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Abstract

Ultrasound elastography (USE) is a rapidly developing field of imaging that measures and displays tissue elasticity or
stiffness properties using ultrasound. In recent years, real-time USE modes have appeared on commercially available
clinical ultrasound machines, stimulating an explosion of research into potential oncologic and non-oncologic clinical
applications of USE. Preliminary evidence suggests that USE can differentiate benign and malignant conditions
accurately in several different tissues. This article presents an overview of the basic principles of different USE
technologies that are currently under investigation in the head and neck region. In addition, more practical aspects
pertaining to the optimal performance of USE at this site are discussed.
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Introduction

Elasticity imaging quantifies and displays tissue stiffness
properties non-invasively by measuring their displace-
ment in response to mechanical stimulation. The word
elastography, first coined by Ophir et al. in 1991!'!!, has
become an umbrella term for any elasticity imaging tech-
nique. Using the same physical basis as clinical palpation,
elastography has clinical usefulness because pathologic
processes including cancer and fibrosis alter tissue elas-
ticity (stiffness). Elasticity corresponds to a quantifiable
biomechanical parameter called Young'’s elastic modulus,
which can be up to 10 times higher in malignant tissue
compared with benign tissue. Elastography can be per-
formed using different imaging modalities although in the
last few years there has been an explosion of research
into ultrasound elastography (USE), which has been
fuelled by its appearance on modern clinical ultrasound
(US) machines. USE has been most extensively investi-
gated in the breast where evidence suggests that it can
improve the specificity of conventional US for breast
malignancy without appreciably lowering its sensitivity[zl.
USE has been evaluated for almost every tissue amenable

to transcutaneous or endoscopic US interrogation. At the
time of writing, over 50 pilot studies have been published
for USE in the head and neck region including the thy-
roid gland, cervical lymph nodes, salivary glands and
miscellaneous neck masses. This article outlines the
basic principles of USE and summarizes the published
evidence regarding the accuracy of USE for malignancy
in the head and neck.

Basic principles

USE can be divided broadly into 2 groups depending on
the type of tissue displacement that is tracked in tissues
that have been subjected to a deforming force. Strain
elastography measures tissue displacements occurring
along the axis of an applied force, which are termed
longitudinal, bulk or compression waves. An analogy of
this type of displacement is that of an elastic spring that
is compressed or relaxed along its length. Shear wave
elastography measures a different type of wave that is
also produced when tissues are mechanically stimulated.
Shear waves are comparatively weak waves that are
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generated by tangential sliding of tissue particles, which
travel perpendicular to the direction of the applied force.

Strain elastography

Strain elastography was the first technique to appear on
clinical US systems because it could be performed using
conventional US hardware with software modifications,
and currently is the most widely published. Transducer
positioning is similar to that of conventional US, with
identification of the tissue of interest in the gray-scale
image. Then either gentle intermittent freehand compres-
sion is applied via the transducer along the axis of the US
beam (axial), or the transducer is held stationary and
endogenous stimuli such as arterial pulsations or other
physiologic motions are used to displace tissues. From
the radiofrequency (RF) data received, tissue displace-
ments along the beam axis (axial) are determined by
comparison of successive image frames using software
cross-correlation methods, and tissue strain (change in
length/original length) is calculated for each spatial loca-
tion. The resultant strain data are displayed graphically as
a two-dimensional map of relative tissue strain, called an
elastogram (Fig. 1). Elastograms are usually displayed as
a semi-transparent overlay onto gray-scale images using a
colour-coded scale that can vary between US systems.
Nowadays, all commercial strain USE systems display
strain elastograms dynamically, giving rise to the term
real-time elastography (RTE).

Stiff lesions deform less than soft lesions for a given
stress, and thus have lower strain.

Strain (no units) = change in length/original length

Stress (kPa) —=force/area

Stiffness = Young’s elastic modulus (kPa) = stress/strain
(Hooke’s law)

Strain elastography is optimally performed using min-
imal strains (~1%) as higher strains can alter tissue stiff-
resulting in misleading elastograms. Young’s
modulus cannot be calculated from strain elastograms
because it is not possible to determine stress reliably
for each spatial location due to factors that cause inho-
mogeneity in the stress field, such as boundary conditions
and stress decay[3 I

The earliest commercially available strain USE systems
were only capable of producing elastograms, thus inter-
pretation was by necessity qualitative. However, these
have been superseded by second-generation systems
that produce semi-quantitative output as strain ratios
(SRs). There is no standardized method of interpreting
elastograms qualitatively in the head and neck although
many classification systems use a framework that was
first described for breast elastography[4’5]. These assess
lesion stiffness visually using a 4- to 6-point elastographic
scale (ES) according to the relative proportion of low
strain (high stiffness) areas within the lesion; stiffer
lesions are assigned higher ES scores (Fig. 2). Other cri-
teria such as margin regularity, distribution of stiff areas
(e.g. peripheral rim versus central) and area ratios may
also be included. Area ratio refers to the area of the
lesion displaying low strain divided by the area of
lesion visible on the corresponding gray-scale image. In
the breast, high area ratios (>1) are predictive of malig-
nancy, which may reflect the presence of a peritumoural
desmoplastic response[G_Q]. For SR estimation, the ultra-
sonographer selects an electronic region of interest (ROI)
in the tissue of interest and a reference tissue, and the
ratio of strain between these is computed (Fig. 3). SRs
are normally displayed such that values >1 indicate the
target lesion has lower strain (higher stiffness) than the
reference tissue!'%!.
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Figure 1 Strain imaging schematic. A tissue containing a stiff lesion is compressed longitudinally by a transducer while
performing US (a). Returning US signals are analysed to measure tissue displacements for different depths (b), which
are converted to strain data (displacement/original length) (c). The graphs represent data from a single scan line through
the middle of the lesion. The lesion shows minimal displacement and low strain compared with the reference tissue. The
resulting strain data for multiple scan lines is displayed graphically as an elastogram corresponding to relative strain (d).
This lesion is conspicuous on the elastogram due to its difference in strain compared with the surrounding tissue.
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Figure 2 Diagram showing a qualitative scoring system for lesions assessed using strain elastography. The lesion’s
margin on the corresponding B mode image is shown by the dotted line. Lesions are visually graded from ES1 to ES5
based on the relative proportion of low strain (red) and high strain (green) areas. Low and high ES scores suggest a soft
and stiff lesion compared with the surrounding tissue, respectively.

Str. Ratio
Strain Ratio

Figure 3 Strain elastogram with the corresponding gray-scale US image of a benign hyperplastic thyroid nodule
(white arrow) showing a colour-coded map and ROIs placed to calculate the strain ratio. An ROI is placed in the
nodule and the surrounding parenchyma. The SR was 1.43, which indicates a stiffer lesion than the normal parenchyma.
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Figure 4 Schematic illustration of shear wave imaging. (a) An elastography ROI (black box) is placed over a mass on
the gray-scale US image. (b) High-intensity acoustic impulses (orange arrows) are transmitted into the tissue, which
induce shear waves (blue). (c) Diagnostic impulses (green arrows) track shear wave propagation. In this example, shear
waves travel faster in the mass than the background parenchyma. (d) The SWE map displays the mass on the basis of its

stiffness contrast compared with the adjacent parenchyma.

Shear wave elastography

Recently, quantitative USE systems utilizing shear wave
elastography (SWE) have appeared. In SWE systems, a
specially modified transducer produces focused impulses
of high-intensity acoustic radiation (ultrasound), termed
push pulses, at specific locations within the tissue of
interest. This induces shear waves, whose velocities are
tracked by a series of normal intensity impulses using
ultrasound correlation methods'!'! (Fig. 4). Shear
waves propagate in solids but not true liquids, and
travel with a velocity proportional to the square root of
the tissue stiffness, according to the following formula:

E = 3pc*

where E is stiffness, i.e. Young’s elastic modulus (kPa), ¢
is the shear wave velocity (m/s), and p is the density (kg/
m3). For most soft tissues, p approximates the density of
water (1000 kg/m>).

The precise implementation of SWE technology differs
between US system manufacturers, and are given differ-
ent descriptions including ARFI (acoustic radiation force
impulse) imaging and SSI (supersonic shear imaging). In
ARFI systems, the ultrasonographer positions a fixed size
ROI (typically a 5 x 5 mm box) over the tissue of interest
on the gray-scale image, triggers the ARFI capture mode,
and shortly afterwards an estimate of the mean shear
wave velocity value of the ROI is displayed (Fig. 5).
Realtime elastograms are not generated by current
ARFI systems and although this method is quantitative
in terms of displaying an estimate of the shear wave
velocity, the elastic modulus is not calculated. However,
another US system manufacturer uses proprietary tech-
nology termed SSI, in which a relatively large field of
view is interrogated using supersonic speed push pulses

that induce and amplify shear waves, and the induced
shear waves are tracked throughout the entire window
using ultrafast ultrasound tracking impulses and compu-
tationally demanding software post—processingm]. This
system displays real-time colour-coded elastograms of
shear wave velocity (m/s) or elastic modulus (kPa),
and quantitative elastic modulus measurements can be
obtained for ROIs placed within static elastograms
(Fig. 6).

General comments regarding USE

USE is quick to perform and well tolerated by patients,
adding only a few minutes per lesion to conventional
sonographic examinations. There are several caveats
when performing USE. As USE requires returning RF
signals to generate a signal, it is unsuitable for lesions
that are obscured (e.g. by rim calcifications) or contain
too few acoustic reflectors (markedly hypoechoic/anec-
hoic lesions). Strain elastography requires a reference
tissue in the elastogram because it displays relative
strain. By contrast, SWE is an absolute quantitative
method and thus can be performed for lesions that are
larger than the elastographic window. Both strain elasto-
graphy and SWE are unreliable for tissues more than a
few centimetres deep to the skin surface using currently
available linear transducers due to progressive decay of
the stress field at increasing distances away from the
stimulus. Strain elastography is also unreliable for lesions
that are partially cystic because the liquid component
may dissipate the applied stress rather than transmit
it to the adjacent solid component, which may result
in solid components appearing artefactually stifft 13,
Assessment of very superficial lesions may be hindered
by the presence of artefacts in the near field caused by
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Figure 5 Longitudinal US image of a thyroid lobe in a
patient with multinodular goitre showing ARFI measure-
ment in a region of normal thyroid parenchyma (white
arrow). The ROI for ARFI measurement is a square box
of fixed dimensions (~5 x 5mm). The mean ARFI veloc-
ity for the ROI is 1.79 m/s. This system does not generate
elastograms. Image provided courtesy of Dr Chander
Lulia, Ria Clinic, Mumbai.

Figure 6 Transverse gray-scale US image with corre-
sponding shear wave elastogram of a hypoechoic thyroid
nodule (white arrow), which was confirmed to be a benign
hyperplastic degenerative nodule. ROIs are placed in the
nodule and adjacent parenchyma (black arrow). The mean
SWE stiffness of the nodule is 11.1kPa and of the par-
enchyma is 16.4 kPa.

stress concentration that occurs when a transducer is
applied onto the skin (Fig. 7). Furthermore, the bound-
ary of structures with very different stiffnesses can pro-
duce localized distortions of the stress field, resulting in
artefacts. Several other types of artefact have been
described in the head and neck for RTE!'*! and
SWE!!S=17] These artefacts must be recognized by the
ultrasonographer to prevent misinterpretation of
elastograms.

Figure 7 Transverse gray-scale US image with corre-
sponding shear wave elastogram of a hypoechoic parotid
nodule (black arrow), which was confirmed to be a pleo-
morphic adenoma. There is focal stress concentration in
the superficial tissues overlying the nodule, seen here as
regions of red colour on the elastogram (white arrows).
Some of the high stiffness areas appear to extend into the
superficial aspect of the nodule. Stress concentration may
be problematic for assessing superficial head and neck
lesions that produce a marked convex bulge of the skin.

Both strain elastography and SWE are operator depen-
dent, requiring careful attention to practical technique.
Minimal pressure should be applied with the transducer
on the skin during acquisitions because tissue elastic
modulus varies according to the amount of resting pres-
sure applied, termed precompression. In this regard,
excessive precompression increases the stiffness of tis-
sues globally while lowering relative stiffness contrast
between different tissues, which can produce misleading
elastograms“gl. Strain elastography using freehand com-
pression is highly dependent on compression technique
for 2 reasons. First; as described above, excessive com-
pression alters tissue stiffness, and second; non-axial dis-
placements (i.e. displacements occurring laterally or out
of the imaging plane) can degrade the accuracy of soft-
ware correlation algorithms, resulting in decorrelation
artefacts and suboptimal elastograms. Applying an appro-
priate level of axial compression appears straightforward
but can be challenging in the neck. This is due to the
varying mobility of different structures in the neck, which
can slide non-axially under compression, and the compet-
ing effects of other physiologic motions such as adjacent
arterial pulsations and breathing. More recent commer-
cial strain elastography systems can monitor and feed
back information regarding compression quality in the
form of visual scales and graphs, which operators can
view in real time to optimize their compression tech-
nique. Because SWE does not require freehand compres-
sions, it may be less operator dependent than strain
imaging. Nevertheless, USE using either technique can
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be problematic if there is a focal convex bulge of the skin
overlying the tissue of interest because, under these cir-
cumstances, it may not be possible to apply a linear trans-
ducer without producing focal stress concentration
within the tissue of interest, resulting in spuriously stiff
elastograms (Fig. 7).

USE elastogram interpretation is also operator depen-
dent for several reasons. First, dynamic elastograms can
appear unstable due to software processing artefacts as
well as genuine tissue displacements being detected
within the imaging window. Although elastograms can
be stabilized to a variable degree by software temporal
and spatial averaging techniques, bulk tissue motions
occurring during compression—relaxation cycles or
other subtle tissue movements means that selecting a
representative static image from a dynamic series remains
challenging in clinical practice. Second, qualitative inter-
pretation of elastograms is inherently subjective.
Third, selecting representative ROIs for SR or SWE
measurements is subjective and complicated by the fact
that many tissues are spatially heterogeneous on USE.

Given the multiplicity of factors that can produce var-
iations in USE, its reproducibility should be determined,
although surprisingly this issue has been addressed in a
relatively small number of studies on the head and neck.
An early study of qualitative strain elastography of thy-
roid nodules using a first-generation USE system docu-
mented poor interobserver agreement“g], whereas a few
more recent studies using second-generation USE sys-
tems have reported good to excellent interobserver
agreement[zo_n]. The discrepancy in results may have
several explanations although it is possible that a major
contributing factor was the inclusion of compression
quality feedback scales in the more recent studies,
which may have enabled ultrasonographers to optimize
and standardize their freehand compression techniques
and select only high-quality elastograms for analysis.
Some investigators have evaluated thyroid USE using
intrinsic carotid pulsations instead of freehand compres-
sion, and have documented highly reproducible
results!**!. For SWE, reproducibility data from individual
studies indicate fair to excellent interobserver
agreement[24_26]. However, absolute values of stiffness
obtained using SWE for benign and malignant thyroid
nodules have differed appreciably between publications,
raising questions regarding its reproducibility[15'24’27].
The reproducibility of USE for other sites in the head
and neck has been investigated in only a couple of stu-
dies?®?8 A recent study of quantitative SWE in the
head and neck documented fair to excellent interobserver
agreements for all head and neck sites, although agree-
ment was higher for thyroid lesions compared with other
neck masses, and for benign compared with malignant
lesions!?®!. Further research is required to determine
precisely how and to what extent specific tissue charac-
teristics influence the reliability of USE in the head and
neck.
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