THE HONG KONG
Q POLYTECHNIC UNIVERSITY
& Fenian

Pao Yue-kong Library
BEREEE

Copyright Undertaking

This thesis is protected by copyright, with all rights reserved.
By reading and using the thesis, the reader understands and agrees to the following terms:

1. The reader will abide by the rules and legal ordinances governing copyright regarding the
use of the thesis.

2. The reader will use the thesis for the purpose of research or private study only and not for
distribution or further reproduction or any other purpose.

3. The reader agrees to indemnify and hold the University harmless from and against any loss,
damage, cost, liability or expenses arising from copyright infringement or unauthorized
usage.

IMPORTANT

If you have reasons to believe that any materials in this thesis are deemed not suitable to be
distributed in this form, or a copyright owner having difficulty with the material being included in
our database, please contact lbsys@polyu.edu.hk providing details. The Library will look into
your claim and consider taking remedial action upon receipt of the written requests.

Pao Yue-kong Library, The Hong Kong Polytechnic University, Hung Hom, Kowloon, Hong Kong

http://www.lib.polyu.edu.hk




This thesis in electronic version is provided to the Library by the author. In the case where its contents is different from the
printed version, the printed version shall prevail.

The Hong Kong Polytechnic University

Interdisciplinary Division of Biomedical Engineering

Liver Fibrosis Assessment Using Transient
Elastography Guided with Real-time B-mode

Ultrasound Imaging: A Feasibility Study

Tak-Man MAK

A thesis submitted in partial fulfilment of the requirements for
the degree of Master of Philosophy

July 2012



lbsys
Text Box
This thesis in electronic version is provided to the Library by the author.  In the case where its contents is different from the printed version, the printed version shall prevail.



CERTIFICATE OF ORIGINALITY

I hereby declare that this thesis is my own work and that, to the best of my
knowledge and belief, it reproduces no material previously published or written,
nor material that has been accepted for the award of any other degree or diploma,

except where due acknowledgement has been made in the text.

(Signed)

Tak-Man MAK (Name of student)

M|Page



ABSTRACT OF THESIS
“Liver Fibrosis Assessment using Transient Elastography Guided with Real-time B-

mode Ultrasound Imaging: A Feasibility Study”

Submitted by Tak-Man MAK
for the degree of Master of Philosophy
at The Hong Kong Polytechnic University

in July 2012

Liver fibrosis is a kind of chronic damage of the liver and may lead to cirrhosis, one
of the top 10 causes of death in the western world. The complications of cirrhosis may
include liver failure, portal hypertension and hepatocellular carcinoma. The main
causes of liver fibrosis are very common including hepatitis B virus (HBV) and
hepatitis C virus (HCV) infection, alcohol abuse and non-alcoholic steatohepatitis
(NASH). Thus, the demand for a noninvasive diagnostic system is high. Recently, a
device called Fibroscan (Echosens, Paris, France) has been developed based on
transient elastography, which shows promising results for liver fibrosis assessment.
However, this device does not provide visual guidance of the liver during
measurement, which affects the measurement accuracy and user-friendliness of
operation. Our team has also developed a transient elastography system with real-time
B-mode ultrasound imaging serving as visual guidance for liver fibrosis assessment,
named as Liverscan. The aims of this MPhil study are (1) to design and fabricate
specific probe for Liverscan to assess liver fibrosis non-invasively; (2) to
systematically validate the new system and (3) to establish a measurement protocol

for using the system.
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The measurement probe was designed and fabricated with a B-mode ultrasound
transducer (4.5 MHz) fixed along the axis of a mechanical vibrator. When the
mechanical vibrator was activated, the ultrasound transducer vibrated accordingly to
generate shear wave in tissue. The vibration frequency used in this study was 100 Hz
and its amplitude was approximately 5 mm at the surface of the transducer, which
were optimal for this system. The induced shear wave propagated through liver tissue;
pulse-echo ultrasound acquisition was used to trace the shear wave. The propagation
of the shear wave in tissue indicates the stiffness of liver. A higher shear wave

velocity indicates a harder liver tissue that reveals the severity of fibrosis.

The measurement using Liverscan was validated by conventional mechanical
indentation test on 15 custom-made agar-gelatin phantoms with different stiffness. An
Instron machine was used to measure the force-indentation relationship of phantoms,
and then their Young’s modulus values were calculated and compared with the results
obtained by Liverscan. A significant linear correlation of Young’s moduli measured
by the mechanical indentation test and the Liverscan (r=0.97, p<0.001) was found.
This indicated that Liverscan was able to differentiate soft tissues with various

stiffness.

In this study, totally 67 subjects including 34 male and 33 female (Age: 34+13 years
and BMI: 21.3+2.8 kgm™) were recruited for different tests. Among them, 20 subjects
had confirmed liver diseases while the rest has no history of any liver disease. 26 and
23 subjects participated in inter- and intra-observer tests for the Liverscan,

respectively. 28 subjects were tested using both Liverscan and Fibroscan. In addition,
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all the 67 subjects participated in the test of location dependence using Liverscan.

For the in vivo measurement using Liverscan, the subjects were tested using the
following protocol. All the subjects fasted for at least 3 hours prior to any
measurements. During the tests, the subjects were asked to lie down in supine position
with their right arms in maximal abduction and placed behind their heads. Then, an
area close to the projection of the rib cage was identified, i.e. the intercostal space
between the 7 and 8" ribs and about 5 cm in distance from the projection. After the
suitable location was identified, the measurement probe was applied. With the
guidance of real-time B-mode ultrasound, we could select the depth and location of
liver tissue to be assessed without any large blood vessels included by moving the
cursor of region of interest (ROI). For the intra-observer test, the test was repeated by
the same operator twice following the same protocol. The tests were conducted by
two operators in the inter-operator test. In addition to the first location, another one
was selected for applying the measurement probe to test the location dependence,
which was at the intercostal space between 8™ and 9™ ribs. After the measurement
using Liverscan, the selected subjects were tested again by the Fibroscan within one
week at the centre of The Hong Kong Health Check. All the subjects fasted at least 3

hours before the measurement, and they were tested by the same operator at the centre.

The results showed excellent repeatability of the measurement using Liverscan with
an intraclass correlation coefficient of 0.987 (p<0.001) and 0.988 (p<0.001) for the
inter- and intra-observer tests, respectively. A high correlation between the liver
stiffness values obtained by the Liverscan and the Fibroscan was found (r=0.886,

p<0.001). This indicated that the Liverscan was able to perform reliable in vivo liver
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stiffness measurement and capable of identifying liver with different stiffness. Based
on the correlation and the result published for Fibroscan measurement, the calculated
cut-off value of liver fibrosis was 14.0 kPa for the Liverscan. The location
dependence test revealed no significant difference in the stiffness between the two
tested sites (p=0.178) and the two sets of stiffness data showed significant correlation
(r=0.946, p<0.001). This result demonstrated that both the locations were qualified to

be included in the measurement protocol of the Liverscan.

In summary, this study has demonstrated that the Liverscan with a specifically
designed B-mode probe is able to provide a reliable measuement of livers with
different stiffness using the proposed measurement protocol. The real-time B-mode
ultrasound imaging is useful as visual guidance which improves the measurment
accuracy and efficiency. Furture studies are required to further validate the system
and demonstrate its clinical value by testing a large group of subjects with different

degrees of liver fibrosis and by making comparison with biopsy.

Key words: Ultrasound, transient elastography, elasticity measurement, liver fibrosis,

soft tissue
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CHAPTER 1 INTRODUCTION

1.1 Background

Liver fibrosis has drawn great attention because of the common causes and severity.
To enhance treatment and minimise the mortality rate, early screening is the most
effective way. Generally, there are three ways routinely used to detect liver fibrosis
including liver biopsy (Menghini 1970; Bravo et al. 2001); serum marker analysis
(Plebani and Burlina 1991; Imbert-Bismut et al. 2001) and ultrasound imaging (Celle
et al. 1988; Nishiura et al. 2005). Liver biopsy is recognized to be the most effective
method to confirm the diagnosis of liver fibrosis. However, it is invasive that may
cause severe complications (Perrault et al. 1978) and the accuracy is reduced because
of the sampling error (Abdi et al. 1979) and repeatability problem (Regev et al. 2002).
Serum marker analysis is a minimally invasive method that is routinely used in
hospitals or clinics. It is relatively cheap, but its accuracy varies from one marker to
another. It is also affected by the etiology of disease (Oberti et al. 1997). B-mode
ultrasound imaging is commonly used as a screening tool for liver fibrosis. It is non-
invasive and cheap in cost. However, ultrasound imaging is very operator-dependent

that lacks accuracy and reliability.

Other than those commonly used methods, some promising and non-invasive methods
are now being developed, including real-time elastography (RTE) (Friedrich-Rust et
al. 2007; Morikawa et al. 2011), transient elastography (TE) (Sandrin et al. 2003;
Castera et al. 2011), magnetic resonance elastography (MRE) (Kruse et al. 2000;
Motosugi et al. 2010) and supersonic shear imaging (SSI) (Bercoff et al. 2003; Muller

et al. 2009a). In spite of being promising and non-invasive, most of these methods



still have limitations that do not meet the criteria as a screening tool for liver fibrosis.
RTE only provides relative elasticity instead of absolute elasticity. It is highly
operator-dependent that may result in large variation of repeatability. MRE is with
long-time data acquisition and of high cost including operation and maintenance.
Therefore, the advantages of MRE are balanced. SSI is the latest one to this field and
still lacks of sufficient in vivo clinical studies to evaluate its performance and
advantages. Up to date, a device called Fibroscan (Sandrin et al. 2003; Verveer et al.
2012), which has been developed based on TE, seems to be the most promising one.
For example, Fibroscan has high accuracy and repeatability that are supported by a
large number of studies. It is of low cost and the measurement time is short.
Considering its limitation of insufficient visual guidance, we developed another TE-
based system, Liverscan (Mak et al. 2013), with real-time B-mode ultrasound imaging
as guidance. In this study, we would like to validate the performance of the new
system and develop a measurement protocol as to improve the measurement

effectiveness and enhance the measurement accuracy and repeatability.

Liver fibrosis is very common due to infection of HBV, HCV or alcohol abuse. The
importance of screening of potential patients or defined the fibrosis staging of patients
is well recognized. As a screening tool, some sorts of factors are mostly preferred
including radiation free, non-invasive, low cost and short measurement time.
Ultrasound imaging, therefore, is a suitable diagnostic tool. The use of ultrasound
imaging only is not satisfied to provide reliable diagnosis; TE with the combination of
ultrasound imaging and mechanical vibration, however, appears to be able to meet the
requirements as a screening tool and provide a reliable diagnostic result with the

support from the results of considerable clinical studies. Fibroscan applies 1D
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ultrasound imaging that provides limited visual information about the target liver
tissue. From another view, the physician has to predict the target tissue based on
his/her experience. This is the main limitation of the use of 1D ultrasound imaging; it
would be preferable to apply 2D ultrasound imaging to provide the morphological
information about liver tissue while taking elasticity measurement. Liverscan was
thus developed with the implementation of 2D ultrasound imaging and mechanical

vibration.

Liverscan and Fibroscan are both developed based on TE. Fibroscan has been
validated comprehensively by considerable clinical studies; the correlation between
stiffness of liver tissue and liver fibrosis stages has been established. In addition, other
similar techniques like Supersonic Shear Imaging has just started its clinical trial that
its performance has to be further validated. An early study has used Fibroscan to
verity the results of Supersonic Shear Imaging (Bavu et al. 2011). Therefore,

Fibroscan was selected to benchmark with Liverscan in this study.

1.2 Objectives of the study

As our team has developed a transient elastography system with real-time B-mode

ultrasound imaging for liver fibrosis assessment, Liverscan, the aims of this study are

1. To design and fabricate a specific probe that can be used with a conventional B-

mode ultrasound scanner to assess liver fibrosis non-invasively;

2. To validate the Liverscan using agar-gelatin phantoms with different stiffness with

reference to indentation tests and in vivo subject measurements with reference to
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the Fibroscan tests;

3. To establish a measurement protocol using the Liverscan including procedures for
identifying the measurement locations, number of measurement locations and data

processing methods.

1.3 Outline of the dissertation

Following the introduction chapter, Chapter 2 presents a literature review on the
fundamental physiology of liver and liver fibrosis. The diagnostic methods for liver

fibrosis are also presented and the limitations of these methods are pointed out.

Chapter 3 introduces the materials and methods used in this study. The details of the
probe fabrication and principle of transient elastography system are presented. To
validate the Liverscan, agar-gelatin phantoms were fabricated for stiffness
measurements. The stiffness measured by the Liverscan was compared with that
measured by the mechanical indentation test. For the in vivo measurement, a
measurement protocol was developed and described in detail. The in vivo liver
stiffness measurement was also conducted and compared with the Fibroscan. The

location dependence for liver stiffness measurement is also described in this chapter.

In Chapter 4, the results of the corresponding studies in Chapter 3 are presented,
including the correlations of the phantoms’ stiffness between the Liverscan and the
mechanical indentation test and of the in vivo liver stiffness between the Liverscan

and the Fibroscan and the location dependence for stiffness measurement.
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Chapter 5 discusses the system performance and results. The key feature of the
Liverscan, real-time B-mode ultrasound imaging, is discussed to demonstrate the
importance of the visual guidance as blood vessels may be included in the
measurement region, affecting the accuracy. The system performances and the

feasibility of the measurement protocol are also discussed.

Chapter 6 summarizes the performance of the Liverscan. Suggestions for further

studies are also given.
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CHAPTER 2 LITERATURE REVIEW

This chapter consists of two parts; the first part presents a literature review on the
fundamental physiology of liver and liver fibrosis. The second part is the review on
the diagnostic methods for liver fibrosis so as to indicate the limitations of the existing
methods and the need for a non-invasive method with high accuracy and repeatability

to act as a screening tool.

2.1 Anatomy of liver

Liver is a vital organ in body. It is soft, in reddish brown colour and in triangular
shape. It weights approximately one fiftieth of an adult body weight, which is the
largest internal organ in the body. Liver locates at the right upper part of the
abdominal cavity and just below the diaphragm (Figure 2.1), protected by the rib cage
partially. Liver consists of two unequal sized main lobes, separating by falciform
ligament. The left lobe is smaller than the right one, only one sixth of the total liver
size. The right lobe consists of three parts, namely right lobe proper, caudate lobe and
quadrate lobe (Patton and Thibodeau 2010). Each lobe is made up of lobules and each
lobule is made up of hepatic cells, which contribute to metabolism. The hepatic
lobules are hexagonal or pentagonal cylinders in shape that allows the closely pack of
the hepatic cells. Liver connects with hepatic artery, hepatic vein, hepatic portal vein
and bile duct. It receives oxygenated blood through hepatic artery and deoxygenated
blood through hepatic portal vein. At the sinusoids of the liver, the termination of the
branches of hepatic artery and portal vein, the arterial and venous blood mixes
together and flows into the central vein of each hepatic lobule. The bile canaliculi
apposes to the hepatic cells and fuse to form bile duct, collecting bile from hepatic

cells. Liver is a very vascular organ as hepatic artery and bile duct divide into many
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branches that pass laterally and spread upwards and downwards through the liver
(Ellis and Mahadevan 2010). The hepatic vein, however, is distributed different from
that of hepatic artery and bile duct. It mainly consists of three veins including a left,
right and central vein. They pass upwards and downwards into the inferior vena cava
(Ellis and Mahadevan 2010). In terms of function, liver is one of the vital organs as it
is responsible for maintaining the normal biological activities inside body including
carbohydrate metabolism, detoxification, bile secretion and storage of several
substances for body (Patton and Thibodeau 2010). Any sickness of the liver may lead

to serious diseases such as liver fibrosis.

Figure 2.1 Anatomy of liver. (Zygotebody)

2.2 Liver disease: Liver fibrosis

Liver fibrosis is a severe chronic disease. It results from excessive accumulation of
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extracellular matrix (ECM) as the wound healing response to the repeated injury of
the liver (Friedman 2003). The main causes of liver fibrosis are very common
including hepatitis B virus (HBV) and hepatitis C virus (HCV) infection, alcohol
abuse and non-alcoholic steatohepatitis (NASH) (Friedman 2003; Bataller and
Brenner 2005). The progression of liver fibrosis may lead to cirrhosis. The
complications of cirrhosis include liver failure, portal hypertension and hepatocellular
carcinoma (Foucher et al. 2006b; Martini 2006). Cirrhosis is one of the top 10 causes
of death in the western world (Martini 2006). Bosetti et al. (2007) reported the
cirrhosis mortality rate in Chile was about 55 per 100,000 in men and 14 per 100,000
in women in early 1980s. In Scotland, the cirrhosis mortality rate was about 45 per
100,000 in men and 20 per 100,000 in women in 2002, which was the highest

cirrhosis mortality rate in western European (Leon and McCambridge 2006).

Liver fibrosis is a kind of structural change of liver tissue due to chronic repeated
injury (Figure 2.2). Briefly, the parenchymal cells will regenerate and replace the
necrotic or apoptotic cells if liver is subjected to injury, for example injury from HBV.
This process leads to an inflammatory response and a limited ECM deposition. In the
case of repeated injury to liver tissue, that process is disturbed and results in tissue
regeneration failure and excessive accumulation of ECM. In an advanced case, the
accumulation of ECM is 6 times more than the normal amount of ECM (Bataller and
Brenner 2005). The production of ECM is controlled by hepatic stellatte cells (HSC)
(Friedman et al. 1985). Under persisted injury, the HSCs are activated into
myofibroblast-like cells. The activated HSCs accumulate at the site of injury and
produce a large amount of ECM. In addition, they limit the ECM degradation

(Bataller and Brenner 2005). As a result, the excessive ECM leads to the hepatic
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tissue undergo structural change and results in fibrotic cells. If the ECM production
and degradation could both be restored to normal, it is believed the fibrotic cells could

be recovered. This could be one of the treatments of liver fibrosis in the future.
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Figure 2.2 Change in the hepatic structure. (A) is the normal liver and (B) is the liver

tissue with advanced fibrosis. (Bataller and Brenner 2005)

2.3 Assessment of liver fibrosis

2.3.1 Liver Biopsy

Liver biopsy is recognised to be the most effective method to diagnose liver fibrosis
(Friedman 2003). It is a kind of invasive method that uses the needle to insert through
the skin and muscle layer into liver to remove a small amount of liver tissue (Figure

2.3), about 1/50,000 of liver tissue (Afdhal and Nunes 2004). The removed liver
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tissue is analyzed by hepatopathologist to identify the stage of fibrosis. In order to
have a decent biopsy, the removed liver tissue should be at least 15 mm in length and
consists of more than five portal tracts (Holund et al. 1980; Afdhal and Nunes 2004).
Based on METAVIR scoring system (Bedossa and Poynard 1996), the fibrosis and
activity level are graded, ranging from FO to F4 representing no fibrosis, portal
fibrosis, without septa, few septa, numerous septa without cirrhosis and cirrhosis for
fibrosis and from A0 to A3 representing none, mild, moderate and severe for activity,

respectively.

Figure 2.3 Liver biopsy is an invasive procedure that uses needle to remove a small

amount of liver tissue. (http://www.skills.uct.ac.za/activities.htm)

As liver biopsy is routinely used, it seems that it is relatively safe since physicians
have sufficient experience in performing this assessment. Some potential risks and
complications, however, still occur, including pleurisy, perihepatitis and haemorrhage

(Geller and Petrovic 2004). The complications relate to the relative contraindications
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and the number of biopsies taken (Perrault et al. 1978; Afdhal and Nunes 2004). A
more number of biopsy has to be taken; a higher chance of suffering from

complications.

Apart from complications, liver biopsy is subjected to some sort of limitations. The
most severe limitation is the sampling error (Regev et al. 2002; Friedman 2003). This
is because fibrosis may be not uniformly distributed throughout the liver and the
removed liver tissue, thus, contains no fibrotic tissue. Furthermore, the tissue
removed by needle is small, about 1/50,000 of liver size (Afdhal and Nunes 2004);
this further reduces the chance of removing the fibrotic tissue. Both reasons may lead
to false negative diagnosis result. It is suggested to take three biopsies instead of one
to improve accuracy. According to the study of Abdi et al. (1979), the diagnostic
accuracy of cirrhosis increased from 80% with single biopsy taken to 100% with three
taken. However, it is not reasonable to ask patients to conduct three biopsies in reality.
In addition to the differences within one lobe, a difference of fibrosis grading also
exists between lobes. A study carried out by Regev et al. (2002) showed that 33.1% of
the subjects had difference of at least one grade between left and right lobes; there
were 14.5% of subjects who were interpreted with cirrhosis in one lobe, but with stage
3 fibrosis in another lobe. As a result, biopsy may under or over estimate the fibrosis
stage. Another limitation is the inter-observer variability among hepatopathologists
(Bedossa et al. 1994; Regev et al. 2002). A study reported that this variation may be
up to 20% for misclassifying the fibrosis stage (Friedman 2003). Another study
revealed that there were variations between observers for assessing the disease
activity for patients with HCV based on several selected features (Bedossa et al. 1994).

Liver biopsy, therefore, seems to be more operator-dependent and may not be with
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high accuracy.

Liver biopsy is the gold standard to assess the fibrosis stage, however, it may not be
an effective method to screen the one who is under suspicious case or to monitor the
treatment progression as it is invasive. The sampling error and inter-observer
variability may lead to incorrect diagnosis, especially for those marginal cases. As a
result, a non-invasive method with high accuracy and repeatability would be more

preferable.

2.3.2 Serum Marker Analysis

Serum marker is a kind of biomarker. It refers to “measurement of one or more
molecules within a blood or serum sample as a surrogate marker of fibrosis in liver”
(Friedman 2003). Serum markers can be divided into two groups, namely indirect
markers and direct markers. The indirect markers include AST/ALT ratio, platelet
count, prothormbin index, PGA index and PGAA index (Afdhal and Nunes 2004).
They have no direct relationship with the liver fibrosis stage (Wai et al. 2003; Huwart
et al. 2007) and are based on a statistical approach to predict the liver fibrosis stage.
The direct markers include cytokines, procollagen I, glycoproteins laminin and
hyaluronic acid (HA) (Afdhal and Nunes 2004). It is believed that the direct markers
are involved in the deposition or removal of ECM that relates to the liver fibrosis

stage directly (Patel et al. 2003; Huwart et al. 2007).

For the indirect marker analysis, Oberti et al. (1997) reported that in a study involved
243 patients with chronic alcoholic or viral liver disease, the prothrombin index had

the highest diagnostic accuracy, about 86% and similar performance in both diseased
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groups. In contrast, AST/ALT ratio did not perform as well as prothrombin index and
discrepancy exited between the two diseased groups, having an accuracy of 79% in
viral liver disease; but only 65% accuracy in alcoholic liver disease (Oberti et al.
1997). This is because the etiology of liver disease affects the accuracy of indirect
serum marker analysis. Another limitation of indirect marker analysis is its limited
ability to categorize the fibrosis stage. It was reported that Fibrotest was able to
classify patients with F2 or higher fibrosis stage with 75% sensitivity and 85%
specificity (Angulo et al. 1999). Fibrotest, however, could only identify patients into
FO-F1, F2-F4 and “cannot be categorized” groups. It was unable to have further fine
categorization that limits its diagnostic precision. For the direct marker analysis,
Oberti et al. (1997) reported that HA had the best accuracy of 86% in staging liver
fibrosis, while others were not as accurate as HA. The etiology effect also exited
among direct markers. For instance, Laminin performed better in patients who had

alcoholic liver disease than in patients who had viral liver disease.

With the advantages of relatively simple operation and almost no complications,
serum marker analysis becomes a routine procedure for assessing liver fibrosis in the
clinic. Nevertheless, its accuracy may be affected since fibrosis is not specific to liver;
other organs such as lung may also suffer from fibrosis. Therefore, serum marker
analysis may not be an accurate method to confirm liver fibrosis; but suitable for

routine use in clinic as a preliminary screening tool.

2.3.3 B-mode Ultrasound Imaging

B-mode ultrasound imaging with the major advantages of radiation free, non-

invasiveness and cheap in cost is routinely used to image liver fibrosis preliminarily
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in hospital. This facilitates ultrasound imaging to be a screening tool for liver fibrosis
or other diseases. The evaluation of the B-mode ultrasound images is based on several
factors, including liver size, bluntness of liver edge and nodularity of liver surface
(Nishiura et al. 2005). In between, liver surface nodularity has been the most common
indicator for grading fibrosis visually (Figure 2.4). Under the ultrasound image,
fibrosis and cirrhosis is recognised by a coarse echo pattern and presence of
regeneration nodules causing irregular outline on the liver surface (Saverymuttu et al.
1986). It is reported that ultrasound scanning was not very accurate in detecting the
present of fibrosis, 57% sensitivity and 88% specificity (Saverymuttu et al. 1986).
Since B-mode ultrasound imaging is able to provide 2D grey scale images only, it
requires the operators or physicians to be well trained and experienced in scanning
and interpreting images. This operator-dependent technique limits its repeatability and
accuracy. The image quality, furthermore, depends on the frequency of ultrasound
transducer. As illustrated in Figure 2.5, a high frequency ultrasound transducer is able
to provide a smooth liver surface, sacrificing the depth information ((a) & (b)); while
a low frequency ultrasound transducer can provide irregular liver surface only,
maintaining depth information ((¢) & (d)). The selection or the availability of proper
ultrasound transducers is another important factor influencing the repeatability and
accuracy. It has been demonstrated that high frequency ultrasound transducer was
able to obtain acceptable results for cirrhosis assessment showing liver surface with
dotted or irregular line or liver parenchyma with areas of different echogenicity

(Simonovsky 1999).
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Figure 2.4 B-mode ultrasound image of a patient with cirrhosis shows irrggular liver

surface and a hypo-echoic lesion. (Goyal et al. 2009)

Figure 2.5 Ultrasound images of the liver surface. (a) and (b) show a smooth and

mildly irregular surfaces with a high frequency ultrasound transducer, respectively; (c¢)
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and (d) show an irregular and a highly irregular surfaces with a low frequency
ultrasound transducer, respectively. This reveals the frequency of ultrasound does

affect the diagnostic accuracy. (Nishiura et al. 2005)

To classify and grade liver fibrosis quantitatively, scoring systems (Gaiani et al. 1997;
Nishiura et al. 2005) were developed based on the surface texture of liver. Nishiure et
al. (2005) has reported that the developed scoring system was clinically useful for
differentiating patients with minimal or no fibrosis from those with mild or severe
fibrosis. It should be noted that the given scores were based on the image quality
together with the experience of physicians, thus were very subjective. To tackle this
limitation, some research groups have developed different algorithms based on the
statistical data to examine liver fibrosis, including statistical analysis on ultrasound
echo signals (Toyoda et al. 2009) and texture analysis of B-mode images (Wu et al.
1992). Only few of them have been applied for clinical use as most of them did not
perform satisfactorily in terms of processing time, classification rate and clinical cases.
The statistical analysis on ultrasound echo signal is a method that analyses the results
of a statistical chi-square test of the echo amplitudes (Toyoda et al. 2009). It was
performed on 148 patients with HCV using histologic fibrosis grade as a reference.
This study demonstrated the statistical analysis method was able to grades liver
fibrosis in patient with HCV; however, this method is not practical in real clinical
setting since a considerable of time is needed to sample the RF signals which do not
include the unnecessary structures such as blood vessel. For the texture analysis of B-
mode images, different research groups have implemented different texture features
including multiresolution fractal dimension (Wu et al. 1992), texture feature coding

matrix (Horng 2003) and Fourier power spectrum (Abe et al. 1992); most of them
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were not able to accuracy classification of liver fibrosis from FO to F4 or were very
time consuming processing. Vicas et al. (2011) have implemented a texture analysis
tool consisting 12 texture algorithms and a logistic regression classifier for liver
fibrosis staging and concluded the texture analysis system performed with limited

staging ability for liver fibrosis.

With the use of B-mode ultrasound imaging only, it is useful to help for screening
purpose since it consists of real-time and radiation free properties; it may not be
sufficient for accurate diagnosis, but the 2D morphological information is helpful for
screening. It is suggested B-mode ultrasound imaging can be integrated with other

technique to assist liver fibrosis diagnosis quantitatively.

2.3.4 Magnetic Resonance Imaging

Conventional magnetic resonance imaging (MRI) is a radiation free imaging
technique, which provides high contrast and resolution 2D and 3D imaging. These
features enable MRI to be a diagnostic tool for liver fibrosis. It was reported that
based on the specific image features including the narrowing of the hepatic vein
(Numminen et al. 2005), caudate of the right lobe ratio (Awaya et al. 2002) and
expanded gallbladder fossa (Ito et al. 1999), MRI was able to recognize cirrhosis.
Other stages of fibrosis, nevertheless, were not possible. This explains why the
research about liver fibrosis with the use of MRI was limited and MRI is not a
routinely used tool for liver fibrosis measurement. With the advancement of
technology, novel MRI applications have been developed that focus on the
physiological and biomechanical properties of liver tissue as to increase the diagnostic

accuracy and reliability. There are different kinds of imaging techniques for liver
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fibrosis, including contrast-enhanced MRI (Elizondo et al. 1990; Chen et al. 2012),
diffusion-weighted MRI (DWI) (Koinuma et al. 2005; Bakan et al. 2012) and
magnetic resonance spectroscopy (Munakata et al. 1993; Fischbach and Bruhn 2008).
Among these techniques, DWI seems to be the most promising one since most of the
published research papers have applied DWI for study and proved DWI was feasible

for liver fibrosis diagnosis.

Briefly, DWI assesses the freedom of diffusion of water protons in tissues. In fibrotic
tissue, a reduction of water proton diffusion occurred since there is an accumulation
of fibrosis which has lesser free unbound water. For the image of DWI, the signal
intensity of tissue is inversely proportional to the freedom of water proton diffusion.
This means the brighter pixel indicates tissue with reduced water proton diffusion. To
quantitatively investigate the liver fibrosis with the use of DWI, apparent diffusion
coefficient (ADC) is applied. Several studies have shown the obtained mean ADC
from DWI measurement was lower in patients with cirrhosis (Koinuma et al. 2005;
Annet et al. 2007; Taouli et al. 2007; Bakan et al. 2012) (Figure 2.6). In a previous
study, 56 patients clinically diagnosed with cirrhosis underwent DWI, a significant
reduction of ADC was found that indicates ADC decreased as the stage of liver
fibrosis progressed (Koinuma et al. 2005). Lewin et al. (2007) reported that the area
under receiver operating characteristic curve (AUROC) for identifying patients with
significant fibrosis were 0.92 for DWI, 0.92 for TE, 0.79 for FibroTest, 0.87 for
Aspartate aminotransferase to platelets ratio index (APRI), 0.86 for Forns index and
0.97 for hyaluronate. This indicates that DWI performed favorably with other non-

invasive methods for patient with significant liver fibrosis.
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Figure 2.6 DWI image and ADC map of liver. (a) is the control group image and (b)
is the image for a patient with significant fibrosis. The ADC map shows the ADC
values were higher in (a) as compared to (b), indicating the ADC value decreased as

the severity of fibrosis increased. (Bakan et al. 2012)
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From the preliminary studies, DWI seems to be promising for liver fibrosis
measurement, especially for significant fibrosis. DWI, however, has several
limitations that reduce its ability to be a screening tool or routine measurement in
clinical use. Up to recent studies, the sample size was limited in most of the studies,
especially those with different liver fibrosis stages. The DWI has not been clinically
validated and needs further investigation. Most of the studies reported DWI was able
to identify patients with significant fibrosis, but not for early stages of liver fibrosis.
The repeatability of its performance also needs to be further confirmed. It was
reported that significant hepatic iron accumulation and hepatic steatosis may also
affect the measurement accuracy (Talwalkar et al. 2008). MRI can provide high
contrast and resolution, the drawback is the increased measurement time. DWI needs
45-60 minutes for a scanning (Talwalkar et al. 2008), which is very time consuming
that reduces the acceptance from patients and limits the number of patients to be
scanned in one day. In addition, the cost for MRI is higher than other non-invasive

techniques such as ultrasound imaging.

DWI for MRI seems to be promising for significant liver fibrosis; but more studies are
needed to prove its performance. Among those limitations, cost is a significant
constraint, reducing its acceptability to the patients. In terms of financial
consideration from government, DWI is also not favorable to be a routinely used tool

in hospital.

2.3.5 Elasticity Measurement of Liver

2.3.5.1 Real-time elastography

Real-time elastography (RTE) (Friedrich-Rust et al. 2007) is a non-invasive method
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for diagnosis of liver fibrosis. Basically, it is an imaging technique that reveals the
elasticity of tissue by comparing and analyzing the degree of displacement of liver
tissue before and under compression by a conventional ultrasound probe. Under
compression, the stiffer tissue undergoes lesser change in shape; while softer tissue
undergoes more deformation. The difference between stiffer and softer tissues is used
to identify the relative stiffness, location and size of the harder objects such as fibrotic
tissue in liver (Figure 2.7). RTE has been demonstrated to be clinically useful for
detecting lesions in breast (Itoh et al. 2006; Thomas et al. 2006), prostate (Pallwein et
al. 2007; Salomon et al. 2008) and thyroid (Lyshchik et al. 2005; Hong et al. 2009).
For liver fibrosis, Friedrich-Rust et al. (2007) has shown the use of RTE to indicate
the stiffness distribution of liver tissue for 79 patients with chronic viral hepatitis. It
was reported that the correlation coefficient between the elasticity scores obtained by
RTE and the histological fibrosis stage was 0.48; AUROCs for diagnostic accuracy
were 0.75 for significant fibrosis, 0.73 for severe fibrosis and 0.69 for cirrhosis, which
were not satisfactory for clinical application. Another study conducted by Kanamoto
et al. (2009) has proved the AUROC for diagnostic accuracy was 0.951 for significant
fibrosis. From the limited studies, RTE was demonstrated to be helpful for liver
fibrosis diagnosis. It, nevertheless, only provides relative stiffness, showing the
relative degree of tissue strain under compression. To quantitatively measure liver
stiffness, a various algorithms were developed, which increased the measurement
accuracy. Wang et al. (2012) has included 11 parameters to formulate the elastic
index to correlate with fibrosis stage in RTE measurement, including 55 patients with
liver fibrosis and chronic HBV and 20 healthy subjects. RTE with this quantitative
method was demonstrated to be promising and accurate as the correlation between

elasticity index and the histological fibrosis stage was 0.81 (p<0.001) and AUROCs
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of accuracy were 0.93 for fibrosis, 0.92 for significant fibrosis, 0.84 for severe fibrosis

and 0.66 for cirrhosis.
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Figure 2.7 RTE for liver stiffness measurement using conventional B-mode
ultrasound probe for compression. It shows the stiffness distribution of tissue coded

with color, red for soft tissue and blue for hard tissue. (Friedrich-Rust et al. 2007)

Some promising results were published for RTE, but they were from the preliminary
studies with limited subjects in specific fibrosis stages. In order to validate its clinical
value, more studies with considerable subjects are needed. With the integration of
quantitative methods, the performance seems to be improved (Koizumi et al. 2011;
Morikawa et al. 2011; Wang et al. 2012). These quantitative methods are still under

development and evaluation; in addition, the parameters difference among the
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algorithms may cause variation in stiffness estimation. The measurement accuracy
and effectiveness, therefore, will be reduced. Another limitation is the repeatability as
RTE was highly operator-dependent; its intra-observer and inter-observer variability
was criticized (Saftoiu et al. 2007; Friedrich-Rust et al. 2009). The selection of region
of interest (ROI) was also dependent on the operator. It was suggested that the ROI of
elastography should include the liver tissue and the surrounding tissue, otherwise the
accuracy reduced (Saftoiu et al. 2007; Gulizia et al. 2008). Therefore, RTE may not

be an effective method for liver fibrosis diagnosis.

RTE is a kind of technique based on ultrasound imaging; the main advantages are
radiation free and low cost which facilitate RTE to be a potential screening tool for
liver fibrosis. For grading of liver fibrosis, RTE seems to be unsuitable, especially in

quantitative diagnosis. Further developments and more clinical studies are needed.

2.3.5.2 Transient Elastography

Transient elastography (TE) is a non-invasive method to diagnose liver fibrosis
(Sandrin et al. 2002; Sandrin et al. 2003; Petta and Craxi 2012). TE combines
ultrasound with vibration, modifying the probe with an ultrasound transducer installed
on the axis of a mechanical vibrator. The induced low frequency shear wave
propagates through liver tissue and is traced by the pulse-echo ultrasound acquisition
method. The speed of shear wave is related to the liver tissue stiffness, a faster shear

wave speed indicates a harder liver tissue that reveals the severity of fibrotic tissue.

Recently, a commercial device has been developed based on TE, called Fibroscan

(Echosens, Paris, France). Fibroscan is able to measure the liver stiffness non-
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invasively; in addition, the stiffness obtained from the Fibroscan had significant
correlation with fibrosis grading according to the METAVIR scoring system in liver
biopsy (Figure 2.8) (Sandrin et al. 2003; Foucher et al. 2006b). Before Fibroscan,
different physical parameters have been investigated for potential fibrosis diagnosis.
Backscattering property has been widely investigated, but results showed it was not
effective for differentiating patient with cirrhosis or healthy liver in terms of
backscatter coefficient quantitatively, as reported by Lu et al. (1999). Maybe the
backscattering measurement can be affected by many factors. Considerable clinical
studies have been conducted and demonstrated that the liver stiffness well correlated
with the severity of liver fibrosis. An obvious biological reason for why stiffness
correlates to the liver fibrosis severity is that more fibrotic tissue can make liver stiffer
that can be explained by pressure-stiffness-fibrosis sequence hypothesis (Mueller and
Sandrin 2010). The hypothesis states that when chronic liver diseases occur, the
accumulation of interstitial liquid and inflammatory infiltrate result in an increased
local stress causing stretch on the blood vessels and bile ducts. This stretch will
stimulate the production of fibrotic tissue causing a stiffness increase as the liver is

adapting its structure to mechanical stimulation.

Because of the novelty of the Fibroscan, there are a number of research groups using
the Fibroscan to investigate its accuracy and repeatability for liver fibrosis
measurement. In a meta-analysis including data from 50 studies, the TE’s
performance was evaluated using liver biopsy as reference. The histology of patients
included HBV, HCV and NASH. The mean AUROCs for diagnosis of significant
fibrosis, severe fibrosis and cirrhosis were 0.84, 0.89 and 0.94, respectively

(Friedrich-Rust et al. 2008). With this large number of data analyses, they concluded
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that AUROCs were representative and the diagnostic accuracy of TE was excellent.
The accuracy of Fibroscan, moreover, should be higher than that of liver biopsy as the
size of liver tissue measured by the Fibroscan is 100 times larger than that removed
by biopsy. The tissue, thus, is more representative and in turns the results more
accurate. For the intra-observer and inter-observer test, Fraquelli et al. (2007) reported
that the measurements for patients with chronic liver diseases were highly
reproducible as intraclass correlation coefficients (ICC) of inter and intra-observer
tests were both 0.98. Another research group has also confirmed the repeatability of
Fibroscan was excellent (Boursier et al. 2008). This indicates the Fibroscan is quite
operator-independent and the accuracy is thus enhanced. In a recent study, Fibroscan
was proved to be applicable to those patients with chronic HBV; the diagnostic
performance of TE was similar between HCV and HBV, with AUROCs were 0.8 and

0.9 for significant fibrosis and cirrhosis (Leroy and Kim 2012).
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Figure 2.8 In vivo measurement results by Fibroscan: (a) is no fibrosis or mild fibrosis,

(b) is severe fibrosis and (¢) is cirrhosis. (Sandrin et al. 2003)
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Apart from high accuracy and repeatability, non-invasiveness and radiation free are
the most important advantages of the Fibroscan, enhancing it to be a screen tool for
fibrosis measurement. It is believed the patients’ acceptability should be high as being
non-invasive and radiation free, the measurements do not cause any harm and
complications. Patients could even have several scans in an examination to eliminate
the uncertainty. The measurement time for Fibroscan is short, generally less than 10
minutes and the cost is low. Fibroscan thus provides a really helpful method for

fibrosis measurement.

Fibroscan, nevertheless, has its limitations. The most important restrain is the
Fibroscan does not have sufficient visual guidance to properly locate the ROI (Bavu
et al. 2011; Kircheis et al. 2012; Orlacchio et al. 2012). This can be attributed to the
use of A-mode ultrasound. Without the use of B-mode ultrasound to help to locate the
ROI, it is easy to include blood vessels and bile duct, especially those large in size
leading to inaccurate estimation of the fibrosis stage. This drawback has been
specifically mentioned and evaluated in recent studies using other alternative
ultrasound elasticity measurement techniques, including supersonic shear imaging
(Bavu et al. 2011), ARFI (Kircheis et al. 2012), and real-time elastography (Orlacchio
et al. 2012), which can provide real-time B-mode images of liver during the
measurement of its elasticity. To tackle this limitation, a real-time assistance
ultrasound tools have been developed, called TM- and A-scan modes (Audiere et al.
2009). The tools, basically, try to provide visual information of the liver and tissues
around or within the liver. With the use of this real-time assistance, however, the
visual information is still insufficient and difficult to observe. Other than limited

visual guidance, Fibroscan is not applicable to the patients who are obese, having
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narrow intercostal spaces or having ascites (Sandrin et al. 2003). Recently, a new
probe (XL probe) was designed for obese patients in order to increase the range of
BMI of patients. And it was reported the performance of the XL probe was
comparable to that of standard probe (M probe), with reducing the measurement
failure (de Ledinghen et al. 2012). However, the stiffness measured by XL probe was
significantly lower than that measured by M probe (de Ledinghen et al. 2012; Myers
et al. 2012) which made the existing cut-off values no longer valid for measurement

using XL probe.

The Fibroscan is a kind of non-invasive method to make diagnosis of liver fibrosis. It
has excellent repeatability and high accuracy. With the advantages of low cost,
radiation free and short measurement time, the Fibroscan has high potential to be a
screening tool routinely used in clinics or health centers. Instead of using TM- and A-
scan modes as guidance, it is believed that the Fibroscan is able to perform much
better, in terms of accuracy, repeatability and measurement time if real-time B-mode

ultrasound imaging is applied.

2.3.5.3 Magnetic Resonance Elastography

Magnetic resonance elastography (MRE) (Huwart et al. 2006; Rustogi et al. 2012)
seems to be another promising technique for measuring viscoelastic properties of liver
tissue non-invasively. The principle of MRE is similar to that of TE, the main
difference is the use of MRI instead of ultrasound. Briefly, MRE involves the
induction of shear wave to propagate through liver tissue by an external vibrator. The
shear wave propagation is related to the tissue stiffness. By the use of MRI with

motion-sensitizing gradient technique, a phase shift caused by mechanical wave is
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measurable. As a result, the phase map is generated and transformed into shear
elasticity and viscosity maps as shown in Figure 2.9. MRE consists of several
advantages as compared to TE, including 1) able to analyze relatively larger liver
volume as to reduce the sampling error; 2) applicable to patients who are obese and
have ascites and 3) able to make precise analysis by 3D displacement vector (Huwart
and van Beers 2008). Based on limited preliminary studies, MRE was feasible for
liver fibrosis measurement (Huwart et al. 2006; Rouviere et al. 2006; Yin et al. 2007).
In a study which involved 35 normal volunteers and 50 patients with chronic liver
disease, Yin et al. (2007) demonstrated that MRE was able to identify patients with
moderate and severe fibrosis from those with mild fibrosis with 86% sensitivity and
85% specificity. Another research group has made comparison among MRE, TE and
APRI and found that MRE had a higher successful rate than that of TE (94% vs 84%,
p=0.016) (Huwart et al. 2008). The AUROC of MRE, in addition, was larger than that
of TE, APRI and combination of TE and APRI (p<0.05). The ability of identifying
fibrosis seems to be promising; but the repeatability is another concern. During recent
years, MRE has been proved to be highly reproducible (Motosugi et al. 2010; Shire et
al. 2011; Rustogi et al. 2012). Apart from assessing fibrotic liver, Venkatesh et al.

(2008) claimed that MRE was promising for detecting solid liver tumours.
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(A) (E) ()

Figure 2.9 MRE images of patient with cirrhosis. (a) shows the ROI of liver in MRI,
(b) represents elasticity map of liver fibrosis and (c) represents the viscosity map of

liver fibrosis. (Huwart et al. 2006)

MRE seems to be comparable with TE. However, further investigation and clinical
studies are needed to better understand its performance and limitations since those
preliminary studies are still insufficient, due to the small number of normal subjects
and patients with different stages of liver fibrosis and not enough comparisons with
other techniques such as liver biopsy. In terms of the technical issues, the propagation
of shear wave was not always homogenous throughout the liver and acquired slices,
causing the problem with stiffness evaluation (Rustogi et al. 2012) and the need of
correction for breathing movement (Huwart et al. 2007). The measurement time of
MRE was long, at least 20 minutes (Huwart et al. 2007). This does not fulfil the basic
criteria for screening purpose. The physical size of MRE is large and it needs to be
installed in a specific room that restricts the locations for measurement, hospitals only.
Apart from this, MRE is of high cost in terms of operation cost and maintenance cost.
Both of these limiting factors confine the number of MRE system to be installed, most

likely one to two MRE systems in a hospital.
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In short words, MRE has great potential as a tool for grading liver fibrosis as it is
comparable with the Fibroscan. To further test its feasibility for screening liver
fibrosis, its advantages of MRE, nevertheless, are balanced by its long time
measurement and high cost. It may be clinical effective, but not cost effective as a

routinely used screening tool. More clinical studies are still needed.

2.3.5.4 Supersonic Shear Imaging

Supersonic shear imaging (SSI) (Bercoff et al. 2003; Bavu et al. 2011) is a kind of
radiation force based technique for elasticity imaging. This imaging technique is
similar to that of TE, both of them use ultrasound to track the shear wave propagation
in the liver tissue to form the elastogram. The key difference is the way to induce
shear wave. TE uses an external mechanical vibrator to induce shear wave; while SSI
applies the focused ultrasound beam to induce shear wave. When low frequency shear
wave is induced by acoustic radiation force remotely, the shear wave source moves
with an ultra-fast speed to create successively focusing ultrasonic “pushing” beam at
different pre-set depths. As shown in Figure 2.10, a series of shear wave is produced
and they interfere constructively to form a shear wavefront as time increases. This
wavefront propagates through liver tissue and causes disturbance to the liver tissue.
Consequently, elastogram is formed as ultrasound is used to monitor the shear

wavefront propagation at an ultrafast frame rate, about 3000 Hz.
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Figure 2.10 Supersonic shear source activation and propagation images at different

time points. (Bercoff et al. 2004)

Based on a study conducted by Bercoff et al. (2004), SSI performed well for elasticity
estimation on agar-gelatin phantom quantitatively, the inclusion and main body were
measured with 4.1 kPa £12% and 2 kPa +2%, respectively. It seems SSI has the
ability to differentiate tissues with different stiffness. Apart from phantom test, in vivo
assessment for soft tissue is also feasible. It was found that the stiffness value of the
normal breast tissue measured by SSI agreed with that by MRE (Lorenzen et al. 2003).
SSI also had the ability to identify malignant lesions for breast having significantly
different stiffness as compared to normal tissue (Tanter et al. 2008). In a study

including 15 normal subjects, the liver stiffness measured by SSI agreed with the
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value of normal liver stiffness reported in literature (Muller et al. 2009b). The
repeatability was also mentioned to be significant for those normal subjects. Recently,
another publication involving 113 patients with HCV also presented the agreement
between fibrosis staging and elasticity assessment using SSI and the Fibroscan (Bavu
et al. 2011). The AUROCS of stiffness measurement by SSI were 0.948, 0.962 and
0.968 for patients with significant fibrosis and severe fibrosis and cirrhosis,
respectively. From Figure 2.11, different stages of liver fibrosis are illustrated in the

stiffness map, showing SSI has the potential ability to evaluate liver fibrosis.

E (kPa)

520 E20
E g
N N
_54 _:40
o, a
L []
A 6 A 60

=) T 20
g H
j= 9 o
A6 a

-50 0 50
Width x (mm) Width x (mm)

Figure 2.11 Color coded liver stiffness maps indicate 4 stages of fibrosis measured by
SSI. (a) is the mild fibrosis; (b) is the severe fibrosis; (¢) is significant fibrosis and (d)

is cirrhosis. (Bavu et al. 2011)

Since SSI implies ultrafast frame rate, the measurement time is very short, less than 1s.

In terms of cost, SSI is competitive to MRE; while less comparable to the Fibroscan.
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Of these advantages, short time measurement and low cost are really helpful for
screening purpose. The use of acoustic radiation force would be favourable since no
external mechanical vibrator needed to generate shear wave. It is believed this can
reduce the effect of shear wave attenuation due to thick fat tissue layer. The amplitude
of shear wave induced by acoustic radiation force, however, should be smaller than
that of external one. For instance, the amplitude of SSI was less than 10 um (Tanter et
al. 2008); while TE was about 50-60 um (Gennisson et al. 2005). This implies that the
ultrasound system needs to be very sensitive in order to monitor the small change of
tissue displacement, increasing the cost of SSI in advance. Based on the literature
review, SSI is promising but more qualitative and quantitative studies are required to
advance its performance, especially those in vivo studies with different stages of liver
fibrosis and with comparisons among different diagnostic techniques including liver
biopsy and serum marker analysis. The repeatability of this method also needs to be

addressed.

With the application of ultrasound imaging and acoustic radiation force, SSI seems to
be simple in operation. It is believed that the cost of SSI would be more acceptable
when compared with MRE. According to the literature review, SSI also has the
potential being a tool for liver fibrosis diagnosis; but more clinical studies are needed

to prove its accuracy and repeatability.

2.3.6 Summary

Liver fibrosis becomes more and more common due to the wide spread of HBV and
HCV and the living style of citizens. The medical expenditure will increase

dramatically if liver fibrosis deteriorates into cirrhosis or even liver cancer, increasing
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the financial burden to the government and thus reducing the medical resources for
the treatment. Therefore, an early screening for liver fibrosis is really demanded to

increase the treatment effectiveness as well as to reduce the medical expenditure.

According to the above review, liver biopsy is still the gold standard and routinely
used in hospital. It is, nevertheless, invasive that may not be favourable for screening.
Serum marker analysis is minimally invasive and routinely used, but it may be
affected by the etiologic effect which reduces its accuracy. Among those non-invasive
methods, it seems the Fibroscan performs the most promisingly and meets the criteria
for screening purpose. Fibroscan is cheap in cost since it is an ultrasound based
technique. The measurement time is short (less than 10 minutes) and it is able to
provide instant diagnostic result. From the review, the diagnostic performance of the
Fibroscan appears to be excellent in terms of accuracy and repeatability based on the
support from considerable studies. This enables the Fibroscan to grade liver fibrosis
with no further biopsy needed. Fibroscan, nevertheless, lacks sufficient visual
guidance to properly locate the liver tissue for measurement. This may confine the
accuracy as the ROI may include blood vessels or bile duct. This is a key restriction

of the Fibroscan.

Considering the key limitation of the Fibroscan, we developed another TE system
with specifically designed probe to provide real-time B-mode ultrasound imaging as
guidance for liver fibrosis measurement. In this study, we aimed to validate the
performance of the system and develop a measurement protocol to improve the

measurement effectiveness and enhance the measurement accuracy and repeatability.
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CHAPTER 3 MATERIALS AND METHODS

This chapter introduces the materials and methods used in this study, including the
details of probe fabrication, system validation with the use of agar-gelatin phantoms,
the in vivo liver stiffness measurement based on the established measurement protocol

and the study of measurement location dependence.

3.1 Probe development and fabrication

As illustrated in Figure 3.1, the measurement probe was designed and fabricated with
a 4.5 MHz B-mode ultrasound transducer fixed along the axis of a mechanical
vibrator. Different types of mechanical vibrators such as electromagnetic and
pneumatic vibrators have been sourced with the consideration of size, power, etc.
Some preliminary prototypes of the probe have built up by connecting the vibrators
with the 2D ultrasound transducer to test the feasibility for generating suitable shear
wave in the liver. When a suitable mechanical vibrator was identified, the plastic
casing and internal supporting structures were designed and fabricated for assembly.
For example, the mechanical vibrator was installed on the plastic casing (Figure A.1)
which was fabricated using lathing machine. The dimensions of the probe are 70 mm
in diameter and 170 mm in length. The material used for fabrication has also been
considered, POM was selected, which is a biocompatible material in white colour.
The mechanical vibrator was connected to a control box and an amplifier
(Type 2718, Briiel & Kjar) to adjust frequency and amplitude of the vibration,
respectively (Figure 3.2). When the mechanical vibrator vibrates, the ultrasound
transducer will vibrate accordingly to generate shear wave. The frequency and
amplitude were 100 Hz and about 5 mm at the surface of transducer in this study,

which was the optimal setting for our system. When the shear wave propagated
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through the liver tissue, pulse-echo ultrasound acquisition was used to trace the shear

wave.

Control box

Ultrasound Elastogram

image for liver Liver stiffness
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 vibrator

B-mode
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Figure 3.1 The developed transient elastography system with real-time B-mode

ultrasound imaging, Liverscan , with specifically designed probe.
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Figure 3.2 The schematic diagram represents the elements of Liverscan.

The frequency and amplitude was adjusted by the control box through the use of a
computer interface that keys in the preferred frequency and the amplifier (Bruel &
Kjaer amplifier type 2718) through an analog button, respectively. The displacement
of the mechanical vibrator was 5 mm which could be measured using caliper. The
probe was then held by a supporting structure that could move in vertical direction
while the vibrator was in resting state. The probe was adjusted in height until the
transducer surface be way 5 mm from the desk surface. The vibrator was activated,
and the amplitude was adjusted by turning the analog button until the transducer head
has just impacted to the desk surface. The voltage used to produce 5 mm displacement

was then recorded.

The frequency and amplitude selected were 100 Hz and 5 mm, respectively that based
on some in vivo preliminary trial. We have tested a number of different vibration

frequencies from 50 to 200 Hz. We found that, 50 Hz of shear wave could not obtain
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qualified result using our system, as the observed wave propagation patterns were too
complicated for detection in some cases. Using a vibration frequency larger than 100
Hz, the shear wave propagation was influenced by the attenuation and could only
applicable to subjects with low BMI. The optimized vibration frequency was chosen
to be 100 Hz instead of 50 Hz. For the amplitude, 5 mm was tried to be large enough
to generate shear wave to propagate through liver with the consideration of safety and

comfortableness.

3.2 Transient elastography system with real-time B-mode ultrasound imaging

The TE system was developed based on the modification of a conventional B-mode
ultrasound system, SIUI CTS-8800 (Shantou Institute of Ultrasonic Instruments Co.,
Limited, Shantou, China) (Figure 3.1). Briefly, B-mode ultrasound imaging was
generated in real-time to view the morphological information of the tissue before
measurement. As illustrated in Figure 3.3, B-mode ultrasound images were generated
in 25 frames per second and one of these B-mode images was replaced by M-mode
ultrasound image which was formed by focusing the ultrasound beam at a selected
fixed location and sampled with an ultra-high frame rate, up to 6000 frames/s. At the
beginning of this M-mode frame, the vibration was generated. The propagation of the
induced shear wave in tissue caused disturbance in the ultrasound echo train. The
image was then processed to enhance the shear wave propagation trace. The tissue
stiffness was calculated based on the following equation from the slope of the trace,
which indicates the velocity of shear wave (Royer and Dieulesaint 2000):
E=3pV? (1)
where E is the Young’s modulus; p is the mass density and V is the shear wave

velocity. The slop of the trace is calculated by the software automatically. A higher
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shear wave velocity indicates a harder liver tissue that reveals the severity of fibrosis.

The developed system was hereafter called as “Liverscan”.

The ROI can be
moved to different
depths and locations

25 fps

Vibration

128-512 lines
5k-10k fps

Figure 3.3 Illustration of imaging principle of the Liverscan. B-mode ultrasound
images are generated in 25 frames per second and one of these B-mode images is
replaced by M-mode ultrasound image to trace the propagation of the shear wave
through liver tissue. The induced shear wave in liver causes disturbance in the
ultrasound echo train. After tracing this disturbance, the transient elastography image

can be formed and the stiffness can be calculated from the slope of the trace.

3.3 System validation using agar-gelatin phantoms

The capability of the system in measuring the soft tissue stiffness was firstly validated
using custom-made agar-gelatin phantoms (Madsen et al. 2005; Gennisson and

Cloutier 2006) with different stiffness (Figure 3.4 (a)). Agar (Fisher Scientific,
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number A/1080/53, Loughborough, UK) and gelatin (Sigma-Aldrich, number G1890,
St. Louis, MO) were used as scatterers and matrix, respectively. The agar remained
constant in concentration, 1% by volume for each phantom; while the concentration
of gelatin was used to control the stiffness, varying from 3% to 8% by volume. The

mixture was heated to 50°C and then cooled down to 24°C as soon as possible to
prevent sedimentation of agar as the mixture started to solidify at 24°C (Gennisson

and Cloutier 2006). The phantoms were then covered by plastic wrap and stored in the
refrigerator for 24 hours for further solidification. Before any measurements, it was
ensured that the phantoms returned to room temperature. Totally 15 agar-gelatin
phantoms, 80 mm in diameter and 64.1+8.2 mm in thickness of different stiffness
were produced and tested by the Liverscan and the conventional mechanical

indentation test in order to validate the developed system.
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(a)

Figure 3.4 (a) Agar-gelatin phantom. A series of agar-gelatin phantoms with different
stiffness were produced. Agar acts as the scatterer and gelatin is the matrix. The
concentration of gelatin determines the stiffness of phantoms. (b) Agar-gelatin
phantoms under mechanical indentation test. Totally 2 different locations were tested

for averaging.

The agar-gelatin phantoms were tested by the Liverscan using the probe held by free
hand, ensuring the ultrasound transducer was just in contact with the phantoms. The
ROI of measurement was 31.5 mm in length and located about 10 mm below the
phantom surface. 10 measurements were taken from each location and totally 2
locations were tested. The location selections were random. A trimmed mean, median
10 data was used to analyze the stiffness data as the sample taken in the study was

small and the form of measurement distribution was unknown (Crow and Siddiqui
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1967). To eliminate the variance from the extreme data, a trimmed mean can provide

a more robust estimation.

For the comparison purpose, Instron” 5569 (Instron Corp., Norwood, MA, USA) was
used to measure the force-deformation relationship for agar-gelatin phantoms in an
indentation test, as shown in Figure 3.4 (b) in order to calculate the stiffness. A typical
force-deformation curve of the agar-gelatin phantom is shown in Figure 3.5. The
radius of a rigid steel indentor used was 5 mm (Lu and Zheng 2004). The indentation
rate was 0.5 mms™ and 3 cycles of loading and unloading were conducted; only the
data from last cycle of loading was captured for analysis. The applied maximum
deformation on phantom was 4 mm to ensure the phantoms were in the range of
elasticity. The indentation test was repeated at 3 different locations for averaging on
each phantom. By using equation (2) (Hayes et al. 1972), the stiffness of those
phantoms could be calculated.

_ @A P

- 2ax(v,@/p) W @

where v is Poisson’s ratio of agar-gelatin phantoms; a is indentor radius; h is thickness
of phantom; x(v, a/h) is scaling factor, which tends to equal to 1 when the aspect ratio,
a’/h is small enough; P is the applied force and W is the indentation depth. In this
study, thevwas assumed to be 0.5 as agar-gelatin phantoms are an almost
incompressible material (Glozman and Azhari 2010), and this assumption was
consistent with that made for the measurement using transient elastography. The a=5
mm, h=64.14+8.2 mm and thus a/h=0.08+0.01, which was small enough that k=1 could
be used. P/W is force-deformation relationship obtained from a regression of the

indentation test data.
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Figure 3.5 A typical force-deformation curve from indentation test in the last loading
phase that shows a linear correlation. This indicates the fabricated agar-gelatin

phantoms are purely elastic in this study.

3.4 Subjects

A total of 67 subjects were recruited in this study, including 34 male and 33 female
subjects for different tests. Among these subjects, 20 of them had different kinds of
liver diseases, and their clinical characteristics are summarized in Table 3.1. The
mean age and the body mass index (BMI) of the subjects were 34413 years and
21.3+2.8 kgm™, respectively. After some initial trials, it was found that the Liverscan
was not applicable to subjects having BMI over 27 kgm?, therefore, those subjects
with BMI larger than this number were not recruited in this study. Among them, 26
and 23 subjects participated in inter- and intra-observer tests for the Liverscan,

respectively. 28 subjects were tested using both the Liverscan and the Fibroscan. And,
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all the 67 subjects participated in the test of location dependence using the Liverscan.
Human ethical approval was obtained from the University committee and all the

subjects were asked to sign the informed consent form before assessment.

Table 3.1 The clinical characteristics of 20 patients with confirmed liver diseases.

No. of Liver Liver . Abnormal
patients fibrosis cirrhosis HBY Fatty liver SGPT/ALT

1 X X

1 X

14 X

3.5 In vivo assessment protocol and repeatability tests

For the in vivo measurement as illustrated in Figure 3.6, the subjects were asked to lie
down in supine position with their right arms in maximal abduction and placed behind
their heads. Then, an area close to the projection of the rib cage was identified, i.e. the
intercostal space between the 7" and 8" ribs and about 5 cm in distance from the
projection, as illustrated in Figure 3.7 (a). After suitable location was identified,
measurement probe was applied. With the guidance of real-time B-mode ultrasound,
we were able to observe and select the diagnostic depth and location of liver tissue
without any large blood vessels by moving the ROI cursor. Totally 20 measurements
were obtained and the trimmed mean, median 10 valid measurements were analyzed.
In this study, all subjects fasted for at least 3 hours (Mederacke et al. 2009; Tempkin
2009) and rested for at least 15 minutes prior to measurement to ensure a resting

state of live. A typical measurement interface showing the real-time B-mode
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image and elastography located on the left and right sides of the interface,

respectively, is demonstrated in Figure 3.8.

Figure 3.6 Established in vivo assessment protocol: Lie down in supine position with
right arm in maximal abduction and placed behind head. The measurement locations

are then identified with reference to the anatomical landmarks.
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Figure 3.7 (a) Assessment location for liver fibrosis using anatomical features of rib
cage as reference. Generally, with the help of the landmark, the projection of rib case,
we could identify the area of intercostal space between 7™ and 8" ribs and 8" and 9™
ribs to be the 1* and 2™ assessment locations. (b) The identification of measurement

locations for the Fibroscan. (Google body)
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Figure 3.8 A typical measurement interface for the Liverscan. On the left, a real-time
B-mode ultrasound image as guidance is provided. The elastography is displayed on

the right side.

The repeatability tests were conducted to test whether the system was reproducible for
the stiffness measurement. For the intra-observer test, the test was repeated by the
same operator twice following the same protocol. A 5 minutes break was allowed
between the two tests for each participant. The measurement was conducted by two
operators in the inter-operator test, following the same measurement protocol and a 5

minutes break was also given between two tests.

3.6 Comparison between Liverscan and Fibroscan

To validate the Liverscan performance in measuring liver stiffness in vivo, a
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comparison with the Fibroscan was made. After the measurement using the
Liverscan, the subjects were tested by the Fibroscan. For the in vivo measurement
of the Liverscan, all the subjects were tested based on the proposed measurement
protocol at our laboratory. After that, the subjects were tested by the Fibroscan at the
centre of The Hong Kong Health Check within one week. All the subjects fasted at
least 3 hours before the measurement, and they were tested by the same operator at
the centre. For the measurement protocol of the Fibroscan (Foucher et al. 2006b;
Castera et al. 2008), briefly, the subjects were asked to lie down in the supine position
with their right arms in maximal abduction and placed behind their heads. The
identification of measurement locations is illustrated in Figure 3.7 (b), identifying the
interval between xiphoid process and the last rib and then locating measurement
locations along the mid line of sagittal plane within that interval. 10 wvalid
measurements were obtained with the interquartile range not exceeding 30% of
median value and success rate being at least 60%. The median value was used as the

result.

3.7 Tests for location dependence of measurement

A location dependence test was also carried out in order to study the difference of
liver stiffness measured at two independent locations, enhancing the measurement
flexibility and effectiveness. In addition to the first location of intercostal space
between 7™ and 8™ ribs, another location was selected for applying the measurement
probe to test the location dependence, which was at the intercostal space between gt
and 9™ ribs and just below the first location (Figure 3.7 (a)). Before any measurements,
the locations of the two tests were identified first by following protocol. When the test

on the 1% location was done, the probe was applied to the 2" location immediately.
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Reminding about the movement of the probe at two tested locations had been given to

the participants before conducting the measurement as to reduce the motion artifact.

3.8 Statistical analysis

Statistical analysis software SPSS (Version 16, SPSS Inc., Chicago, IL, USA) was
used for the data analysis. Linear correlations were employed to analyze the
validation experiment using agar-gelatin phantoms with different stiffness tested by
the Liverscan and the conventional mechanical indentation test and to study the
relationship of liver stiffness measured by the Liverscan and the Fibroscan. In
addition to linear correlation, Bland-Altman analysis was applied to confirm whether
the liver stiffness values measured by the Liverscan would agree with those measured
by the Fibroscan. Paired #-test was used to study the location dependence for liver
stiffness measurement. The intra-class correlation coefficient (ICC) was used to test
the repeatability of the intra-observer (ICC, Model 3) and inter-observer (ICC, Model
2) measurements (Rankin and Stokes 1998). A statistical level of p<0.05 was used to

indicate a significant difference or correlation.
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CHAPTER 4 RESULTS

In this chapter, the main findings are presented, including the stiffness correlations
between the Liverscan and the mechanical indentation test based on the phantom
study, and between the Liverscan and the Fibroscan for the in vivo measurement. The

result for the location dependence is also presented.

4.1 Agar-gelatin phantoms: Correlation between Liverscan and mechanical

indentation test

Figure 4.1 is a typical measurement result of an agar-gelatin phantom. With the test of
custom-made agar-gelatin phantoms with different stiffness, a significant linear
correlation of stiffness between the mechanical indentation test and the Liverscan was
found (r=0.97, p<0.001) (Figure 4.2), which indicated the stiffness measured by both

methods was consistent and the Liverscan was able to measure soft tissue stiffness.
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Figure 4.1 A typical stiffness measurement result of an agar-gelatin phantom.
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Figure 4.2 The correlation between the stiffness measured by the mechanical

indentation test and that by the Liverscan. A significant correlation was found (r=0.97,

p<0.001).

4.2 Intra- and inter- repeatability tests

For the repeatability of in vivo measurement, both intra- and inter-observer tests were

repeatable significantly as ICC values were 0.987 (p<0.001) and 0.988 (»<0.001) for

average measures, respectively. This revealed that our Liverscan was operator

independent.
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4.3 Correlation between Liverscan and Fibroscan for in vivo measurements

In the in vivo measurements, median values were obtained by the Fibroscan; while
mean values were adapted by the Liverscan. Based on this study, it was confirmed
that the median values and mean values obtained by the two methods were highly
correlated for both Liverscan (r=0.0995, p<0.001) and Fibroscan (r=0.996, p<0.001)
as shown in Figure 4.3. This finding implied that the uses of median or mean values
got highly comparable results for stiffness measurement. Figure 4.4 shows a
significant linear correlation of measured liver stiffness between the Liverscan and the
Fibroscan (r=0.886, p<0.001). This indicated the Liverscan was able to perform in
vivo liver stiffness measurement and able to identify different liver stiffness, ranging
from 8.1 to 21.6 kPa for average measure. From the Bland-Altman analysis (Figure
4.5), it could be further confirmed that the liver stiffness measured by the Liverscan
agreed with that measured by the Fibroscan. This finding suggested that the Liverscan
performed comparably with the Fibroscan for in vivo stiffness measurement. Based on
the cut-off value of normal liver stiffness from the Fibroscan (about 7.5 kPa) (Castera
et al. 2005; Foucher et al. 2006b), 14.0 kPa was the calculated cut-off value for the
Liverscan using the correlation as shown in Figure 4.4. Some typical in vivo stiffness

values measured by the Liverscan are demonstrated in Figure 4.6.
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Figure 4.3 For both the Liverscan (a) and the Fibroscan (b), the mean and median
values obtained were highly correlated (r=0.0995, p<0.001) and (r=0.0996, p<0.001),

respectively.
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Figure 4.4 The linear correlation between the in vivo liver stiffness measured by the

Liverscan and that by the Fibroscan. A significant correlation was found in the results

obtained from the two measurements (r=0.886, p<0.001).
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Figure 4.6 Some typical in vivo liver stiffness measurement results measured by the
Liverscan, showing different stiffness measurements and indicating the measurement
ability of the Liverscan. Left side is the B-mode ultrasound liver image and right side
is the elastogram. We could identify the upper boundary and a blood vessel in the B-
mode ultrasound image that allows selecting ROI. The slope of the trace in elastogram

represents the liver stiffness.

4.4 Location dependence of measurement

To investigate the location dependence effect, two locations were selected for the
measurement, in the areas between intercostal space 7™ and 8" and between 8" and 9™
There was no significant difference in the results measured between these two
locations (p=0.178). Figure 4.7, in addition, indicated the liver stiffness measured at
two locations was correlated significantly (r=0.946, p<0.001). Therefore, it could be
concluded that the location dependence was negligible and these two locations were
both suitable to be included in the proposed measurement protocol to enhance the

measurement flexibility and effectiveness. This finding also agreed with the Fibroscan
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as its protocol also includes more than one location for measurement.
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Figure 4.7 The liver stiffness measured by the Liverscan at two locations was

correlated significantly (r=0.946, p<0.001).
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CHAPTER 5 DISCUSSION

This chapter discusses the system performance and results of this study. The key
feature of the Liverscan, the real-time B-mode ultrasound imaging used as visual
guidance is discussed to demonstrate the importance of the visual guidance as blood
vessels may be included in the measurement region which could affect the

measurement accuracy.

5.1 Summary of the study

In this study, we aimed to design and fabricate specific probe for the Liverscan to
assess liver fibrosis non-invasively and to validate its performance systematically by
comparing with the conventional mechanical indentation test based on agar-gelatin
phantoms and with the Fibroscan for in vivo measurements, respectively. In addition,
a measurement protocol for using the system was also established. Based on the
stiffness results of agar-gelatin phantoms, we have demonstrated the Liverscan was
able to measure and identify soft tissues with different stiffness. The repeatability of
the Liverscan was excellent thus the operator dependent effect could be minimal. The
significant linear correlation between the results by the Liverscan and the Fibroscan
indicates that the performance of in vivo measurement of the Liverscan was
comparable to that of the Fibroscan. We have also found that the effect of location
dependence could be ignored for the Liverscan, that is, the areas of intercostal space
between 7™ and 8™ ribs and between 8™ and 9" ribs could both be included in the
measurement protocol, therefore, the measurement flexibility and effectiveness could

be enhanced.
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5.2 Real-time B-mode ultrasound guiding

Based on this study, real-time B-mode ultrasound imaging as guidance was very
useful for the liver stiffness measurement. Under the guidance from real-time B-mode
ultrasound imaging, we were able to locate the liver boundary and liver tissue as well
to ensure the right target instead of other organs was located. During breathing, part of
the liver may be covered by the diaphragm due to the motion of breathing. Without
the guidance from B-mode ultrasound, it was difficult to confirm the measurement
target to be liver, but not diaphragm. Additionally, with the help of real-time B-mode
ultrasound, we were able to identify the locations of blood vessels within liver. As
displayed in Figure 4.6 (a), a blood vessel located on the left side of ultrasound image
could be observed. Thus, the ROI cursor was moved to avoid selecting that region for
measurement. At this initial stage, we still cannot conclude whether the blood vessels
included in the measurement would increase or decrease the stiffness result; however,
an increased stiffness was obtained as shown in Figure 5.1. We can confirm that the
measurement results would be affected by the presence of blood vessel which affected
the accuracy of measurement. From Figure 5.1 (a), a blood vessel was included in the
measurement ROI and thus the elastogram was distorted in the corresponding area of
blood vessel, leading to the incorrect trace measurement. The distortion may be
attributed to that the shear wave was not able to propagate in a liquid median. The
accuracy of slope measurement was thus affected as the regressed measurement line
was not able to cover all the area of the shear wave propagation trace. As shown in
Figure 5.1 (b), when the ROI was moved away from the blood vessel, correct trace
and stiffness measurement were obtained. Further investigation on the effect of blood
vessel to the stiffness measurement is needed. With this key feature of the Liverscan,

it was able to select the right ROI before any measurement, reducing the need of
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repeated measurements due to measurement miscarry. Therefore, the measurement
accuracy and efficiency were enhanced with the guidance from the B-mode

ultrasound imaging of the Liverscan.
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Figure 5.1 An in vivo liver stiffness measurement result with blood vessel (a) and
without blood vessel (b) included in the ROI. In (a), the elastogram was distorted due

to the presence of blood vessel in the ROI and this resulted in degraded trace
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measurement and overestimated liver stiffness, 28.5 kPa; (b) shows the measurement

without blood vessel and correct stiffness measurement, 13.5 kPa.

5.3 Evaluation of the stiffness measured by Liverscan

Although the stiffness results measured by the Liverscan correlated significantly with
those measured by the mechanical indentation test and the Fibroscan, we could
observe that the stiffness measured by the Liverscan was consistently larger than the
values obtained by the other methods. This indicates the presence of systemic error
which may be caused by the frequency difference among the indentation test, the
Fibroscan and the Liverscan. According to the studies of Amador et al. (2011) and
Gennisson and Cloutier (2006), a shear wave velocity increased with frequency from
50 Hz to 450 Hz on gelatin phantoms and from 50 Hz to 200 Hz on agar-gelatin
phantoms, respectively. For the frequency increased from 50 Hz to 100 Hz, the
increased velocity was both smaller than 0.5 ms™ which was able to cause variation in
stiffness estimation. In this study, the frequency for indentation test, which was 0.063
Hz according to the indentation rate of 0.5 mms™ and maximum indentation of 4 mm,
was much smaller than 50 Hz of the Fibroscan and 100 Hz of the Liverscan.
Therefore, the stiffness measured by the indentation test was the smallest and the
Liverscan was thus the largest. This systemic error was also reported in a study which
compared the stiffness measurements using the Fibroscan and the MRE. The
frequency difference was also considered to be the cause of stiffness difference for
shear wave induction (Bavu et al. 2011). This could explain why the measured

stiffness by the Liverscan was consistently larger than that by the others two methods.
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Sandrin et al. (2002) suggested choosing 50 Hz shear wave for the Fibroscan, it was a
compromise between a low frequency which promotes diffraction effect causing
biases in velocity estimation (Dutt et al. 1996) and a higher frequency which enhances
attenuation in soft tissue. The selection of 100 Hz for the Liverscan was based on the
optimization of our system. We have tested a number of different vibration
frequencies from 50 to 200 Hz. We found that, 50 Hz of shear wave could not obtain
qualified results using our system, as the observed wave propagation patterns were
too complicated for detection in some cases. Using a vibration frequency larger than
100 Hz, the shear wave propagation was influenced by the attenuation and could only
applicable to subjects with low BMI. The optimized vibration frequency was chosen
to be 100 Hz instead of 50 Hz, which was used in the Fibroscan. The main reason for
this may be the differences of shapes and surface areas of ultrasound transducers used
in the two systems. Fibroscan uses 1D ultrasound transducer, which has a small sized
circular surface; while the Liverscan utilizes 2D ultrasound transducer with a
relatively larger rectangular surface. This surface area difference may affect the
formation of shear wave in terms of amplitude and wavelength. For further
evaluations of the system, more systemic tests on the effect of frequency difference on
the velocity and also the effect of surface area and shape of ultrasound transducer on

the waveform of shear wave need to be well studied.

The correlation between the results obtain using the Fibroscan and the Liverscan for
the in vivo test was not as excellent as that between the indentation test and the
Liverscan for the phantom test (r=0.886 vs. 1=0.97). This may be due to the limited
subject size, especially the patients with liver fibrosis in different stages, and the

elastogram quality as well. We could observe from Figure 4.4, most of the tested
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subjects were normal in liver stiffness and only 6 subjects were confirmed with liver
fibrosis and 1 subject was a marginal case. This small patient size limited the range of
stiffness to be tested, reducing the degree of correlation. As the patient group size was
very small, a small deviation of the stiffness measurement in one or two patients may
cause a relatively large change of the whole correlation. This might be one of the
causes that reduced the comparability between the Liverscan and the Fibroscan.
Elastogram quality was another reason. For the phantom test, the elastogram quality
was consistently good and clear as the samples were homogenous. However, the
elastogram quality was not always good for in vivo test. The main cause was the
relatively high BMI or relatively thick fat tissue layer of some subjects. In this study,
we found that it was more difficult to conduct test by the Liverscan on those with
relatively high BMI and the elastogram quality was not as consistently good as those
with normal BMI. Similar challenges are also faced by the Fibroscan (Foucher et al.
2006a; Castéra et al. 2010) , and the company has recently launched specially
designed probes with lower ultrasound frequency and larger size (XL probe) for
subjects with larger BMI. The quality of elastogram would cause variation in the
stiffness measurement. As a result, the correlation of in vivo test was not as excellent

as the phantom test.

5.4 Evaluation of the measurement protocol

In order to standardize the measurement, we have established a measurement protocol.
Before any measurements, the subjects had to fast for at least 3 hours to ensure the
liver was in rest status. Some previous studies showed liver stiffness increased
significantly in patients with chronic liver disease after food intake (Mederacke et al.

2009; Yin et al. 2011). Although, there are limited studies related to liver stiffness
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change after food intake, it has been confirmed that mesenteric blood flow increased
significantly after a meal as compared to fasting state (Dauzat et al. 1994; Someya et
al. 2008; Zardi et al. 2008). The increased blood flow would result in an increase of
hepatic venous pressure gradient if the impedance to portal outflow remained constant
(Yin et al. 2011). It was also reported that patients with cirrhosis experienced a 30-
40% increase in hepatic venous pressure gradient after food intake (Osman et al.
2008). Therefore, we believe food intake would alter liver stiffness as hepatic venous
pressure gradient increases. Apart from blood flow, an increased blood glucose level
after meal may be another possible cause to alter liver stiffness chemically. Our
preliminary study showed that the liver stiffness had a trend of increase at 30 min up
to 120 min after the food intake according to the results obtained from 9 subjects
(Mak et al. 2011). Further investigation on the influence of food intake for liver

stiffness is needed with larger size of subjects.

In the measurement protocol, we had instructed an area of intercostal space between
7™ and 8™ ribs to be the measurement location. In this study, an area of intercostal
space between 8™ and 9™ ribs was also tested to study the location dependence and to
seek another feasible location in order to increase the efficiency. It was found that
there was no significant difference between the results obtained from the two
locations (p=0.178) and they were significantly correlated (r=0.946, p<0.001). This
suggests that the stiffness values measured from the two locations well agreed, thus,
the location dependence was negligible. This finding also demonstrated that the
Liverscan was able to perform as well as the Fibroscan which can perform
measurement on more than one location. Sometimes, this feature is critical as the

anatomical structure of human body varies from one subject to another. For example,
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it may be difficult to clearly identify the intercostals space between 7™ and 8™ ribs,
and then we may take the second option for measurement. This improves the

flexibility for measurement and thus increases the measurement efficiency.

As fibrotic tissue is scattered in liver, two or more measurement locations are more
favorable in enhancing the accuracy. In real practices, the liver is moving during
measurement because of the motion caused by the respiration. The stiffness result is
actually the averaged stiffness of a relatively larger area of liver at a single
measurement location. Taking measurements from two different locations could
further increase the area of tissues to be measured, thus, the measurement accuracy is
enhanced. In addition, measure at two locations help to confirm the stiffness for those
marginal cases, like 13.9 kPa from one location. We, therefore, suggest that having
two measurement locations is reasonable and helpful to confirm the measurement

results for those marginal cases or the cases that are default to measure.

5.5 Stages of Liverscan Development

The development of Liverscan was a big project and contributed by many team
members. In my MPhil study, I have contributed to 1) probe design and development,
2) parameter optimization, 3) establishment of measurement protocol, and 4)
conduction of preliminary clinical trial. My team members have made contributions to
the customization of ultrasound scanner program and image processing. My
contributions are further elaborated along with the stages of Liverscan development as
follow:

1. To source different type of mechanical vibrators such as the electromagnetic and

pneumatic vibrators.
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To build up prototypes of the probe by connecting the vibrators with the 2D
ultrasound transducer. The prototypes were integrated with the ultrasound scanner,
which was modified by team members to test the feasibility of the vibrators using
phantom.

To give feedbacks on the problems of the ultrasound system, especially the
processing algorithm to have better imaging result using those probe prototypes.
To design the structure of the probe with a selected mechanical vibrator based on
the test results and to convert the design into a technical drawing for fabrication.
The material of the probe has considered, non-toxic, biocompatible, and easy
clean and wear resistance.

To fabricate the components of the probe based on the design including the casing
and other installing parts.

To assemble the probe with mechanical vibrator and ultrasound transducer and to
assemble the control box. The electronic circuit of the control box was developed
by the team members.

To test the optimized setting for the system including the vibration frequency and
amplitude.

To validated the measurement of Liverscan using phantoms with different
stiffness.

To establish the measurement protocol based on trials on subjects using the

system.

10. To carry out the preliminary clinical trial using the system.

11. To summary the findings and writing the papers.
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CHAPTER 6 CONCLUSIONS AND FURTHER SUTDIES
This chapter summarizes the performance of the Liverscan. Suggestions for further

studies are also highlighted.

6.1 Conclusions

In this study, a custom-designed linear probe with vibration feature was successfully
developed for the transient elastography system guided with real-time B-mode
ultrasound imaging, Liverscan, for the assessment of liver fibrosis. The tissue stiffness
measurement using the new probe was demonstrated reliable with very high inter- and
intra-operator repeatability. Excellent correlation was found between the result
obtained by the Liverscan and that obtained by the conventional indentation test on
tissue-mimicking phantoms. The tests on subjects in vivo demonstrated that the liver
stiffness values measured by the Liverscan and the Fibroscan agreed well. The real-
time B-mode image guiding was demonstrated useful during the measurement. In
addition, fasting and measurement locations have been included in the measurement
protocol to measure liver stiffness properly. To conclude, this feasibility study has
demonstrated that our Liverscan with specifically designed probe was able to measure
liver with different stiffness and to identify the presence of fibrosis. Further studies
are required to enhance the measurement system and to conduct tests with larger

group of subjects.

6.2 Further studies

6.2.1 Size of subject group

One of the main limitations of this study is the small size of the subject group,
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especially the patient group, which may reduce the correlation to the Fibroscan.
Generally, it is suggested that future studies should have a subject size of up to
hundreds and at least half of the subjects should be patients with different stages of
liver fibrosis (Donner 1984). It is better to include subjects with a wider range of age
and body size. This may help to understand whether age and body size would affect
the result of measurement. As a feasibility study, the current research aims to show
whether the Liverscan is able to make liver stiffness measurement and identify
different liver stiffness using the Fibroscan as reference. In future studies, more
subjects with various age, body size and liver fibrosis stages should be recruited to

further validate the system performance quantitatively.

6.2.2 Comparison with biopsy

To validate the Liverscan preliminarily, the Fibroscan was used as reference since
both of them were developed based on TE and the Fibroscan is commercially
available device for measuring liver stiffness non-invasively. Other than the Fibroscan,
we would like to make comparison with other methods, especially the “gold standard”,
biopsy. We are planning to collaborate with physicians to further validate the
performance of the Liverscan and make comparison with biopsy. Comments from

physicians would also be helpful to refine the measurement protocol or the procedures.

6.2.3 Measurement protocol: Fasting study

In this study, the subjects were asked to fast at least 3 hours before any measurement
for both the Liverscan and the Fibroscan. According to the results of our preliminary

study with 9 normal subjects, we believed that liver stiffness may be altered due to the
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increased blood flow and blood glucose level after food intake (Mak et al. 2011). It is
suggested that relevant tests should be conducted to understand whether liver stiffness
will be altered after a meal, by monitoring the blood flow by Doppler ultrasound and
glucose level by glucose meter. Both normal subjects and patients with different
degrees of liver fibrosis should be included in future studies. The results may help to

further refine the fasting period as to standardize the measurement.

6.2.4 Measurement protocol: Vibration frequency study

The measured in vivo liver stiffness obtained by the Liverscan in this study tended to
be larger than that by than that measured by the Fibroscan; this may be attributed to
the frequency difference as discussed in discussion chapter. In this study, the vibration
frequency was fixed at 100 Hz to test the feasibility of the measurement. Since the
frequency dependence of measured stiffness relates to the viscoelasticity of tissues, it
would be worthwhile to further investigate how the vibration frequency may affect the
results obtained by the Liverscan. Tissue mimicking phantoms as well as patients with
liver fibrosis can be tested with different vibration frequencies. It is also important to
find a reliable formula to transfer the result measured by the Liverscan into an
equivalent value for the Fibroscan if ultimately different vibration frequencies have to
be used. If this can be achieved, the results obtained by the two systems can be easily

compared in the further.

6.2.5 Measurement protocol: Breathing study

As mentioned earlier, the liver is moving passively under the motion of respiration

during measurement. This kind of movement may help to expose the covered tissues,
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thus improve the measurement accuracy. However, in terms of motion artifact, any
motion during measurement is not preferable. In normal clinical practice, the patients
will be asked to hold breathing during ultrasound scanning to help to capture clearer
images for diagnosis. However, for the stiffness measurement purpose, holding
breathing may have already altered liver stiffness. In order to have better
understanding of the breathing effect, a study related to the effect of breathing

movement on liver stiffness variation is needed in the future.

6.2.6 Probe development and fabrication

In this study, the measurement probe was developed and fabricated with a 4.5 MHz
B-mode ultrasound transducer. During the clinical trial, we found that one probe was
not applicable to all the participants, causing limitations for measurement. For
instance, participants with BMI over 27 kgm™ were excluded from the study as 4.5
MHz ultrasound and shear wave attenuated heavily. For such subjects, an ultrasound
transducer with lower frequency such as 3.7 MHz and a stronger vibrator to generate
larger magnitude shear wave may be needed. The measurement location is proposed
to be the intercostal space. For some cases, especially for female subjects having
narrow intercostal space that do not fit the placement of the whole ultrasound
transducer, part of the transducer head impacts on the ribs causing interference to the
shear wave and un-comfort to the subjects. For this case, an ultrasound transducer
with smaller width is preferable to tackle the narrow intercostal space problem. Based
on these experiences, we plan to fabricate a series of probes to meet the needs of

various subjects.
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APPENDIX

L Technical drawing of the probe

170

L

Figure A.1 Technical drawing of the probe.
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1L Example of the stiffness calculation

For example, the slop of the trace obtained from the elastogram of Figure 4.6a was
1.58 ms™, thepmass density of liver tissue is assumed to be 1000 kgm™,

E = 3*1000%2%, E=7.5 kPa
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111 Data table

Table A.1 The stiffness of phantoms measured by the mechanical indentation test and
the Liverscan is listed below. The Young’s modulus of phantoms measured by
mechanical test was calculated based on Equation (1) with the force-deformation

relationship obtained from the mechanical indentation test.

Indentation test Liverscan

Young’s modulus/kPa Young’s modulus/kPa

Mean SD Mean SD
Phantom 1 2.0 0.1 5.1 0.4
Phantom 2 4.8 0.2 9.0 0.6
Phantom 3 5.7 0.5 10.8 0.7
Phantom 4 7.1 0.1 12.3 1.0
Phantom 5 8.0 0.2 12.9 0.6
Phantom 6 8.4 0.2 13.9 0.6
Phantom 7 9.5 0.2 16.2 0.8
Phantom 8 10.5 0.5 20.7 1.7
Phantom 9 12.0 0.3 244 1.3
Phantom 10 2.8 0.1 6.4 1.1
Phantom 11 5.4 0.1 11.9 1.0
Phantom 12 9.3 0.2 16.8 1.2
Phantom 13 8.1 0.4 15.1 0.7
Phantom 14 8.0 0.4 15.6 0.8
Phantom 15 12.1 0.2 22.8 0.6
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Table A.2 Liver stiffness measured by the Liverscan and the Fibroscan is summarized
below. Fibroscan obtains median values, while the Liverscan utilizes mean values.
From the Fibroscan results, we can identify that the median values and mean values
are very close. The correlation between the Liverscan and the Fibroscan was

significant (r=0.886, p<0.001).

Liverscan Fibroscan

Young’s modulus/kPa Young’s modulus/kPa

Median Mean SD Median Mean SD

Male 1 11.1 11.1 0.9 6.2 6.2 1.0
Male 2 7.7 8.0 0.5 4.0 4.0 0.5
Male 3 20.3 21.6 3.6 14.4 14.2 2.8
Male 4 12.3 13.0 2.3 5.8 5.9 1.2
Male 5 12.0 12.2 0.9 4.3 4.3 0.7
Male 6 12.2 12.4 1.2 4.4 4.4 0.5
Male 7 12.9 12.9 0.8 53 5.4 0.9
Male 8 16.6 16.4 1.0 8.5 8.9 1.2
Male 9 17.9 18.1 1.7 10.5 11.6 2.5
Male 10 8.9 8.9 0.4 53 5.2 0.3
Male 11 10.4 10.1 0.9 4.1 4.2 0.7
Male 12 9.5 9.5 0.4 5.4 6.0 2.4
Male 13 9.7 9.7 0.6 33 33 0.2
Male 14 12.6 12.7 1.2 6.8 6.9 1.0
Male 15 16.0 16.1 1.0 9.8 10.1 2.5
Male 16 10.1 10.5 1.5 4.0 4.0 0.3
Male 17 16.8 16.8 0.7 10.3 10.9 0.8
Male 18 14.1 14.6 1.8 7.4 7.5 1.0
Male 19 13.0 12.9 0.6 4.5 4.5 0.4
Female 1 10.0 10.1 1.0 6.3 6.3 1.0
Female 2 8.2 8.1 0.6 2.8 2.8 0.4
Female 3 8.8 9.0 0.8 34 34 0.4
Female 4 8.0 8.8 0.9 4.1 4.2 0.5
Female 5 14.0 14.5 0.8 8.8 8.8 1.7
Female 6 10.8 11.0 0.8 6.4 6.6 0.8
Female 7 14.9 14.9 0.7 5.4 5.4 0.6
Female 8 13.0 12.9 0.9 5.4 5.5 0.6
Female 9 12.3 12.5 1.4 5.1 5.1 0.6
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Table A.3 Liver stiffness measured at two locations for both male and female subjects.
The first location was the area of intercostal space between 7™ and 8™ ribs and the

second location was the area of intercostal space between 8™ and 9" ribs.

Location 1 Location 2

Percentage

Liver stiffness/kPa Liver stiffness/kPa difference/

Mean SD Mean SD %
Male 1 8.9 0.4 8.6 0.3 3.5
Male 2 8.4 0.7 9.2 0.5 -9.4
Male 3 11.1 0.9 12.5 0.5 -12.5
Male 4 12.4 1.2 11.8 0.7 4.9
Male 5 8.2 0.5 7.3 0.3 11.4
Male 6 12.3 0.7 9.6 0.5 21.8
Male 7 10.4 0.5 11.1 0.5 -6.6
Male 8 8.6 0.7 7.7 0.5 10.2
Male 9 10.9 0.6 10.7 1.0 2.0
Male 10 8.0 0.5 9.6 0.8 -20.1
Male 11 21.6 3.6 20.8 2.1 3.7
Male 12 13.0 2.3 11.0 0.8 15.6
Male 13 12.2 0.9 12.9 0.9 -6.2
Male 14 18.1 1.7 19.7 1.1 -8.3
Male 15 8.9 0.4 8.9 0.6 -0.1
Male 16 10.1 0.9 10.5 0.7 -4.2
Male 17 9.5 0.4 9.3 0.6 2.1
Male 18 12.9 0.8 14.2 1.0 -10.7
Male 19 12.7 1.2 13.0 0.7 -2.4
Male 20 16.4 1.0 17.3 1.3 -5.9
Male 21 9.7 0.6 8.6 0.2 11.4
Male 22 10.7 0.8 11.4 0.7 -6.5
Male 23 10.5 1.5 11.4 0.6 -8.6
Male 24 12.7 10.1 13 0.5 -2.4
Male 25 16.1 1.0 17.3 0.4 -7.5
Male 26 16.8 0.7 15.9 0.7 5.4
Male 27 9.4 1.0 9.4 0.4 0.0
Male 28 18.2 2.0 16.5 1.0 93
Male 29 12.9 1.7 11.2 0.3 13.2
Male 30 11.7 1.7 11.3 0.5 34
Male 31 14.6 1.8 15.1 0.6 -3.4
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Male 32
Male 33

Male 34
Female 1

Female 2

Female 3

Female 4

Female 5

Female 6

Female 7

Female 8

Female 9

Female 10
Female 11
Female 12
Female 13
Female 14
Female 15
Female 16
Female 17
Female 18
Female 19
Female 20
Female 21
Female 23
Female 24
Female 25
Female 26
Female 27
Female 28
Female 29
Female 30
Female 31
Female 32
Female 33

10.2
12.9
11.4
9.2
9.0
9.8
9.3
9.3
9.6
8.8
14.5
11.0
10.1
8.1
8.4
9.0
14.9
11.3
12.9
11.0
9.7
10.7
12.8
11.1
14.2
12.9
11.3
11.9
9.9
12.0
12.5
8.0
7.8
12.3
10.0

1.4
0.6
0.8
0.6
0.5
0.7
0.4
0.4
0.3
0.4
0.8
0.8
1.0
0.6
0.9
0.8
0.7
0.9
0.9
0.7
0.8
1.0
1.9
1.2
1.1
1.2
1.3
0.8
1.0
1.4
1.4
0.9
1.3
0.9
0.9

10.5
12
12.2
10.2
10.5
9.0
9.4
9.5
10.0
9.8
15.3
10.3
10.7
8.2
8.8
9.1
15.2
12.2
12.1
10.6
10.0
10.4
13.9
10.8
13.9
11.8
12.0
11.0
10.2
13.3
13.8
8.0
8.6
12.1
10.4

0.5
0.4
0.7
1.2
0.8
0.7
0.8
0.4
0.4
0.5
0.6
0.8
0.7
1.1
0.3
0.7
0.8
0.6
0.9
0.7
0.7
0.9
1.2
1.1
1.4
1.2
0.9
0.3
0.9
1.2
1.5
0.7
0.6
1.2
1.4

-2.9
7.0
-7.0
-11.0
-16.3
8.1
-1.2
-1.6
-3.9
-10.8
-5.5
6.3
-6.2
-2.1
-4.4
-0.9
-1.7
-8.0
6.3
3.6
-3.1
2.8
-8.6
2.7
2.1
8.5
-6.2
7.6
-3.0
-10.8
-10.4
0.0
-10.3
1.6
-4.0
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V. Information sheet

Project title: Liver fibrosis assessment using transient elastography guided with real-

time B-mode ultrasound imaging

You are invited to participate on the study conducted by Mr. Tak-Man MAK, who is

the student of The Hong Kong Polytechnic University doing his MPhil research study.

You will be required to sign the Consent form before any test of this study. The aims
of this study are to validate the transient elastography system guided with real-time B-
mode ultrasound imaging for liver fibrosis assessment and to find out the correlation
between stiffness and liver fibrosis stage with the data obtained from our transient

elastography system guided with real-time B-mode imaging.

The assessment of liver fibrosis using transient elastography system guided with real-
time B-mode ultrasound imaging is a kind of non-invasive assessment. During the
assessment, you need to lie down and put your right hand on the back of your head.
The probe will be put on the skin surface located near the last rib and mechanical
vibration will be sent from the probe to the liver in order to analyze the liver stiffness

which in turn assess the fibrosis stage.

The assessment should not result in any undue discomfort. All information related to

you will remain confidential and will be identifiable by codes only known to the

researcher.
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You can withdraw from the assessment and study at any time without any reason.

You will have no any penalty or consequence.

If you have any complaints about the conduct of this study, please do not hesitate to
contact Ms Kathy Lui, Secretary of the Human Subjects Ethics Sub-Committee of
The Hong Kong Polytechnic University in person or in writing (c/o Human Resources

Office of the University).

If you would like to know more about this study, please contact Mr. Tak-Man MAK

at27667669. Thank you for participating in this study.
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V. Informed consent form

Project title: Liver fibrosis assessment using transient elastography guided with real-

time B-mode ultrasound imaging

I (subject name) consent to participate the assessment

entitled liver fibrosis assessment using transient elastography guided with real-time B-

mode ultrasound imaging carried by Mr. Tak-Man MAK.

I have read and understand the information and test procedures about the assessments

presented to me.

I have had the chance(s) to ask question(s) about the assessments and study and I have

got satisfactory answer(s).

I realize I may not benefit personally from the part I will take during the assessments

and study.

I realize I can withdraw from the assessments and study at any time without any

reason. [ will have no any penalty or consequence.

I realize that the assessment or study results may be published. For my own results, 1
realize they will be kept and processed in accordance with the provisions of the
Personal Data (Privacy) Ordinance, and I will not be identified personally in any

published work.
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I realize the results of this study will be the properties of the Department of Health

Technology and Informatics of The Hong Kong Polytechnic University.

Subject name: Signature:
Witness name: Signature:
Investigator name: Signature:
Date:
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