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Abstract

Recently a series of papers was introduced describing on “how to do” certain techniques. More specifically we published
on how to perform strain imaging using the transcutaneous and endoscopic ultrasound approach and shear wave elastography
(SWE). In the first part we describe how to optimize the examination technique, discussing normal values, pitfalls, artefacts
and specific tips for applying SWE to specific organs (liver, breast, thyroid, salivary glands) as part of a diagnostic US exami-
nation. In part II, the use of SWE in the pancreas, spleen, kidney, prostate, scrotum, musculoskeletal system, lymph nodes and

future developments are discussed.
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Introduction

In the first part on how to perform shear wave elas-
tography (SWE) we described how to optimize the ex-
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amination technique, discussing normal values, pitfalls,
artefacts and specific tips for applying SWE to specific
organs (liver, breast, thyroid, salivary glands) as part of a
diagnostic US examination.

In part II, the use of SWE in the pancreas, spleen,
kidney, prostate, scrotum, musculoskeletal system,
lymph nodes and future developments are discussed. It
describes how to optimize the examination technique,
discussing normal values, and pitfalls and artifacts. The
manuscript provides more specific tips for applying SWE
to specific organs as part of a diagnostic US examination
[1-11].
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Pancreas

Main objective, clinical value

SWE is able to assess the biomechanical properties
of tissue; generally, malignant lesions are stiffer than the
healthy parenchyma [12-23]. Principal applications are:
assessment of diffuse pancreatic diseases, e.g., to deter-
mine fibrosis and autoimmune diseases [24,25]; char-
acterization of pancreatic lesions as stiff, therefore sus-
pected for pancreatic cancer; guiding biopsy in the stiff
part of a focal area; characterization of pancreatic gland
stiffness in suspected chronic pancreatitis; evaluation of
the pancreatic gland stiffness before surgical resection to
predict fistula complication; assessment of the response
to treatment of autoimmune pancreatitis.

Due to its limited clinical role in the differential diag-
nosis, elastography cannot replace pathologic examina-
tion with FNA or biopsy.

“Knobology”

SWE is performed with the transabdominal approach.
By using 2D-SWE, results can be both qualitative and
quantitative.

Prerequisites

A correct visualization of the pancreatic gland in B-
mode is of outmost importance. Pancreatic gland and
peri-pancreatic area must be perfectly explorable without
gas interposition along the path of the US beam.

Select an appropriate transducer

The convex probe is used because it allows the explo-
ration of the retroperitoneum and the pancreatic area that
is located in a deep plane.

Patient preparation and compression technique

Pancreatic US examination is generally performed
after a minimum fasting period of 6 hours, thus ensuring
an empty stomach and limiting overlying bowel gas. To
completely visualize the pancreas, it is sometimes useful
to examine the patient during an inspiration or expira-
tion. Compression with the transducer to displace bowel
gas may allow to visualize the retroperitoneum and to
improve the visualization of the pancreatic gland. There-
fore, the maneuver of filling the stomach with water is
contraindicated because it may introduce air into the
stomach and may decrease the degree of the abdominal
compression.

If the visualization of the pancreas is poor in the su-
pine position, it is suggested to change to the upright
position or to left/ right decubitus in order to move the
stomach, the bowel loops and the transverse colon away
from the path of the US beam. Gradual and progressive
compression is generally mandatory for better pancreatic
gland visualization and therefore for elastography exami-
nation performed by means of the percutaneous approach.

Fig 1. Adenocarcinoma of the pancreas body: (a) 2D-SWE box
includes both the hypoechoic mass and the surrounding tissue
for comparison of relative stiffness: (b) The hypoechoic mass
is stiffer (red).

Region of interest (ROI) size, shape, others

ROI size should be changed depending on the struc-
ture under examination. The 2D-SWE FOV box must be
sufficiently large to contain both the area to be exam-
ined and the surrounding tissue for comparison of rela-
tive stiffness (fig 1). However, by increasing the ROI
size the examination time may unnecessarily increase,
due to the difficulty in obtaining a correct elastogram. In
fact, movement artefacts could affect the image quality
and the final result. The ROI size must allow compari-
son with adjacent parenchyma; however, the inclusion of
unnecessary structures, such as the peripancreatic area,
must be avoided. pSWE has a fixed ROI.

Description of quality parameters

During the elastographic examination with 2D-SWE,
the absence of adequate color filling indicates a bad qual-
ity measurement. More than one measurement must be
performed to improve the quality of the study.

Checking reproducibility

Large lesions should be evaluated in more than one
point and with more than one measurement to confirm
the obtained data. Malignant lesions are often very heter-
ogeneous in stiffness and therefore need to be completely
evaluated. In these case 2D-SWE is recommended be-
cause the color display helps in determining the area of
the highest stiffness.

Tips and tricks

Percutaneous SWE of the pancreas requires the cor-
rect visualization of the pancreatic gland by means of
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B-mode US. A thorough B-mode and Doppler study must
be performed before elastography. If a contrast-enhanced
US study is required to characterize masses, it must be
performed after SWE examination to avoid artifacts from
microbubbles. Regarding the methodology, more than
one elastogram and more than one measurement must
always be performed for each examination. It is reported
that five measurements need to be performed for each
lesion or area under investigation [3]. To avoid artifacts
and invalid measurements, vessels must not be included
in the ROI. Also, bowel and calcifications must be avoid-
ed during ROI placement for analysis.

Reference values

As reported in literature, the mean shear wave speed
(SWS) value obtained with pSWE in healthy pancreas is
around 1.40 m/s [8]. Higher values suggest that the tis-
sue is stiffer than a healthy pancreas, especially in case
of ductal adenocarcinoma if a pancreatic mass is under
investigation.

What to avoid

For the study of the pancreas, it is very important to
consider an US multiparametric approach and to perform
all the available techniques in the correct order. An artifact
that may appear when contrast-enhanced US is performed
before Doppler study or elastography must be avoided.

Specific artifacts

The most important artifacts are due to movements
during the examination. Motion artifacts are related to
the patient and/or structures near the ROI, such as the
bowel or the vessels. Air through the bowel or the stom-
ach within the path of the US beam leads to artifacts that
are visible as meteorism artifacts during the examination.

Pancreas: endoscopic SWE

Endoscopic ultrasonography (EUS) elastography
is a novel diagnostic method based on measurement of
tissue elasticity. Until recently, strain elastography was
the only technique available for EUS studies. Currently,
only the ARIETTA 850 US system (Fujifilm, previously
Hitachi Ltd, Japan) with a convex endoscope can per-
form SW-EUS. The system automatically calculates the
proportion of the net amount of effective SWS for each
measurement. This reliability criterion is the VsN. The
10 consecutive measurements together with the VsN of
each measurement are displayed on the screen. There are
only two published studies with promising results, one
was performed in patients with chronic pancreatitis and
the other one assessed activity in autoimmune pancreati-
tis [20,26].

How to use SWE

1. The pancreatobiliary region should be studied ini-
tially with conventional US imaging to determine the
target area.

2. Check whether the B-mode EUS image is drawn in
detail up to an area of 30 degrees to the left and to the
right from the center of ROI.

3. The ROI may have a size of 0.5 cm, 1.0 cm, and 1.5
cm. As a point of caution, when a small ROI is se-
lected, the number of samples for measuring SWS is
decreased. An ROI of 0.5 cm in size is often selected
to position the ROI within the target in chronic pan-
creatitis and small lesions.

4. Check whether the depth of the ROI is within 30 mm
and the ROI is set within the target.

5. The ROI should be set avoiding blood vessels, rever-
beration areas, pancreatic ducts, and areas of shadow-
ing.

Tips and Tricks

1. When performing SW-EUS, the compression with
the EUS probe must be avoided, because it may cause
an increase in stiffness.

2. In order to obtain a stable measurement, the acqui-
sition must be launched while the patient holds the
breath.

3. With the Hitachi system, the VSN shows whether the
measurement is appropriate. For liver, it is reported
that the measurement is reliable when the VsN is 50%
or higher [27,28].

Reference values

Normal pancreatic parenchyma: mean SWS value
ranges from 1.52 m/s to 1.99 m/s. SWS cut-off value for
diagnosing chronic pancreatitis: 2.19 m/s.

Spleen

Main objective, clinical value

The spleen is the largest lymphatic organ in the hu-
man body and plays multiple roles as formation, storage,
release and breakdown of blood cells, as well as taking
part to the immune response with the biosynthesis of an-
tibody by lymphocytes in splenic lymph follicles [29].
Due to the multiple roles played by this organ, several
local and systemic diseases as infectious diseases, hemo-
lytic anemia, myeloproliferative disorders, lymphoprolif-
erative diseases, acute leukemia or autoimmune diseases,
can cause splenomegaly and increase the spleen stiffness
(SS). Moreover, the splenic vein is directly connected to
the portal vein and diseases that affect the blood flow of
the portal vein might decrease the ability of the blood
to drain from the spleen through the splenic vein, caus-
ing an increase of the pressure inside the spleen, which
makes it stiffer. For this reasons, the spleen is an impor-
tant target organ for the use of elastography and portal
hypertension is the main field where the usefulness of
elastography in the diagnostic process of liver fibrosis,
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portal hypertension (PH), esophageal varices (EVs) as
well as risk of upper-gastrointestinal (UGI) bleeding has
been largely proved [30].

“Knobology”

Prerequisites

Since all studies carried out on splenic stiffness (SS)
assessment applied the same main rules approved for the
measurement of liver stiffness (LS), at the moment, de-
spite its increasing use, there is a lack of guidelines about
the application of validated criteria to obtain a valid SS
value and thus the criteria validated for LS assessment
are generally applied [3]. Spleen elastography should be
performed after at least 3 hours of fasting and after at
least 10 minutes of rest, with the patient in dorsal decubi-
tus and with the left arm in maximal adduction [31-33].

TE: Probe selection

Usually, spleen stiffness assessed by VCTE is per-
formed US-guided and the transducer should be placed
between the left intercostal spaces in an area with a good
ultrasound window [34].

ARFI-based techniques: transducer (frequency)

selection

In adults, the convex transducer is used for perform-
ing the elastography studies. There is only one study on
SS assessed in a pediatric population and the convex
transducer was used [35]. Despite the lack of data, the
transducer, either the linear or the curvilinear one, might
be chosen depending on the body habitus and age of the
patient, as we do for the assessment of the LS in children.
However, when using the linear transducer, the different
stiffness values, given in the same subject due to the dif-
ference in frequency between the two probes, needs to be
kept in mind.

Description of (other) parameters

The strength of the push-pulse is higher in the center
of the transducer, thus the sampling should be done in
the central area of the image, whereas the sampling at the
edge should be avoided. The influence of depth on the
estimation of the elastic properties is not negligible [36]
since the acoustic push pulse is progressively attenuated
as it traverses the tissue.

Region of interest (ROI) size, shape, others

The region of interest (ROI) should be placed straight
ahead (perpendicular) at least 2 cm below the capsule,
with the measurement preferably being performed at the
inferior pole (fig 2) [37-39]. In pSWE the size of the re-
gion of interest (ROI) is small and fixed by the manu-
facturer because the technique assesses the stiffness at
a single location by using a sequence of push-pulses. In
2D-SWE the size of the ROI is user-adjustable and can
theoretically be as large as the B-mode image. However,
the larger the ROI the higher the risk of including ar-

b

Fig 2. Spleen stiffness measurement with the region of interest
placed at the inferior pole of the spleen.

tifacts in the measurement. Thus, generally the ROI’s
size in SWE technique may influence the quality of the
elastogram. There are no guidelines on the ROI size for
the SS assessment. Thus, following EFSUMB guidelines
and recommendations for LS, we suggest using an ROI
of 2.5x2.5 c¢m in size [3].

Position of the transducer

The measurements should be performed through
the intercostal space rather than the subcostal approach
yielding the highest intra- and interobserver agreement.

Description of quality parameters

At the moment there are no established quality cri-
teria for a good quality SS measurement. Thus, we ap-
ply the most important criterion for a LS measurement of
good quality, which is an IQR/M < 30% when the results
are reported in Young’s modulus. This ratio, in fact, is a
measure of the variability between consecutive acquisi-
tions, and studies on LS reported a decrease in accuracy
when this criterion was not fulfilled [40-44].

Pre-compression

Pre-compression in general should be avoided.

How many measurements?

Ten valid measurements are recommended when us-
ing VCTE. For the pSWE technique the EFSUMB and
WFUMB guidelines recommend using the median value
of 10 acquisitions [3,4,9]. SS measurement assessed us-
ing 2D-SWE has been investigated in very few studies,
so data on the number of valid measurements needed are
not available at the moment.

Applicability and reproducibility

VCTE has an applicability of approximately 70%,
mainly because of high BMI, presence of ascites, lung
or colonic gas interposition, transverse spleen diameter
< 4 cm [33,34,45] or patients who reach the maximum
value (75 kPa) measured by the conventional machine
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[33,45]. pPSWE has applicability better than VCTE; how-
ever, it is lower compared to the applicability for LS as-
sessment due high BMI or small spleen size [46]. Insuf-
ficient data are available regarding the applicability of
2D-SWE. Reproducibility of VCTE is good with an ICC
of 0.89 in patients with chronic liver disease and it de-
pends on the operator experience. Data on the reproduc-
ibility of pPSWE are scarce but inter-observer variability
seems to be acceptable even though lower to that of LS.
No data are available on 2D-SWE reproducibility [47].

How to use SWE

The transducer should be positioned in an intercos-
tal space, perpendicular to the spleen, avoiding the ribs
or the lung artifacts. The quality of the B-mode US im-
age affects the quality of the SWE acquisitions. The
most common limitations encountered with US, i.e. poor
acoustic window, limited penetration, and rib or lung
shadowing, may influence both the feasibility and the
performance of the SWE techniques. Some of these limi-
tations can be avoided, thus the operator should obtain a
correct scan of the spleen before launching the acquisi-
tion. The perpendicular position of the transducer can be
assessed by looking at the spleen capsule that appears as
a sharp white line, parallel to the transducer’s line. Mo-
tion of the probe or of the patient affects the quality of the
measurement as well.

Normal reference values

Normal SS values, assessed in healthy volunteers,
depend on the elastography technique used and, in
case of same technique, on the manufacturer. Approxi-
mately, normal SS values are 20.5 kPa, 22.01 kPa and
18.14 kPa with 2D-SWE, VCTE and pSWE, respectively
[33,48,49].

What to avoid?

Eating may increase the stiffness of the spleen; thus,
measurements are performed in the fasting status. Spleen
stiffness does not necessarily reflect portal hypertension
but can reflect other physiological or pathological con-
ditions as well, including hematologic or infectious dis-
eases.

Kidney

Main objectives, clinical value

Stiffness values of the kidney have been evaluated
using both p-SWE and 2D-SWE to assess chronic re-
nal disease, hydronephrosis, renal transplants and renal
masses [50-59]. SWE is performed by applying several
ARFT pulses, which cause the formation of shear waves
perpendicular to them. The SWS is estimated by moni-
toring the tissue displacement caused by the shear waves
with B-mode US [6]. In order to estimate an accurate

shear wave speed there needs to be adequate displace-
ment of tissue by the shear waves as well as adequate
signal to noise. Shear waves are attenuated and refracted.
It is well known that refractive artifacts cause an artifac-
tual increased in stiffness in the approximately 1.5 cm
below the liver capsule [8,60]. We expect the same to
occur with the renal capsule. Several reports of the use
of SWE to evaluate both normal and abnormal kidneys
have inconsistent results irrespective of ultrasound ven-
dor [50-52,54-59,61]. The kidney is a complex organ
with cortex, medulla, central fat, vasculature, collecting
system and a capsule. The medulla is composed of tu-
bules that are aligned perpendicular to the renal capsule
and are therefore anisotropic. Therefore, the positioning
of transducer to the medulla will affect SWS estimates
substantially. Diffusion MRI has shown the fractional
anisotropy of approximately 22% in the renal cortex and
40% in the renal medulla [62]. Shear wave propagation is
highly sensitive to tissue anisotropy with the shear wave
speeds higher when propagating along spatially oriented
structures than those perpendiculars. This difference is
apparent when evaluating muscles with shear wave im-
aging [63]. The renal cortex is approximately 1.2-2 cm
thick. If similar refractive artifacts occur as with the liver
capsule it is possible that accurate SWS estimates can-
not be calculated in the renal cortex near the renal cap-
sule [60]. Anisotropy is present in the renal cortex due to
the spherical glomeruli and proximal and distal tubules
which have a convoluted shape [64]. Other possible con-
founding factor includes intrarenal pressure. It is well
known that increases in perfusion pressure will increase
stiffness values [53].

A recent study [65] evaluating the raw data from
renal SWE demonstrated that accurate SWS estimates
could not be obtained from most vendors systems. The
displacement curves were evaluated from several man-
ufactures to determine if accurate shear wave speeds
could be estimated in the kidney, both cortex and me-
dulla. Based on the displacement curves both p-SWE and
2D-SWE techniques were not capable in obtaining ac-
curate stiffness values most likely due to artifacts from
reverberation from the renal capsule and/or anisotropy of
the kidney (fig 3). However, introduction of new soft-
ware by one vendor appears to overcome this problem
(fig 4). It is therefore uncertain if any of the literature on
renal SWE is accurate. Although the results may be re-
producible, they are most likely inaccurate. Although all
vendors have rejections algorithms, they are not accurate
enough to reject all data sets that are not able to calcu-
late accurate SWS. Improved algorithms are needed that
more accurately provide a quality measure of the SWS
estimation. No studies with the new software available
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Fig 3. a) Displacement curves obtained from a normal liver.
Note the nice family of curves from which the time to peak and
distance from the ARFI pulse can be obtained to generate the
slope of the line to accurately estimate the shear wave speed;
b) One example from one vendor of the displacement curves
from a normal renal cortex. Note that the time to peak is not
clearly evident and estimates of SWS could not be estimated
accurately from these curves. Copied with permission from
reference 51.

from the one vendor with the new renal algorithm are
yet published. Clinical studies are needed also to assess
whether the raw data of this new algorithm can overcome
the limitations of the existing algorithms.

Kidney elastography may be feasible, however spe-
cific/unique shear wave generation pulsing and process-
ing algorithms may be needed.

Prostate

Main objective, clinical value

Prostate cancer (PCa) is the most common non-skin
cancer diagnosed in men. PCa is typically stiffer than
the surrounding normal prostate parenchyma, and pre-
liminary studies have shown that SWE has high sensitiv-
ity, specificity, and negative predictive value (all >90%)
when compared to current modalities in the peripheral
zone. This high NPV especially will allow patients with
high prostatic specific antigen (PSA) levels but negative
elastic examinations to be monitored and spared the usu-
al sextant biopsy [66,67]. One disadvantage of SWE is

e i

Fig 4. 2D-SWE from one vendor demonstrating using (a) the
old algorithm (that used for liver) and the new algorithm (b)
used exclusively for kidney imaging. Note the marked differ-
ence in the SWS estimates, the heterogeneous speeds using the
old algorithm and the more uniform values using the new renal
specific algorithm. Copied with permission from reference 51.

that benign prostatic hypertrophy (BPH) is also stiff and
limits prostate SWE in the evaluation of the transitional
zone and anterior gland [66].

“Knobology”

Most vendors have preset values for SWE on the
endocavity probes for prostate SWE. These work very
well, and changes are usually not required. If using a
real time 2D-SWE system remain at each location for
3-4 seconds for the SWE to stabilize. Do not move the
transducer while obtaining SWE measurements. For one-
shot 2D-SWE technique hold the transducer still for each
measurement. Setting the stiffness scale around 70-90
kPa is helpful as most nodules stiff enough to be a can-
cer will appear red while benign tissue will appear blue
(fig 5).

Prerequisites

To be able to localize areas of increased stiffness sug-
gestive of a prostate cancer and to be able to guide a biop-
sy 2D-SWE is required. With p-SWE it is not possible to
identify the area(s) of concern in a timely fashion or ac-
curately. A complete prostate TRUS exam should be per-
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Fig 5. Transrectal 2D-SWE demonstrates a patient with a hy-
poechoic nodule on B-mode (yellow arrow), which has a low
stifftness on SWE (20 kPa) and was biopsy proven benign. An-
other lesion is identified (red arrow) that has a high stiffness
(75 kPa) with no B-mode correlate. The lesion was a Gleason 7
lesion on biopsy.

formed before performing the SWE examination. That
examination should include B-mode imaging as well as
colour or power Doppler through the whole gland. There
is not patient preparation needed although some recom-
mend an enema before performing the examination.

Select an appropriate transducer

The examination should be performed using an endo-
cavitary transducer, which has shear wave capabilities.
These are usually 5 MHz to 9 MHz transducers. An end
fire or side fire transducer can be used. The transducer
should be covered with a transducer cover and high-level
disinfection of the transducer used after the procedure
[66].

Patient preparation and compression technique

Prostate SWE is also conducted after a complete eval-
uation of the prostate using B-mode and color or power
Doppler imaging, with the patient lying in the left lateral
position [66,68]. Some recommend the use of lidocaine
gel applied to the anus/rectum to help reduce discomfort
with the examination. SWE mode is activated and the
gland evaluated in the axial position from the apex to the
base using light pressure. Each suspicious focal lesion is
analyzed, avoiding any pressure on the transducer. Op-
timized settings should include maximized penetration
and appropriate elasticity scale (70-90 kPa). The entire
gland can also be scanned to detect stiff areas in the trans-
verse plane. The SWE box is enlarged to the maximum
to cover as much of the gland as possible. If the gland
is large scanning the right lobe then the left lobe can be
done. The prostate is scanned from base to apex, and cine

loops are stored. For each plane, the transducer is main-
tained in a steady position for 3 to 4 sec. until the signals
stabilize.

Region of interest (ROI) size, shape, others

Hypo-echoic lesions coded stiff (red) are highly sus-
picious for malignancy. The digital cine loop can be re-
viewed, and the ROI can be positioned over suspicious
areas detected on either B-mode or SWE, even during the
review process. The elasticity values (mean, standard de-
viation, min and max) are then calculated for each ROI.
The ROI should be adjusted as to only include the nodule.

Description of quality parameters

No specific quality parameters are advised for pros-
tate SWE. However, confirming that the normal periph-
eral zone tissue is within the normal range of stiffness
will help to confirm that added pressure from the trans-
ducer is being applied.

Checking reproducibility

After taking the cine clips of the entire gland, reposi-
tioning the transducer to confirm results on each lesion of
concern can be performed.

Tips and tricks
1. Hold the transducer lightly as not to apply added

pressure
2. For more accurate measurements try to center the

area of concern in the middle of the image
3. The use of lidocaine gel may help decrease patient

discomfort and allow for a better examination
4. In most systems the 2D-SWE FOV is not large

enough to image the entire gland. In those cases, scan

the right lobe and left lobes separately

Normal results and reference values

Several studies have used a cut-off value of 35 kPa
for characterization of prostate nodules as benign or ma-
lignant. With this cut-off value, the sextant-level sensitiv-
ity, specificity, PPV, NPV, and AUROC for differentiat-
ing benign from malignant lesions were 96%, 85%, 48%,
99%, and 95%, respectively [67,69].

What to avoid

Precompression (preload) should be avoided as this
can increase the stiffness value of both normal and ab-
normal tissues. The exam should be done with a light
touch. Since the endocavitary probe is curved evaluating
the area of concern in the center of the transducer may
be better results. Obtaining measurements obtained at the
sides of the image may have different pressures applied
and therefore give less accurate results [66].

Specific artifacts

Prostate calcifications, which are usually benign, will
give higher stiffness values and can be mistaken for a
malignancy. Comparison to the B-mode image is impor-
tant to avoid this pitfall [66,68].
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Scrotum

Main objectives, clinical value

SWE has a limited value in the assessment of scrotal
pathology. It must be emphasized that some pathological
process such as infarcts, hematoma and dermoid cyst may
also mimic a testicular tumor. Proper and accurate char-
acterization of such lesions is highly important, as their
management can range from a conservative approach to
surgical resection. SWE can have an added value but is
not conclusive. Testicular SWE has also been used as a
functional biomarker in male infertility (obstructive ver-
sus non-obstructive azoospermia) and varicocele with
significant results, but overlapped values do not prompt
sonographers to use it routinely [70]. SWE may be also
used to detect palpable extra testicular lesions, such as
adenomatous tumor, which may be isoechoic and poorly
vascularized but quite stiff at elastography.

“Knobology”

An accurate B-mode is obtained using a linear probe,
with sufficient gel in order to avoid the trapped air in the
scrotal hair and the pleated pattern of the scrotal skin. In
case of thickened skin, the thinnest approach will be priv-
ileged. When evaluating a lesion depicted on B-mode,
the examiner must not move the US probe while the elas-
togram is being created. An appropriate stiffness scale
should be initially used: as the testis is a quite smooth
organ with 2.4 kPa in the middle and the hilum and the
periphery, a scale of 20 kPa is initially recommended (fig
6). It could be adapted afterwards if the lesion is stiff;
however, the possible heterogeneity on the elastogram
should be shown.

Quantitative analysis

After acquired the elastogram of the lesion, a meas-
urement box will be placed on the whole lesion (E mean),

Fig 6. 2D- SWE of a testis with a small tumor. Note the uniform
stiffness of the normal testes with a stiffness of 1.1 kPa (0.62
m/s). The mass has a higher stiffness of 8.3 kPa (1.66 m/s).

and another one in the normal parenchyma (E ref) in or-
der to obtain a ratio. If there is no normal parenchyma,
the contralateral testis could be used as reference. An-
other measurement box will be placed in the stiffest part
of the lesion, determined by varying the scale (Emax),
and another ratio is then obtained between the stiffest
part of the lesion and the normal parenchyma. This last
parameter seems the most accurate to differentiate ma-
lignant or burned-out tumors from benign Leydig cell
tumors.

What to avoid?

Excessive compression should be avoided. In cryp-
torchidism, when the testis is located in the groin space,
it is naturally compressed by surrounding tissue and the
stiffness is therefore increased.

Specific artifacts

Because of the low stiffness of the testis, some “push”
artifacts are frequently observed especially if the scale is
low. In our experience, they are more frequent in the lon-
gitudinal view compared to the axial view. Some filling
defects could be observed in some very stiff lesions, and
a ROI should not be placed in such areas. If available, a
penetratian mode can be chosen, in order to improve the
elastogram).

Normal values

Testicular SWS in healthy men assessed using 2D-
SWE at the poles varied from 0.9 to 1.15 m/s, which cor-
respond approximately to stiffness values in kPa ranging
from 2.4 to 4.0 kPa [71] Those values are quite similar
compared to Rocher’s study (using the same US scan):
2.4 kPa (IQR 2, 2.9) [70]. Testicular stiffness is nega-
tively correlated with age [72]. 2D-SWE: inner part of
the testis: 2.4 kPa (IQR 2, 2.9); hilum: ~ 10 kPa.

Musculoskeletal system

Main objective, clinical value

US examination is one of the first-choice diagnostic
methods in patients with musculoskeletal pathology. Al-
though highly operator dependent, it is often used as al-
ternative to cross-sectional and plain film imaging, with
the additional benefit of real time evaluation, lower cost
and absence of contraindications [73-75]. Modern US
equipment with high resolution transducers can provide
dynamic visualization of muscles, tendons, ligaments,
nerves and joints; findings can be instantly compared
with the contralateral side [75]. Additional evaluation of
tissue elastic properties is a new technique, that allows
the detection and confirmation of pathologies such as
neoplastic masses, and non-neoplastic changes such as
tendinitis, myositis, fasciopathy, sprains and tears [75].
Special situations such as spastic cerebral palsy, neuro-
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logical disorders, prediction of contractures and joint
motion limitation in patients [76] and peripheral nerve
assessment [77] can also be evaluated. The earlier diag-
nosis of degeneration and the ability to perform follow-
up evaluations of healing and the effects of treatment are
possible. SWE is considered the most suitable type of US
elastography for the musculoskeletal system.

“Knobology”

Prerequisites

Due to the anisotropy effects of muscles and tendons,
it is critical to align the probe perpendicularly or near to
90° to avoid false positive hypoechoic appearance that
can mimic pathology and give inadequate images. If the
probe is not located perpendicular to the target tissue, the
refraction effect extinguishes the shear waves and stiff-
ness value will not be accurate [78]. The SWS in tendons
is very high (up to 15 cm/s) and if the US system cannot
measure these high SWS inaccurate measurements may
be obtained.

Transducer (frequency) selection

High frequency (12-18MHz) linear probes are rec-
ommended for MSK imaging and performing SWE.
However, deeper located structures may require a low-
er frequency (3-12 MHz) linear transducer or a convex
transducer (1-6 MHz).

Description of (other) parameters

In pSWE, a small ROI is placed on the area of in-
terest and when activated the stiffness is obtained in the
small ROI. With 2D-SWE, a large FOV is placed over
the area of interest and when activated the SWSs for each
pixel are calculated and displayed as a color-coded map.
A small measurement box can then be placed to obtain
the stiffness value of a certain location either as a single
shot or in real-time. The transducer must remain stable in
one location for several seconds to get an accurate meas-
urement.

Region of interest (ROI) size, shape, others

Some claim that SWE shows more objective meas-
urements compared to the SE, as it is less influenced by
the operator, but some limitations as depth of ROI, size
of the target and selected plane have to be considered
[79]. Slight change in variability is related to depth of
ROI, and quantitative values are unreliable beyond depth
of 4 cm [80]. Shallow depths may be accommodated
by applying a 5-mm layer of coupling US gel as stand-
off.

Description of quality parameters

The high anisotropy of tendons requires perfectly
parallel or perpendicular position of the US beam to the
fibers, during the SWE examination. Shear waves travel
faster along the fibers and slower between fibers. Motion
of both the operator and the patient should be avoided.

Pre-compression

Precompression should be avoided in order not to in-
crease the stiffness of the tissues. Consistent light pres-
sure is advised [80].

Checking reproducibility

The joints and limb position as well as the patients’
age should be taken into consideration during the SWE
ultrasound examination [81]. The SWE examination of
muscles and tendons should be performed with the light-
est transducer pressure and a shorter acquisition time
than for the strain assessment. The ROI size does not in-
fluence the mean elastic modulus [82].

How to use SWE

It is recommended to use mild pressure with the
transducer during the SWE examination [79]. The trans-
ducer must be oriented longitudinally to the muscle fibers
in order to achieve accurate and reliable SWE measure-
ments. The shear waves propagate faster in the contracted
tendons and muscles and along the long axis of tendons
[83]. The ligaments should be examined in the same po-
sition as the corresponding joints [84].

Tips and tricks

With real-time 2D-SWE, stabilization of the image
for few seconds before the measurement is taken is very
important. As soft tissues give a wide range of stiffness,
it is recommended to adjust the scale to maximum. SWE
has a high specificity in the detection of tendinopathy and
subclinical tendinopathy, showing the softening of the
tissues. Inflammated plantar fascia, epicondylar and rota-
tor cuff tendons with tendinopathy show soft areas [85].
Torn and sprained ligaments and tendons become softer,
where the contracted muscle is stiff [78]. Posttraumatic
changes as hematoma, loss of tendon tissue and effusion
shows a significant decrease in stiffness [86], while post
surgical tendons have an increased stiffness due to the
healing process, where collagen Type III is predominant.
It is important to remember that the contralateral tendon
may show an increase of its stiffness also, due to over-
load [79]. Stretched tendons and the measurements taken
parallel to the fibers show increased SWS [79]. 2D-SWE
is widely used to evaluate the stiffness of the muscles
and degrees of the contraction. For different groups of
the muscles, the stiffness values range from 14.5 kPa at
rest and up to 268.2 kPa during the contraction [87] (fig
7). Fascia may become stiff with age and even in the ab-
sence of pathology may appear as abnormality [88].

Normal reference values

According to the literature the normal speed in Achil-
les tendon is 74.4+/- 45.7 kPa in longitudinal measure-
ment and 51.5+/- 25.1 kPa in transverse measurement
[89]. In neutral position, measurement showed aver-
age 15.55 m/s in the longitudinal plane and 5.29 m/s in
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Fig 7. Normal 2D-SWE of contracted Achilles tendon: a) Longitudinal shear wave propagation map demonstrates marked distortion
of waves at the tendon fibers;b) Transverse color-coded map; c¢) Transverse shear wave propagation map, distortion seen due to dif-
ference among tendon fibers; d) Filling defects due to very hard fibers.

transverse plane. In plantar flexion they were 4.76 m/s
(transverse) and 7.03 m/s (longitudinal). Relaxed Achil-
les tendon SWS values were 8.26 m/s (longitudinal) and
4.10 m/sec (transverse). It is recommended to take the
Achilles tendons 2D-SWE measurements 3-5cm from
the insertion to calcaneus or at the myotendinous junc-
tion. For the gastrocnemius muscle stiffness values were
16.5 kPa (relaxation) and 225 kPa (contraction); for tibi-
alis anterior muscle 40.6 kPa (relaxation) and 268 kPa
(contraction); for soleus muscle 14.5 kPa (relaxation)
and 55 kPa (contraction). In children with cerebral palsy
gastrocnemius muscle values are 15-25 kPa. Supraspina-
tus muscle average velocity is 3.0 m/s.

What to avoid?

A minimum distance of 1-2 mm is recommended be-
tween the area of interest and the skin. When relaxed,
even a normal tendon may demonstrate soft areas. Con-
trolling the tendon tension is important for obtaining con-
sistent results.

Specific artifacts

In case of precompression a reverberation can appear
showing a high stiffness result. Similar reverberations ef-
fects, called “bang” artifact, can appear in the near field.
The SWS is measured over only a few millimeters. When
the ARFI pulses are spaced too far apart, the speed-read-
ing can be inaccurate as the shear waves are attenuated
between the ARFI pulses. Low stiffness values may ap-
pear at the interfaces between tissues due to tissue shift-
ing, around calcifications, behind bone or at the superfi-
cial edge of a homogeneous lesion. Fluctuant changes at
the borders of the tendon in axial elastogram can be seen
due to varying contact with the skin [90].

Lymph nodes

Main objective, clinical value
Differentiating abnormal lymph nodes in benign
conditions such as infection or inflammation from ma-

lignant conditions such as metastatic disease or primary
malignances such as lymphoma is clinically important as
prognostic factor. However, health professionals often
encounter challenging overlapping imaging features on
B-mode and color Doppler mode in differentiating be-
nign process from malignant or an inflammatory disease
[91-93] in various locations, mostly in the neck, but also
axillary, groin and other abdominal locations with the
same principles [94].

US elastography is a new imaging biomarker that
may help in differentiating malignant LN (including
both metastatic lymphadenopathy and lymphoma) from
benign [95-99]. Several meta-analyses report malignant
LN to be stiffer (higher elasticity and higher speed) than
benign nodes and show that SWE for diagnosing malig-
nant cervical LN has sensitivity of 81% and specificity
of 85%, and the area under the curve is 0.88 [100,101].
A recent study showed that SWE evaluation of LN is
helpful to provide additional information in case of thy-
roid carcinoma, but in the case of autoimmune disease
(such as Hashimoto’s disease) there could be false nega-
tive results [94].

“Knobology”

Prerequisites

Knowledge of the normal lymph node appear-
ance on B-mode US is mandatory (homogenous hy-
poechoic, ovoid shaped with a hyperechoic hilum,
dominantly the hilar vascularization, long to short axis
ratio <2). Main task is to clearly visualize and select
the target lymph node, preferably in two perpendicu-
lar planes. Correct image is a color-coded display of
relative shear wave velocities within the user-defined
ROI superimposed onto a conventional B-mode US
image.

Select an appropriate transducer

The linear probe with a wide range of frequency (3-
18 MHz) can be used, selecting lower frequencies for
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Fig 8. Normal 2D-SWE of a submandibular lymph node: (a) Longitudinal shear wave propagation map, wave propagation differ-
ences in subcutaneous tissues and lymph node central and peripheral part; (b) Color coded map and artifact of missing data in the

deep layers; (c) B-mode submandibular benign non-specific lymph node.

deeper locations (3-12 MHz) and higher frequencies for
superficial locations (5-18 MHz) [102].

Description of examination technique

The examination has to be started in a patient’s supine
position in cases of cervical lymphadenopathy, but may
require comprehensive evaluation of various LN groups,
including supraclavicular region with the extended neck
over the pillow or in the sitting position. Initially, the
standard B-mode evaluation of the lymph node includes
size, shape, contours, vascularization, and presence of hi-
lum. Endoscopy US LN elastography is performed as an
additional element during examination.

Region of interest (ROI) size, shape, others

The stiffest area of the LN is measured with ROI on
average of 1.5-2.0 mm in diameter [102] with a maxi-
mum size up to 5 mm in diameter in an artifact free area.
With pSWE the RO is fixed by the manufacturer. Using
2D-SWE, the ROI size can be changed and can be suf-
ficiently large to contain target area and the surrounding
tissue (subcutaneous fat or muscle) for comparison of
relative stiffness. The selection of the field of view (box
size, shape, distance from transducer), and the color scale
of elastograms are not standardized.

Description of quality parameters

During the elastographic examination, the absence
of a result indicates a poor quality of the study. More
than one measurement must be performed to improve the
quality of the study. Different tissue layers should be in-
cluded within the colour-coded region.

Pre-compression

Pre-compression should be avoided in the superficial
organ SWE examination, although minimal pressure can
be used to reduce LN mobility in superficial locations.

How many measurements?

It is advised to perform at least 2 measurements of
the target LN.

Checking Reproducibility

Substantial interobserver agreement has been ob-
served for SWE homogeneity (k=0.66) and for maximum

elasticity (x=0.80) when performed by experienced spe-
cialist [103].

How to use SWE

The patient is asked to avoid swallowing and hold
their breath to prevent movement of the lymph node in
the neck. The stiffest region within the node is select-
ed by visual inspection according to the color-coded
elastogram and elasticity indices (EIs) and measured
in Young’s modulus unit (kPa). Minimal pressure dur-
ing the evaluation and 5 mm x 5 mm ROI box is used
[104]. For 2D-SWE, the transducer has to be held still
over the lymph node for 2-3 seconds with a minimal
pressure. Too strong pressure during the measurements
can show high values and false positive result. The ROI
box sizes can be changed, with a minimal size 2mm x
2mm and has to be placed over an artifact-free area [93,
105].

Tips and tricks

During the SWE imaging the patient can be asked to
hold his breath to minimize motion-related artifacts. It
is also suggested to avoid large vessel or other moving
structures within the scanning window or measurement
area.

Normal reference values

According to a study, the maximum Young’s modu-
lus value to distinguish between benign and malignant
lymph node in the neck is a 19.44 kPa (sensitivity 91%
and specificity 97%)] [106]. A cut-off value of 2.93 m/s
has been shown to predict malignant cervical LN [102].
There are no defined cut-off values for other LN loca-
tions.

What to avoid?

During the SWE examination the depth of the ROI
has to be controlled and should not exceed 3cm from the
skin, where the signal starts to attenuate (fig 8). Metastat-
ic lymph nodes may present filling defect in color elastic
maps and can be misdiagnosed as benign. In these cases,
quantitative parameters should not be used to assess LN
status [107].
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Specific artifacts

Little areas of a pathologic process may complicate
the SWE measurements and show a false-negative result,
e.g. “black hole”, as filling defect on color maps or local-
ized colored area at the margin. Therefore, the high SWE
values have to correlate with the histology of the primary
process. SWE artifacts in malignant LN may be related
to the inability to produce, amplify, propagate or measure
shear waves or in cases of stiff rim patterns caused by
attenuation of the energy of the shear wave at the margin
of LN [107]. False-negative results may also be obtained
due to focal cortical metastatic foci too small to be de-
tected by SWE. Lymphomatous LN may appear soft and
hence to contribute to the false negative results.
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