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INTRODUCTION

The conventional methods employed in diagnostic ultrasound
examinations for chronic liver diseases include the assessment of
B-mode images, the evaluation of nonuniformity in the Rayleigh
distribution (ASQ*), and the estimation of disease progression
based on indices of congestion as well as hepatic vein waveforms
obtained by Doppler scanning. Following the introduction of
ultrasound contrast agents, estimation of the severity of liver
diseases based on the times required for contrast agent to reach
the hepatic arteries, portal vein, and hepatic veins and functional
diagnosis based on the phagocytic activity of Kupffer cells have

also been performed.

* Available outside of the USA

In this paper, | would like to discuss the assessment of liver stiffness
using shear waves, which is one of the recently developed

elastography methods that is attracting a great deal of interest.

BACKGROUND OF THE DEVELOPMENT
OF ELASTOGRAPHY

When conventional methods based on the observation of
speckle patterns in B-mode images are used for the diagnosis of
liver diseases, the diagnosis of F2 and F1 stages is very difficult.
There have been attempts to perform tissue diagnosis using
images of the liver surface, but these are morphologic methods
and provide no more information than the estimation of liver

stiffness by manual palpation.

Poke one point and observe the
vibration at another point.

Pressure needed to induce 100% strain in the

E [kPa]

target = Modulus of elasticity (Young's Modulus) = Shear velocity Vs [m/s]

Shear wave propagation velocity

Figure 1: Relationship between shear velocity and tissue stiffness.
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Toshiba Medical Systems Corporation has implemented a
method known as Acoustic Structure Quantification (ASQ) for the
assessment of nonuniformity within the liver in their diagnostic
ultrasound system Aplio™. However, this function only analyzes
the uniformity of the liver parenchyma.

Currently, the gold standard for the diagnosis of liver diseases

is considered to be liver biopsy. However, liver biopsy suffers
from a number of problems and limitations, including the risk

of complications, invasiveness, high cost, and the possibility of
sampling error. Blood chemistry examinations are also employed,

but their diagnostic accuracy is not particularly high.

Clinically, it is important to determine the risk of cancer and

the need for antiviral treatment in each individual patient.

For patients with hepatitis C, it is also necessary to determine
whether treatment can be postponed until direct-acting antiviral
(DAA) agents become available on the market. Assessment of the
degree of fibrosis and inflammation is important for these clinical

applications.

Given this background, elastography, which can be used to assess
hepatic fibrosis and stiffness noninvasively, has been developed

and is increasingly employed in the clinical setting.

TWO MAIN TRENDS IN ELASTOGRAPHY

There are two types of elastography: strain elastography, which
assesses the degree of strain when a given amount of force is
applied to the liver, and shear wave elastography, which assesses

the velocity of shear wave propagation within the liver.

If shear waves are explained using an earthquake as an example,
the longitudinally vibrating P waves propagate more quickly

and the transversely vibrating S waves propagate more slowly. In
the human body as well, the transversely vibrating shear waves
propagate slowly, at a velocity of T m/s to 10 m/s. In addition, the
propagation velocity differs significantly depending on the tissue
stiffness. These characteristics make it possible to detect shear
waves using a diagnostic ultrasound system. The pressure that is
needed to induce 100% strain in the target tissue is represented

by the modulus of elasticity (kPa), and the velocity of shear wave

a: A part of the tissue is deformed
by a push pulse.

b: The shear velocity is higherin a
stiff obstacle such as a tumor.

Figure 2: Changes in shear velocity in SWE.

b

Figure 3: Tracing of shear waves in SWE. The depth direction represents time. A tracing of shear wave propagation is shown.

The blue lines indicate that the shear wave has passed.
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propagation that is obtained by “poking” one point and then
observing the vibration at another point is referred to as the “shear

velocity” (Fig. 1).

In the new Shear Wave Elastography (SWE) method that has been
developed by Toshiba, a part of the tissue is deformed by a “push
pulse”, the velocity of the shear waves propagating within the
tissue is detected, and the stiffness of the tissue is assessed based
on the detected shear velocity (Fig. 2a). If an obstacle such as a
tumor is present in the tissue, the shear velocity in that area differs
from the shear velocity in the surrounding areas. If the obstacle

is stiffer than the surrounding tissues, the shear waves propagate
faster (Fig. 2b), and if the obstacle is softer, the shear waves
propagate slower. The propagating shear waves are detected by

transmitting search pulses.

When the time at which the shear waves have reached each
distance is plotted with the horizontal axis representing the
propagation distance and the vertical axis representing time, a
tracing showing the propagation of shear waves within the liver
is obtained (Fig. 3). In uniform tissue, the shear velocity does not
change and the tracing is a straight line. But if the shear velocity
changes, the slope of the tracing also changes. For example, if
a stiff tumor is present in the liver, the area in which the shear
velocity is higher (i.e, the area that is determined to be stiffer) is

displayed in red on the screen.

One of the major features of SWE is that it is possible to select
“‘continuous scan”, in which the frame rate can be selected in
three steps, or “one-shot scan’, in which image quality is given
higher priority. Continuous scan is advantageous for evaluating
areas that are likely to be affected by cardiac motion, but at our
institution, we select one-shot scan in order to obtain higher
image quality. Another major feature of SWE is that images can
be viewed using three different display modes after freezing:
Speed (shear velocity) mode (m/s), Elasticity mode (kPa), and
Propagation (arrival time contour) mode (Fig. 4).

USEFULNESS OF SHEAR WAVE ARRIVAL TIME
CONTOURS

In conventional elastography methods, there is no means for
determining whether or not the shear waves propagate properly
based on the displayed color images. With SWE, it is possible to
observe whether the shear waves propagate properly through
the tissue in a single still image displayed in Propagation (arrival

time contour) mode (Fig. 5).

The intervals between the displayed contour lines are wider in
stiff tissues and narrower in soft tissues. In diffuse diseases with no
obstacles, the shear velocity does not change and the intervals
between the contour lines should be constant. In areas where
the contour lines are parallel, the shear waves propagate properly
and the reliability of the obtained data is high. In areas where the
contour lines are distorted and not parallel to one another, the

« Switching among three display modes is possible after freezing.
« Shear velocity Speed mode [m/s]
» Modulus of elasticity Elasticity mode [kPa]

« Arrival time contour Propagation mode

elasticity [kPa] propagation

speed [m/s]

Display in Propagation mode
« Background and purpose
« To determine whether the shear waves propagate properly.
To measure the stiffness in areas where the shear waves
propagate properly.
« Propagation display shows whether the shear waves are
generated and propagate as expected in a single still image.

Soft target

Stiff target

Figure 4: Features of SWE.
Switching among three display modes is possible after freezing.
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Figure 5: Arrival time contours in SWE.
Display in Propagation mode.



reliability of the obtained data is low. In other words, the reliability

of the data can be verified by observing the contour lines (Fig. 6).

SWE is designed so that no color is displayed in areas where data
reliability is low due to the influence of blood vessels in Speed
mode as well, but shear wave propagation can be observed more
clearly in contour display. In addition, contour display makes it
possible to verify the data reliability in deeper regions where

shear waves are difficult to generate.

As discussed above, arrival time contour display is very useful for
verifying the reliability of the data and for selecting suitable areas
for shear velocity measurement. For example, even in a patient

with severe fatty liver and a skinfold thickness of 3 cm, it was

possible to obtain data with verified reliability by determining the
area in which the shear waves propagate uniformly using contour
display and measuring the shear velocity within this area (Fig. 7).

CLINICAL DATA FOR SWE

Clinical data obtained at our institution in the period from January
31 to April 3, 2014, is shown. The targets were 236 cases in which
liver stiffness was measured using two or more ultrasound system
models and 64 cases in which liver biopsy was performed.

Case 1 was diagnosed as F1 and Al (chronic hepatitis) based on
the liver biopsy findings. It can be confirmed that in the areas
displayed in clear blue in Speed mode, the shear waves propagate
uniformly in Propagation mode (Fig. 8). The blood vessels are
displayed in black.

Propagation display

Highireliapili

Lines nearly straight and parallel to
one another

Distorted and not parallel
to one another

Clinical experience with arrival time contour display

Example of a patient who was difficult to examine (thick abdominal wall and fatty liver)
A thick abdominal wall and fatty liver are both factors that interfere with focusing of
the push pulse. As a result, it is difficult to generate shear waves. Such patients are
difficult to examine using SWE.

- Even in this case, parallel contour lines are observed in the upper-right part of the
image in Propagation display mode. The measurement data can be verified to be
reliable in such areas.

Figure 6: Reliability of propagation display based on the contour lines.

Figure 7: Verifying data reliability based on arrival time contour display.

" Mean: 1 51 m/s

Mean: 2.30 m/s

Figure 8: Case 1: F1, A1 (chronic hepatitis).
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Case 2 was diagnosed as F3 and Al based on the liver biopsy
findings. The color tone of the image is more yellowish than in
case 1 (Fig. 9). The intervals between the contour lines are slightly
wider, and the shear velocity measurement is 2.3 m/s.

Case 3 was diagnosed as liver cirrhosis (F4). The image appears
significantly more yellowish than in case 2 (Fig. 10). Red areas

are also observed, clearly indicating stiff tissues. The intervals
between the contour lines are even wider than in case 2. The
platelet count was 7.8 X 10* ul-1 and the serum albumin level was
3.5 g/dL. The shear velocity measurement is 3.32 m/s.

At our institution, we use diagnostic ultrasound systems
manufactured by three different companies in addition to

the Toshiba Aplio. The correlation coefficients between the
measurement values obtained using Aplio and those obtained
using the systems from each of the other companies were
0.884, 0.852, and 0.938, suggesting that the reliability of the
measurement values obtained using SWE developed by Toshiba
is comparable to that of conventional products.

In the 64 cases in which liver biopsy was performed, the
correlation coefficients for the Aplio compared with the systems

72-year-old man, CH (C), SI: 26.9, esophageal varices F1, gastric varices F1

Toshiba Siemens SSI Echosens

Blood chemistry data SWE  VIQ SWE  FibroScan
AST 42U/l 338 255 3.53
ALT 34 U/1 305 212 343
PLT 7.8 x 10%uL 347 213 3.20
T-bil 0.7 mg/dL 323 259 3.20
ALB 3.5¢g/dL 347 250 3.08
PT 78.8% 3.32 3.04
Hyaluronicacid -ng/dL 333
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Figure 10: Case 3: F4 (liver cirrhosis)

Figure 11: Comparison with liver biopsy findings.

64-year-old woman, CH (C), F1, A1, SI: 24.8, esophageal varices F1, gastric varices F1

Toshiba Siemens SSI Echosens

Blood chemistry data SWE  VIQ  SWE FibroScan
AST 124 U/l 224 1.88 25 218
ALT 106 U/I 2.19 1.93 23 212
PLT 7.0 10°UL gg };(7) gg gg;
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Figure 12. Case 4: F1, clinically diagnosed as liver cirrhosis.
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Figure 13: Cutoff value for the diagnosis of liver cirrhosis using SWE.
(2.23 m/s)

F1-F3 Vs F4 = 'F4' is assumed to be positive.

Area under the ROC curve = 0.90143




from each of other companies were obtained. The results were
0.927,0916, and 0.959, indicating statistically significant high

correlations.

When the relationships between the liver biopsy findings and
shear velocity values obtained using Aplio were analyzed, the box
plots showed that the diagnostic capabilities for F4 were high,
although there were several extreme outliers (Fig. 11). The mean
shear velocity was 1.646 m/s in cases diagnosed as F1, 1.762 m/s in
cases diagnosed as F2, 2.213 m/s in cases diagnosed as F3, and 2.862
m/s in cases diagnosed as F4, indicating that the measurement
values increased in parallel with the degree of fibrosis.

With regard to the cases in which significant mismatch was
observed between the liver biopsy findings and the measurement
values, these cases had, for example, been diagnosed as F1 based
on the liver biopsy findings but clinically found to have liver
cirrhosis complicated by gastric and esophageal varices (Fig. 12).
In case 4, high measurement values were obtained by systems
other than Aplio. The tissue specimens obtained by liver biopsy
contained wide areas of fibrosis, but this case was diagnosed as F1
by the pathologist. Since the image displayed in Speed mode of
SWE is yellowish and the intervals between the contour lines are

wide, it appears possible to diagnose this case as liver cirrhosis.
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Based on the results obtained at our institution, the cutoff value
for cirrhosis in SWE was calculated to be 2.23 m/s, although the
number of cases was small (Fig. 13). Cases in which the shear
velocity is 2.23 m/s or higher can be diagnosed as having liver
cirrhosis. The area under the ROC curve was 0.9, which is excellent.

CONCLUSION

The liver stiffness measurement function of the new elastography
method known as SWE developed by Toshiba Medical Systems
Corporation was found to have diagnostic capabilities for fibrosis
comparable to the analogous functions of systems manufactured
by other companies. It was confirmed that the shear velocity
measured by SWE tends to increase in parallel with the degree of
fibrosis.

Arrival time contour display, which is a major feature of SWE,
makes it possible to observe whether the shear waves propagate
properly, allowing the reliability of the obtained data to be verified.
With systems other than Aplio, when images are displayed with
mottled colors in elastography images, the reliability of the data
may be questionable and it is often necessary to repeat the
examination several times. With Aplio, it is expected that reliable
data can be obtained in a single examination by observing the

shear wave arrival time contours.
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