidity and thin-
ning of dermis and subcutaneous tissue may pre-
dict this type of hair loss pattern [42].

29 Clinical Applications

A summary of the findings in different clinical
conditions can be found in Table 2.1.
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Table 2.1 A summary of the findings in different clinical

conditions
Findings and

Application in | confirmation in shear

dermatologic wave (SW) and strain

ultrasound elastography (SE) References

Benign tumors | Benign lesions tend | Bhatia et al.

Cysts, lipomas | to be softer than [18]
malignant lesions
(SW) (SE)

Basal cell BCC tends to be Liang et al.

carcinoma stiffer and more [23]

(BCC) aggressive variants Alfageme
are stiffer (SW) (SE) | et al. [24]

Melanoma Melanomas are Hinz et al.
stiffer than benign [26]
melanocytic lesions
(SE)

Psoriasis Psoriatic plaque is Guazzaroni
stiffer than the et al. [36]
surrounding skin
(SW)

Hidradenitis Tunnels are stiffer Iznardo

suppurativa than surrounding et al. [38]
tissue (SW)

Systemic Sclerotic skin is Tagnocco

sclerosis stiffer in patients et al. [39]
with systemic Di Geso
sclerosis/morphea et al. [40]
(SE) (SW)

2.10 Conclusion and Future
Perspectives

Elastography in dermatology is an emerging
technique with great potential in the physical
characterization of the tissues of the skin and
adnexa. The various elastography techniques
offer complementary and synergistic information
in the assessment of tissues.
Dermatologists can consider scenarios in which
elastography can offer complementary informa-
tion that would improve patient care.

cutaneous
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Soft Parts: Malignant Pathology

Mesut Ozturk, Ahmet Peker, Enes Gurun,
and Ahmet Veysel Polat

3.1 Introduction

Radiological differentiation of malignant and
benign soft tissue tumors is crucial for clinical
management and optimal surgical technique.
Most soft tissue tumors are benign and are
resected with a preliminary diagnosis of malig-
nancy. Before surgical resection, imaging of the
tumors with radiological methods is performed,
and a preliminary diagnosis is aimed to be
reached whether it is malignant or benign [1, 2].
Radiography, ultrasonography (US), computed
tomography (CT), magnetic resonance imaging
(MRI), and positron emission tomography
(PET) are imaging modalities used for diagnosis
[3-7]. Among these methods, the US has advan-
tages such as being cheap and readily available
in most institutions, having high resolution and
no radiation, lack of contraindication and allow-
ing to obtain clinical history during the exami-
nation thanks to one-to-one contact with the
patient [8].
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Elastography is a US-based radiological imag-
ing method. During US examination, elastic
properties of the tissues can be evaluated simulta-
neously with US elastography. US and US elas-
tography have been proven to be effective in the
diagnosis of various organ/system diseases [9—
16]. In the current literature, there are many stud-
ies investigating the diagnostic value of US and
elastography in the differentiation of malignant
and benign soft tissue tumors [17-26]. In this
chapter, US and elastography features of malig-
nant soft tissue tumors, the diagnostic value of
US and elastography in differentiating malignant
and benign soft tissue tumors are discussed and

the current literature on this subject is
summarized.
3.2 USImaging of the Soft

Tissue Tumors

US is the first-choice modality in the presence of
imaging indication for a soft tissue tumor [27].
According to the appropriateness criteria of The
American College of Radiology, it is “usually
appropriate” to evaluate a soft tissue mass that is
superficial or palpable as the initial imaging
study. In the case of non-diagnostic US examina-
tion, MRI is “usually appropriate” for the next
imaging study [27]. US is an effective imaging
modality, especially in tumors located superfi-
cially on the fascia and smaller than 5 cm in size.
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It was reported that MRI is more effective in
evaluating the large tumors located deep in the
fascia [28, 29]. US is very effective in the evalua-
tion of the internal structure of the lesion, espe-
cially in the distinction between cyst and solid.

During imaging of a soft tissue tumor, the pos-
sible highest frequency probe that allows full
visualization of the tumor should be chosen.
Hockey stick-shaped US probes may be useful,
especially for the lesions located in the face, fin-
gers, and nails. For large lesions and deep local-
izations, a convex probe with low frequency may
be used. When examining a soft tissue tumor
with US, the anatomic location of the tumor, the
location of the lesion relative to the fascia (super-
ficial or deep), its 3-dimensions, its internal
structure (echo feature, cystic or solid content,
whether it contains areas of necrosis, presence of
calcification), presence and the type of vascular-
ity, the morphology of the tumor (shape, mar-
gins), and the appearance of the surrounding soft
tissues should be reported [2, 30-32].

Soft tissue tumors can be located in the skin
and subcutaneous tissue superficial to the superfi-
cial fascia or deep into the superficial fascia.
Deep localization to the fascia was reported to be
associated with malignancy [21, 23, 26, 33, 34].

Studies in the literature have reported that
malignancy is more common in soft tissue tumors
larger than 5 cm in diameter [18, 19, 21, 29, 35].

However, malignant soft tissue tumors can
also be located superficial to the fascia and may
be less than 5 cm in diameter at presentation. A
solid mass with a history of rapid growth should
always raise the suspicion of malignancy [36].

Color Doppler US imaging provides informa-
tion about the internal vascularization of the
examined tumor without contrast material admin-
istration. Giovagnoria et al. [37] investigated the
color Doppler US features of soft tissue tumors
and reported a classification system. According
to this classification, avascular lesions were clas-
sified as type 1; lesions with blood supply from a
single pole were classified as type 2; lesions with
multiple peripheral blood vessels were classified
as type 3; lesions with internal vascularity were
classified as type 4. The sensitivity and specific-
ity of this classification in the diagnosis of malig-

OGO

Type | Type Il Type Il Type IV

Fig. 3.1 Giovagnoria color Doppler US classification
system. Avascular lesions are classified as type I, lesions
with blood supply from a single pole are classified as type
11, lesions with multiple peripheral blood vessels are clas-
sified as type III, lesions with internal vascularization are
classified as type [V

nant lesions were 70-90% and 75-100%,
respectively [21, 37] (Fig. 3.1).

Other US features that favor malignancy
include obtuse contact angle with the fascia,
taller-than-wider shape, lobulated shape, indis-
tinct or infiltrative borders, heterogeneous echo
texture with intralesional cystic, necrotic and
hemorrhagic components, presence of perile-
sional edema [38].

3.3  Elastography Acquisition
Techniques of the Soft Tissue

Tumors

Palpation has been one of the main examination
methods in medicine for many years and is still a
very important part of physical examination
today. However, palpation is a subjective assess-
ment and has limitations. Elastography attempts
to overcome this limitation of palpation by evalu-
ating the mechanical properties of tissue nonin-
vasively. US elastography can be divided into
two according to the source of force applied to
the tissue: strain elastography (SE) and shear
wave elastography (SWE) [39].

3.3.1 Strain Elastography

In SE, a compression force is applied to the tissue
by the operator, and this compression force pro-
duces displacement or strain in the tissue [9, 40].
The harder the tissue, the lesser the strain; the
softer the tissue, the greater the strain. Repetitive
compression force is applied to the tissue with the
US probe, and displacements in the tissue are
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coded with a colored elastogram map superim-
posed on the B-mode image [41]. In this elasto-
gram map, tissues with higher strain are coded in
red (soft), tissues with lower strain are coded in
blue (hard), and tissues with moderate strain are
coded in green. Malignant tumors are usually
harder than benign tumors and therefore they con-
tain more blue-colored areas [24]. The elastogra-
phy color map is classified into four categories
according to the amount of red, green, and blue
areas and the SE visual pattern of the lesion is
determined [17, 22, 42]. In this classification sys-
tem, score 1 is assigned to the tumors that are pre-
dominantly green to red with small areas of blue;
score 2 is assigned to the tumors that are more
green than blue in the ROI; score 3 is assigned to
the tumors that are more blue than green in the
ROI; score 4 is assigned to the tumors that are pre-
dominantly blue with few small areas of green in
the ROI (Fig. 3.2). The sensitivity, specificity,
positive predictive value, and negative predictive
value of this classification system in the diagnosis
of malignant tumors were reported as 100%,
51.6%, 51.6%, and 100%, respectively [24].
Some authors used a 5-point visual scoring sys-
tem which was suggested by Itoh et al. [17, 20,
43, 44]. In this classification system, score 1 cor-
responded to green color in the entire tumor, score
2 corresponded to a mosaic pattern of green and
blue of the tumor, score 3 corresponded to blue in
the central part and green in the peripheral part of
the tumor, score 4 corresponded to blue in the
entire tumor, and score 5 corresponded to blue in
the entire tumor and its surrounding area
(Fig. 3.3). According to these criteria scores 1-3
were categorized as benign and scores 4 and 5

were categorized as malignant. The sensitivity
and specificity of this classification system in the
diagnosis of malignant tumors were reported as
56% and 57%, respectively [44].

Sometimes a color map cannot be obtained
from some areas of the tumor, and this situation
is called “black sign.” Black sign may be associ-
ated with artifacts or malignancy [45, 46].
Malignant tumors may be surrounded by a stiff
tissue, causing a desmoplastic reaction around
them due to infiltration. This desmoplastic reac-
tion is also coded blue in the elastogram map and
is called the “blue halo sign” [43, 47].

SE elastogram map may be affected by the
force applied too heavily or too gently, due to the
nonlinearity of the tissue elasticity graph.
Therefore, SE is operator dependent. In addition,
most systems in SE do not give objective numeri-
cal values and evaluate the elasticity of the exam-
ined tissue by comparing it with the elasticity of an
adjacent tissue [9, 40, 41]. Moreover, the lesion
may not be compressed because of a hard tissue
adjacent to it and strain may not be created in the
examined tissue, which is called the “egg shell
effect” [30, 48].

In SE, the ratio of adjacent fat tissue strain to
the lesion strain results in strain ratio (SR). In the
studies by Hahn et al. [17], Riishede et al. [20],
and Li et al. [24], the SR of malignant and benign
soft tissue tumors significantly differed. The sen-
sitivity and specificity of the SR in the differen-
tiation were reported as 93.8%, 80.5%, 65.2%,
and 97.1%, respectively, for a cut-off SR value of
2.29 [24]. Cohen et al. [44] and Dou et al. [22]
reported no significant difference between the SR
of benign and malignant soft tissue tumors.

Score 1

Score 2

Fig. 3.2 Illustration of the 4-point strain elastography
color map scoring system. Score 1 is assigned to the
tumors predominantly green to red with small areas of
blue; score 2 is assigned to the tumors more green than

Score 3 Score 4

blue in the ROI; score 3 is assigned to the tumors more
blue than green in the ROI; score 4 is assigned to the
tumors predominantly blue with few small areas of
green
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Scorel Score 2

Fig. 3.3 Tllustration of the 5-point strain elastography
color map scoring system. Score 1 corresponds to green
color in the entire tumor, score 2 corresponds to a mosaic
pattern of green and blue of the tumor, score 3 corre-

3.3.2 Shear Wave Elastography

In SWE, the mechanical compression force
applied to the tissue is provided by the acoustic
radiation force produced by the US probe [9,
21]. Therefore, shear wave elastography has
been reported to be more objective and repro-
ducible. The absolute elasticity of the tissue can
be determined with SWE. The quantitative elas-
ticity measurement value is expressed as shear
wave velocity (SWV) in meters per second (m/s)
or shear modulus calculation in kilopascals
(kPa).

Studies in the literature reported variable
results for the efficacy of SWV measurements in
differentiating benign and malignant tumors. In
studies by Li et al. [33] and Ohshika et al. [23],
SWYV measurements were able to differentiate
benign and malignant soft tissue tumors, whereas
in other studies SWV measurements were not
significantly different between benign and malig-
nant lesions [18, 19, 21, 26, 34].

The solid and hypervascular area of the tumor
should be examined while SWE examination [8].
With SWE, an elastogram map is also obtained as
in SE, and red color encodes hard areas and blue
color encodes soft areas. Since most soft tissue
sarcomas have very variable histopathological
features such as necrosis, hemorrhage, and calci-
fication, blue and red colors are often displayed
together in the same lesion. The sensitivity, spec-
ificity, positive predictive value, and negative
predictive value of the visual scoring system of
SWE were reported as 61.9%, 90%, 68.4%, and
87.1%, respectively [33].

Score3

Score4 Score5

sponds to blue in the central part and green in the periph-
eral part of the tumor, score 4 corresponds to blue in the
entire tumor, and score 5 corresponds to blue in the entire
tumor and its surrounding area

3.4 Clinical Applications of US
and US Elastography

for Evaluation of Malignant
Soft Tissue Tumors

and Literature Review

Soft tissue tumors consist of various cell types
originating from the mesenchyme or neuroecto-
derm. Therefore, it has a wide variety of subtypes
according to the tissue of origin [49]. The most
common malignant soft tissue tumors in adult
patients are pleomorphic sarcoma and liposar-
coma [8, 50]. The most common malignant soft
tissue sarcoma in children is thabdomyosarcoma
[51].

There are many studies evaluating the diag-
nostic value of US elastography in the diagnosis
of soft tissue tumors [17-24, 26, 33, 34, 42, 44].
Variable results have been reported in these stud-
ies (Table 3.1).

Park et al. [42] evaluated 103 soft tissue
tumors with US and SE. They had 28 malignant
tumors. SE evaluation was based on a visual
analysis from score 1 (very soft, high elasticity)
to score 4 (very hard, low elasticity). Tumor size,
margin irregularity, shape, and echogenicity were
assessed as the US features. The authors reported
that malignant tumors exhibited higher SE scores
than benign tumors (p = 0.001). While 82% of
malignant tumors had a score of 3 or 4, 46% of
benign tumors had SE scores of 3 or 4. In their
study, malignant tumors were significantly larger
in size than benign tumors (p = 0.005).
Echotexture of the lesion was significantly asso-
ciated with the malignant diagnosis, as malignant
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tumors significantly demonstrated a higher inci-
dence of mixed echogenicity.

Li et al. [33] evaluated 81 histopathologically
proven soft tissue tumors using US and
SWE. Their study included 21 malignant cases
(25.9%). In the authors’ study, larger lesion size
and deep localization were significantly associ-
ated with malignant pathology. US features of
infiltrative margins, hypoechogenicity, and disor-
ganized power Doppler signal were significantly
associated with malignant pathology. In the mul-
tivariate analysis, infiltrative margins and size
were the strongest predictors of malignancy with
Odds ratios of 4.470 and 1.046. SWE measure-
ments of E., Eneans Emins and Ey were signifi-
cantly different between benign and malignant
lesions. Ey was the strongest predictor of malig-
nancy with an Odds ratio of 9.047.

Pass et al. [18] evaluated the grayscale charac-
teristics of the 105 soft tissue tumors and investi-
gated whether the SWE technique contributed to
the differentiation of benign and malignant
lesions. In their study, lesion echogenicity and
power Doppler features were significantly differ-
ent between benign and malignant lesions. Mass
texture and depth were not associated with malig-
nancy. Larger lesion size and advanced patient
age were also found to be associated with malig-
nancy, but the SWE technique did not contribute
to histological differentiation. Although the SWV
values of malignant lesions (2.57 m/s) were
found to be lower than the SWV values of benign
lesions (2.94 m/s), this difference was not statisti-
cally significant. Consensus US reading of the
lesions demonstrated 76.9% sensitivity and
78.8% specificity. The authors also performed a
complex statistical analysis by adding SWV
measurements to the US classification to assess if
SWE improves diagnostic accuracy. However,
adding SWE measurements to the consensus US
reading did not improve the diagnostic accuracy.

In another study, Pass et al. [19] examined 50
soft tissue masses with the VTQ function of
SWE. In their study, longitudinal and transverse
SWYV measurements of malignant lesions were
not significantly different that those of the benign
lesions (p = 0.095 and p = 0.413). The authors
also evaluated the US features of the lesions,

such as echogenicity, texture, lesion size, vascu-
larity, and lesion localization. According to the
US features, malignant lesions tended to be larger
(4 times larger than benign lesions), hyperechoic
(26.7% of malignant lesions vs. 5.7% of benign
lesions), and homogenous in appearance (46.7%
of malignant lesions vs. 22.9% of benign lesions).
In their study, consensus US reading of the
lesions by two radiologists demonstrated 73.3%
sensitivity and 77.1% specificity.

Hahn et al. [17] investigated the value of SE in
the differentiation of benign and malignant soft
tissue masses in a series of 73 patients. There
were 40 benign and 33 malignant cases. In this
study, the strain ratio of malignant lesions
(0.49 = 0.45) was found to be statistically signifi-
cantly smaller than that of benign lesions
(1.03 £ 0.93, p = 0.003). They also evaluated the
visual elasticity score and reported that the elas-
ticity scores were significantly different between
benign and malignant tumors (p = 0.048). The
mean elasticity scores of benign tumors were
3.08 + 1.44 and the mean elasticity score of
malignant tumors were 3.76 + 0.97. The authors
compared the diagnostic accuracy of elasticity
score and strain ratio and reported no significant
difference between these two measurements
(p =0.304).

Riishede et al. [20] examined 61 soft tissue
tumors with SE. Their series included 19 malig-
nant tumors. In their study, the mean SR of
benign and malignant lesions significantly dif-
fered (1.35 vs. 1.94, p = 0.043). In terms of visual
scoring and strain histogram, there was no sig-
nificant difference between benign and malignant
tumors (p = 0.414 and p = 0.317). The authors
excluded the benign (lipoma) and malignant
(liposarcoma) fat-containing tumors from the
study cohort and performed the statistical analy-
sis again. For the second analysis, the mean SR of
benign and malignant lesions were again signifi-
cantly different with a lower p value (1.33 vs.
2.13, p = 0.014). Visual scoring and strain histo-
gram were again not significantly different
between benign and malignant tumors (p = 0.352
and p = 0.359).

Li et al. [24] evaluated 61 patients with super-
ficial masses and found significantly increased
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SR values (5.42 vs 1.8) and elasticity scores (3.13
vs. 2.03) in malignant tumors (p < 0.001). Their
study was composed of 44 benign and 17 malig-
nant tumors. With a SR of >2.3 as the optimal
threshold value, the sensitivity and specificity of
SR for diagnosing a malignant tumor were 93.8%
and 80.5%, respectively. On the other hand, an
elasticity score of >3 as the optimal threshold
value, the sensitivity and specificity of the elas-
ticity score for diagnosing a malignant mass were
100% and 52%, respectively. Furthermore, the
diagnostic performances of these two techniques
were not significantly different (p > 0.05).

Cohen et al. [44] evaluated 137 lesions (81
benign, 56 malignant) with strain elastography.
In their study, they obtained statistically signifi-
cant results between benign and malignant
lesions with Tsukuba Elasticity Score (TES)
scoring system (3.16 and 3.49, respectively;
p = 0.043). The mean strain ratio of benign and
malignant lesions was not significantly different
(2.30 vs. 2.66, p = 0.30). The authors’ study
included 32 fat-containing benign tumors and 5
fat-containing malignant tumors. They excluded
these cases from the study cohort and performed
the statistical analysis again. In the second analy-
sis, the mean TES score and mean strain ratio of
benign and malignant lesions were not signifi-
cantly different (3.56 vs. 3.54, p = 0.92; 2.68 vs.
2.75, p = 0.88). The authors reported that the
mean size of malignant lesions was significantly
larger than that of the benign lesions (6.55 cm vs.
5.5 cm, p = 0.007).

Winn et al. [26] evaluated 148 soft tissue
tumors with SWE. There were 61 malignant
tumors. In their study, malignant lesions trended
toward a slower SWV (3.73 m/s, In 1.25 m/s)
compared to benign lesions (4.36 m/s, In
1.37 m/s); however, this did not meet statistical
significance owing to the overlap between the
groups (p = 0.06). The authors compared the
lesion size, depth of the lesion, echogenicity,
margins, vascularity, and posterior acoustic
enhancement between benign and malignant soft
tissue tumors. The authors reported that malig-
nant lesions were significantly greater in size and
demonstrated greater vascularity. Lesion depth,
margin characteristics, echogenicity, and poste-

rior acoustic enhancement were not significantly
different between benign and malignant soft tis-
sue tumors.

Tavare et al. [34] evaluated 206 lesions of
which 79 were malignant. The mean SWYV of the
malignant lesions (2.23 m/s) was not significantly
different than that of the benign lesions (2.31 m/s,
p = 0.54). Their results showed that while SWV
alone was not diagnostic for malignancy, it
improved the diagnostic accuracy of imaging-
based US classification when the lesions were
initially believed to be benign or probably benign.
No additional benefit of SWE was seen when
assessment based on US alone was indicative of a
possible or definite malignancy. In their study,
larger lesion size, presence of necrosis,
hypoechoic  appearance, and disorganized
Doppler signal were significantly associated with
malignancy.

Ohshika et al. [23] found significant a differ-
ence between malignant, intermediate, and
benign soft tissue tumors. The authors evaluated
47 malignant, 21 intermediate, and 99 benign
tumors. The mean maximal SWV of malignant
lesions (8.3 m/s, range: 7.9-8.7) was significantly
different than that of the benign (6.1 m/s, range:
3.4-7.7) and intermediate (7.0 m/s, range: 5.9—
7.6) lesions (p < 0.05). The authors reported that
the tumor size in the intermediate and malignant
groups was significantly larger than that of the
benign group (p < 0.001), however, there was no
significant difference between the intermediate
and malignant groups (p = 0.109). Intermediate
and malignant lesions were more likely to local-
ize deep into the fascia (p = 0.005).

Dou et al. [22] evaluated 36 malignant and 47
nonmalignant tumors with SE. The authors found
no significant difference between the malignant
and nonmalignant groups in terms of mean SR
(2.33 £2.33 and 1.99 + 2.37, p = 0.517). In their
study, they found a significant difference between
the mean elasticity scores of malignant and
benign lesions (2.81 + 0.71 and 2.36 = 0.82,
p = 0.011). The authors also evaluated the US
features of the lesions. Localization to the fascia
(p = 0.003), heterogeneity (p = 0.016), and tumor
margin (p < 0.001) were significantly different
between benign and malignant tumors whereas
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echogenicity (p = 0.258), cystic component
(p = 0.145), Doppler scores (p = 0.054), and Tail
sign (p = 0.128) did not differ. Elastography size
to B-mode size was significantly different
between benign and malignant tumors
(p <0.001).

Ozturk et al. [21] assessed the mean and maxi-
mum SWV of 37 malignant and 72 benign soft
tissue tumors with SWE. Median SWV,,.,, and
median SWV,,,, of the malignant lesions (2.87
and 3.30) were not significantly different than
those of the benign lesions (2.68 and 3.05;
p = 0.271 and p = 0.402, respectively). In their
study, larger lesion size, deep localization,
hypoechoic appearance, ill-defined margins, and
type 3 and 4 Doppler patterns were significantly
more common in malignant tumors.

3.5 WHO Classification
of Malignant Soft Tissue
Tumors

3.5.1 Malignant Adipocytic Tumors

Malignant adipocytic tumors group contains
liposarcoma. Liposarcoma is the second most
common malignant soft tissue tumor. Patients are
often between the ages of 40 and 60 years. There
are well-differentiated, myxoid, pleomorphic,
dedifferentiated, and myxoid pleomorphic sub-
types [49]. The most commonly seen is the well-
differentiated liposarcoma which makes up
approximately half of these tumors [52]. Up to
75% of these tumors are localized in the deep soft
tissues of the extremities, especially in the thigh
region. Moreover, it is most commonly seen in
the retroperitoneum, upper extremity, trunk, and
head and neck, respectively. Clinically, they
appear as painless, slow-growing masses. The
tumor may appear as a lipoma on radiological
imaging, but care should be taken to the presence
of thick (>2 mm) or irregular septa. The enhance-
ment of these septa is slightly more pronounced
than the thin septa of a lipoma. Myxoid liposar-
coma is the second most common type of liposar-
coma. This subtype includes both myxoid tissue
and round cell components. If the lesion consists

predominantly of round cells, an intermediate
signal will be seen on both T1 and T2-weighted
images. T2 signal is high in the myxoid portions
of the tumor due to the high water content. Rarely,
the lesion will appear as a cyst-like mass with a
homogeneous high T2 signal. Post-contrast
imaging can help differentiate this lesion from a
cyst by showing enhancement.

Less common subtypes of liposarcoma include
pleomorphic, dedifferentiated, and mixed types.
Pleomorphic liposarcomas are large, multinodu-
lar, well-demarcated tumors that contain areas of
internal hemorrhage and necrosis on imaging. As
these tumors contain relatively little adipose tis-
sue, diagnosis with imaging is often difficult.
Although dedifferentiated liposarcomas show
similar imaging features as well-differentiated
liposarcomas, they also contain soft tissue nod-
ules larger than 1 cm that represent the dediffer-
entiated portion of the tumor.

Most of the malignant adipocytic tumors dem-
onstrate macroscopic fat tissue on radiologic
imaging. However, pleomorphic liposarcoma
might not show evidence of macroscopic or
microscopic fat on CT and MRI [53]. On CT and
MRI examinations, it is recognized by the pres-
ence of fat-free septa or nodular areas in addition
to areas containing adipose tissue. Adipose tissue
content is inversely proportional to malignancy;
as the adipose tissue content decreases, the prob-
ability of the mass being malignant increases.
After IV contrast administration, contrast
enhancement is seen in the septa and nodular
areas.

On US examination, the appearance of lipo-
sarcomas depends on the histological type. Well-
differentiated liposarcomas appear as hyperechoic
well-circumscribed masses. This appearance is
non-specific and similar to lipoma. Myxoid lipo-
sarcomas appear as heterogeneous hypoechoic
masses with infiltrative margins. Anechoic areas
can be observed in the myxoid stroma of the
tumor due to mucinous components. The lesions
may contain hyperechoic components depending
on the presence of the amount of fat tissue.
Differentiated liposarcoma is usually observed as
multilobulated areas with low echogenicity.
While hypervascularity is observed in the dedif-
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ferentiated region in Doppler images, there is lit-
tle or no vascularity in the well-differentiated
areas. Pleomorphic liposarcomas present as a
heterogeneous mass consisting of many hyper
and hypoechoic nodules.

Fat tissue results in lower SWV measure-
ments. In the study by Winn et al. [26], the log-
transformed mean SWV of the fatty soft tissue
tumors was significantly lower than that of the
non-fatty soft tissue tumors (1.01 vs. 1.34 m/s,
p = 0.01). On the other hand, log-transformed
SWYV of malignant and benign fat-containing soft
tissue tumors did not differ significantly (1.05 vs.
0.96 m/s, p = 0.69).

3.5.2 Malignant Fibroblastic
and Myofibroblastic Tumors

Malignant solitary fibrous tumor, fibrosarcoma,
myxofibrosarcoma, low-grade fibromyxoid sar-
coma, and sclerosing epithelioid fibrosarcoma
are malignant fibroblastic tumors.

Solitary fibrous tumors (SFT) are rare neo-
plasms of mesenchymal origin. Overall, approxi-
mately 15-20% of SFTs are malignant [54]. In
US, SFTs often present as a hypoechoic mass. On
CT, SFTs often appear as well-circumscribed
masses that compress the adjacent tissues and
organs. It is difficult to distinguish benign and
malignant SFTs radiologically. It may include
necrosis, bleeding, or cystic areas. On
T1-weighted images, SFTs usually demonstrate

Fig. 3.4 A 6l1-year-old man with a soft tissue mass in
his left arm. The mass is located deep in the fascia, 8 cm
in its largest dimension. The mass is hypoechoic and
heterogeneous in echotexture (a). It demonstrates type

an intermediate, heterogeneous signal; on
T2-weighted images, they are seen as hyperin-
tense lesions with flow voids areas. Subacute
bleeding areas are seen as increased signal on
T1-weighted images. On the fat-suppressed post-
contrast T1-weighted image, intense heteroge-
neous enhancement in the arterial phase and
progressive enhancement in the venous phase is
observed, which are consistent with the dense
fibrous content of the tumor [55, 56].

Adult fibrosarcoma is seen in 30-55 years old
patients, myxofibrosarcoma is seen in elderly
patients. On CT, fibrosarcomas are usually
observed as poorly circumscribed isodense
tumors that show mild contrast enhancement
after contrast administration. These tumors show
mild to moderate enhancement on MRI after gad-
olinium administration and have low to moderate
signal intensity on all sequences [57].

Myxofibrosarcomas usually present as a
painless growing soft tissue mass in the extremi-
ties. On US, they appear as nodular-multinodu-
lar hypoechoic soft tissue masses with
heterogeneous internal structures. Internal
septa, fascial extension (tail sing), and internal
vascularization on color Doppler US can be
seen. They can mimic benign lesions, and it is
difficult to distinguish using US features [58]
(Figs. 3.4 and 3.5).

Low-grade fibromyxoid sarcoma appears on
CT as a heterogeneous mass with hypoattenuat-
ing components within the muscles. It may con-
tain internal calcification [59].

IV vascularity in Doppler examination (b). SWE exami-
nation and SWV measurement of the lesion is demon-
strated (c). Histopathological examination revealed a
myxofibrosarcoma
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Fig. 3.5 A 39-year-old woman with a soft tissue mass in
her right shoulder. The mass is located superficial to the
fascia, 5 cm in its largest dimension. The mass is slightly
hypoechoic in echotexture and demonstrates type III vas-

In the study by Winn et al. [26], there was no
significant  difference between the log-
transformed mean SWV of fibrous and non-
fibrous soft tissue tumors (1.39 vs. 1.29 m/s,
p = 0.34). Furthermore, the SWV of malignant
and benign fibrous tumors did not differ signifi-
cantly (1.25 vs. 1.54 m/s, p = 0.14).

3.5.3 Malignant Vascular Tumors

This group includes epithelioid hemangioendo-
thelioma and angiosarcoma. Epithelioid heman-
gioendothelioma usually occurs in adults and it is
located in the deep soft tissues of the extremities.
It can also be seen in other areas such as the lung,
liver, and breast. On US examination, they are
seen as hypoechoic or hyperechoic masses con-
taining cystic areas. Arteriovenous shunts can be
demonstrated on the Doppler examination. MRI
features are similar to hemangioma. MRI often
shows low-to-moderate signal intensity on
T1-weighted images and high signal intensity on
T2-weighted images and homogeneous contrast
enhancement after gadolinium injection [60].
Angiosarcomas are malignant soft tissue
tumors that can arise in deep or superficial soft
tissues. Deep lesions may develop due to foreign
body, radiotherapy, or chronic lymphedema. On
contrast-enhanced CT, angiosarcoma typically
appears as an irregularly enhancing soft tissue
mass. On MRI, angiosarcomas are seen with
intermediate signal intensity on TI1-weighted
images and high signal intensity on T2-weighted
images and infiltrate into adjacent tissues. On

cularity in Doppler examination (a and b). SWE examina-
tion and SWV measurement of the lesion is demonstrated

(c). Histopathological — examination revealed a

myxofibrosarcoma

T1-weighted images, there may be hyperintense
areas representing hemorrhage [61].
Angiosarcomas associated with chronic lymph-
edema are called Stewart-Treves syndrome.

3.5.4 Malignant Smooth Muscle
Tumors

This group includes leiomyosarcoma. It occurs in
middle-aged adults and is twice as common in
women as in men [62]. It can be seen in subcuta-
neous tissue or in the intramuscular area. Deeply
localized ones are most commonly seen in the ret-
roperitoneum. Those with superficial localization
are mostly seen in the upper extremities and
between the ages of 50 and 60 years. The imaging
features are quite non-specific. Depending on the
aggression of the lesion, it may contain cystic and
necrotic areas. On US examination, they appear
as well-circumscribed, hypoechoic, vascularized
masses. This appearance can be confused with
hemangioma. On MRI, they demonstrate an inter-
mediate signal on T1-weighted images, a high
signal on T2-weighted images, and marked
enhancement after gadolinium injection. On CT,
central hypodense areas that usually represent
necrosis can be seen [63].

3.5.5 Malignant Skeletal Muscle
Tumors

According to the WHO classification, malignant
skeletal muscle tumors are grouped as embryonal
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rhabdomyosarcoma, alveolar rhabdomyosar-
coma, pleomorphic rhabdomyosarcoma, and
spindle  cell/sclerosing  rhabdomyosarcoma.
Rhabdomyosarcoma is the most common malig-
nant soft tissue tumor in childhood. It constitutes
3-5% of all childhood malignancies. It is most
commonly seen in the head and neck region
(40%) and in the genital region (25%). Other
areas of involvement are the thorax, abdomen,
and extremities. On US, they appear as
hypoechoic and heterogeneous masses with
increased vascularity on Doppler examination.
On MRYI, they demonstrate intermediate signal on
T1-weighted images, high signal on T2-weighted
images, and marked enhancement after gadolin-
ium injection [64]. Embryonal rhabdomyosarco-
mas tend to be more homogeneous, while alveolar
and pleomorphic rhabdomyosarcomas are more
heterogeneous and often contain necrosis. While
restricted diffusion is observed in solid areas, no
restriction is seen in the areas of necrosis or
bleeding. In addition, dynamic contrast-enhanced
MRI demonstrates a type 3 or 4 enhancement
pattern in solid areas and a type 1 enhancement
pattern in areas of necrosis or bleeding [65].

3.5.6 Malignant Nerve Sheath
Tumors

Malignant nerve sheath tumors represent 5—10%
of all malignant soft tissue tumors and are seen in
the age range of 20-50 years [66]. More than half
of the cases are seen together with neurofibroma-
tosis type 1. It often involves major nerves such
as the sciatic nerve, brachial nerve, and sacral
plexus. Imaging features are similar to other
nerve sheath tumors. However, tumors larger
than 5 cm, heterogeneous appearance due to
necrosis and hemorrhage, irregular margins,
presence of peritumoral edema, rapid and hetero-
geneous contrast enhancement, destruction of
adjacent bone structures, and presence of regional
lymphadenopathy are findings suggesting malig-
nancy. On US, they appear as heterogeneous
hypoechoic fusiform masses associated with the
peripheral nerve, containing a pseudocapsule
representing a partially and irregularly thickened

hyperechoic nerve sheath [67]. On MRI, they
appear as a mass with irregular borders, larger
than 5 cm, infiltrating the surrounding tissues. In
addition, heterogeneity, central necrosis, and
peripheral nodular heterogeneous enhancement
may be seen [68].

3.5.7 Undifferentiated Pleomorphic
Sarcoma

Undifferentiated pleomorphic sarcoma occurs
most commonly in the lower extremity, and less
frequently in the upper extremity [69]. It is the
most common soft tissue sarcoma after radiother-
apy [8]. On US examination, it has a large size,
heterogeneous echotexture, hypoechoic and infil-
trative appearance with irregular borders, and
often has increased vascularity [8, 30]. They may
be very large and may present with destructive
findings in the adjacent bone [70]. On US, they
are seen as hypoechoic masses with central
necrosis or calcification and irregular margins.
Doppler US demonstrates vascularization in
solid parts [71]. Variable findings are seen on
MRI depending on cellularity, myxoid content,
bleeding, necrosis, and calcification. Peripheral
contrast enhancement is frequently observed
because of hemorrhage, necrosis, and myxoid
content in the central part of the tumor.

3.5.8 SoftTissue Metastases
and Lymphoma

Lung, kidney, and colon cancers are the most
common malignancies that metastasize to soft
tissue. The most common sites of metastasis are
the thigh muscles, iliopsoas, and paravertebral
muscles [72]. On US examination, soft tissue
metastases appear as hypoechoic masses with
increased vascularity and infiltrative margins
[30]. Destructive changes and fragmentation in
the adjacent bones can be seen and it may repre-
sent the extension of the bone lesion into the
adjacent soft tissue or vice versa. Posterior acous-
tic enhancement may be seen in some lesions.
Associated hyperemia is typically present [70].
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Fig.3.6 A 67-year-old woman with a soft tissue mass in
her left thigh. The mass is located superficial to the fascia,
12 cm in its largest dimension, hypoechoic and heteroge-
neous in echotexture (a). Doppler US examination dem-

On MRI, soft tissue metastases are observed
as poorly circumscribed lesions with low signal
on Tl-weighted images, and high signal on
T2-weighted images [73]. Extensive peritumoral
enhancement with central necrosis is a common
finding [74].

Primary soft tissue lymphoma is very rare. It
is usually seen in patients over 60 years of age.
Patients clinically present with an intramuscular
mass [75]. Most soft tissue lymphomas occur in
the trunk and lower extremities. Soft tissue lym-
phomas are seen as homogenous hypoechoic
lesions with infiltrating margins [76]. Posterior
acoustic enhancement may be seen. On Doppler
US, the tumor demonstrates increased vascularity
(Fig. 3.6). On MRI, they appear homogeneously
isointense or slightly hypointense on T1-weighted
images and hyperintense on T2-weighted images.
They demonstrate homogeneous enhancement
after contrast material administration [77].

3.6 Conclusion and Future

Perspectives

Elastography is a recently developed US-based
imaging method that allows the evaluation of tis-
sue elasticity during US examination. In this
chapter, we summarized the current literature on
US and elastography in the diagnosis of malig-
nant soft tissue tumors. While elastography was
found to be effective in the diagnosis of malig-
nant soft tissue tumors in some studies, its diag-
nostic efficacy could not be demonstrated in

onstrates central and peripheral vascularity (b). SWE
examination and SWV measurements of the lesion are
demonstrated (c). Histopathological examination revealed
a lymphoma of the soft tissue

other studies. In most of these studies, the study
population consisted of a wide variety of tumor
subtypes. Soft tissue tumors can contain a wide
variety of cell types such as calcification, fibrotic
changes, hemorrhage, necrosis, and cystic
degeneration. Since soft tissue tumors contain
such heterogeneous histological tissues, differ-
ent results have been obtained in studies in the
literature. This may explain the limitation of
elasticity measurement in the differentiation of
malignant and benign soft tissue tumors. Based
on the current literature, it is obvious that more
studies with larger patient populations are
needed on this subject. Considering the forego-
ing, someone may think to investigate the effi-
cacy of elastography in differentiating tumors
with similar histological features (e.g., differen-
tiation of malignant fibroblastic tumors and
benign fibroblastic tumors). However, since the
histological subtype of the tumor cannot be
known at the stage of US examination in a
patient presenting with a soft tissue tumor, it
may be clinically difficult to evaluate the effi-
cacy of US elastography in the diagnosis of
malignant lesions in a particular histological
subtype, and its contribution to the clinical prac-
tice may be questionable. It seems that MRI will
likely continue to be an invaluable imaging
method in the diagnosis of malignant soft tissue
tumors, as it provides important information
about various histological components of the
tumors such as fat, fibrotic tissue, hemorrhage,
and necrosis, thanks to its high soft tissue resolu-
tion and different signal properties in T1 and T2
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sequences. The diagnostic performance of con-
ventional US has also been proven to be effective
in differentiating malignant and benign lesions.
Thanks to conventional US findings, a signifi-
cant portion of malignant lesions can be diag-
nosed with the US. Considering all this
information, future studies with larger popula-
tions may also focus on the contribution of elas-
tography to MRI and conventional US findings,
besides investigating the diagnostic efficacy of
elastography alone.
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Tendons and Ligaments

Domenico Albano, Mariachiara Basile,
Salvatore Gitto, Francesca Serpi,
Carmelo Messina, and Luca Maria Sconfienza

4.1 Introduction
Over the last years, sonoelastography has been
increasingly used as an imaging tool able to help
in evaluating tendons and ligaments status and
composition, from both a quantitative and quali-
tative point of view, in addition to the conven-
tional B-mode ultrasound imaging [1]. Two
sonoelastography methods are commonly used in
musculoskeletal research and clinical practice:
strain elastography (SE), in which a mechanical
force compresses the tissues axially, and shear-
wave elastography (SWE), in which compressive
acoustic waves dynamically provide local stress
in the soft tissues [2].

SE is the original form of elastography, it
requires the application of an external compres-
sive force exerted by the operator or internal
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forces generated by pulsatile structures within
the body to cause tissue deformation. SE enables
to assess the deformation of the soft tissues
along the propagation axis of the beam through
the analysis of the RF signal along each line of
scanning. The resulting color elastogram that is
generated is overlaid on the B-mode gray-scale
image. This color map provides the operator
with qualitative information about the tissue
elasticity that varies according to specific colors.
The stiffness of tendons and ligaments may
therefore be evaluated qualitatively and should
be interpreted on the basis of the displayed color
bar given that some users prefer the red color to
depict stiffer tendons/ligaments and the blue
color for softer structures and vice versa. It
should be considered that only pseudo-quantita-
tive information can be obtained from SE by cal-
culating strain ratios that can be used to compare
the target tissue strain with that of closing
healthy tissue, with a strain ratio > 1 indicating a
stiffer target tissue. A “spacer” between the US
probe and the skin can be used to convey more
homogeneous pressure, thereby reducing arti-
facts [3].

SWE allows for a quantitative and repro-
ducible approach for evaluating the stiffness
of tendons and ligaments, being less operator-
dependent than SE [4-6]. A focused acoustic
radiation force is delivered from a linear US
probe to induce shear waves throughout the soft
tissues. These shear waves propagate perpen-
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dicularly at a slower velocity than the US beam,
resulting in particle displacements that can be
calculated using a speckle tracking algorithm.
Tissue displacement maps are used to measure
shear wave velocity expressed in meters per
second. The distribution of shear wave veloci-
ties at each pixel is directly related to the shear
modulus G (ratio of stress to strain) which is
calculated by a simple mathematical equation
and expresses the tissue stiffness and elastic-
ity in units of pressure, usually kilopascals.
Because soft tissues with small deformations
are usually assumed to be incompressible, G
is sometimes converted to the Young modulus
E by the simple eq. E = 3G for incompress-
ible media. In SWE, as in SE, a color-coded
elastogram can be overlaid on the B-mode US
with specific colors indicating softer or stiffer
tendons and ligaments. These colors are deter-
mined by the speed of propagation of the shear
waves through the tendon and ligament fibers.
Red color generally corresponds to stiffer struc-
tures, while blue to softer ones, with green and
yellow being associated with moderately elastic
tendons and ligaments. In contrast to SE, SWE
allows for quantitative measurements from any
portion of the investigated tendon/ligament
within the color elastogram due to the sequenc-
ing of particle displacements made possible by
ultrafast analysis [1].

Tendons and ligaments have, in normal
conditions, a characteristic elasticity coeffi-
cient due to their intrinsic mechanical proper-
ties, which can undergo changes in pathological
conditions. Sonoelastography can be indicated
when the ultrasound examination is not con-
clusive, since healthy tendon and ligament
fibers can present the same echotexture on
ultrasound B-mode images, showing different
elasticity on ES images [7, 8]. During the past
years, several studies have been published on
the application of ES on tendons and liga-
ments with promising results. Specifically,
there are just international recommendations
that, based on strong evidence, suggest the use
of sonoelastography on some tendons, while
fewer indications have been established on
ligamentous structures [9].

4.2 Tendons

Tendon-related pathologies, such as tendinopa-
thy, are associated with professional sports, and
some working activities, but are also observed in
general population. Generally, the diagnostic
work-up includes clinical evaluation and imaging
examinations, mostly using ultrasound as a first-
level imaging modality, followed by magnetic
resonance [10]. Additionally, the assessment of
the elastic properties of soft tissues, provided by
sonoelastography, has proven to be valuable in
identifying pathologic conditions involving the
tendons [11]. ES can be especially important for
evaluating tendon status given that mild tendi-
nopathies do not determine substantial changes
in ultrasound echotexture and especially in mag-
netic resonance signals of tendon fibers [12].
Repetitive microtrauma, overload, and vascular
alterations cause tissue damage that impact on
the elasticity of the fibrillary architecture [5]. As
a matter of fact, degenerative changes include an
increase in collagen type I1I fibers, and fibrocarti-
laginous changes thereby decreasing the stiffness
of pathologic tendons [13].

4.2.1 Achilles Tendon

Achilles tendinopathy is generally assessed by
ultrasound, evaluating thickness, echotexture in
B-mode, and vascularization through power
Doppler [14, 15]. Further, several authors used
sonoelastography to evaluate the stiffness of
normal and pathologic Achilles tendons in dif-
ferent postures, highlighting the importance of
both spatial location of sonoelastography
assessment and ankle posture for the evaluation
of the tendon viscoelastic properties [16]. The
Achilles tendon is the strongest and thickest ten-
don in the human body, has a superficial loca-
tion, and is well differentiated from surrounding
tissues, making it particularly suitable for sono-
elastography assessment [17]. Healthy Achilles
tendons have a homogeneous and stiff elasto-
sonographic pattern that is prevalently red in SE
images, expressing a certain rigidity and scarce
deformability, with high SWE velocities values
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Fig. 4.1 US images of a patient with non-insertional
Achilles tendinopathy showing a thickened and
hypoechoic tendon on B-mode (a) and heterogeneous
elastogram (b) with regions of yellow and red coloring
corresponding to tendon softening. US of a healthy sub-

that exceed 300 kPa [1]. Studies of Achilles ten-
dons conducted on athletes revealed higher stift-
ness in frequent exercisers than in infrequent
exercisers and demonstrated that tendon soften-
ing may predict pain and tendinopathy provid-
ing time for early intervention [18, 19]. Other
authors described that low Achilles SWE veloc-
ity is associated with higher age, self-reported
pain and disability, and decreased loading
capacity of the Achilles tendon [20], while no
significant differences depending on sex were
identified.

In agreement with the most recent literature,
the VISA-A (Victorian Institute of Sport
Assessment-Achilles questionnaire) scale
showed a weak correlation with standard ultra-
sound and power Doppler characteristics, but that
was strongly correlated with the elasticity values
(p = 0.0001, df = 83, = = 0.71). Sensitivity for
standard ultrasound alone and standard ultra-
sound plus SWE for asymptomatic tendons was
0.58 and 0.78, respectively. Hence, the use of
SWE revealed high specificity in the detection of
tendinopathy, particularly subclinical tendinopa-
thy, increasing the diagnostic performance of

ject with normal Achilles tendon on B-mode (¢) and a
homogeneous elastogram (d). Also note the different stiff-
ness values of the pathologic (e, mean = 124 kPa) and nor-
mal (f, mean = 183 kPa) Achilles tendons on SWE

conventional ultrasound for Achilles tendinopa-
thy (Fig. 4.1) [21, 22].

Subclinical changes of the Achilles tendon
were also shown with sonoelastography in
patients with ankylosing spondylitis, acromegaly,
and in patients with diabetic ulcers [17]. In case
of tendon rupture, the Achilles tendon is seen as
blue or turquoise in the ES images, since the loss
of tension and the presence of hematoma or effu-
sion contribute to a significant reduction in stiff-
ness with a mean velocity less or equal to 4.06 m/s
and signal-void areas at SWE [23, 24]. ES utility
was also investigated after surgical repair of
Achilles tendon rupture. After surgery, there is an
increased tendon stiffness and heterogeneity
according to the physiological healing process,
likely due to the structural alteration of collagen
fibers, with a predominance of type III collagen
instead of type I. SWE results showed that
repaired tendons gradually became stiffer post-
operatively. In a previous paper, the mean values
of elastic modulus of the repaired tendons were
respectively 187.7 kPa at 12 weeks, 238.3 kPa at
24 weeks, and 289.6 kPa at 48 weeks. Likely, the
mean AOFAS (American Orthopaedic Foot &
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Fig. 4.2 Patellar tendinopathy of a runner with US B-mode just showing slightly hypoechoic distal fibers (a), with
heterogeneous elastogram (b)

Ankle Society) scores were significantly differ-
ent among the three postoperative time points.
Elasticity was significantly and positively corre-
lated with the AOFAS scores (P = 0.0003,
OR =0.9159) [25, 26]. An increased consistency
was also reported in the contralateral tendon [19],
probably due to overload during the rehabilita-
tion [25]. A positive correlation between the
degree of tendon functionality and its elasticity
was found, suggesting that increased stiffness
and lower elastic modulus values might predict
poor mechanical properties, and functional
outcomes, with worse healing of repaired ten-
dons [26].

Therefore, sonoelastography improves the
performance of ultrasound for Achilles tendinop-
athy, particularly increasing the capability of
detecting of subtle changes in the tendon
(Fig. 4.1).

4.2.2 Patellar Tendon

Patellar tendinopathy is an overuse injury of the
patellar tendon, prevalent in athletes, resulting in
pain and impaired function [27]. Patellar tendi-
nopathy is characterized by disruption and disor-
ganization of the tendon fibers, along with an
increase in tendon thickness, structural abnor-
malities, alterations of the tendon’s mechanical
properties and of the function of the knee joint
[13, 14]. Conventional ultrasound shows

hypoechoic areas within the tendon. However,
ultrasound changes can be subtle or absent, while
asymptomatic subjects may present abnormal
tendon morphology at ultrasound, including
hypoechogenic changes [28, 29].

Therefore, sonoelastography may offer an
independent and complementary approach to the
acoustic impedance and vascular flow informa-
tion provided by B-mode and Doppler imaging.
Studies using SE and SWE concerning elasticity
characterization of patellar tendinopathy had dis-
crepant results. Some described a decrease in
stiffness (Fig. 4.2) [30-32] and others, using
SWE, documented a higher shear elastic modulus
and, therefore, increased stiffness in patellar ten-
dinopathy [20, 33]. The soft pattern at SE of
healthy patellar tendons may be explained by the
fact that the patellar tendon is connected to two
hard and fixed structures, patellar bone, and tibial
tuberosity, contrary to the other investigated ten-
dons, connected on one side to a muscle [34].

A study assessing athletes with unilateral
patellar tendinopathy using SWE found a corre-
lation between increased stiffness of the tendon
and the intensity of pain and degree of dysfunc-
tion. The mean shear elastic modulus in the pain-
ful side was 43.6 kPa, while in the non-painful
side it was significantly lower (25.8 kPa;
p = 0.008) [33]. Using SE, another study
described symptomatic patellar tendons in ath-
letes as softer than asymptomatic ones and
showed that sonoelastography increased conven-
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tional ultrasound sensitivity (72.5%) and accu-
racy (60%) in the diagnosis of patellar
tendinopathy allowing a better correlation to
functional scores [32].

Hence, it is still unclear which pattern and
elasticity values can differentiate healthy from
pathologic patellar tendons. Methodological dif-
ferences, such as ultrasound equipment and sam-
ple size, can partly explain these incongruences.
Moreover, it seems that SWE may depict tendon
healing better than B-mode ultrasound helping in
monitoring treatment effects. The thickness of
patellar tendons decreases after treatment, gener-
ally not returning to normal levels. Likely, ath-
letes with patellar tendinopathy showing higher
elastic modulus see a decrease after treatment,
with a strong negative correlation between the
elastic modulus and VISA-P scores at the differ-
ent follow-up sessions [r = — 0.784, P < 0.001
(1 month); r=0.877, P < 0.001 (3 months)]. The
tendon becomes gradually softer but does not
return to normal levels. Further, elastic properties
may be used as biomarkers to evaluate the struc-
tural integrity and ultimately the function of ten-
dons, to evaluate the effectiveness of treatments,
such as extracorporeal shockwave therapy [35].
Patellar tendinopathy is common among active
athletes [36], so sonoelastography may be
employed to assist sports medicine clinicians,
providing a more effective rehabilitation in ath-
letes with patellar tendinopathy (Fig. 4.2).

4.2.3 Rotator Cuff Tendons

Rotator cuff tears are frequent, affecting about
40% of the population older than 60 years, and
are commonly associated with pain and dysfunc-
tion [37]. It has been estimated that 20-60% of
rotator cuff repairs fail, and the risk for repair
failure is higher in patients with larger and more
complex tears and with more severe muscle atro-
phy and fat infiltration. Consequently, preopera-
tive imaging evaluation is essential for a correct
surgical planning [38]. Both ultrasound and mag-
netic resonance imaging are routinely used for
evaluating the rotator cuff [39, 40]. In this setting,
sonoelastography may provide additional quanti-
tative information about tendon degeneration and

tear chronicity by estimating tissue mechanical
properties [41]. Although shear modulus seems
not to be clearly associated with any individual
variable of supraspinatus tear characteristics
(size, tendon retraction) or chronicity (Goutallier
grade, occupation ratio), SWE measurements
have been shown to be altered in the presence of
various tendinopathies [41]. Normal tendons
have higher shear modulus than pathologic ones
in which stiffness decreases and the presence of
signal voids on color elastograms correspond to
tendon tears [42—44]. This makes sonoelastogra-
phy potentially useful when conventional ultra-
sound is not able to differentiate healthy from
pathological tissue, with interesting results also
when sonoelastography findings have been com-
pared to magnetic resonance imaging [45-47].
Interestingly, normal supraspinatus tendon SWE
velocities (3 m/s + 0.5) decrease with increasing
fat content in the muscle (2.5 m/s £0.5; P=0.001)
[43]. Further, SE was described to be able to
quantify the severity of the fatty infiltration of the
supraspinatus, reporting excellent accuracy and
inter-observer reliability with a weighted kappa
coefficient of 0.81 [45]. Additionally, rotator cuff
tendinopathy can be related to muscle stiffness.
Indeed, an increased shear modulus at SWE of
the upper trapezius muscle has been associated
with rotator cuff tendinopathy in a study of vol-
leyball players [48]. These authors suggested that
athletes with increased stiffness of the upper tra-
pezius may have a greater risk of developing
rotator cuff tendinopathy and, consequently,
sonoelastography applied in the upper trapezius
might be employed for prevention purposes.
Another study found that deltoid muscle soften-
ing had a correlation with tendinopathy severity
assessed by conventional ultrasound [44].
Moreover, it seems that sonoelastography may
offer prognostic utility during the surgical repair
planning phase, since supraspinatus fat atrophy,
reflected by shear wave modulus, can predict
relapsed tears and poor functional outcomes [49].
Then, it was found that quantitative SWE evalua-
tion of the supraspinatus muscle is correlated
with the extensibility of the musculotendinous
unit on cadaveric shoulders. Thus, sonoelastogra-
phy could confer a noninvasive method to predict
rotator cuff extensibility in the preoperative set-
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ting [47]. Last, since late surgical repairs are
much more difficult, it might be helpful deter-
mining whether a patient is suffering from an
acute or chronic rotator cuff tear prior to surgical
intervention. Some authors revealed a significant
association between elasticity values and the
chronicity of symptoms, showing significantly
higher elasticity values in torn tendons of patients
with chronic shoulder pain.

There was a statistically significant difference
in median elasticity according to whether the
duration of symptoms was 1 year or less (92 kPa)
or longer than 1 year (105 kPa). Therefore,
although further studies are warranted, the elas-
ticity and SWE velocity values measured by
SWE may be used preoperatively in a compre-
hensive evaluation of rotator cuff tears that
deserve surgical repair [50].

Another common disorder of the rotator cuff
that may cause relevant shoulder pain and dis-
ability is calcific tendinopathy. It is identified and
evaluated with conventional radiography and
ultrasound [51, 52]. Imaging guided minimally
invasive treatments, such as US-guided percuta-
neous irrigation of calcific tendinopathy
(US-PICT), are effective with about an 80% suc-
cess rate [53—55]. The evaluation of patients with
calcific tendinopathy using SWE allowed defin-
ing of a non-dark pattern that was predictor of
symptomatic relief after US-PICT. These results

D. Albano et al.

suggest the possible role of sonoelastography
also in the evaluation and management of rotator
cuff calcific tendinopathy [48].

4.2.4 EpicondylarTendons

Lateral epicondylitis is the most common cause
of elbow pain and dysfunction, mainly resulting
from continuous microtrauma. It is described as
a chronic symptomatic degeneration of the fore-
arm's common extensor tendon attachment at the
humeral epicondyle. It is usually associated with
repetitive microtrauma from excessive gripping or
wrist extension, radial deviation, and/or forearm
supination, resulting in multiple microtears of the
extensor carpi radialis brevis—the most frequently
affected tendon—the pronator and other exten-
sor carpal tendons, leading to a cycle of tendon
degeneration and repair [56]. The use of conven-
tional ultrasound to differentiate the pathologic
tissue from the healthy one can be challenging
because, often, both have the same echogenicity
[7, 57]. Previous papers have reported interesting
correlations of ES findings with clinical symptom
scores and duration, so that the sensitivity of con-
ventional US could be enhanced, when combined
with SWE, from 67.1% to 94.3% [30]. Studies
using SE and SWE showed a decrease in stiff-
ness patterns on symptomatic tendons, and the

Fig.4.3 US images of a patient with lateral epicondylitis
presenting a small hypoechoic insertional area on B-mode
(a, arrows) and with yellow and red coloring on the elas-
togram corresponding to tendon softening (b, arrows).

Note the stiffness of the pathologic area on SWE calcu-
lated as absolute values (¢) and in ratio with the subcuta-
neous tissue (d)
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accuracy of real-time sonoelastography was 94%
with clinical examination (Fig. 4.3) [5, 58-62].
In addition, using SE on lateral epicondylitis,
more focal lesions, and higher rate of involve-
ment of lateral collateral ligament involvement
and peritendinous fascia were reported than using
conventional ultrasound alone, highlighting the
association of these missed injuries with worse
outcomes [58, 63]. Then, studies of epicondylar
tendons in cadavers concluded that the combina-
tion of sonoelastography and conventional ultra-
sound provided a better correlation with histology
[62, 64]. Elasticity changes on follow-up and
rehabilitation treatments should be further evalu-
ated in future research studies, but currently ES is
just an additional tool in the detection of lateral
epicondylitis (Fig. 4.3).

4.3 Ligaments

Currently, despite the increasing interest in the
application of sonoelastography on different
musculoskeletal settings and the awareness of the

Fig. 4.4 As an example
of the impact of joint
positioning on ligament
sonoelastography
imaging, this case shows
the normal B-mode
appearance of the ulnar
collateral ligament of
the elbow in a relaxed
state (a, arrows) with
low SWE velocities (b)
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potential value of this tool, the literature on sono-
elastography to image joint ligaments is still rela-
tively scarce. As a general rule, it should be
considered that joint positioning plays an impor-
tant role in ligament sonoelastography imaging
because stretched or relaxed ligaments differ
substantially. Indeed, normal ligaments in the
relaxed state display intermediate SWE veloci-
ties (Fig. 4.4), while the velocities increase in the
contracted state [65].

4.3.1 Coracohumeral Ligament

Adhesive capsulitis of the shoulder (ACS), also
known as frozen shoulder, is characterized by
painful gradual loss of both active and passive
glenohumeral motion. The underlying cause is
not well understood, but it is believed to be char-
acterized by a combination of synovial inflam-
mation and capsular fibrosis. Recent studies
believe coracohumeral ligament (CHL) to be
critical in the pathology of ACS. Generally, thick-
ening of the CHL and/or the inferior glenohumeral
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ligament is considered an imaging finding of
ACS that can be detected on MRI [66] and ultra-
sound [67]. However, the identification of subtle
changes in these ligaments on conventional ultra-
sound can be challenging, particularly when the
severe restriction of the range of motion affects
the execution of the examination. The CHL runs
from the lateral base of the coracoid process to
the lesser and greater tuberosities of the humerus,
forming the roof of the rotator interval. Some
authors evaluated the thickness and elasticity of
the coracohumeral ligament reporting increased
thickness and stiffness of the ligament in patients
with ACS [68, 69]. This is coherent with the
hypothesis that stiffening of the CHL may play
an important role in limiting the range of motion
in ACS [70]. ACS can be broken down into 3
stages: stage I (freezing phase), stage II (frozen
phase), and stage III (thawing phase). Comparing
the SWE measurements of healthy and affected
shoulders in the different stages, it was found that
the stiffness of the CHL of the affected side was
not always greater than that of the healthy shoul-
der (56-92 kPa). The stiffness of the CHL on the
affected side in stage II (median, 166 kPa) and
stage III (median, 151 kPa) was higher than that
in stage I (median, 89 kPa) (P < 0.001), but with-
out any significant differences in the stiffness
between stages II and III [71]. Several different
treatments are available for frozen shoulder
including physiotherapy, steroid injections,
hydro-dilatation, manipulation, and arthroscopic
capsular release [72]. Notably, in a group of
patients successfully treated with ultrasound-
guided rotator interval steroid injection, it was
observed a reduction in the stiffness of the CHL
in both a neutral position and a maximal external
rotation [69].

4.3.2 Ankle Ligaments

The lateral ankle ligamentous complex consists
of the anterior talofibular ligament (ATFL), cal-
caneofibular ligament (CFL), and posterior talo-
fibular ligament. The ATFL stabilizes the talus
and the CFL stabilizes the subtalar joint. Lateral
ankle sprains commonly occur during plantar

flexion and inversion with excessive ankle supi-
nation, most of these sprains are related to ATFL
injury [73]. A recent study defined the normal
SWE velocity values for the ATFL and CFL
in young male subjects. Based on these results,
the SWE mean velocity of the normal ATFL is
2.09 m/s at rest, while that of the normal CFL is
1.99 m/s at rest. Significant differences between
the SWE velocities of the two ligaments at rest
and stress were found, with increased velocities
and tissue stiffness observed with applied stress.
Nevertheless, anatomic variations of the liga-
ments and the interconnection between ligaments
and surrounding structures may affect SWE mea-
surements. SWE has shown promising results
as a reproducible method to quantify ankle liga-
ment stiffness, but further studies are needed to
understand its potential role in pathologic con-
ditions [74]. The main internal stabilizer of the
ankle is the medial collateral ligament or deltoid
ligament composed of two groups: superficial
and deep. The superficial part is composed of the
tibio-navicular ligament, the tibio-calcaneal liga-
ment, the anterior part of which is identified as the
tibio-spring ligament, and the superficial posterior
tibiotalar ligament. The deep part is made of the
anterior tibiotalar ligament and the posterior tibio-
talar ligament [75]. The integrity of the bundles of
the medial ligament complex limits talar abduc-
tion, pronation, and external rotation, protecting
the syndesmosis and the distal fibula. The deltoid
ligament may be injured during traumas occurring
in the external rotation of the ankle. The results of
an early pilot study suggest that the assessment
of the medial ankle ligament complex by SWE
is reproducible in healthy subjects. SWE allows
a quantitative measurement allowing an assess-
ment of the ligament status in both static and
dynamic positions. Thus, it may allow making the
initial diagnosis and monitor the effects of reha-
bilitation by assessing ligament stiffness during
follow-up after trauma, but also this application
deserves future investigations. Sonoelastography
could also help in the preoperative evaluation by
selecting the type of graft and adjusting its tension
intraoperatively to reproduce as closely as possi-
ble the natural ligament stiffness and biomechani-
cal properties described by SWE parameters.
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Further works should be conducted to assess the
relevance of SWE in the management of medial
ankle injuries [76].

4.3.3 Knee Collateral Ligaments

A primary role in stabilizing the knee joint
against valgus and varus forces is played by the
medial and lateral collateral ligaments. The
medial collateral ligament (MCL) can be affected
by acute or chronic injuries, and conditions such
as inflammation and degeneration. In particular,
it is the most common injured ligament in the
knee [77]. In athletes, the progression to return-
ing to play after a knee injury is determined by
achieving pain-free movement. Nevertheless, the
mechanical properties of the recovering ligament
are not usually evaluated. A greater awareness of
medial collateral ligament elasticity may help
orthopedic surgeons. SE represents an easy and
reliable tool for measuring the stiffness behavior
of the knee collateral ligaments during the reha-
bilitation phase [78].

The mean stiffness values of the proximal,
middle, and distal MCL are about 33 kPa, 35 kPa,
and 36 kPa, respectively [79]. The relative stift-
ness of different portions of the collateral liga-
ments differs with knee flexion angle because the
soft tissues have nonlinear behavior in the gen-
eral force-displacement curve, therefore it is
important to assess strain ratios at various flexion
angles. In the superficial and deep medial collat-
eral ligaments, the strain ratio increases with
increasing knee flexion, while in the lateral col-
lateral ligament, stiffness shows a tendency to
fluctuate. In all three ligaments, strain ratios are
lowest at 0° indicating high relative stiffness.
Since soft tissues such as ligaments are viscoelas-
tic in nature, their mechanical characteristics may
be altered under applied compression, so the use
of SWE may avoid this problem. According to a
recent study conducted on healthy volunteers,
SWE is a feasible, reproducible, and reliable
imaging technique useful for the evaluation of
the elasticity of the medial collateral ligament. In
future studies, data from patients with pathologi-

cal processes should be collected to recognize
deviations from normal [78].

4.3.4 Ulnar Collateral Ligament

The ulnar collateral ligament of the elbow (UCL)
is the major stabilizer against valgus stress in over-
hand [80]. Two articles studied healthy subjects
for the characterization of the UCL through sono-
elastography [81, 82]. Both concluded that sono-
elastography might be useful for evaluating UCL
status with the authors recommending further
studies to understand the actual role of sonoelas-
tography in detecting UCL injury and in monitor-
ing the healing process during follow-up.
According to these studies, the strain ratios for the
UCL during gripping and at rest are respectively
17.64 and 3.94, whereas the strain ratios for the
FPM during gripping and at rest are respectively
1.72 and 0.35. Sonoelastography measurements of
the UCL and flexor pronator muscle (FPM)
revealed that the elasticity of the UCL was signifi-
cantly lower than that of the FPM at rest and dur-
ing gripping (P < 0.001), and both structures
showed significantly less elasticity during grip-
ping than at rest (P < 0.001). The muscle contrac-
tion associated with gripping does not cause a
specific change in the elasticity of either the UCL
or the FPM at the medial elbow joint, indicating
that tissue elasticity is reduced as a whole. This
indicates that not only the FPM but also the UCL
is tensed during gripping. The proportion of ten-
sion for each tissue in the medial elbow joint as a
stabilizing contribution against elbow valgus stress
is not significantly different between rest and grip-
ping, in fact, no significant difference in the ratio
of strain ratios (UCL/FPM) was found between
rest and gripping [82]. Further, no significant dif-
ferences in SWE velocities have been found
between the dominant (mean velocity = 5.14 m/s)
and non-dominant (mean velocity = 5.24 m/s) arm
when examining the UCL [81] (Fig. 4.4).

4.4 Clinical Applications

(Table 4.1)
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Table 4.1 Summarizes stiffness in most common tendon
and ligament pathologies

SWE Stiffness
Clinical scenario | values Source
Achilles Decreased Aubry et al. [23]
tendinopathy/ and Chen et al.
rupture [24]
Surgical repair | Increased Busilacchi et al.
of Achilles [25] and Zhang
tendon rupture et al. [26]
Patellar Equivocal Dirrichs et al.
tendinopathy [30], Rist et al.
[31], Ooi et al.
[32], Zhang et al.
[33], and Porta
et al. [34]
Rotator cuff Decreased Seo et al. [45], Lee
tendinopathy especially in et al. [46], Krepkin
chronic et al. [47], Bruno
lesions with et al. [48], Lin
fatty et al. [49], and
infiltration Beeler et al. [50]
Lateral Decreased de Zordo et al.
epicondylitis [58], Ahn et al.
[59], Kang et al.
[60], Park et al.
[61], Kocyigit
etal. [62], and
Klauser et al. [63]
Adhesive Increased Zhang et al. [71]
Capsulitis CHL stiffness
in stages II
and 111
Ulnar Decreased Gupta et al. [81]
collateral
ligament injury

4.5 Conclusion and Future
Perspectives

In conclusion, the addition of sonoleatography
has proven to provide significant improvement
compared with conventional B-mode ultrasound
alone in several settings allowing the assessment
of mechanical and elastic properties of tendons
and ligaments. It might be used to increase the
diagnostic performance in the diagnosis and to
monitor various conditions during posttreatment
follow-up [1]. The evidence supporting the role
of sonoelastography in assessing tendons and
ligaments is constantly increasing in the litera-
ture, but it is still too low, particularly for what
concerns ligamentous structures. Further large-

scale studies are needed to ensure validation and
clinical application of sonoelastography in ten-
dons and ligaments imaging.
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Muscles and Fasciae

Ivan Garcia Duitama, Anna Agusti Claramunt,
and Pedro Garcia Gonzalez

5.1 Introduction

Nowadays, ultrasound (US) has begun to be one
of the most important radiological tools in the
assessment of many entities affecting the muscu-
loskeletal system [1]. There is no doubt about the
great benefit of using the US for evaluating trau-
matic muscle injuries and primary muscle pathol-
ogies, and following them up to their healing or
further degeneration, with the possibility of real-
time evaluation, and the advantage of being a
radiation-free and inexpensive diagnostic tool
[2]. Nevertheless, biomechanical properties of
tissues are difficult to assess with B-mode US,
even having symptomatic patients [3, 4], and that
is why ultrasound elastography may find a role in
the path to the diagnosis of, not just traumatic
injuries, but also muscle pathologies. In the fol-
lowing chapter, we will point out how elastogra-
phy may be an added tool for diagnosing muscular
entities with ultrasound. To date, there is just one
[5] indexed clinical guideline on the Pubmed
database regarding the use of ultrasound elastog-
raphy in the musculoskeletal system, dated 2013,
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with just one indication, cerebral spasticity.
Further advances since that time have come that
we think are worth revising.

Elastography is an ideal added function to the
US as a diagnostic test for muscle diseases, as
far as it is a noninvasive technique with the abil-
ity to quantify the mechanical properties of mus-
cle and can assist clinicians in the diagnosis and
evaluation of the progression of diseases and
serve as a mean to monitor the effects of treat-
ments [6].

Current literature is trending toward shear
wave elastography (SWE) instead of strain elas-
tography (SE) in many fields, and it is expected
to be that way in research conditions owing to its
capacity to quantify stiffness, which allows com-
parisons and statistical analysis, as opposed to
SE, which offers qualitative information.
Nevertheless, since elastography isn’t in many
clinical guidelines, not all the scanners in daily
practice offer that functionality, particularly older
models; in the field of musculoskeletal imaging
some devices offer SE, some SWE, or even, they
may not be equipped with elastography at all. We
think it is important to stress that it is not always
mandatory to measure the stiffness of tissues,
sometimes the color-coded elastogram may give
us the added information needed to diagnose or
follow a particular case, and for that purpose, we
can use the contralateral side of the patient as a
control, an intrinsic advantage in the assessment
of the musculoskeletal system.

79

S. Marsico, A. Solano (eds.), Elastography of the Musculoskeletal System,

https://doi.org/10.1007/978-3-031-31054-6_5

5


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-31054-6_5&domain=pdf
mailto:igarciaduitama@psmar.cat
https://doi.org/10.1007/978-3-031-31054-6_5

80

I.G. Duitama et al.

Peculiarities of Muscle
and Fascia Affecting
Elastography and Practical
Recommendations

5.1.1

Many features of muscle and fasciae significantly
influence the elastographic evaluation of such
structures; they can be related to mechanical, his-
tologic, anatomic, pathologic, variations between
individuals, and the sampling technique [7].
Muscle fibers, collagen, and myofibrils are
arranged in longitudinal units that confer signifi-
cant anisotropic properties to the muscles. Shear
waves propagate easier when examined in the
parallel than in the perpendicular plane, with sig-
nificantly higher stiffness values in the short axis
than in the longitudinal axis (Fig. 5.1). Also,

RELAX

Fig. 5.1 Elastogram of normal muscle in the transverse
(a) and longitudinal (b) planes of the medial gastrocne-
mius in a relaxed position. B-mode is shown on the left

measuring muscular modulus in the transverse
plane, relative to the muscle’s longitudinal axis,
can comprise inter and intra-observer reproduc-
ibility [8]. Furthermore, muscle inner arrange-
ment of fibers is varied, from parallel, fan-shaped,
circular, pennate (feather-like), multipenneate to
fusiform [9], a factor that introduces a technical
difficulty at the time of standardizing the exami-
nation technique. Because of that fact, if elastog-
raphy is used to compare muscle modulus to a
previous value in the same patient, or a published
standard, measurements need to be done by scan-
ning the muscle in the same axis used in the con-
trol exam [10].

Muscles are dynamic units that change their
stiffness depending on their state at the time of
sampling, increasing during contraction and

side and the corresponding elastogram is on the right.
Note there is an apparent increase in muscle stiffness in
the transverse plane
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Fig. 5.2 Elastographic variation with muscle contrac-
tion. Elastograms of the biceps femoris muscle in a plane
paralleling muscle fibers. Note the increased stiffness
detection during muscle contraction (right), compared to

maximal extension, and decreasing when in a
relaxed state [11, 12] (Fig. 5.2). According to the
results of Wang et al. [13], the shear modulus of
the vastus intermedius does not change signifi-
cantly in the relaxed state between elderly and
young healthy individuals, nevertheless, in
younger individuals, the stiffness is greater than
in the elderly during contraction. Although it
makes sense biologically, such results can’t apply
to all muscles [14]. Interestingly, SWE can be
used as a technique for measuring slow muscle
contractions, as it can generate elastograms at a
speed of 1 Hz [6].

Good reproducibility of results can be obtained
with SWE [8, 12, 15], but it is mandatory to sys-
tematically evaluate each muscle following the
same patient and probe positioning if their elasto-
graphic modulus values or elastograms are
intended to be compared to an index value or
used in the follow-up of a given individual.

Finally, It is important to note that in SWE, the
stiffness can be expressed by different manufac-
turers as Young’s modulus (kPa), shear modulus
(kPa), or shear wave velocity (m-s7!), all of them
correlated positively [7]. Contrary to the classic
recommendation of applying a generous amount
of gel to perform US elastography [7], according
to Abdulrahman et al. results [16], in the evalua-
tion of muscles, the best reliability is yielded by
using the shear wave velocity as the unit of mea-

the resting
upward in the stiffness scales, indicating increased
stiffness

state (left). The elastogram colors move

surement, applying minimal probe load instead of
using a standoff gel, and in depths less than 4 cm.

5.1.2 Elastography of the Normal
Muscle and Fascia

In normal conditions, muscle has a heterogenous,
although organized US B mode appearance, pro-
duced by the many tissue interfaces between the
muscle fibers and fascicles, and the interstitial
structures like perimysium and fasciae. Those
interstitial structures are essential for muscle func-
tion because they transmit the force generated in
muscle fibers to tendons and bones. Also, nerves
and vessels traverse muscles and fascial and inter-
fascial plains, providing more image heterogeneity.
Such tissue heterogeneity of the normal muscle is
also seen in the US strain elastograms, with muscle
fibers accounting for the majority of the image,
corresponding to low stiffness, and interspersed
fibrofatty interstitium and fasciae between the mus-
cle fibers and bellies, of higher stiffness [17, 18].
Nevertheless, the shear wave elastogram of the nor-
mal muscle is more homogenous (Fig. 5.3).

The term “fascia” is broad and differentiates
fascia itself from the fascial system [19]. For this
chapter, we will call fascia only the deep fascia,
specially epimysium, the interstitial membrane
encasing individual muscles, and aponeurosis, a
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Fig. 5.3 Strain elastogram (image in the right square in a
and both images in b) of healthy muscle and corresponding
B mode ultrasound imaging (image in the left square in a).

fascial expansion to attach muscles that require
wide attachment to bones or other muscles. Other
components in the fascial system will be referred
to as interstitium, encasing endomysium, epimy-
sium, perimysium, and interfascial planes.
Although joint capsules, tendons, and ligaments,
belong to the fascial system according to the cur-
rent Fascia Research Society glossary [20], they
will not be discussed in this chapter.

Quadratus lumborum muscle in the longitudinal plane with
the patient in the prone and relaxed position. With this equip-
ment, the elastographic pattern appears heterogeneous

Finally, it is fair to acknowledge the effort
made by many investigations to establish normal-
ity values of shear wave elastography corre-
sponding to different muscles along the human
anatomy, with varied values corresponding to dif-
ferent muscles, and patient and probe position-
ing, which soon could provide a reference for
comparison in clinical practice or new research
projects [7] (Table 5.1).
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Table 5.1 Elastography of different muscles and exploration technique applied

Shear wave elastography

measurement Exploration technique Source
Medial 27.6 +7.3 kPa (YM) Prone position, 30° of passive ankle plantar | Akagi [21]
gastrocnemius flexion, transverse plane.
Lateral 33.5 +6.3 kPa (YM) Prone position, 30° of passive ankle plantar | Akagi [21]
gastrocnemius flexion, transverse plane.
Lateral Men: 3.134 + 1.06 kPa; Prone position, 20° of passive ankle plantar | Akagi [22]
gastrocnemius women: 2.499 + 1.03 kPa flexion, longitudinal plane.
(SWM)
Soleus Men: 3.561 + 0.8 kPa; women: | Prone position, 20° of passive ankle plantar | Akagi [22]
2.979 = 0.8 kPa (SWM) flexion, longitudinal plane.
Rectus femoris | Men: 3.439 + 0.66 kPa; Supine position, hips and knees extended, Akagi [22]

women: 3.182 + 0.57 kPa
(SWM)

ankles on a cushion, longitudinal.

Rectus femoris

8.6 kPa (mean SWM)

Supine. Oriented in the direction of
contraction of the muscle fibers, during
maximal voluntary contraction.

Bouillard [23]

Rectus femoris

1.8 m/s (SWS)

Supine. Relaxed state. Longitudinal
paralleling muscle fibers, from the lateral
side of the muscle.

Alfuraih, 2017
[24]

Vastus lateralis

17.45 kPa (mean SWM)

Prone. Longitudinal, during maximal
voluntary contraction.

Bouillard [23]

Vastus lateralis

Rest: 1.7 m/s; passive stretch:
1.79 m/s (median SWS)

Supine. Longitudinal. Rest: Knee extended.
Passive stretch: Knee flexed 45°.

Paramalingam
[25]

Vastus medialis

11.9 kPa (mean SWM)

Longitudinal, during maximal voluntary
contraction

Bouillard [23]

Supraspinatus 26+0.3 Transverse plane, patient sitting with arm Rosskopf [26]
resting on the ipsilateral thigh.
Deltoid Rest: 2.3 m/s; passive stretch Longitudinal. Rest: Elbow flexed, resting on | Paramalingam
2.8 m/s (median SWS) a pillow. Passive stretch: Arm hanging [25]

freely, elbow extended.

YM Young’s modulus, SWM shear wave modulus, SWS shear wave speed. All of these values were obtained from
healthy young adults

5.2

A summary of the findings in different clinical

Clinical Applications

conditions can be found in Table 5.2.

5.2.1

Primary and Secondary

Muscle Disorders

In this section, we will speak about a heteroge-
neous group of diseases that share their affinity
for muscle involvement, giving rise to a varied
spectrum of clinical conditions in which knowing
the biomechanics of the muscle can help the cli-
nician to establish the current state of the disease

and guide the therapeutic strategy.

ent conditions

Table 5.2 Summary of elastographic findings in differ-

Clinical scenario

Stiffness behavior

Idiopathic Decreased
inflammatory

myositis

Cerebral palsy Increased
Duchenne dystrophy | Increased
Acute muscle tear Decreased
Subacute muscle Increased

tear

Chronic muscle scar

Normal or increased

Painful tense muscle

Variable—increased

Sarcopenia

Decreased in early stages—
increased in late stages

Plantar fasciitis Decreased

Compartment
syndrome

Increased x 2-9 times the
contralateral side
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5.2.1.1 Inflammatory Myositis

Idiopathic inflammatory myopathies (IIM) are a
rare group of acquired skeletal muscle diseases,
unified by immune-mediated muscle damage,
that results in muscle fiber loss and weakness,
including a broad spectrum of diseases such as
inclusion body myositis, polymyositis, dermato-
myositis, and even thyroid disorders. However,
all of them share clinical presentations in the
form of subacute or chronic muscle weakness
courses and a biopsy with the presence of inflam-
matory infiltrates or disorders that suggest an
immune-mediated cause. Most of them are
pathologies that should be diagnosed early
because they could receive curative treatment.
These diseases are diagnosed from a combination
of clinical presentation, laboratory tests, and
biopsy [27, 28]. The main diagnostic target would
be to be able to monitor the inflammatory load. A
good correlation was found between elastogra-
phy and specific muscle biomarkers like the lev-
els of creatine kinase (CK) and lactate
dehydrogenase (LDH) [29]. Despite the subtypes
of IIM, with heterogeneous clinical and muscular
involvement, they share the same pattern of find-
ings, consisting of inflammation/edema, fol-
lowed by fatty infiltration and eventually muscle
atrophy. Some studies focus on the deltoid and
vastus lateralis muscles, because of their com-
mon involvement in IIM, showing lower values
of shear wave speed in these patients, compared
to healthy controls [25]. Song et al. [30] found a
significant correlation between semi-quantitative
US strain elastography rates and pathological
scores in biopsy samples in patients with I[IM. In
that study they could not find a significant corre-
lation with qualitative US and magnetic reso-
nance imaging (MRI) analysis, stressing the
added value of elastography in the evaluation of
these patients, especially in the early stages of the
disease. Finally, a significant advantage of elas-
tography is that it allows monitoring the evolu-
tion of the disease in a simple and noninvasive
way.

5.2.1.2 Duchenne Dystrophy
Inherited myopathies and muscular dystrophies
encase a varied group of diseases with a genetic

origin, that present with weakness, motor delay,
and respiratory and bulbar dysfunction. Duchenne
dystrophy is the most common among them, with
a prevalence of 1/3300 males [31]. In Duchenne
dystrophy, there is an involvement of the dystro-
phin gene that makes muscle contraction impos-
sible and clinically manifests itself with proximal
weakness, already evident at a very early age,
about 5 years, leading to the impossibility of
independent ambulation over 13 years without
treatment, with early cardiorespiratory involve-
ment that implies high morbidity and mortality in
adolescent age. The affected musculature pres-
ents an excessive deposit of fibroadipose tissue,
with loss of muscle mass and its function, show-
ing atrophy and diffuse increase in echogenicity
in B mode ultrasound, as well as an increase in
stiffness in the elastographic evaluation. There is
a characteristic pattern of involvement: predomi-
nant in gluteus maximus and quadriceps muscles
with relative sparing of the gracilis, sartorius, and
semimembranosus muscles and, in the lower leg,
predominant in the superficial posterolateral
muscles more than the deep posterior and ante-
rior leg muscles. SWE measurements are gener-
ally increased compared to age-matched controls,
especially the gluteus maximus (mean 27 kPa
versus 21.9 kPa), and tibialis anterior muscles
(mean 96.8 kPa versus 23.1 kPa) [32].
Furthermore, a study analyzed changes in SWE
values in patients with DMD over 12 months, and
elastography proved to be a good candidate for a
monitoring tool [33].

5.2.1.3 Cerebral Palsy

Cerebral palsy (CP) is a nonprogressive (though
not unchanging) disorder of movement and pos-
ture pathology associated with an impairment of
the developing fetal or infant brain (up to 2 years
old). It represents the first cause of disability in
childhood. It has a prevalence of 1.5-2.5 per
1000 live births and is estimated to affect around
17 million people worldwide. Although the
symptoms can be very diverse depending on the
brain involvement (motor deficit, epilepsy,
behavioral changes, etc.), some of the most fre-
quent complications are musculoskeletal defor-
mations and hypertonia (spasticity, dystonia, and
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Fig. 5.4 Shear wave elastography in an adult patient
affected by cerebral palsy. In B mode the medial and lat-
eral gastrocnemius muscles appear equally hyperecho-
genic, as seen on the background of the elastograms. The
medial gastrocnemius (a) showed a shear modulus
between 142 and 197 kPa, whereas the lateral gastrocne-

stiffness) [34, 35]. CP is one of the most common
disorders associated with secondary muscle
changes. It has been shown that patients with CP
have greater shear modulus (rigidity) and also
that there is more variability in stiffness than in
patients without CP [36]. It has also been demon-
strated significantly different shear wave speeds
between the less and more affected sides [37],
and that muscle stiffness assessed using elastog-
raphy is related to clinical presentations accord-
ing to the MAS score (modified Ashworth scale)
[38], which measures clinically the resistance
during passive soft tissue stretching and it is used
as a simple measure of spasticity. Given that the
most frequent subtype of cerebral palsy is that
associated with spasticity, the target in these
cases is to be able to guide the rehabilitation tech-
niques on which the treatment is based, and also

mius (b) showed a shear modulus between 24 and 36 kPa.
This reflects an asymmetric involvement of these muscles,
probably with a larger amount of fibrosis in the medial
gastrocnemius. Note that in healthy individuals, the stiff-
ness is greater in the lateral gastrocnemius

to monitor the botulin toxin A (BoNT-A) treat-
ment. Clear associations between post-BoNT-A
changes in elastography measurements and clini-
cal scale scores for spasticity have been proved
[39]. Also, elastography can be useful to plan the
best interval between doses as it has been used to
quantify the duration of treatment effect, result-
ing in <3 months post injection [40] (Fig. 5.4).

5.2.2 Traumatic Muscle Injury

Muscle injuries have three pathophysiologic
phases: destructive, reparative, and remodeling.
The destructive phase takes place at the time of
the injury, depending on the severity of the lesion
it will produce or not a hematoma in situ and a
separation gap between muscle fibers/intersti-
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tium stumps. The reparative phase occurs around
the second day after an injury and produces a
scar, revascularization, and regeneration of myo-
fibrils at the site of the lesion. The remodeling
phase occurs later when the scar tissue reorga-
nizes and the regenerated myofibrils maturate,
leading to the recovery of muscle function. In US
elastography, the destructive phase will show the
injured tissue as a focal decrease in muscle stiff-
ness, corresponding to the hematoma, and
overdistended or torn myofibrils. Small tears may
be difficult to detect with B mode US, however,
the elastogram can show the softened area, con-
firming the diagnosis. In the reparative phase, the
elastography will depict the scar tissue as an area
of increased stiffness that can extend beyond the
injury seen in B mode US [41-43]. Furthermore,
it has been suggested as a good prognostic sign,
the presence of decreased stiffness muscle adja-
cent to the scar tissue seen on B mode US (“elas-
tic ribbed appearance”), as it is less prone to

re-injury and behaves biomechanically better
during contraction [41, 42] (Figs. 5.5 and 5.6).

Fascial tissues, including the rest of the inter-
stitium, have viscoelastic and inhomogeneous
properties that affect their biomechanics even
more than myofibrils. The loose component in
the interstitium works as a sliding system and
accounts for its viscous properties. Also, in nor-
mal conditions, the fascial tissues change their
elastographic behavior depending on the position
of the joints related to their insertions. For
instance, the gastrocnemius’s fasciae appear soft
in a relaxed state and progressively and signifi-
cantly increase their stiffness according to differ-
ent degrees of ankle dorsiflexion [44], a factor
that needs to be taken into account when per-
forming the study (Fig. 5.7).

After a fascia injury, the elastographic changes
occur following the same phases described above
in the case of muscle injury. Well, in the chronic
phase the fibrotic tissue and the altered loose

Fig. 5.5 This is a patient with insidious onset pain after
prolonged exercise. The ultrasound (on the left) is practi-
cally normal, however, the elastography (below) shows
focal softening. During contraction (on the right) a

hypoechoic zone (dashed line) is observed that corre-
sponds to a tear and coincides with the softening depicted
in the shear wave elastogram
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Fig.5.6 Evolution of a sports injury of medial gastrocne-
mius, “tennis leg.” US B-mode and corresponding strain
elastogram images in the longitudinal plane of the distal
medial gastrocnemius aponeurosis. The first US demon-
strated a distal myoaponeurotic tear with focal softening
of the injured tissues. Note the green area corresponding
to the hematoma and muscle stumps (arrowheads), and
the “red” softened fascia (arrows). In the 2 months follow-
up study, a massive hematoma extending proximally
through the myofascial junction and deep venous throm-

interstitial component can become stiffer than
normal tissue, losing sliding properties and
sometimes affecting the muscle function, a phe-
nomenon that patients may refer to as “tight-
ness”’[45] (Fig. 5.8).

bosis (not shown) were detected. The elastogram showed
a softened myoaponeurotic junction, indicating immature
scaring. At 6 months follow-up the patient still has mild
symptoms, the hematoma significantly diminished but the
scarring process is incomplete and heterogeneous. At the
distal end, the scar has areas of softening and the underly-
ing muscle is hard. At the proximal end, the fascial scar
stiffness is comparable to the normal fascia, and the
underlying muscle has a normal pattern

Nerve endings run through the interstitium.
The neuromuscular system is based on sensory
information that allows measuring the length and
speed of muscle fibers constantly, thus maintain-
ing tension and being sensitive to stretching in all
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Fig. 5.7 Elastographic changes in gastrocnemius fascia  the relaxed position, the fascia appears with an intermedi-
according to the position of the joints. (a) Relaxed state.  ate softness (green), and in active contraction and ankle
(b) Active contraction, (¢) ankle dorsiflexion. B-mode on  dorsiflexion, the stiffness increases both in the muscle and
the left and strain elastogram on the right. The dashed box  in the fascia (blue)

encases the deep fascia of the medial gastrocnemius. In

Fig.5.8 This is a patient with a previous tennis leg injury  there is also increased stiffness in the soleus muscle, as
who undergoes a follow-up ultrasound. B-mode US con-  opposed to the good prognostic “elastic ribbed appear-
tinues to show a nonspecific hypoechoic area. Shear wave — ance” sign, indicating in this case, incomplete restoration
elastography demonstrates stiff scar tissue in the myoapo-  of the aponeurosis properties

neurotic junction, indicating a mature scar. Nevertheless,
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phases of  contraction and  relaxation.
Hyperexcitability of the motor neuron can lead to
spastic hypertonia when muscle responsiveness is
impaired [6]. Also, the modification in the sliding
properties of the interstitium after a muscle injury
can lead to abnormal movement of the nocicep-
tors within it during muscle function, and misin-
terpret such mechanical dysfunction as pain [45].

In terms of return-to-play time, the goal is to
achieve muscle function restoration before
restarting the sports practice. Based on MRI and
medical records, previous studies showed return-
to-play times between a few days and 7 weeks for
calf injuries [46, 47], probably reflecting hetero-
geneity in the inclusion of pure muscular and
myotendinous junction injuries, the latter known
to have a longer repairing time [48]. Yoshida
et al. [49] found that musculotendinous junction
injuries in the calf tend to restore their normal
stiffness between 8 and 12 weeks, longer than
previous reports. A possible application for this
finding is to follow up with elastography on the
healing process of the myotendinous junction’s
injury to guide the optimal return-to-play time,
avoiding potential re-injury.

Blunt trauma has been studied in animals with
SWE demonstrating a transient increase in mus-
cle stiffness after the traumatic injury, that corre-
lated with increased collagen fibers (fibrosis).
Fibrosis was found to be higher in the group
without treatment than in the treatment group.
Thus, elastography could be used to demonstrate
the tissue alterations after blunt trauma, follow
the recovery phase, and monitor the response to
therapies [50].

Literature is limited in using SWE in patients
with delayed onset muscle soreness (DOMS), a
type of transient muscle injury induced by exten-
uating exercise. So far, US elastography does not
appear to have a practical application in this field.
It has been found a transient increase in muscle
stiffness after vigorous exercise under controlled
conditions [51-53], nevertheless, Agten et al. did
not find a correlation between the observed
increase in stiffness suffered by the affected
muscles and clinical symptoms nor quantitative
MRI parameters, which by counterpart, had sig-
nificant correlation with pain [53].

5.2.3 Painful Muscle Disorders

Regional myofascial pain is a clinical syndrome
characterized by the development of pain related
to trigger points [54]. Although its exact etiology
is not fully known, it appears to be related to a
protracted spontaneous contraction of a selected
muscle band (taut band), that leads to ischemia in
the affected muscle, which in turn activates noci-
ceptors and produces pain, in a vicious cycle. The
main goal of the management is to stop that
cycle. Previous publications showed how the US
can demonstrate these trigger points, as
hypoechoic rounded areas with altered echotex-
ture [55], and nowadays with the added tool of
SWE, we can also measure their stiffness. As
shown by Ertekin et al. [56] SWE is a suitable
test to detect latent trigger points, clinically silent
points that may convert into active and symptom-
atic [57], and to monitor the effects of physical
therapy, referred to by them as the most effective
treatment option, demonstrating a significant
decline in muscle stiffness, accompanying a clin-
ical improvement, after 4 weeks of treatment.
Nevertheless, literature is limited in this field and
the study by Valera-Calero et al. [58] did not find
a significant correlation between muscle stiffness
measured by SWE and clinical severity markers,
although they demonstrated increased stiffness in
the trigger points and also in the rest of the
affected muscle. That said, more research is
needed to clarify the actual utility of demonstrat-
ing the increased stiffness in trigger points and
muscles of patients suffering from this
syndrome.

Additionally, elastography can be used to
demonstrate muscle tension, a painful syndrome
that is readily common in daily practice. Some
studies have investigated this topic, but so far, the
results have not been homogeneous demonstrat-
ing increased or decreased stiffness in the painful
areas, although there were differences in the
methodological approach to measurements. The
relationship seems more constant in the case of
neck and back pain, in which increased stiffness
can be readily observed with SE [59] (Fig. 5.9).
This finding could be used in the future to guide
therapies and follow-up their effects.
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Fig. 5.9 Examples of painful muscle tension. (a and b)
belongs to a patient with acute lumbar back pain. (a) is
longitudinal imaging of the left quadratus lumborum mus-
cle, with B-mode and corresponding strain elastogram.
The elastographic pattern of the muscle is normal. (b)

5.2.4 Acute Compartment
Syndrome

Acute compartment syndrome (ACS) is an ortho-
pedic emergency caused by increased interstitial
pressure, the intracompartmental pressure (ICP),
in a closed osteofascial compartment, usually
affecting the limbs. It can be derived from many
causes, like fractures or compression injuries,
that lead to hypoxia, with potentially serious con-
sequences if untreated, like muscular necrosis,
limb dysfunction, amputation, and death [60].

shows the symptomatic right quadratus lumborum, with
diffusely increased stiffness. (¢) Another patient with left
cervical pain, in which the shear wave elastogram in the
transverse plane, shows diffusely increased stiffness in the
left multifidus muscle

The diagnosis is difficult, usually clinical and
invasive methods, like Whitesides needle intra-
compartmental manometry [61]. SWE is a prom-
ising tool to assess the ICP as found by Zhang
et al. [62], they manage to demonstrate a statisti-
cally significant increase in muscular stiffness in
patients with suspected ACS from many causes.
In their study, the group treated with fasciotomy
showed a several times increase in Young’s mod-
ulus of the affected compartment, compared to
the unaffected limb, ranging from 2 to 9.74. At
the time of writing this chapter, there are ongoing
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studies in this field with unpublished results, that
we hope to support the described findings, and
enhance the potential role of SWE in such cases,
providing a clinical guide to diagnosis and
treatment.

5.2.5 Plantar Fasciitis

This is a self-limiting but life-altering condition
in which a painful sensation is felt when pressing
on the heel, exacerbated by periods of non-
loading. It is the most common cause of nontrau-
matic heel pain and develops after degeneration
of the plantar fascia at its calcaneal enthesis due
to multifactorial causes. The diagnosis can usu-
ally be sufficed by clinical history and physical
examination, nevertheless, the US can confirm
the diagnosis and guide minimally invasive treat-
ments [63-65]. As described in a recent meta-
analysis by Wu et al. [66], the plantar fascia is
significantly less stiff in patients with plantar fas-
ciitis than in asymptomatic individuals
(Fig. 5.10). They found this feature can be dem-
onstrated both with SE and SWE, although fur-
ther investigations are needed to evaluate the
impact of this finding in the diagnosis and treat-
ment of patients with plantar fasciitis.

"1 prom
SD.T1
T2 prom
SD.T2

Fig. 5.10 Longitudinal view of the central fibers of the
plantar fascia at its insertion on the calcaneus in a patient
with clinical suspicion of plantar fasciitis. Although the
fascia’s thickness is in the upper limit of normality, and

5.2.6 Sarcopenia

Sarcopenia is defined by the European Working
Group on Sarcopenia in Older People
(EWGSOP), as a syndrome characterised by
progressive and generalized loss of skeletal
muscle mass and strength, with a risk of adverse
outcomes as physical disability, falls, fractures,
poor quality of life and death [67, 68]. Its preva-
lence is increasing, reaching up to 50% of the
population older than 80 years [69]. Changes in
muscle parameters can start as early as 25, but it
is beyond 60, when muscle quantity, quality,
and strength begin to decline considerably. Its
diagnosis relies on the determination of low
muscle strength and, low muscle quantity or
quality, and is considered severe when low
physical performance is detected [69]. From the
imaging side, diagnosis of low muscle quantity
may be established by dual X-ray absorptiome-
try (DXA), CT, MRI, and US [70]. DXA is
probably the most accepted imaging test for
determining sarcopenia, owing to the validated
cut-off values that make it useful in clinical
practice. Limitations of DXA include poor eval-
uation of muscle quality in terms of muscle ste-
atosis, and the fact that may be biased in patients
with extracellular water accumulation as those

consequently of doubtful imaging diagnosis, the shear
wave elastography showed significantly reduced stiffness
at the insertional portion compared to the distal portion,
confirming the diagnosis of plantar fasciitis
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with heart, kidney, and liver failure because
DXA cannot differentiate water from lean mass,
the key parameter that estimates the amount of
non-fatty/non-bony tissues the body [71, 72].
CT is becoming a recurrent tool in many studies
to measure muscle quantity, in terms of cross-
sectional area, and quality, in terms of muscle
density, recognizing that abnormal muscle
decrease in area and density. It has the disadvan-
tages of using radiation, being unavailable in
some clinical settings, and being unable to work
by the patient’s bedside. MRI is a promising
tool for the determination of sarcopenia because
of the possibility of evaluating muscle quantity
and quality with semi-quantitative and quantita-
tive sequences, without the need for radiation
exposure. Though, its use is so far limited to
research conditions and shares the limitations of
unavailability and inability of bedside explora-
tion, has long acquisition times, and there is a
lack of cut-off values and standardized proto-
cols [70]. Ultrasound assessment can detect
reduced quantity, and quality in the form of vol-
ume loss, increased echogenicity reflecting fat
infiltration, and changes in pennation angle and
fascicle length. US SWE has been proposed as
an added tool to measure muscle quality, con-
sidering that muscle stiffness reduces while dif-
ferent grades of fatty infiltration occur until it
gets completely infiltrated and atrophied, when
the stiffness increases, as shown in the case of
rotator cuff tendon rupture and associated mus-
cle degeneration [26]. Although the relation
between muscle stiffness and aging is still not
completely clear, studies show a higher stiffness
in the older population [14]. Results show great
variability probably due to different techniques,
different muscular groups studied, differences
in activity level, and different ages in the target
population. Sarcopenia determination with
ultrasound and SWE is promising because it
could overpass disadvantages of CT and MRI,
like radiation, high cost, and long acquisition
time, but so far shares with them a lack of vali-
dated cut-off values, which limits its use in clin-
ical practice [70, 73].

53 Limitations

As with any other diagnostic test, elastography
has some specific limitations for the evaluation of
muscles that should be known in advance, as well
as the technical recommendations to avoid them
as much as possible [74].

* SWE measurements may vary from one ven-
dor to another. Although the found variation is
minimal, it is unclear if it could be clinically
relevant or not [24, 75]. In case of following-
up patients or research conditions, use the
same equipment to avoid such variability.

e Skin overpressure may increase the measured
stiffness in muscle. When scanning, apply as
minimal pressure as possible [76].

e Variability in measurements due to the scan-
ning angle. Most reproducibility is yielded by
measuring stiffness in the longitudinal plane
[24] and < 30° relative to muscle fibers orien-
tation [77].

e Vigorous exercise transiently increases mus-
cle stiffness. Then, if the patients to be tested
have exercised, wait at least 48 h after strenu-
ous physical activity, when muscle stiffness
returns to baseline [78].

e Small ROI increases variance in SWE results.
The use of a medium-sized ROI (defined as
one with an area of 75 mm?) was found to pro-
duce better intra-observer agreement [24].

e Soft tissues over convex bony surfaces may
have artificially altered stiffness. To avoid
such artifact reorientation of the probe is
advised, selecting a scanning area where the
bony surface isn’t convex or measuring far
from the artifact band (“reflective corridor’)
[79].

e As occurs with B-mode US, the deeper the tis-
sues evaluated, the more US/Shear Waves
attenuation (5). Scanning tissues obtain the
best results at <4 cm deep [16]. In fact, in
patients with thick subcutaneous tissue, elas-
tography may not reach the muscle (Fig. 5.11).

e US elastography is limited by its intrinsic
operator dependency and the risk of lacking
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Fig.5.11 Limitation of elastography due to thick subcu-  cle (void arrow), about 3.5 cm from the skin surface. Note
taneous tissue. US study of the abdominal wall in an the quality sensor indicates poor sampling (arrowhead)
obese patient. (a) Strain elastography of the subcutaneous  and the elastogram is not presented (empty box)

fat. (b) Strain elastography of the rectus abdominis mus-

reproducibility [18]. Do your best to be con-
sistent in performing the test, do 3—5 measure-
ments, and use the mean value. Practice makes
perfect: better intra-operator agreement has
been found in the case of experienced opera-
tors [8].

US elastography is affected by the “eggshell
effect,” in which harder tissues surrounding a

ROI limit the penetration of the compression
wave [79]. As far as technically possible,
avoid scanning around bony surfaces.

* Movement of the patient or the probe during
the test can produce unreliable results. Try
scanning in a stable position and do 3—-5 mea-
surements to detect possible motion artifacts
[79].
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Fig. 5.12 Artifact produced by a gas bubble between the transducer and the skin. Note the shadow on the B mode
imaging and the band of increased stiffness in the elastogram (arrows)

e Make sure there are no gas bubbles between
the patient and the probe, as they could cause
an apparent increase in stiffness (Fig. 5.12).

or predict a given prognosis, and according to
such knowledge, introduce elastography in clini-
cal guidelines.

Conclusion and Future
Perspectives

54

As has been exhibited in this chapter, elastogra-
phy has great potential to enter clinical practice
in diverse scenarios, soon it will be more avail-
able in diagnostic facilities and, its results have
been demonstrated to be reproducible.
Nevertheless, there is still a trip to go. A limita-
tion in the current literature is the lack of large
series establishing normality thresholds, which
limits the usability of this technique in daily rou-
tine. Standardization is a must in the process of
achieving this goal, and it will necessarily need to
take into account the sonographer’s preparation
and experience, patient positioning, US probe
positioning, previous physical activity in the
evaluated patient, muscles to be evaluated, and
the unit of measurement. The next step will be to
put elastography into the context of diseases and
see how such findings can influence the treatment
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Peripheral Nerves
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6.1 Introduction

Shear wave elastography (SWE) has been used
for the musculoskeletal system. Most studies are
focusing on tendons and muscles, however, fewer
of them were implemented on peripheral nerves
[1]. The basic component of a peripheral nerve is
the axon. It is surrounded by the endoneurium
which is a connective tissue layer. The perineu-
rium, surrounds multiple axons to form what is
called fascicle. Fascicles are surrounded by epi-
neurium which contains blood vessels, fibro-
blasts and collagen fibers. This anatomic
complexity reinforces peripheral nerves with vis-
coelastic and resistive nature protecting them
from mechanical trauma [2]. Studying the
mechanical properties of nerves is meant to
improve assessment of nerve impairment [3].
Electrodiagnostic tests are considered a reliable
method for the diagnosis of peripheral nerve dis-
orders as they provide information about the
functional status of neurons. In addition to poor
localization, this technique is painful due to nee-
dle insertion, takes a long time, and is associated
with high incidence of false-negative results [4].
Electrodiagnostic tests are efficient in the assess-
ment of large nerve fibers only, small nerve fibers
attain reduced myelin content resulting in slow
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conduction velocities [5]. Magnetic resonance
imaging (MRI) is a useful imaging diagnostic
tool with ability to demonstrate excellent topo-
graphic anatomy of the peripheral nerves, and to
differentiate healthy nerves from pathological
ones. Fat-suppressed T2-weighted images could
detect the injury site of peripheral nerve as hyper-
intense. As regeneration occurs the nerve will
regain its “iso-intensity.” Diffuse tensor imaging
is a technique that tracks diffusion of water mol-
ecules for better differentiation between healthy
and injured nerves. In cases of nerve damage,
water molecules demonstrate orthogonal diffu-
sion, while healthy nerves appear as linear struc-
tures and water molecules diffuse in an anisotropic
pattern. Although MRI is a noninvasive tech-
nique, it is time consuming and expensive.
Claustrophobic patients are also intolerant to
MRI [6-8]. The introduction of modern high-
resolution ultrasound provided detailed anatomi-
cal information to identify structural pathology
of the peripheral nerves especially those with
superficial location. Doppler and conventional
ultrasound were used for long time as an initial
approach for evaluation of some peripheral nerve
disorders complementing electrodiagnostic test-
ing and clinical phenotyping [9, 10]. One draw-
back of conventional ultrasound is the inability to
accurately depict changes in the architecture and
echogenicity of nerve fascicles during the course
of acute/chronic diseases limiting its role in the
initial diagnosis and follow-up [11]. Disease of
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the peripheral nerves can lead to changes in their
biomechanical features [12]. Any change in the
elasticity (softness) of a peripheral nerve could
reflect underlying pathophysiology [13]. The
introduction of ultrasound elastography allowed
better evaluation and identification of tissue
abnormalities through the evaluation of nerve
elasticity/stiftness.

Currently, there are two main sonographic
methods for measuring tissue elasticity: strain
elastography, where mild pressure pushes the
force impulse and evaluate the tissue stiffness.
Strain elastography gives an idea about semiquan-
titative and qualitative values of tissue stiffness.
One of the major disadvantages of this technique
is that it is operator dependent, and the measure-
ments taken are not standardized. Shear wave
elastography is a less operator-dependent method
and can allow visualization and documentation of
absolute stiffness in kilopascals or meters per sec-
ond objectively without maneuvering. SWE gives
quantitative and reproducible results [14-16].
Despite the relatively strong nature of the perineu-
rium, it attains limited flexibility and under nor-
mal conditions it remains stable by maintaining
intraneural pressure. In case of swelling, edema
increases the pressure inside neurons making
nerves more stiff with an impedance of vascular-
ity [17]. In this chapter, we will consider shear
wave elastography (SWE) of the peripheral nerves
which we consider more superior to strain elas-
tography since the impulse of excitation from the
probe is standardized and uniform.

6.2 Factors Influencing Accurate
SWE Measurement

of the Peripheral Nerves

To obtain accurate elastographic measurement of
a peripheral nerve, confounding factors, and
technical limitations should be first considered.

6.2.1 Depth of Acquisition

and Probe Orientation

The use of ultrasound systems with a different type
of probes could yield different elastographic mea-
surements [18, 19]. The orientation of the probe at

the time of measurement is thought to influence
SWE measurements, higher values are obtained on
long axis compared to short axis [20]. The aniso-
tropic nature, heterogeneity, and distinct borders of
the peripheral nerves reflect a challenge in the mea-
surement of tissue elasticity, since Young modulus
measurements are based on isotropic homogenous
nature of tissues. This makes stiffness calculation
sensitive to probe orientation [18, 21-24].

6.2.2 Surrounding Anatomy
and Relation to Bone

Proximity to hard structures like bone could lead
to stiffness changes due to non-homogenous
shear wave propagation [25, 26]. Although it is
not possible to change this relation to bone, mod-
ifying both the position of the patient and trans-
ducer could help to decrease its effect [21]. The
presence of adjacent structures with fluid content
like cysts, arteries, and veins could also influence
SWE values [18]. Tendo-ligamentous structures
may also falsely change elasticity. For this rea-
son, we recommend to confine the region of
interest (ROI) to be not more than 2 mm in diam-
eter, and this would suit most peripheral nerves.
ROIs larger than 2 mm diamater will decrease the
accuracy of measurements.

6.2.3 Limb Position

Nerve fascicles are less straight in the relaxed
position. Increased tension cause nerve straight-
ening with a change in nerve architecture and
concomitant alteration in shear wave velocity.
Nerves are known to adapt by stretching with dif-
ferent limb positions and as the stretch increases
stiffness and shear wave velocity increase [1]. A
chronically flexed joint due to spasticity is known
to decrease the CSA but would also increase
nerve stiffness [27].

6.2.4 Meters/Second or Kilopascal
Peripheral nerves are complex structures with

multiple layers and are considered anisotropic.
As a result, the calculated shear wave values
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related to the Young modulus reflect the same
heterogeneity with lesser accuracy [14]. The
available ultrasound systems measure SWE via
either Young’s modulus (kPa) or shear wave
velocity (SWV) in meters/second (m/s). Although
most studies use kPa, the use of SWV in m/s is
considered more accurate since kPa measure-
ment is less reliable on heterogeneous tissues like
peripheral nerves [22, 28].

6.3 Upper Limb Nerves

6.3.1 Median Nerve

Entrapment of the median in the carpal tunnel of
the wrist joint is considered the most common
compressive neuropathy of the upper limb. In
neuropathy, there is increased pressure inside the
neurons with edema and compression of the
blood supply. This will lead to decreased compli-
ance or even demyelination. The end result is will
be replacement of the connective tissue, fibrosis,
and atrophy of the axons. In carpal tunnel syn-
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drome (CTS), there is an alteration of nerve per-
fusion associated with increased pressure in the
carpal tunnel. The etiology could be multifacto-
rial, some of them are due to trauma, and others
due to chronic diseases [29]. Using SWE the
median nerve stiffness is higher in CTS com-
pared to normal individuals. A cut-off value for
the normal elasticity of the median nerve at the
wrist was suggested by Kantraci et al. to be
40 kPa [30]. A range of (32—42 kPa) is reasonable
for the normal range of elasticity in healthy con-
trols. A range between 66.7 kPa and 100 kPa was
recorded for the diagnosis of CTS. Because of
the variability in estimating the cut-off value, the
wrist-to-forearm ratio was suggested as more
accurate for the diagnosis of CTS, where the ratio
between patients and controls was 2.1-1 [31]. It
is of note that the stiffness of the median nerve
decreases after treatment of CTS [32]. This
improvement in stiffness was shown to precede
nerve morphological changes indicating that
SWE could be considered a more sensitive
measure of recovery than measuring the nerve
caliber in cross-sectional area [33] (Fig. 6.1).
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Fig. 6.1 Short-axis view shear wave elastography of the median nerve at the mid-forearm, with minimum, maximum,

and mean stiffness in kPa
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6.3.2 Ulnar Nerve

Entrapment of the ulnar nerve at the elbow is the
second most common neuropathy of the upper
limb. The ease of development of neuropathy at
this site is attributed to its superficial location
making it prone to repetitive irritation, especially
in athletes [34]. Compression of the ulnar nerve
could lead to high pressure inside the canal with
swelling, vascular compromise, and inflamma-
tory changes leading to fibrosis [35]. Some vari-
ability is noted between authors regarding the
mean stiffness of the ulnar nerve at the cubital
tunnel. Paluch et al. reported a mean stiffness of
the ulnar nerve at the cubital tunnel to be 33.1 kPa.
Interestingly the same group reported a mean
stiffness at the forearm to be 49 kPa [36, 37].
Cornelson et al. reported clearly lower stiffness
values at the cubital tunnel (11.2 kPa) [38]. The
mean SWE stiffness in patients with ulnar neu-
ropathy was 96.38 kPa. Higher stiffness values
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were reported in the cubital tunnel in patients
with ulnar neuropathy compared to the mid-
forearm (2.7 versus 1) and distal forearm (2.8
versus 1) [36]. Entrapment of the ulnar nerve at
the Guyon’s canal also revealed higher stiffness
compared to controls (99.41 versus 49 kPa) [37]
(Figs. 6.2 and 6.3).

6.3.3 Radial Nerve

One study was found reporting stiffness of the
radial nerve in healthy individuals reporting a
mean stiffness of 30.3 kPa in the short axis, and
34.9 kPa in the long axis [20]. The difference in
elasticity is likely attributed to proximity of the
nerve to the humerus in the long axis. One case of
a radial nerve schwannoma was studied by
Bhatalgia et al. and revealed an elasticity ranging
between 24 and 30 kPa which indicates benign
nature [39] (Figs. 6.4 and 6.5).

i

Fig. 6.2 Short-axis view of the ulnar nerve shear wave elastography, with confidence map on the left, color map scale

on the right, for measurement of stiffness in kPa
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Fig. 6.3 Long-axis view of the ulnar nerve shear wave elastography, with confidence map on the left, color map scale
on the right, for measurement of stiffness in kPa
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Fig.6.4 Short-axis view of the radial nerve shear wave elastography (confidence map on left, color map scale on right)
for measurement of stiffness in kPa
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Fig. 6.5 Long-axis view of radial nerve shear wave elastography (confidence map on left, color map scale on right) for

measurement of stiffness in kPa

6.4 Lower Limb Nerves

6.4.1 Tibial Nerve

The tibial nerve is the distal and larger extensions
of the sciatic nerve which is the largest nerve of
the body. Evaluation of the tibial by nerve con-
duction study (NCS) is considered the main
method for the diagnosis of diabetic polyneurop-
athy (DPN). The mean stiffness of the normal
tibial nerve was reported by many authors to
range between 26 and 32 kPa [17, 40, 41]. Using
SWE, stiffness of the tibial was higher in diabetic
patients with DPN compared to healthy subjects.
Even diabetic patients without DPN recorded
higher stiffness of the tibial nerve compared to
healthy subjects. Furthermore, stiffness of the
tibial nerve was higher in a category of patients
showing clinical features of DPN with negative

results on NCS. The increase in stiffness was pro-
portional to the degree of neuropathy [18, 41].
According to Dikici et al., the tibial nerve stiff-
ness in diabetic neuropathy patients ranges
between 59 kPa in the mild form and 81 kPa in
the severe form [17]. The aforementioned infor-
mation suggests the potential ability of SWE to
detect DPN on a subclinical basis. The role of
SWE in evaluation of neuropathy is enhanced by
performing serial follow-up to assess disease
progression (Figs. 6.6, 6.7, and 6.8).

6.4.2 Common Fibular Nerve

The common fibular nerve is one of the important
lower limb nerves that is frequently injured due
to its superficial location. The common fibular
nerve is prone to chronic irritation and compres-



6 Peripheral Nerves

105

Q-Box
Mean
Min I kPa

Max 21.5kPa
sSD 0.6 kPa
Mean 2.6m/s
Min 2.5m/s
Max 2.7mjs

SD 0.0m/s
Depth 1.8ecm
Diam 2.00mm

Fig. 6.6 Short-axis view shear wave elastography of the tibial nerve, with color map, minimum, maximum, and mean

stiffness in kPa

sion by cast or space-occupying lesions like gan-
glion cysts. Chen et al. reported a mean stiffness
of the common fibular nerve to be 17.2 kPa.
Another study group reported a mean stiffness
for this nerve in the long axis to be 35 kPa, and in

the short axis to be 22.5 kPa [42, 43]. The stiff-
ness of a schwannoma of the common fibular
nerve was studied by Cantisani et al. and revealed
higher stiffness than the surroundings [44]
(Figs. 6.9 and 6.10).
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Fig. 6.7 Long-axis view shear wave elastography of the tibial nerve, with color map, minimum, maximum, and mean
stiffness in kPa
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Fig. 6.8 Short-axis view shear wave elastography of the tibial nerve in a Type II diabetic patient with increased stiff-

ness (47.7 kPa)
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* 1 Vs Median=3.21 m/s
E Median=30.9 kPa
Depth=0.95 cm
Diam=0.30 cm

Fig. 6.9 Short-axis view of the common fibular nerve shear wave elastography, with color map scale on the right, and
stiffness measurements on the left in both kPa (kilopascals) and meters per second (m/s)

* 1 Vs Median=2.93 m/s
E Median=25.8 kPa
Depth=1.00 cm
Diam=0.30 cm

Fig.6.10 Long-axis view of the common fibular nerve shear wave elastography, with color map scale on the right, and
stiffness measurements on the left in both kPa (kilopascals) and meters per second (m/s)
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6.5 The Brachial Plexus

SWE of the brachial plexus is challenging due to
the complexity of the surrounding anatomy,
especially vascular structures, and occasional
presence of anatomical variation of the scalene
muscles. Another important factor is the lack of
typical fascicular pattern of the nerve roots in
this area, which makes their identification a dif-
ficult task in unexperienced hands. The available
studies of the C5-C7 brachial plexus roots
reported stiffness values ranging between 13 and
16 kPa [45, 46]. Gurun et al. demonstrated an
increase in the stiffness of C5 and C6 roots in
patients with multiple sclerosis compared to the
control group [47]. Kultur et al. demonstrated
increased stiffness of the brachial plexus after

radiation therapy for breast malignancy [48]
(Fig. 6.11).

A summary of the findings in different clinical
conditions can be found in Table 6.1.

Table 6.1 Summary of SWE stiffness findings in some
pathologies of peripheral nerves

Disease Stiffness

Diabetic neuropathy Increased
Diabetic patient without neuropathy Increased
Carpal tunnel syndrome Increased
Ulnar neuropathy Increased
Neurofibromatosis Decreased
Leprosy Increased
Acromegaly Increased
Systemic sclerosis Increased
Schwannoma Equivocal

Fig. 6.11 Short-axis view shear wave elastography of the brachial plexus roots at the interscalene groove, with color
map, minimum, maximum, and mean stiffness in kPa
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6.6 New Horizons in Peripheral

Nerve SWE

Recent research revealed increased stiffness of
the median nerve in acromegaly, systemic sclero-
sis, and leprosy [49-51]. Staber et al. suggested a
role for SWE in neurofibromatosis. Interestingly,
these patients showed lower stiffness than healthy
controls [52]. In addition to a role in nerve recov-
ery, a future role of SWE is to guide perineural
hydrodissection. This is achieved by identifying
areas of nerve entrapment related to scar tissue.
In these cases, the fibrous scar tissue causes dis-
tortion and adhesions around nerves which are
difficult to be identified by conventional ultra-
sound. SWE will recognize the hard areas related
to scars causing neural compression in compli-
cated postoperative cases [53, 54]. Karakaya
et al. assessed the stiffness of the sciatic nerve
after nerve block and suggested a role for SWE to
help give quantitative information about success
of the nerve block by measuring stiffness of the
sciatic nerve before and after injection of the
local anesthetic [55].

6.7  Conclusion

SWE is a promising diagnostic tool that is gain-
ing more popularity in the assessment of periph-
eral nerves. We believe that it could complement
electrodiagnostic tools and clinical phenotyping.
More structured studies are still needed to
increase the validity and reliability of
measurements.
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7.1  Introduction
Ultrasound (US) is an imaging technique widely
used in patients with musculoskeletal diseases to
detect signs of inflammation [1]. The diagnostic
imaging methods that are currently most used to
diagnose synovitis are ultrasound (US), with the
use of Power Doppler (PD) [1, 2], and Magnetic
Resonance Imaging (MRI), emerging as a poten-
tially useful diagnostic tool in inflammatory
pathologies of the musculoskeletal system [3].
In 2017, OMERACT US (Outcome Measures
in Rheumatoid Arthritis Clinical Trials Ultrasound)
Work Group, published a combined scoring sys-
tem in rheumatoid arthritis (RA) using both gray
scale (GS) and PD ultrasound in RA [4].
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In 2021, the European League Against
Rheumatism (EULAR) presented recommenda-
tions for the reporting of ultrasound studies in
musculoskeletal disease. It presents the modali-
ties of ultrasound study and for the first time,
elastography is lightly named [5].

In 2020, an article about elastography was
published [6] in which the authors stated that it is
considered the most important advance in US
technology, since Doppler Ultrasound imaging
implementation.

In this chapter, we have reviewed the major
application of elastosonography in inflamma-
tory and rheumatological pathologies, also eval-
uating the most interesting perspectives in this
field.
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7.2  De Quervain’s Tendinopathy

De Quervain’s tendinopathy affects the abductor
pollicis longus (APL) and extensor pollicis brevis
(EPB) tendons in the first extensor compartment
at the styloid process of the radius. It is a com-
mon cause of wrist pain in adults. It is most com-
mon among women aged between 30 and
50 years, including a small subset of women in
the postpartum period [7, 8]. Etiopathogenetically
it has always been said that it is due to repetitive
actions of the first compartment of the finger, but
it is not clear, and it may even be that hormonal
factors are involved [9]. Diagnosis is made clini-
cally, plain radiography is normal, and ultrasound
reveals a thickened extensor retinaculum, hyper-
vascularization on Doppler ultrasound, thicken-
ing of the APL and EPB, and partial thinning of
the tendon of the EPB due to stenosis by the reti-
naculum [10]. In relation to treatment, rehabilita-
tion and the use of a hand splint are useful and if
there is still no improvement, treatment with ste-
roid anti-inflammatory drugs can be done, fol-
lowed by infiltration with corticosteroids and if it
is very recurrent or there is no improvement, even
surgical intervention.

Regarding the SWE findings of De Quervain
tenosynovitis, we find in the literature the study
of Turkay et al. [11] where 80 patients, 40
healthy controls, and 40 patients with symptom-
atic De Quervain’s tendinitis are included.
B-mode ultrasound and SWE to a total number
of 80 participants were performed. They found
that the median SWE value of the tendon sheath
in the healthy group (group 1) was 72 kPa and in
the De Quervain patient group (group 2) was
29 kPa. Two groups demonstrated statistically
significant differences (p < 0.001) so they con-

Fig. 7.1 A 51-year-old male patient with persistent pain
and swelling localized in the left-hand anatomical snuff-
box. Moderate fluid distention of the first extensor tendon
compartment sheath was diagnosed with conventional
ultrasound (a). In the Power Doppler study, the tenosyno-
vial effusion shows a widespread increase in vasculariza-
tion (b). In the SWE study, the tenosynovial effusion does
not show high stiffness (c). Findings are compatible with
De Quervain’s tenosynovitis

cluded that SWE modality can provide useful
data regarding De Quervain tenosynovitis
(Fig. 7.1).
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7.3  Systemic Lupus

Erythematosus

Systemic lupus erythematosus (SLE) is a sys-
temic autoimmune disease with a wide spectrum
of clinical manifestations. It can appear at any
age, but most patients begin with symptoms
between the ages of 15 and 40 years. The ratio
between the female and male genders is 9:1,
respectively [12]. SLE is a disease with a univer-
sal distribution of 1.8-7.6 cases per 100,000
inhabitants/year in different areas of the USA and
from 3.3 to 4.8 cases per 100,000 inhabitants/
year in different countries of northern Europe
[13—-16]. Among the factors mentioned, SLE
could be defined as a disease with a predilection
for the female sex, especially during the fertile
age, and for certain racial groups, such as the
black American race or Afro-American and Asian
populations. Regarding its etiopathogenic mech-
anisms, it can be affirmed that SLE is a complex
autoimmune disease in which, despite continu-
ous research, there are still many unknowns to be
resolved. SLE is characterized by an aberrant
autoimmune response, the causes of which have
not yet been fully elucidated. Considering a mul-
tifactorial cause, traditionally, environmental,
and hormonal factors have been postulated that
interact with genetic factors that trigger the
appearance of an abnormal immune response
with an increase in the function of helper T lym-
phocytes and with the consequent hyperactivity
of B lymphocytes and secondary hyperproduc-
tion of autoantibodies [17].

As for the clinical manifestations, it is a dis-
ease with a multitude of symptoms that affects
several organs and systems, the most frequent
being the musculoskeletal system, followed by
the skin and the kidney [18], but multiple other
organs as the heart, lungs, and brain, etc. could be
affected and has a wide variety of clinical mani-
festations and severity, ranging from mild cuta-
neous involvement or arthralgia to end-stage
renal disease, or, for example, central nervous
system involvement [19].

As there is no clinical sign or analytical find-
ing or pathognomonic test of SLE, it has been
necessary to establish criteria to classify the dis-

ease. These criteria are not essential to establish a
clinical diagnosis but are used to include patients
in different studies and clinical trials.
Traditionally, the 1982 ACR classification crite-
ria have been used, and revised, without being
validated, in 1997 [20]. Due to the presence of
some limitations in these criteria (excessive rep-
resentation of skin manifestations, impossibility
of diagnosing a case of isolated lupus nephropa-
thy confirmed by renal biopsy, without other
accompanying symptoms), the SLICC working
group has recently proposed new classification
criteria in 2012 [21]. Finally, in 2019, ACR and
EULAR developed new criteria, which have
gained in sensitivity and specificity [22].
Regarding the SWE findings, there is in the
literature only a single study evaluating the mus-
cular system in lupus (not the joint). In the study
of Di Matteo et al. [23] 30 SLE patients (without
previous/current myositis or neuromuscular dis-
orders) and 15 age, sex, and BMI-matched
healthy subjects were included. Quadriceps mus-
cle thickness for muscle mass, muscle echo-
genicity (using a visual semiquantitative scale
and gray-scale analysis with histograms) for
muscle quality, and SWE for muscle stiffness,
were assessed. No difference in the quadriceps
muscle thickness was observed between SLE
patients and healthy subjects, conversely, muscle
echogenicity was significantly increased in SLE
patients. Similarly, SWE was significantly lower
in SLE patients compared with healthy subjects
and muscle echogenicity was inversely correlated
with grip strength and SPPB (short physical per-
formance battery) therefore the authors con-
cluded that ultrasound assessment of muscle
echogenicity and stiffness is useful for the early
detection of muscle involvement in SLE patients.
The literature on the musculoskeletal evalua-
tion of SLE by ultrasound is abundant. However,
the heterogeneity of the technique used, the ana-
tomical areas and the patients evaluated is so
broad that it is difficult to draw specific conclu-
sions. Thus, a highly variable frequency of syno-
vitis is observed, in 25-94% of patients: wrist
22-94%, MCP 11-84%, proximal IF joint
7-58%, knees 42%, and MTF 50%. The presence
of tenosynovitis was reported in 28-65% of
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patients and as for the erosions, we also found
high variability in the different series with a fre-
quency between 2 and 41%. Finally, it is worth
noting the high prevalence of subclinical synovi-
tis with frequency variability between 39 and
85% of patients with little or no symptoms in the
articular domain [24-26].

7.4  Primary Sjogren’s Syndrome
Primary Sjogren’s syndrome (pSS) is a systemic
autoimmune disease characterized by involve-
ment of the exocrine glands and multisystem
involvement, with a prevalence of between 0.1
and 0.6% of the population [27]. It mainly affects
women, with a female/male ratio of 9—10:1 [28]
and the peak incidence usually appears in the
fourth and fifth decades of life, although it can
appear at any age. In the Spanish population, the
mean age at diagnosis is between 50 and 53 years
(range 14-88 years) [29] and only between 9.2
and 15% of patients with SSp are diagnosed at
70 years or older [29, 30]. In other European
cohorts, diagnoses of pSS are reported in 6% at
the age of 65 years [31].

In addition to glandular involvement, it is also
associated with a group of extraglandular mani-
festations, which are those that will determine the
prognosis of the disease (cytopenia, hypergam-
maglobulinemia or hypocomplementemia, joint,
pulmonary, renal, and nervous system involve-
ment, and even lymphoma) [29].

In 2010, EULAR proposed different activity
indices: the ESSPRI (EULAR Sjogren’s
Syndrome Patient Reported Index and the
ESSDAI (EULAR Sjogren’s syndrome disease
activity index scores), which are those used in
routine clinical practice [32, 33]. EULAR has
recently published EULAR the guidelines for
the topical and systemic treatment of pSS [34].
For the classification of the disease, the ACR-
EULAR criteria of the year 2017 are followed
[35].

There are various studies that have determined
different ultrasound classifications in Sjogren’s
syndrome [36—45] based primarily on glandular
size and ultrasound features.

Mainly ecographic scoring systems, from 0 to
3, from O to 16, and from O to 48, are used, which
have different results in terms of diagnostic sen-
sitivity and specificity.

In relation to SWE, there are some advances
especially in the diagnosis of glandular involve-
ment [46—48]. In the study by Oruk et al., 49
patients with pSS were studied and compared
with 49 healthy controls. The sensitivity, speci-
ficity, positive predictive value (PPV), and nega-
tive predictive value (NPV) of MSGUS (major
salivary gland ultrasonography) and shear wave
velocity (SWV) values were investigated. The
mean SWYV values of the parotid and subman-
dibular glands were significantly higher in pSS
patients than in controls (P < 0.05). So, the
authors concluded that adding SWE to the
parotid gland grading system increased the sen-
sitivity and specificity (sensitivity, 82.7%; speci-
ficity, 83.7%). They established a cut-off of
normal elasticity values in m/s of 2.39 m/s for
the parotid gland and 1.95 m/s for the subman-
dibular gland [36]. In the study of Arslan et al.
studied 53 patients with pSS and 30 healthy vol-
unteers. The echogenicity of all submandibular
and parotid glands was evaluated with B-mode
ultrasound, and their elasticity was assessed with
2D SWE (two-dimensional (2D shear wave elas-
tography)). The mean shear wave speed and
elasticity mode values for the submandibular and
parotid glands were significantly higher in the
patients with pSS (P < 0.05) therefore their con-
clusion was that the two-dimensional SWE is an
effective technique for assessment of the paren-
chyma of the salivary glands in patients with
pSS and predicts interstitial fibrosis and the
severity of histologic damage. They also estab-
lished a cut-off of normal elasticity values of
2.48 m/s for the parotid gland and 24 kPA for the
submandibular gland [37]. Finally, the article by
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Fig.7.3 Morphology and normal echogenicity of the parotid (left) and submandibular gland (right) in the sagittal plane

Badarinza et al. described the usefulness of the
shear wave to diagnose cases of lymphoma. The
presence of lymphoma within the pSS does not
have a specific biomarker and is sometimes dif-
ficult to diagnose. The authors concluded that
the 2D-SWE had added value for pSS diagnosis

in cases where GSUS (GS-US) aspect is normal
or nonspecific, the increased stiffness of parotid
NHL (non-Hodgkin lymphoma) could be used
for early diagnosis, biopsy guidance, and possi-
bly for follow-up and treatment [46] (Figs. 7.2,
7.3,7.4,7.5, and 7.6).
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Fig. 7.4 Characteristic ultrasonographic finding in
Sjogren’s syndrome. (a, b) Alteration of the ultrasono-
graphic structure of the submandibular glandS by the pres-
ence of small, non-confluent hypoechoic images. (c)
Alteration of ultrasound structure of the submandibular

gland with decreased generalized echogenicity associated
with scattered calcifications. (d) Alteration of the parotid
gland with a generalized decrease in echogenicity and alter-
ation of the echostructure without being able to define in this
case the presence of focal hypoechoic intraglandular lesions

Fig. 7.5 Alteration of echogenicity and SWE values obtained from the submandibular glands in a 56-year-old female
patient with Sjogren’s syndrome
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Fig.7.6 Alteration of echogenicity and SWE values obtained from the study of the parotid glands in a 39-year-old male

patient with Sjogren’s syndrome

7.5 Gout

Gout is a common condition caused by the depo-
sition of monosodium urate crystals in articular
and nonarticular structures. It presents as inter-
mittent episodes of severely painful arthritis
(gout flares) caused by the innate immune
response to deposited monosodium urate crys-
tals. The typical first presentation of gout is an
intensely painful acute inflammatory arthritis
affecting a lower limb joint, typically self-
limiting over a period of 7-14 days. After resolu-
tion, there is a pain-free asymptomatic period
(intercritical gout), until another gout flare
occurs. Over time, some people with persistent
hyperuricemia also develop tophi, chronic gouty
arthritis (GA), and structural joint damage.

Gout flares can occur in the joints or periarticu-
lar tissues (e.g., bursae, tendons, and entheses).
Another well-described feature is its short time
from onset to peak intensity (usually less than 12 h)
and accompanying features of the flare consisting
of swelling, warmth, erythema, and substantial
limitation in the ability to use the affected area.

Lower limbs (foot, ankle, and knee) are pref-
erentially involved, while the involvement of the

first metatarsophalangeal joint (podagra) is char-
acteristic. Gout flares can also occur in the
elbows, wrists, and hand joints, but upper limb
involvement usually occurs only in patients with
long-standing, poorly controlled disease.
Involvement of the axial skeleton occurs occa-
sionally. Gout flares are usually monoarticular,
although oligoarticular or polyarticular episodes
do occur, typically in patients with a poorly con-
trolled disease or during hospitalization.
Polyarticular flares can be associated with pro-
nounced systemic symptoms.

Manifestations of long-standing disease without
adequate serum urate control include subcutaneous
tophi present as draining or chalk-like subcutane-
ous nodules under transparent skin, often with
overlying vascularity, located in typical locations:
joints, ears, olecranon bursae, finger pads, tendons
(e.g., Achilles). Joint deformity and associated
joint damage are common in patients with topha-
ceous gout. Ulceration with the discharge of a
thick, white material (consisting of monosodium
urate crystals) and superimposed infection are
complications of tophaceous gout [44].

High-frequency ultrasound (US) is widely
used to detect joint effusion, synovial hyperpla-
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Fig.7.7 A 54-year-old male patient with recent onset right
wrist pain. The anteroposterior and lateral radiographic
images (a) show no significant changes. Wrist ultrasonog-
raphy of the wrist at the level of the dorsal radiocarpal

sia, and bone and articular soft tissue lesions in
gouty arthritis (GA). The main typical US char-
acteristics of GA are the double-contour sign of
the articular cartilage, snowstorm appearance of
the joint fluid, and hyperechoes around the peri-
articular tendon [48, 49]; however, it is highly
challenging to distinguish GA from non-GA
when the sonography results are not typical, such
as in the early stage of the disease. There is where
the interest in new diagnostic tools comes into
place.

Tang et al. analyzed the diagnostic perfor-
mance of SWE in the diagnosis of GA and non-
gouty arthritis (non-GA). Based on the echo
intensity of the joint lesions, the GA group was
subdivided into hypo-echoic GA, slightly hyper-
echoic GA, and hyper-echoic GA subgroups.
When looking for parameters to differentiate GA

recess shows a fair amount of articular synovial fluid (b).
On evaluation Power Doppler mode evaluation, the syno-
vial effusion shows diffuse vascular uptake (¢). SWE shows
increased stiffness values of the synovial fluid (d)

from non-GA they found that the elastic modulus
(Ema), mean elastic modulus (E,,), minimum
elastic modulus (E,,,), and elastic modulus stan-
dard deviation (Esp) were significantly higher in
the GA group than in the non-GA group and were
highest in the hyper-echoic GA subgroup. E,;,,
E cans Enmaxs and Egp were also higher in the hypo-
echoic GA subgroup than in the non-GA group,
with areas under the receiver operating curves
optimal cut-off values of 29.40 kPa for E,,
45.35 kPa for E,.,, 67.54 kPa for E,, and
7.85 kPa for Esp. These results indicate that SWE
seems to be a useful diagnostic tool to differenti-
ate between GA and non-GA [50] (Fig. 7.7).

Fine needle biopsy (FNAB) of the effusion
showed synovial fluid with diffuse accumulation
of uric acid crystal deposition consistent with
gout.
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7.6  Thumb Osteoarthritis

The thumb basal joint is the second most com-
mon site of osteoarthritis (OA), with radiographic
evidence in up to 40% of women aged >80 years
and commonly affecting the non-dominant hand.
Despite this high prevalence, the disease is not
always clinically significant, and most patients
never seek treatment. However, when symptom-
atic, loss of thumb function can impart up to a
50% impairment to the upper extremity. The lit-
erature suggests a range of etiologies contribut-
ing to the degeneration, including ligamentous
laxity, genetics, overuse, and trauma [51].

Patients often describe activity-related pain or
soreness at the base of the thumb, along with dif-
ficulty pinching and grasping. In the initial stages
of osteoarthritis, an inspection of the thumb may
be normal. In later stages, however, the thumb
metacarpal adopts a characteristic deformity con-
sisting of an adducted posture accompanied by a
compensatory MCP hyperextension deformity.
Palpation may reveal tenderness, swelling, and
crepitus. Diagnosis is made with a thorough clin-
ical examination and radiographic staging, as
described by Eaton and Littler [49], although it is
difficult to evaluate functional limitations and to
correlate clinical and radiological findings, stud-
ies found weak relationships between the radio-
graphic staging of first carpometacarpal (CMC)
OA with functional hand performance [52-54].
As on clinical examination, CMC subluxation,
metacarpal adduction, and MCP hyperextension
are seen. Despite some authors note the utility of
cross-sectional imaging (e.g., MRI, ultrasonogra-
phy, CT) in the diagnosis of thumb basal joint
arthritis, there is currently no recommended role
for advanced imaging.

The role of SWE in thumb osteoarthritis has
been assessed by Nwawka et al., who aimed to
establish data on the SWE findings in the thenar
eminence muscles in patients with first CMC OA
vs healthy subjects and correlate these findings
with the clinical tests of hand function. The ratio-
nale for this study was that there seems to be an
interplay between the thenar eminence muscles
and the ligaments which are thought to contribute
to stability in the CMC joint [55] and there had

been no previous studies exploring how these
changes in thenar eminence muscle quality asso-
ciate with function in thumb CMC OA.

Results showed that SWE values in the abduc-
tor pollicis brevis and flexor pollicis brevis mus-
cles showed a moderate to very strong correlation
with multiple measures of hand function. Mean
SWE values of the thenar eminence muscles in
first CMC OA patients were lower than those in
asymptomatic control subjects, meaning that
patients with CMC OA have less stiff thenar emi-
nence muscles than controls and that they corre-
late with decreased hand function.

7.7  Rheumatoid Arthritis

Rheumatoid arthritis (RA) is a chronic, systemic
inflammatory disease that is more common in
women and may occur at any age although peak
incidence is between ages 50 and 60 years. The
most prominent feature is symmetrical pain and
swelling of the hands, wrists, feet, and knees
(polyarthritis), although other joints may be
affected. Patients may also present with monoar-
thritis or oligoarthritis.

RA should be considered in any patient with
joint stiffness, pain, or swelling that persists for
more than a few weeks. Joint pain in RA is typi-
cally symmetrical and polyarticular, but may be
asymmetrical, oligoarticular (involving 24
joints), or monoarticular at the onset. Although
not specific for RA, new-onset symmetrical joint
swelling with morning stiffness lasting longer
than an hour that improves with use throughout
the day is characteristic. Synovitis is important to
recognize for RA diagnosis, which is defined as
an inflamed joint capsule characterized by ery-
thema, warmth, tenderness to palpation, and
swelling; it is typically detected by physical
examination, but advanced imaging may be use-
ful in patients with equivocal signs. Patients with
synovitis and symptoms lasting more than
6 weeks are more likely to develop a progressive
disease versus a self-limited process. Hand, wrist,
and foot involvement are most common in RA,
but atypical presentations may only involve large
joints, such as the knee. The distal interphalan-
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geal joints of the hand are not typically involved,
and dactylitis is uncommon. The axial skeleton,
including the hips, also is not typically involved,
although severe and long-standing RA may
involve these joints, particularly the cervical
spine.

Historically, patients with longstanding, inad-
equately treated RA, developed joint damage and
deformities, including characteristic ulnar devia-
tion, swan neck, and boutonniere deformities of
the hands and flexion contractures of the knees
and elbows. Fortunately, this is not so frequent
nowadays due to optimized treatment and better
control of the disease [56].

There are three studies that have assessed the
role of SWE in different aspects of RA.

Sammel et al., in the first pilot study of SWE
in the synovium, compared synovium stiffness of
patients with RA vs healthy controls and corre-
lated SWV with disease activity. Results showed
that patients with RA had lower maximum syno-
vial SWV than controls (6.38 m/s vs. 6.99 m/s
P =0.042) and that there was a statistically sig-
nificant negative correlation between maximum
SWYV and disease activity markers including
gray-scale ultrasound graded synovial thickness
and erythrocyte sedimentation rate. Conclusions
state that further studies are warranted to confirm
those observations [57].

In 2019, Alfuraih et al. investigated muscle
stiffness and strength according to several exer-
cises in RA patients compared to healthy con-
trols. RA patients were distributed into three
groups: newly diagnosed treatment-naive RA,
active RA for at least 1 year, and in remission RA

for at least 1 year. In comparison to controls, the
new and active RA groups showed a significantly
lower isokinetic strength by —29% (p = 0.013)
and —28% (p = 0.040), fewer chair stands by
—28% (p =0.001) and —44% (p < 0.001), longer
walking times by —25% (p = 0.025) and —30%
(p=0.001), respectively, and weaker grip strength
by —45% for both (p < 0.001). SWV was not sig-
nificantly different among the groups on all mus-
cles, so although they observed significant muscle
weakness in RA patients vs controls, muscle
stiffness measured by SWE was normal and not
associated with muscle strength in any of the
groups [58].

In 2022, Chandel et al. performed another
study aimed to use SWE to evaluate RA and
tubercular (TB) arthritis and to differentiate them
using synovial stiffness. The mean elasticity and
velocity values were 54.81 + 10.6 kPa and
4.2 m/s = 0.42 for RA and 37 = 10 kPa and
3.4 + 0.47 m/s for TB group. Significant differ-
ence (P <0.001) was seen in elastic modulus val-
ues between the rheumatoid and TB group with
cutoff of 43.6 kPa, according to receiver operat-
ing characteristic curves, to differentiate the two
groups. Similar significant (P < 0.001) results
were seen with velocity values, with cutoff of
3.76 m/s. They conclude that SWE shows the
potential to be a useful adjunct to gray-scale and
color Doppler USG in differentiating various
arthritis based on elastic properties of the
synovium and that elastic modulus and velocity
are useful SWE quantitative parameters for syno-
vial evaluation and can differentiate RA and TB
arthritis [59] (Figs. 7.8, 7.9, 7.10, and 7.11).
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Fig. 7.8 A 30-year-old patient with RA under treatment  anteroposterior radiograph; (b) Magnetic Resonance
but with persistent bilateral carpal swelling. Comparison — Imaging; (c) Positron Emission Tomography; (d) B-mode
of different imaging techniques in a patient with synovitis ~ Ultrasound; (e) Power Doppler Mode Ultrasound; (f)
of right radiocarpal and intercarpal joints. (a) Conventional ~ Shear Wave Elastography Mode Ultrasound

Fig.7.9 (a) Increased stiffness of joint synovial tissue in ~ Signs of nonspecific right radiocarpal arthropathy in the
the left dorsal radiocarpal joint in a 45-year-old male same patient visualized on anterior-posterior x-rays
patient with rheumatoid arthritis showed by SWE. (b)

Fig. 7.10 A 37-year-old female with a history of right hand diagnosed with: conventional ultrasound (a),
RA. Persistent pain in the fingers was bilateral with swell-  ultrasound with Doppler module (b), SWE (¢), and con-
ing more evident in the proximal interphalangeal joints.  ventional radiograph in anteroposterior view (d)
Synovitis of the third proximal interphalangeal joint of the
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1 E 33.03 kPa

Fig. 7.11 A 5l1-year-old male patient with rheumatoid
arthritis reporting swelling and selective pain in the second
finger of the left hand. (a) SWE showing—Increased stiff-

7.8 Conclusion and Future

Perspectives

In relation to what has been highlighted in recent
years, it is evident that elastography is an almost
unexplored field in the study of inflammatory
joint pathology and synovitis.

We know that the sensitivity and specificity of
the conventional B-Mode technique and of the
vascular evaluation techniques (the most used
PD) are very variable, especially as a function of
the activity of the inflammatory pathology.

We believe that the evaluation with elastogra-
phy, especially with the use of quantitative SWE,
of the pathologies that manifest themselves with
synovitis, and with subclinical or chronic synovi-
tis, could be soon a potential tool both for early
diagnosis of the disease and for monitoring the
therapeutic response, and that it could suppose sig-
nificant aid to the expertise of clinical colleagues.

7.9 Clinical Applications

A summary of the findings in different clinical
conditions can be found in Table 7.1.

I.C. Barbera et al.

ness of joint synovial tissue in the left second metacarpo-
phalangeal joint. (b) No significant radiographic changes
are visible on the single-hand radiograph in AP view

Table 7.1 Summary of SWE findings in different

conditions

Clinical scenario
De Quervain’s
Tendinopathy
Systemic Lupus
Erythematosus
Primary
Sjogren’s
Syndrome

Gout arthritis
Thumb

Osteoarthritis

Reumathoid
Arthritis

SWE stiffness
values

Decreased

Decreased in
muscles

Increased

Increased

Decreased in
thenar eminence
muscles in first
CMC
Decreased in a
comparative
study with
healthy subjects
(Sammel) -
increased in a
comparative
study between
RA and
Tuberculous
arthritis
(Chandel)

Source
Turkay et al.
[11]

Di Matteo

et al. [23]
Oruk et al.
[36], Arslan
etal. [37], and
Badarinza

et al. 2020 [46]
Tang et al.
[50]

Nwawka et al.
[55]

Sammel et al.
[57] and
Chandel et al.
[59]
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