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Abstract

Background: Chronic liver disease (CLD) is a major public health issue worldwide.
Liver fibrosis is the common pathway for CLD of various etiologies, culminating in
cirrhosis and liver cancer. Transient elastography (TE), endorsed by the WHO, is an
established method for assessing liver fibrosis via liver stiffness measurement (LSM).
However, technical barriers remain toward an efficient examination and point-of-care
application, as conventional TE relies on wired connections, possesses a bulky size,
has high unreliable and failure rates, and necessitates extensive training. Chapter 1
provides a systematic review to consolidate existing evidence on these TE-specific
limitations, attributing them to the (1) absence of a standardized measurement

protocol and (2) inadequacy of visual guidance during the TE procedure.

Objectives: This thesis comprises a series of three integrated studies, aiming to

bridge the above-mentioned gaps from technical and clinical perspectives.

Methods and Findings: Chapter 2 aims to offer a technical remedy by
incorporating point-of-care ultrasound (POCUS) and anatomical imaging guidance
into TE. Specifically, we introduced a palm-sized wireless TE system with real-time B-
mode imaging guidance. A methodological study was conducted to evaluate the
performance of this newly developed system in eight reference phantoms and 121
adult patients with various CLDs. Results demonstrated the feasibility of employing a
fully integrated phased array probe to provide accurate, reliable, and valid LSM. Its
small footprint, along with B-mode guidance capability, can greatly facilitate the uptake

of liver fibrosis screening.

Chapter 3 aims to offer a practical guideline via establishing a standardized TE



measurement protocol for clinical implementation. Specifically, we sought to identify
an ideal site and respiratory condition for TE probe placement by investigating the
morphological and biomechanical characteristics of different intercostal spaces (ICSs)
overlying the liver. This observational study involving 89 participants employed a
combination of ultrasound techniques, including 2D B-mode, 2D elasticity, and 3D
ultrasound imaging. Results suggested the 8" ICS on the mid-axillary line as the
preferred measurement site, owing to its greater width, smaller width-change, greater
angle, lower stiffness, and smaller abdominal wall thickness. Additionally, performing
TE at end-inspiration is recommended to minimize interferences from ribs and
subcutaneous fat. These recommendations can serve as a guide for novices to

shorten learning curve and improve examination efficiency.

Chapter 4 presents an observational study (n=62) to further scrutinize into the
effects of supine, seated, and standing postures on liver stiffness, as well as on the
feasibility and reliability of TE. Results showed the postural dependency of liver
stiffness, which was exhibited differently in healthy controls and patients with varying
fibrosis stages. Different postures did not influence the success rate and reliability
metrics of TE. Consequently, body positioning should be standardized and cautiously

considered when interpreting LSM results.

Conclusions: This thesis advocates for technical improvements and clinical
procedural standardization in TE, which can provide actionable insights into
addressing challenging cases and scaling up liver fibrosis assessment. Specifically,
the key findings may advance TE technique in the long run, ultimately eliminating the
failure and unreliable results, alleviating the training burden of TE practitioners, and

streamlining the examination procedure in clinical settings. (500 words)
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1.1 Epidemiology of Chronic Liver Disease

Chronic liver disease (CLD) represents a significant global public health challenge.
CLD is characterized by the progressive impairment of liver functions persisting for
over six months. This condition manifests through various histopathological changes
including the infiltration of hepatic tissue by inflammatory cells, changes in the
hepatocyte such as ballooning, necrosis, or apoptosis, myofibroblast proliferation, and
fibrotic accumulation. The spectrum of etiologies is broad for CLD, encompassing
exposure to toxins, prolonged alcohol misuse, viral infections caused by hepatitis B
virus or hepatitis C virus (HBV or HCV), autoimmune diseases, genetic and metabolic-
associated disorders, or a mix of these components [1]. Because these factors are
common, CLDs are highly prevalent worldwide. In 2017, approximately 1.5 billion
individuals were affected by CLD; the majority of cases were attributed to metabolic
dysfunction-associated steatotic liver disease (MASLD, previously known as non-
alcoholic fatty liver disease [NAFLD]), which accounts for 60%, followed by 29% from

HBV, 9% from HCV, and 2% related to alcohol-associated liver disease (ALD) [2].

The multiple causes of CLD, including chronic hepatitis B (CHB), ALD, MASLD,
and chronic hepatitis C (CHC), follow a common pathway toward liver fibrosis and
ultimately cirrhosis (Figure 1-1). This progression significantly increases the risk of
developing portal hypertension, hepatic insufficiency, and hepatocellular carcinoma
(HCC) [3]. CLD accounted for 1.6% and 1.7% of mortality in the America in 2021 and
2022, respectively, making it the tenth most common cause of death [4] (Table 1-1
and Figure 1-2). Major complications such as cirrhosis (1,200,000 deaths) and HCC

(790 thousand deaths) contribute to 3.5% of global mortality [5].
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Figure 1-1. Progression of liver damage.

1738

i
Heart disease 167 2

Cancar
Unintentional injuries
CovID-19

Stroke 2021

Chronic lower 2022

respiratory diseases

Alzheimer disease
Diabestes

Kidney disease

Chronic iver disease X
and cirrhosis 113, | , . . :

0 40 80 120 180 200
Deaths per 100,000 U.S. standard population

Figure 1-2. Mortality rate for the 10 leading causes of death adjusted by age in
United States for 2021 and 2022 (adapted from
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Table 1-1. Number of deaths, percentage of total deaths, and age-adjusted mortality
rate for the 10 leading causes of death adjusted by age in United States for 2021
and 2022 (adapted from https://www.cdc.gov/nchs/fastats/leading-causes-of-

death.htm).

2021 2022
Cause of death (based on International
Rank' Classification of Diseases, 10th Revision) Number Percent Rate? Number Percent Rate?
AllCAUSES . ..ottt i 3,464,231 100.0 879.7 3,279,857 100.0 798.8
1 Diseasesofheart .......... (100-109,111,113,120-151) 695,547 20.1 173.8 702,880 214 167.2
2 Malignant neoplasms (cancer) ........... (C00-C97) 605,213 175 146.6 608,371 18.5 1423
3 Accidents (unintentional
injuries) .......... .. ... (V01-X59,Y85-Y86) 224,935 6.5 64.7 227,039 6.9 64.0
4 COVIDEY iocce ran v wxesnetsmsampssisumsessssugas sy (U07.1) 416,893 12.0 104.1 186,552 5.7 44.5
5 Cerebrovascular diseases (stroke) .. ....... (160-169) 162,890 4.7 411 165,393 5.0 39.5
6 Chronic lower respiratory diseases ....... (J40-J47) 142,342 41 34.7 147,382 45 34.3
7 Alzheimerdisease ........................ (G30) 119,399 34 31.0 120,122 3.7 28.9
8 Diabetesmellitus ... ... .osuwnmmwmnens s (E10-E14) 103,294 3.0 254 101,209 3.1 241
9 Nephritis, nephrotic syndrome and nephrosis
(kidney disease) . ... (NOO-NO7,N17-N19,N25-N27) 54,358 1.6 13.6 57,937 1.8 13.8
10 Chronic liver disease and cirrhosis . . . . (K70,K73-K74) 56,585 1.6 14.5 54,803 17 13.8
N Allothercauses. .. ..................... (residual) 882,775 255 908,169 27.7

... Category not applicable.
'Based on number of deaths.
2Deaths per 100,000 U.S. standard population.

NOTES: Numbers showing percentage by cause are rounded, so these numbers may not add to 100.0%. The 10 leading causes of death accounted for 72.3% of all U.S deaths in 2022.
Causes of deaths are ranked according to number of deaths. Rankings for 2021 data are not shown.

SOURCE: National Center for Health Statistics, National Vital Statistics System, mortality data file.

According to the WHO, Global Burden of Disease Study reported that 1.75 million
deaths were attributed to liver disease in 2010, including 0.752 million from HCC and
1.03 million from cirrhosis [6]. Of them, cirrhosis of the liver ranked within the top 10
leading causes of death in both low-income and low-middle-income in 2019 (Figure
1-3). Liver cancer was among the top 10 leading causes of death in upper-middle-
income countries In 2012 [5] (Figure 1-4). Cirrhotic patients are classified as either
compensated (stage F=4 with or without esophageal varices) or decompensated
(clinical manifestations of portal hypertension such as variceal bleeding, hepatic
encephalopathy, ascites, spontaneous bacterial peritonitis, and/or hepatorenal
syndrome) [7]. While CHB and CHC remain a primary driving force for cirrhosis-related
deaths in Asia, the incidence and mortality are decreasing due to increased HBV

vaccination and effective antiviral treatments [8]. However, other causes of CLD are
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expected to remain steady or increase. Epidemiological research indicates that
MASLD incidence is rising globally, particularly due to the obesity and diabetes
epidemics. Additionally, global alcohol consumption increased from 2005 to 2010 and
is projected to continue rising [9]. Consequently, ALD accounts for the majority of
cirrhosis-related deaths in Europe, with mortality rates on the rise in nations such as
Finland and the United Kingdom [10]. It is worth noting that cirrhosis also elevates the
risk of developing liver cancer [2]. Given these facts, the overall prevalence of cirrhosis
is unlikely to decline without significant epidemiological interventions. Early detection
of CLD patients at increased risk for developing decompensation or HCC is vital for

implementing optimal management strategies to improve patient outcomes.
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Figure 1-3. Leading causes of death in 2019 for (A) low-income and (B) low-middle-
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Figure 1-4. Leading causes of death in 2012: upper-middle-income countries
(adapted from https://www.who.int/news-room/fact-sheets/detail/the-top-10-causes-

of-death).
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1.2 Natural History of Liver Fibrosis

Historically, hepatic fibrogenesis was thought to be a model of the wound-healing
response to long-term liver injury [11]. Hepatic fibrosis is characterized by an
excessive deposition of collagen and other components of the extracellular matrix in
response to long-term damage [12]. It is considered the most important histological
change in CLD, as liver fibrosis can determine disease progression to cirrhosis and
other clinically relevant events, such as liver-associated complications and deaths.
Therefore, the management of a patient with CLD requires close assessment of
fibrosis. The diagnosis, however, is rarely established in the early stages, because
mild-to-moderate fibrosis often presents no overt symptoms and can easily go
unnoticed. At the other end of the spectrum, cirrhosis is a diffuse process that
transforms normal liver architecture into structurally abnormal nodules [12]. As a final
stage of fibrosis progression, cirrhosis disrupts liver architecture, forms widespread

nodules, reorganizes vascular structures, and promotes neo-angiogenesis [11].

Both genetic and environment-related risk factors affect the natural progression of
fibrosis [11]. Clinically, fibrosis may rapidly advance to cirrhosis under conditions such
as repeated episodes of acute alcohol-related hepatitis, cholestasis, sub-fulminant
liver failure, and post-transplantation HCV reinfection [13]. Cirrhosis with the following
manifestations of extensive fibrotic nodules, advanced portal hypertension, and
markedly impaired synthetic function is typically deem as an irreversible condition [14].
Nonetheless, clinical evidence [11, 14-16] indicates that liver fibrosis can be reversed,
stabilized, or prevented in case of addressing potential underlying cause. Furthermore,
patients may experience fibrotic regression when they are under the treatment with

novel adjunctive anti-fibrotic medications, such as anti-oxidants and angiotensin
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inhibitors, or with immunosuppressive, anti-inflammatory, or anti-viral agents [17].

Only few studies have reported the prevalence of liver fibrosis. Large-scale
screening studies [9, 18-22] reveal that the detection rates of clinically significant
fibrosis among the general adult population is substantial, ranging from 5.6% to 7.5%.
Furthermore, the prevalence increases dramatically in cohorts at risk for CLD, varying
between 18% and 27%. For example, Poynard et al. [22] observed a presumed
prevalence of 2.8% for advanced fibrosis and 0.3% for cirrhosis in a sample of 7,463
healthy individuals over 40 years old. Another French study at a primary care center
[18] found that 7.5% of 1,190 patients aged above 45 years, who had not previously
been diagnosed with liver disease and were receiving medical check-ups, exhibited
moderate-to-severe fibrosis. Cirrhosis has also been detected in 0.7% of these cases.
Other research [21, 23, 24] targeting patients with the common risk factors of CLD,
such as excessive alcohol consumption or type 2 diabetes, reported even higher
prevalence of advanced fibrosis (up to 27.9%) and cirrhosis (from 2.4 to 4%). In these

studies, MASLD was the leading cause of liver fibrosis [18, 21-24].
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1.3 Pathophysiology of Fibrogenesis

Acute liver injury, such as those caused by HBV or HCV infections, prompt the
generation of hepatic parenchymal cells to replace those necrotic or apoptotic cells.
This mechanism involves an inflammatory response and restricted accumulation of
the extracellular matrix (ECM), particularly in the form of fibrillar collagen. However, if
liver damage becomes chronic, the liver regeneration fails, leading to the replacement
of hepatocytes with excessive ECM. Liver fibrogenesis is a complex process primarily
driven by activating and transforming hepatic stellate cells (HSCs) into myofibroblasts
[16, 25]. Activated HSCs are the main ECM-producing cells. When migration and
accumulation occur at sites of tissue repair,, activated HSCs secret substantial
amounts of ECM and regulate its degradation [25]. The fibrotic distribution in CLD
varies depending on its aetiology [26]. In patients with chronic viral hepatitis and
cholestatic liver diseases, the fibrotic tissues surround portal tracts, whereas in
alcohol-induced cases, fibrosis predominantly affects pericentral and perisinusoidal

areas.

The transformation of HSCs into myofibroblasts is generally regulated by their
interaction with various cell types and the activation of specific pathways [27]. Certain
types of cells, such as injured hepatocytes, Kupffer cells, endothelial cells, and
lymphocytes all contribute to the activation of HSCs [28]. Hepatocyte injury results in
releasing reactive oxygen species as well as cellular contents , which in turn cause
the activation of Kupffer cells to secrete pro-inflammatory and pro-fibrogenic factors
[27, 29]. These factors promote HSC activation and the onset of fibrogenesis. For
example, several platelet-derived growth factors, primarily produced by Kupffer cells,

serve as a predominant mitogen in this process [11]. Furthermore, Kupffer cells play
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a dual role in fibrogenesis. In cases of chronic injury, they advance fibrosis progression
by releasing chemokines that recruit immature monocyte-derived Ly6C" macrophages.
On the other hand, Ly6CM macrophages can differentiate into pro-resolution
restorative macrophages, which secrete fibrolytic matrix and the anti-inflammatory

cytokine interleukin-10 [11]. These elements are involved in resolving fibrosis.

Oxidative stress is another important factor involved in liver fibrosis. Reactive
oxygen species generated during chronic tissue damage can lead to the
overexpression of genes associated with ECM remodelling, inflammation, and
fibrogenesis [11, 30]. Conditions such as ALD and metabolic dysfunction-associated
steatohepatitis (MASH) are particularly linked to oxidative stress-induced fibrogenesis
[30]. Other factors include intestinal microbiota, tissue hypoxia, epigenetic
modifications, and the mechanical characteristics of the underlying ECM [31].
Furthermore, various hepatic cell types, apart from HSCs, can exhibit fibrogenic
potential. Specifically, myofibroblasts originating from small portal vessels proliferate
adjacent to biliary tracts in cholestasis-induced fibrosis to initiate the accumulation of
collagen [32, 33]. Overall, the pathogenesis of hepatic fibrosis involves a complex
interplay among hepatocytes, inflammatory cells, HSCs, and various molecular

pathways, driving the fibrosis deposition and remodelling [11, 16].

10
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1.4 Conventional Assessment for Liver Fibrosis

The conventional assessment modalities for liver fibrosis include liver biopsy and

serological testing.

1.4.1 Liver Biopsy

Histologic analysis of liver specimens obtained via biopsy has long been regarded
as the reference standard for evaluating the severity of liver fibrosis (Figure 1-5).
Histopathologists routinely apply several staging systems, including Ishak, METAVIR,
and Batts-Ludwig [34]. These common scoring systems assess the location and extent
of portal and periportal fibrosis, bridging fibrosis, and nodularity to determine the
fibrosis stage. The METAVIR system, the most widely used, categorizes fibrosis
severity as follows: FO = normal liver, F1 = minimal fibrosis, F2 = significant fibrosis,
F3 = advanced fibrosis, and F4 = cirrhosis. Studies have shown that fibrosis severity
as determined by these scoring systems correlates well with clinical outcomes in liver
disease. Specifically, cirrhosis, (equivalent to stage F4 in METAVIR, stage 4 in Batts-
Ludwig, or stages 5-6 in Ishak) is directly linked to increased liver-related morbidity
and mortality. Consequently, the detection of cirrhosis in those at-risk patients with

CLD carries significant clinical implications [35].

11
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Figure 1-5. Percutaneous liver biopsy (adapted from

https://www.niddk.nih.gov/health-information/diagnostic-tests/liver-biopsy).

However, percutaneous biopsy procedure for the liver is subject several limitations
[34, 36-38]. It is inherently invasive and can cause minor but not negligible
complications such as temporary pain in roughly 20% of patients [36]. More severe
complications, such as bleeding, hemobilia, bile peritonitis, bacteremia, sepsis,
pneumothorax, hemothorax, and even death, arise in roughly 1.1% of procedures [36].
Sampling error also limits liver biopsy, with a standard biopsy core representing only
1/50,000 of the entire volume of the liver [38, 39]. Some degree of sampling variability
is inevitable. This is particularly problematic in the context of the heterogeneous
distribution of fibrosis, although obtaining high-quality, adequately sized biopsy
samples can partially mitigate this pitfall. Research indicates that specimens
containing eleven or more portal tracts yield equally accurate results compared to
larger tissue samples, whereas those with fewer possibly cause understaging [40].
Inter-observer agreement among pathologists is also imperfect, with the kappa
statistic varying between 0.5 to 0.9, depending on pathologists’ experience and

expertise [34]. Another drawback is its semiquantitative nature [34]. Fibrosis

12
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represents a continuous spectrum rather than a set of discrete categories. Yet, current
staging systems employ an ordinal semi-quantitative scale with only a limited number
of stages, which proves particularly inadequate for patients nearing end-stage liver
disease. Specifically, those four-stage systems, such as Batts-Ludwig and METAVIR,
tend not discriminate between early and advanced or established cirrhosis, each
associated with different prognoses and incidences of clinical events [34]. In light of
those obstacles, there exists a need to develop quantitative evaluation methods that

provide a continuous and wide range of values to depict the fibrosis continuum.

Over the past decades, significant advancements and growing interest have
emerged in developing non-invasive and quantitative biomarkers to assess fibrosis
through biological and physical properties. These biomarkers fall into two main
categories: (1) serum biomarkers to represent the pathophysiology of liver fibrosis
(refer to Chapter 1.4.2) and (2) imaging biomarkers which utilize the principle of

elastography to indirectly measure tissue stiffness (refer to Chapter 1.5).

1.4.2 Serum Biomarker Analysis

Serum biomarkers can be categorized into two primary types: indirect or direct
biomarkers. Indirect markers encompass a wide variety of blood tests, including
platelets, bilirubin, and aminotransferase in serum samples. They serve as a surrogate
for liver dysfunction caused by fibrosis but do not directly link with fibrotic deposition.
direct markers are explicitly associated with ECM metabolism and include elements of
matrix degradation as well as cytokines and chemokines related to fibrinogenesis.
Both individual markers and their combinations have been proposed for diagnosing
fibrosis. These diagnostic tools include patented proprietary panels such as enhanced

liver fibrosis (ELF) test and composite scores integrating clinical features with serum
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markers, such as the FibroTest, Fibrosis-4 (FIB-4), AST to Platelet Ratio Index (APRI),
and NAFLD fibrosis score. Those tests are among the most widely used, validated,

and encompass both proprietary and non-patented varieties.

For example, the FIB-4 score, which is typically derived from age, platelet counts,
AST, and ALT levels, has shown an area under the receiver operating characteristic
(AUROC) between 0.74 to 0.87 in detecting advanced fibrosis (F=3) [41, 42]. Another
test, the NAFLD fibrosis score, specifically developed for MASLD, was effective in
excluding clinically advanced fibrosis and cirrhosis, with negative predictive values
(NPVs) exceeding 90% [43]. Several practical superiorities of using serum biomarkers
to evaluate liver fibrosis [44, 45] include their ease of use, high utility to large
populations, good inter-laboratory reproducibility, and relatively low costs. However,
they are not yet widely available and are non-specific, insensitive for early-stage
fibrosis, unable to accurately to discriminate between intermediate stages of fibrosis.

Additionally, their accuracy may be compromised by renal or liver failure [46].

14
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1.5 Elastography-Based Assessment for Liver Fibrosis

1.5.1 Technoloqgy Overview and Clinical Indications

In recent years, several novel imaging biomarkers have been developed and
proposed for the quantitative evaluation of liver fibrosis. These include ultrasound or
MRE-derived liver parenchymal stiffness, proton nuclear magnetic resonance (*H
NMR) spectroscopy [47], diffusion weighted MR imaging [48], CT or MR-derived liver
surface nodularity score [49, 50], MR-derived T1 relaxometry [51], and
macromolecular proton fraction mapping [52]. Among these, liver stiffness
measurement (LSM) with elastography has emerged as the most promising and
clinically valuable tool for assessing liver fibrosis [39, 53-56]. Elastography, which can
be performed using either ultrasound or MR, quantifies the Young’s modulus of the
liver by measuring its response to applied mechanical stress (i.e., manual
compression or shear wave). In general, liver elastography is classified according to
the type of excitation method (Figure 1-6): (1) strain imaging, which uses quasi-static
mechanically-induced displacement through active external compression or passively-
induced physiologic motion such as heart beat, or (2) shear wave imaging, which uses
dynamic mechanically-induced vibration or ultrasound-generated propagating shear

wave stimuli.
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Figure 1-6. Technical overview of ultrasound elastography techniques (adapted from

[39]).

Despite existing reports on strain elastography in the application of diagnosing liver
fibrosis [57, 58], its clinical use remains limited. This thesis does not delve into the
technical and application details of strain elastography, due to the scant literature
available. Conversely, shear wave-based elastography has attracted more attention
within the hepatology community and is nhow commonly implemented in clinical
settings. This category of techniques works in the way of monitoring the propagation
of shear waves through liver tissues to estimate liver stiffness. Different methods are
employed to allow the generation of shear waves, including: (1) acoustic radiation
force impulse (ARFI) excitation in point shear wave elastography (pSWE) and two-
dimensional shear wave elastography (2D-SWE, see Chapter 1.5.3); or (2) controlled
external vibration at the liver surface in one-dimensional transient elastography (1D-
TE, see Chapter 1.5.4) and magnetic resonance elastography (MRE, see Chapter

1.5.2). Among these liver elastography techniques, TE is considered the most
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commonly used and the best-validated worldwide [53-56, 59], making it the primary

focus of this thesis.

Liver elastography is clinically indicated for patients requiring fibrosis staging for
CLD. The primary objective is to determine the presence or absence of advanced
fibrosis, as outlined in Chapters 1.1 and 1.2, since advanced fibrosis necessitates
frequent monitoring and prioritizes therapy prescription. Additional indications include
screening apparently asymptomatic individuals, following up on previously diagnosed
fibrosis, confirming suspected cirrhosis, and investigating unexplained portal
hypertension. With the advent of new antiviral treatments that effectively manage viral
hepatitis and halt fibrosis progression, another key indication is to assess treatment

response and potentially tailor follow-up interventions [53-56, 59].

1.5.2 Magnetic Resonance Elastography

The development of MRE took place at the Mayo Clinic in 1995 [60]. MRE can be
integrated as an add-on sequence in an examination of abdominal MRI or
independently conducted as a stand-alone liver elastography examination. The
commercially available MRE system operates via an active driver attached to the liver
surface to generate continuous mechanical vibration at a typical frequency 60 Hz, a
modified phase-contrast sequence to image the propagating shear waves, and a
processing algorithm to reconstruct color-coded MRE-specific elastograms using an
inversion algorithm [59, 61]. The basic principle and representative elastograms are
depicted in Figure 1-7. MRE allows sampling of a large area of the liver (=250 cm?),
exceeding the sampling size of liver biopsy by over 5,000 times and that of TE by 250
times [62]. Results are generally reported as the magnitude of the complex shear

modulus in kilopascals (kPa), equivalent to one-third of the Young's modulus
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commonly applied in TE. Liver stiffness measured by MRE generally ranges between

0 and 8 kPa.

(A)

Fibrosis Stage 0 Fibrosis Stage 1 Fibrosis Stage 2 Fibrosis Stage 3 Fibrosis Stage 4

Wave images

Elastograms

(B)
Figure 1-7. MRE for liver fibrosis assessment. (A) lllustration of the technical

principle; (B) Companion elastograms produced by MRE from representative cases

with fibrosis stages 0, 1, 2, 3, and 4, respectively (adapted from [59]).

Numerous studies have established a clinically significant correlation between
MRE-derived liver stiffness and the histologic stage of fibrosis in biopsy-proven
cohorts [61]. A systematic review and pooled individual MASLD data analysis by Singh
and colleages [63] identified the optimal MRE cut-off values for diagnosing fibrosis
stages 1, 2, 3, and 4 as 2.88, 3.54, 3.77, and 4.09 kPa, respectively. Another meta-
analysis of twelve studies involving nearly 700 patients determined that the sensitivity,

specificity, as well as AUROC for the detection of advanced fibrosis (F3—F4) were 85%,
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85%, and 0.93, respectively [64]. Comparative studies have also evaluated the
diagnostic accuracy between MRE and TE [65, 66]. One study reported the
comparable AUROC values for detecting clinically significant fibrosis (F=2) in 111
obese individuals with CLD (TE vs. MRE: 0.91 and 0.93; p = 0.551), with technical

failure rates below 15% for both techniques [65].

MRE offers the technical advantages of 3D stiffness analysis of the entire liver
volume and its utility in obese patients or patients with ascites. Additional benefits
include its compatibility with contrast-enhanced MRI for detecting HCC. However, the
high cost, limited availability, and time-consuming nature of MRE hinder its routine use
in clinical settings. Another limitation is its reduced reliability or inability to scan the

livers with iron overload due to MR signal loss [59, 61].

1.5.3 Ultrasound Elastography: 2D Shear Wave Elastography (2D-SWE)

Instead of a single focal location as in pSWE (Figure 1-8, A), 2D-SWE is based
on the combination of utilizing acoustic radiation force induced within liver tissues by
focused ultrasound beams at multiple focal zones (Figure 1-8, B) and an ultra-fast
ultrasound sequence with over 10,000 frames per second. This technology is capable
of monitoring of a cone-shaped, quasi-planar shear wave front in real-time [67]. A
quantitative parametric map is generated to display the Young’s modulus of the liver,

facilitating the visualization of fibrosis distribution in two dimensions.
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(B)

Fibrosis Stage 0 Fibrosis Stage 1 Fibrosis Stage 2 Fibrosis Stage 3 Fibrosis Stage 4

Elastograms

(©€)
Figure 1-8. ARFI-based SWE for liver fibrosis assessment. Illustration of the
technical principle of (A) pSWE and (B) 2D-SWE; (B) Companion elastograms
produced by 2D-SWE from representative patients with fibrosis stages 0, 1, 2, 3, and

4, respectively (adapted from [59, 68]).

Strong correlation of liver stiffness measured by 2D-SWE and histology-
determined fibrosis severity has been well-documented across multiple studies [39,
59, 68]. Additionally, the diagnostic performance has been thoroughly validated and is
comparable to that of TE across various etiologies of CLD. For instance, the very first

study comparing 2D-SWE against 1D-TE involved 121 biopsy-proven CHC patients,
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achieving an AUROC of 0.92 and establishing a cut-off value of 7.1 kPa for clinically
significant fibrosis (F=2) [69]. More recently, Wang and colleagues [70] introduced a
novel technique based on convolutional neural network (CNN), termed deep learning
radiomics of elastography (DLRE). Its combination was shown to supplement the
diagnostic performance of 2D-SWE, increasing the AUROC to over 0.97 for both
advanced fibrosis and cirrhosis. Additionally, 2D-SWE has shown prognostic value in
cirrhosis. Some studies demonstrated its feasibility in predicting esophageal varices,

portal hypertension, and survival in cirrhotic patients [71].

Unlike TE, 2D-SWE provides more robust LSM in presence of ascites and obesity.
This is because the shear waves generated in 2D-SWE originate locally inside the
liver, whereas liquid fluid and subcutaneous fat can impede shear wave propagation
in TE. Another strength is the simultaneous visualization of a color-coded map
superimposed on a B-mode ultrasound image allowing operators to be guided by both
anatomical and stiffness information. This real-time guidance helps to effectively avoid
including non-liver parenchymal tissues and identifying artifacts, thereby enhancing
the accuracy. The larger and multiple regions of interest (ROIs) enable averaging of
LSM, reducing sampling variability and better assessing fibrosis heterogeneity.
However, its drawbacks include restricted availability, inapplicability in points of
service, and fewer large-scale diagnostic test studies compared to TE [59].
Additionally, greater technical expertise and training resources are required. Thus, 2D-

SWE generally necessitates the involvement of a radiologist or sonographer.

1.5.4 Ultrasound Elastography: Transient Elastography (TE)

The initial development of 1D-TE dates back to the late 1990s [72, 73]. TE was not

only the first elastography technique commercially available for clinical use, but also
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the first diagnostic imaging system specifically designed for liver applications. To date,
TE has become the most widely used and validated elastography method for
assessing hepatic fibrosis [53-56, 59]. Figure 1-9 presents its technical principle and

representative elastograms characterizing the varying stages of liver fibrosis.

(A)
Fibrosis Stage 0 Fibrosis Stage 1 Fibrosis Stage 2 Fibrosis Stage 3 Fibrosis Stage 4
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(B) 8.2 kPa 9.6 kPa 16.6 kPa

Figure 1-9. 1D-TE for liver fibrosis assessment. (A) Illustration of the technical
principle; (B) Companion elastograms produced by 1D-TE from representative

patients with fibrosis stages 0, 1, 2, 3, and 4, respectively (adapted from [59, 66]).

TE probe typically consists of both an ultra-fast single-element transducer and a
mechanical vibrator [74]. Validated probes include a 3.5-MHz M probe with a
measurement depth range of 25-65 mm for patients with a standard morphotype, a
2.5-MHz XL probe with a measurement depth range of 35—75 mm for obese patients,
and a 5.0-MHz S probe with a measurement depth range of 20-50 mm for patients

with a narrow intercostal space, such as children. TE measures the velocity of 50-Hz
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shear waves, which are generated externally by transient vibration and propagating
through the liver. The typical procedure is outlined as follows [53-56]: TE is generally
a stand-alone system without anatomic imaging capability for procedural guidance.
Instead, baseline imaging is on basis of M-mode images with multiple RF signal lines
sampled in real-time. Operators select and sample a portion of the liver parenchyma
at a specific measurement depth below the skin, avoiding major vascular structures.
The mechanical vibrator then exerts a vibrating external source controlled at a fixed
frequency of 50 Hz on the body surface to generate shear waves, which propagate
symmetrically relative to the axis of the transducer tip. The same transducer uses
ultrasound with an ultra-high frame rate (~5000 frame/s) to track the displacements
induced by the propagating shear wave through the liver tissue. The Young's modulus
can be inferred accordingly by measuring the speed of the wave. The sampling volume
has dimensions of approximately 1 cm in width and 4 cm in length, making it more

than 100 times larger than a biopsy sample.

TE results are reported as the Young's modulus of the liver in kPa, with values
typically spanning from 2.5 kPa to 75.0 kPa. To ensure the intended performance and
accuracy, the following quality criteria for reliable TE have been established: (1) = 10
valid acquisitions; (2) a ratio of valid acquisitions to the total number of attempts of =
60%; and (3) an interquartile range (IQR) / median value of LSM of < 30%. TE results
with an IQR/median ratio greater than 30% are considered particularly unreliable [75,
76]. The favourable utility of TE lies in its relatively low cost, short procedure time, and
potential as a point-of-care test in a hepatologist's office or bedside setting.
Remarkably, TE possesses a liver application-oriented nature and standardizes wave
frequency at 50 Hz, which ensure measurement comparison. For a detailed discussion

on the technical limitations of TE, refer to Chapter 1.6.
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Extensive studies have evaluated TE against histology across various causes of
CLD, including CHB, CHC, HIV coinfection, MASLD, ALD, autoimmune hepatitis (AIH),
as well as in primary biliary cirrhosis (PBC) and primary sclerosing cholangitis (PSC)
[53, 54, 74, 77, 78]. For example, a meta-analysis involving forty biopsy-proven cohort
studies by Tsochatzis et al. [79] reported a sensitivity of 79% and a specificity of 78%
for F=2 fibrosis, and a sensitivity of 83% and a specificity of 89% for F=4 cirrhosis. Due
to its excellent inter- and intra-observer agreement (ICC of 0.98) [79, 80] and
favourable diagnostic performance [79], TE is recommended as a way to monitor
treatment response to antiviral drugs, implement post-transplant care, and prioritize
therapy for patients at high risk of progression, such as HIV-HCV co-infection [54]. TE
also has prognostic values and has demonstrated a correlation with the hepatic
venous pressure gradient (HVPG) for identifying portal hypertension [81]. Other
prospective longitudinal follow-up studies have further shown that LS can predict the
future development of decompensated cirrhosis, HCC, and mortality in those earlier
diagnosed with CHC, CHB, and cholestatic liver disease [82, 83]. Specifically, in an
analysis of 103 patients with PBC, a 2.1 kPalyear increase in TE-measured LS
corresponded to an 8.4 times higher risk of progressing to liver decompensation and
death [84]. More recently, a novel diagnostic algorithm specifically for MASH, known
as the FibroScan-aspartate aminotransferase (FAST) score, was developed with the
aim of identifying MASH patients at risk of clinically significant fibrosis [77]. This
algorithm has showed outstanding performance, with AUROCs being 83% in the

training cohort and being 92% in the validation cohorts.
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1.6 Limitations of TE

According to the existing body of literature, several factors are known to
compromise the accuracy and clinical implementation of TE [39, 59, 85, 86]. Some
confounding factors are technique- and instrument-specific, while others are biological
and patient-related confounders. Details about these existing challenges of TE are

elaborated in the following sub-sections.

1.6.1 Difficulty in Liver Localization

One commonly reported limitation of TE is the insufficient visual guidance to locate
the liver and further determine where the measurement is being obtained within a
specific parenchymal region [54, 55, 59, 87-89]. Although TE is an ultrasound-based
technique, it is performed without direct B-mode image guidance which can provide
detailed anatomic information. Instead, the ROI is identified using a combination of A-
and M-mode imaging to form low-quality guidance. Consequently, TE operators face
challenges in determining an adequate acoustic window free of rib shadowing, vessel
distortion, and other artifacts that interfere with LSM. This anatomic imaging
incapability can cause examination inefficiency, as well as failures and unreliable TE
results [39, 75]. Furthermore, because no grayscale images are provided, the exact
anatomic location or landmark in the liver from which the LSM is made is not
documented. This deficiency may complicate procedural standardization and
introduce sampling variability in longitudinal monitoring applications. Detailed

discussions are presented in Chapter 2.

1.6.2 Inherent Technical Inability in Special Populations

Several limitations relate to the specific, inherent characteristics of TE. From a

methodological standpoint, mechanical stimuli via external vibration are applied at the
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skin surface; therefore, ascitic fluid, ribs, and subcutaneous fat inevitably interfere with
the propagation of ultrasound and shear waves. TE failure and unreliability frequently
occur in these patient populations and with operators who have limited experience [75,
90]. In a study involving 276 overweight or obese patients, the failure and unreliable
rates of TE were remarkably high at 16% and 50%, respectively [91]. In this regard,
TE is particularly limited in the settings of obesity [74, 75, 88, 90], narrow intercostal
spaces [74, 88, 92] and, when inexperienced operators position the transducer tip over
a sub-optimal acoustic window [39, 75]. Additionally, performing TE is nearly

impossible in the presence of perihepatic ascites [86].

Some patient-related confounders, such as obesity or narrow intercostal space-
related TE failures, can be partly overcome with the use of the XL or S probe. Myers
et al. demonstrated that TE failure was significantly less frequent with the XL probe
than with the M probe (1.1% vs. 16%; p <0.001) [91]. However, the literature regarding
the technical feasibility of the XL probe in overweight populations is inconsistent, with
some studies reporting the unreliable and failure rates still as high as 23% [93, 94].
Furthermore, the S probe did not improve TE in small adults, who generally have an
inadequate acoustic window. Its unreliable rate was shown to be statistically similar to

that of the M probe (p = 0.2) [92].

From a clinical application standpoint, TE samples a smaller portion of the hepatic
parenchyma compared to MRE and 2D-SWE. Hence, similar to liver biopsy, TE
provides a single-value measurement, which cannot assess the heterogeneity of
fibrosis distribution in the liver [55]. Another inherent limitation includes the limited
ability to discriminate between adjacent fibrosis stages, particularly for intermediate

stages (F=2 or F=3) [86, 95], due to a substantial overlap of liver stiffness values in
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the continuum. Additionally, TE exhibits a relatively lower diagnostic performance for

intermediate stages compared to cirrhosis [86].

1.6.3 Heavy Training Cost

TE requires substantial operator experience and training to meet its established
quality criteria [86]. In a large-cohort study involving over 13,000 TE examinations [75],
the failure rate was 8.3% when the operators had only performed fewer than 500
examinations and 3.5% when the operators had rich experience of beyond that
threshold (p < 0.001). Operator inexperience (<500 vs. 2500 examinations) may also
influence the reliability of TE. The rate of unreliable results dropped dramatically from
30.5% to 15.6% of cases when an experienced operator participated [75]. This finding
suggested a long learning curve for TE, contradicting earlier claims that a novice can
achieve reliable results after a short training period of only 50 examinations. Instead,
this proves that TE tends not to be learned in a short time and requires extensive
practice. This pitfall further highlighted the need for adequate operator training and
professional expertise; however, it may present an extra heavy burden to novice or
non-specialist operators. Although another study [96] demonstrated a shorter learning
curve of 100 examinations, such a training requirement is still considered rigorous and
imposes a heavy training cost in a real-world clinical context. Further discussion on
this topic is included in Chapter 3, where a cost-effective solution is also presented

accordingly.

1.6.4 Confounders of Liver Stiffness

Various confounding factors, independent of the actual fibrosis stages, can
influence liver stiffness, [56, 85, 97, 98]. Besides physiologic conditions such as the

Valsalva maneuver [99], deep inspiration [85] and postprandial state [100, 101],
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certain disease processes, including acute hepatitis [102, 103], cardiac insufficiency
[104, 105], cholestasis [106], and hepatic arterial or portal hypertension [107, 108],
have been reported to impair the diagnostic performance of TE. Body mass index (BMI)
has also been reported as an important confounder [109]. False positive results of TE
have also been observed in cases of excessive alcohol intake [110]. The influence of
hepatic steatosis is still a matter of debate, since inconsistent results have been
reported in the literature. Some studies [111-113] indicate that steatosis may falsely
elevated LS, resulting in a false positive rate of 23.6% for diagnosing Stage 2 fibrosis
[111], whereas others do not [114, 115]. Chapter 4 provides a detailed review of how
these factors confound TE, and includes an exploratory study on body posture as

another potential confounder.
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1.7 Research Gaps

With a growing clinical interest in developing new TE techniques or refining existing
practices for liver fibrosis assessment, it is essential to understand the current
confounders hindering an effective TE assessment. According to the literature review
conducted in Chapter 1.6, several research gaps exist. Generally, both the (1)
technical or instrument-related factors and (2) patient- or procedure-related factors
can influence the accuracy and clinical utility of liver TE. The common reasons behind

those limitations appear to be interconnected. Specifically, the high unreliable and

failure rates, along with the substantial learning burden of TE, can be attributed to the

lack of (1) a standardized measurement protocol and (2) a visual imaging guidance

technique to assist the TE examination.

1.7.1 Technical Perspective: No Adequate Imaging Guidance

Traditionally, TE was developed as a measurement tool without direct 2D image
guidance of anatomic information, which has been a significant technical limitation [54,
55, 59, 87-89]. This can cause TE failure, an unreliable result, and lower examination
efficiency. In the literature, previous studies have identified a significantly higher
technical success rate for 2D-SWE than for TE, likely due to the real-time B-mode
guidance capability of 2D-SWE [116, 117]. Additionally, two other studies have
demonstrated that using B-mode imaging beforehand to select an optimal site prior to
TE reduces the failure and unreliable rates [118], and presents no learning curve [119].

Therefore, we speculate that real-time B-mode imaging as procedural guidance is

equally or even more beneficial compared to pre-TE B-mode imaging.

Given these added values together with the lack of existing works in the literature,

there is a pressing demand for incorporating real-time B-mode imaging into TE, and
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evaluating its effectiveness in terms of LSM. This technical improvement would allow
for simultaneous anatomic visualization and stiffness measurement of the liver in a
fully integrated probe setting. As a new form of TE, it is necessary to systematically
evaluate the performance of a real-time B-mode guided TE system before its

widespread clinical adoption for liver fibrosis assessment.

1.7.2 Clinical Perspective: No Standardization of TE Measurement Protocol

One of the practical challenges of liver elastography is the lack of standardization
in using TE devices [120]. To address this issue, efforts by Quantitative Imaging
Biomarkers Alliance (QIBA) are being undertaken to quantify biases between different
systems, vendors, and operators using calibrated phantoms [121, 122]. The QIBA
initiative strives to improve the consistency of measurement results, allowing for
meaningful comparisons in clinical practices and research trials. These QIBA efforts
will hopefully define standardized technical parameters and settings for LSM as a

biomarker for liver fibrosis staging. However, in addition to technical standardization,

procedural standardization is equally crucial for obtaining reliable and accurate results

[39]. Despite this, the standardization of TE measurement protocols has received very

little attention in the liver community.

Current major hepatology organisations (e.g., American Association for the Study
of Liver Diseases [AASLD], European Association for the Study of the Liver [EASL],
and Asian Pacific Association for the Study of the Liver [APASL]) provide little
guidance on standardization of the TE examination procedure, because of the paucity
of data. Specifically, there are no clear guidelines on selecting measurement sites for
a standard practice in this regard [123]. Under this circumstance, the choice of where

to measure varies among patients and is operator-dependent. Operators often rely on
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their own experience or a trial-and-error method during the procedure, which may
introduce measurement variability and largely reduce examination efficiency as well
as patient comfort. On top of that, there is no standardization of a respiratory technique
for the TE examination procedure. Although the supine posture is generally regarded
as the standard of care for TE, alternative patient positioning is sometimes used in
real-world practices due to special circumstances. For instance, patients with
orthopnea, ankylosing spondylitis or mobility constraints may find it challenging to

assume a supine posture. Yet, research on the effect of common daily postures (e.qg.,

non-supine seated or standing positions) on TE is lacking. It is imperative to develop

specific examination standards for TE, while no relevant research has been reported.
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1.8 Objectives of the Study

The overarching goals of the thesis are to

1)

2)

Evaluate the performance of a palm-sized wireless TE system with real-time B-
mode imaging guidance.

Establish a standardized measurement protocol for TE.

The outcomes of the thesis contribute to reduce failure and unreliable rates,

improve examination efficiency, and ease the training burden associated with TE.

The specific aims of the thesis are listed as follows:

1)

2)

3)

Specific Aim-1: To introduce and evaluate a palm-sized wireless TE system

with real-time B-mode imaging guidance for liver fibrosis assessment in both
laboratory phantom and clinical settings (Chapter 2).

Specific Aim-2: To identify an ideal measurement site and respiratory condition

for the TE examination via an observational study by leveraging 2D and 3D
ultrasound imaging techniques for characterization of the morphological and
biomechanical properties of different ICSs, with comprehensive analyses in
aspects of the feasibility, reliability, and validity of intercostal ultrasound
measurements (Chapter 3).

Specific Aim-3: To further scrutinize into the effects of body posture (supine,

seated, and standing) on liver stiffness, and on the success rate and reliability
of TE, via an observational study of healthy subjects and patients with varying

degrees of fibrosis severity (Chapter 4).

The objectives for each individual chapter of the thesis are specified below:

Chapter 2: To address the research gap stated in Chapter 1.7.1, a methodological
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study was conducted for the technical performance analysis of a novel B-mode guided
TE system in both laboratory phantom and clinical settings. The objectives of this study

were to

1) Introduce a newly developed palm-sized real-time B-mode imaging guided TE
system for the assessment of liver fibrosis.

2) Evaluate the accuracy of this new TE system in quantifying the Young’s
modulus of tissue-mimicking elasticity phantoms across a spectrum of
reference values (2 kPa to 75 kPa).

3) Evaluate the reliability and validity of this new TE system for LSM in adult
patients with confirmed CLD of various etiologies.

4) Examine the effect of vibration amplitude on TE-derived liver stiffness.

Chapter 3: To address the research gap stated in Chapter 1.7.2, an observational
study was conducted in an attempt to standardize the measurement site and
respiratory condition used for the TE examination procedure. The objectives of this

study were to

1) Explore the feasibility of applying 2D and 3D ultrasound imaging to characterize
the morphological and biomechanical properties of the ICSs on the right inferior
rib cage.

2) Establish the reliability and validity of 2D and 3D ultrasound-based intercostal
measurements.

3) Investigate the differences in the morphological and biomechanical properties
among different ICSs.

4) Examine the effect of respiration on the morphological and biomechanical
properties of the ICSs.

5) Assess the relationship between the distribution of the ICSs and the presence
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of the liver.
6) Analyse the factors influencing the morphological and biomechanical properties

of the ICSs.

Chapter _4: To address the research gap stated in Chapter 1.7.2, another
observational study was conducted in an attempt to standardize the patient positioning
technique used for the TE examination procedure. The objectives of this study were

to

1) Explore the feasibility of performing TE in a non-lying posture for liver fibrosis
assessment.

2) Examine the effect of body posture on liver stiffness using TE in healthy
subjects and patients with known CLD.

3) Examine the effect of body posture on the success rate and reliability criteria of

LSM using TE.
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1.9 Outline of the Thesis

This thesis comprises five main chapters. Chapter 1 outlines the background,
motivation, objectives, and overall structure of the thesis. Specifically, it includes a
comprehensive literature review on the epidemiology, natural history, pathogenesis,
and diagnosis of liver fibrosis. In view of the invasiveness of biopsy, the rapid
development of non-invasive methods has received significant attention in the
hepatology community. Herein, it is pertinent to discuss two different but
complementary approaches: a biological approach based on surrogate markers and a
physical approach based on LSM with elastography. In this thesis, the focus is
particularly on TE, a state-of-the-art liver elastography technique. Although considered
the non-invasive standard for liver fibrosis assessment, TE has some pitfalls. A
systematic review is thus conducted to consolidate the existing evidence on TE-
specific limitations, paving the way for the research gaps and objectives of this thesis.
Consequently, two main research gaps that hinder the advancement of TE were

identified.

Chapters 2 through 4 cover the essence of this thesis to address these gaps.
Technical and procedural improvements for TE are proposed with the hope of reducing
the failure and unreliable rates, as well as easing the training burden. Chapter 2
introduces a newly developed, palm-sized TE system incorporating real-time B-mode
imaging guidance for liver anatomy, and reports a comprehensive performance

analysis in both laboratory phantom and clinical settings (Specific Aim-1). Chapter 3

and Chapter 4 set out to establish clinical practice standards for TE, minimizing
potential confounding effects arising from the examination procedure. Chapter 3

presents an observational study encompassing a series of analyses through
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combining 2D-SWE, 2D B-mode, and 3D ultrasound imaging techniques to identify an

ideal site and respiratory condition for TE probe placement (Specific Aim-2). Chapter

4 delivers an observational study of healthy subjects and CLD patients to investigate
how various body postures influence liver stiffness, and the feasibility and reliability of

TE (Specific Aim-3). This exploratory research adopted a novel TE system, which has

been fully validated in Chapter 2. The results from Chapter 3 and Chapter 4 provide
valuable references for designing a straightforward and evidence-based protocol for
TE practitioners. Finally, Chapter 5 draws conclusions from the studies presented in

Chapters 2 to 4. Recommendations for future works are also elaborated.
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Chapter 2. Evaluation of Palm-Sized Wireless TE System

Guided by Real-Time B-Mode Ultrasound Imaging

This chapter has been published as:

Palm-Sized Wireless Transient Elastography System with Real-Time B-Mode
Ultrasound Imaging Guidance: Toward Point-of-Care Liver Fibrosis Assessment.

Huang, Z.-H., Wang, L.-K., Cali, S.-Y., Chen, H.-X., Zhou, Y., Cheng, L.-K., Lin, Y.-W.,
Zheng, M.-H., & Zheng, Y.-P.

Diagnostics, vol. 14, no. 2, p. 189, 2024, doi: 10.3390/diagnostics14020189.
2.1 Background

Chronic liver disease (CLD) represents a major and rising public healthcare issue,
affecting an estimated 844 million individuals worldwide [124]. It can be caused by viral
infections, such as hepatitis B or C virus, by excessive alcohol consumption, or by
dietary habits leading to metabolic dysfunction-associated steatotic liver disease
(MASLD), which was formerly called non-alcoholic fatty liver disease (NAFLD). Liver
fibrosis is the common pathway for CLDs of various etiologies, culminating in cirrhosis.
Cirrhosis alone causes 1.16 million deaths globally, ranking as the 11th leading causes
of death in 2015 [5]. Although early fibrosis has been shown to be partly reversible
[125], cirrhosis is, by definition, deemed an irreversible condition. Hence, the goal of
CLD management is to monitor liver fibrosis severity and prevent progression to

cirrhosis.

Biopsy is historically the reference standard for diagnosing liver fibrosis. However,
its invasive nature impedes long-term CLD monitoring. Histologic analysis of liver

specimens is also subject to inter-pathologist variability and sampling error [37]. The
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serum biomarker method is minimally invasive, but its specificity and accuracy have
been questioned [46]. These limitations have led to the rapid development of

elastography modalities for assessing liver fibrosis in hepatology [56].

Shear wave-based elastography methods rely on shear wave propagation speed
to quantify the mechanical properties of hepatic tissues, serving as a surrogate
biomarker for liver fibrosis [53]. Although magnetic resonance elastography (MRE) has
shown promising diagnostic accuracy against histology, its limited availability, high
cost, and lengthy examination time have hindered its widespread clinical adoption. In
contrast, the technological advantages of ultrasound elastography for characterizing
the degree of liver fibrosis are being non-invasive, low-cost, rapid, of high patient
acceptance, and having proven, excellent histopathological correlation. Two-
dimensional shear wave elastography (2D-SWE) is one such technique that employs
ultrasonically induced acoustic radiation force impulses to generate shear waves
within the liver for liver stiffness measurement (LSM). 2D-SWE allows the
simultaneous acquisition of anatomic B-mode images and stiffness mapping of the
liver [67]. Another noteworthy technique is transient elastography (TE). TE by means
of mechanical vibration excitation measures the speed of a 50 Hz shear wave
propagating through the skin surface into the liver parenchyma [74]. Recommended
by the World Health Organization (WHO) [126, 127] and major clinical guidelines [53-
56, 128, 129], TE stands as an established and best-validated approach for the first-
line assessment of CLD. Numerous studies have validated LSM with TE for diagnosing
liver fibrosis across various etiologies, and demonstrated its role in treatment follow-

up and prognosis prediction [53, 54].

Despite its success in hepatology, a commonly reported limitation of TE is the lack
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of sufficient visual guidance for sampling the liver of interest [54, 55, 59, 87-89].
Conventional TE has primarily focused on the design of a single-element transducer,
providing LSM alongside M-mode. Because no anatomic B-mode images are provided,
TE practitioners have difficulty in targeting a liver parenchymal region devoid of blood
vessels or focal lesions for analysis. This limitation contributes to the increasing
frequency of TE failure or unreliable results and significantly reduces examination
efficiency. Additionally, conventional TE systems have limited clinical acceptance due
to their bulky, immobile, and wired natures [117]. The existing setup confines TE
assessment to an examination room, potentially limiting its utility beyond a hospital
setting. For example, due to the rising prevalence of CLDs and associated risk factors
such as obesity, Pere et al. [130] advocated for programs of screening for liver fibrosis.
Equipment size is a practical consideration for implementing large-scale liver
examinations in the community [131]. This becomes another room for improving TE
techniques and expanding its clinical applications. In light of these obstacles, there is
a need for incorporating the capability of B-mode imaging and point-of-care ultrasound
(POCUS) into the TE examination procedure to make TE suitable for point-of-care
applications. Moreover, although the 50-Hz vibration source is commonly chosen in
TE research [74], literature specifically investigating other vibration settings for LSM is

limited and the ideal vibration amplitude has not yet been determined.
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2.2 Study Aims

In this work, we introduce a newly developed TE system (named ‘Liverscan’) which
is palm-sized in dimension and enables LSM guided by real-time B-mode imaging of
liver morphology. Despite its potential utility beyond routine clinical practice, the
Liverscan system has yet to undergo clinical scrutiny. Hence, the primary objectives
of this methodological cross-sectional study were to assess the accuracy of LSM using
Liverscan on tissue-mimicking phantoms, and the reliability and validity of LSM in adult
patients with confirmed CLD of various etiologies. Another objective was to investigate

the effect of the vibration amplitude on liver stiffness.
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2.3 Methods

2.3.1 Introduction to the Liverscan System

The novel Liverscan® system (Eieling Technology Limited, Hong Kong, China)
comprises an all-in-one probe and a paired software installed in a terminal device
(Figure 2-1). The battery-driven probe wirelessly connects to a Windows-based
notebook computer or tablet via Wi-Fi communication, and houses a voice-coil motor
mounted on the axis of a 3.5 MHz phased array ultrasonic transducer. This
engineering design allows simultaneous B-mode imaging and stiffness measurement
of the liver with a single integrated probe. The cylinder-like probe measures 21.1 cm
in length, 5.1 cm in width, and 6.4 cm in height. Its tip serves as both a low-frequency
vibrator to generate shear waves and an ultrasonic transmitter—receiver to trace wave
propagation. Specifically, the vibrator induces shear waves through external
mechanical vibration with low frequency (50 Hz) and mild amplitude. The phased array
transducer, configured with 32 elements operating at 20 frames/s, produces real-time
B-mode images in a sector field of view (FOV). A single beam centred at the array
acquires RF signals at an ultra-fast rate of 6400 frames/s and within a short time span
of 80 ms to image the axial component of the shear wave along the beam direction.
RF data acquisition from this single scan line synchronizes with the start of mechanical
excitation. The system allows for the adjustment of the region of interest (ROI) location
axially and radially, aiding in the avoidance of reverberation artifacts beneath Glisson’s
capsule [55, 69]. In this study, the ROl is set at a depth range of 25—-65 mm, consistent

with other clinically available TE systems.
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Figure 2-1. Schematic representation of the Liverscan probe and paired software
interface. Working principle of the Liverscan system: LSM procedure including shear
wave generation and ultrasound acquisition is guided by real-time B-mode imaging.
The displacements of the elastic liver tissue caused by the passage of the shear
wave are documented via ultra-fast RF acquisitions, resulting in the formation of an
elastogram. The elastogram, which estimates the Young’s modulus of the liver, is

visualized as a strain image as a function of time and depth.

To construct an elastogram (a shear wave propagation map), axial displacements
are estimated from the sequences of RF signals using a texture disturbance detection
approach. The elastogram appears as a 2D color-coded image representing the
spatial-temporal information of the propagating shear wave. A MobileNet-based
regression algorithm detects and computes the shear wave trajectory, reflecting liver
tissue deformation associated with the passage of the shear wave. Shear wave speed
is deduced from the slope of the trajectory pattern and converted into the Young'’s

modulus using the equation:
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E = 3pVs?

where E is the Young’s modulus, Vs is the shear wave speed, and p is the assumed

tissue density (1000 kg/m3, equivalent to water density).

A computer terminal is used to display B-mode images in real-time alongside the
algorithmic calculation of the Young’s modulus and corresponding elastogram. This

stand-alone processing unit contributes to the downsizing of the probe.

2.3.2 Study Design

The framework of the system evaluation on LSM is summarized in Figure 2-2. To
evaluate the accuracy of Liverscan in quantifying the Young’s modulus, a series of
phantoms with established reference values were used (Figure 2-3). Between May
2022 and June 2023, a large clinical trial was conducted, and adult subjects were
recruited from two participating institutions: The Hong Kong Polytechnic University and
The First Affiliated Hospital of Wenzhou Medical University. To evaluate the feasibility
and validity of Liverscan in a clinical setting, we performed head-to-head comparisons
of its LSM with other clinically available ultrasound elastography systems: Fibroscan®
(fs, Echosens, Paris, France) and Fibrotouch® (ft, Hisky, Wuxi, China), which are
based on conventional TE, and Aixplorer® (SuperSonic Imagine, Aix-en-Provence,
France), based on 2D-SWE (Figure 2-3). We employed different statistical analyses
and compared the results to investigate the variability among the elastography
modalities. Additionally, the intra- and inter-operator reliability of LSM using Liverscan

were established.
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Figure 2-2. A framework for the methodological research to evaluate the palm-sized TE system with real-time B-mode guided LSM.
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(A)

Conventional TE: Cnventional TE: 2D-SWE: B-mode guided TE:
Fibroscan® Fibrotouch® Aixplorer® Liverscan®

(B)

Figure 2-3. Experimental setup for Liverscan validation. (A) Phantom experiment
setup: the probe was placed over the phantom using a custom testing platform; (B)
Human experiment setup for the comparative study: four liver elastography
techniques in a randomized order were administrated to each subject on the same

day.

In the Hong Kong cohort, the examinations of Liverscan, conventional TE-ft, and
2D-SWE were conducted on the same day of the examination of conventional TE-fs.
While subjects received conventional TE-fs at an external health check clinic (Virtus

Medical Centre, Hong Kong, China) where a Fibroscan system is installed, other
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elastography examinations were conducted at the Clinical Ultrasound Lab of The Hong
Kong Polytechnic University. The examination order among different liver
elastography techniques was randomized for each subject. In the Wenzhou cohort,
patients underwent the conventional TE-fs and Liverscan examinations on the same
day. Demographic, anthropometric, and clinical data were recorded by research
coordinators using standard protocols. All operators participating in this study were
blinded to the patients’ clinical and other liver elastography data. Ethical approval was
obtained from the Institutional Review Board of The Hong Kong Polytechnic University
(HSEARS20210809002). This prospective, cross-sectional, dual-center imaging study

complies with the Declarations of Helsinki and the STROBE reporting criteria.
2.3.3 Phantoms

In order to quantitatively study the accuracy of Liverscan in estimating the Young’s
modulus, experiments were carried out on multiple commercial elasticity phantoms.
As part of Model 039 (Computerized Imaging Reference Systems (CIRS), Inc., Virginia,
USA) and KS215 T-3 (Institute of Acoustics, Chinese Academy of Science, Beijing,
China), these phantoms were specifically designed for quality control and performance
testing of clinical ultrasound-based elastography systems. Prior to assembly, they
underwent a process of standard shear wave speed characterization using mechanical
vibration excitation. To eliminate the possible impact of viscosity and ease direct
comparison among elastography techniques, each phantom contains homogeneous,
isotropic, and nearly completely elastic materials. In this study, eight phantoms with
respective Young’'s modulus values of 1.45 kPa, 2.22 kPa, 4.66 kPa, 7.0 kPa, 12.8
kPa, 16.2 kPa, 32.1 kPa and 76.9 kPa were tested. These nominal values encompass
the elastic properties spanning healthy through cirrhotic livers and serve as the

ground-truth for assessing measurement accuracy.
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To obtain measurements, the Liverscan probe was mounted on top of the
phantoms and fixed using a probe holder. Ultrasound gel was applied to the phantom
surface to ensure acoustic coupling. Twenty valid measurements were carried out in
the different locations of each phantom, with the tip of the probe in contact with the
phantom surface to maintain mechanical coupling. A static applied force between the
transducer and phantom surface was monitored and standardized at 5 newtons across
the phantoms. A single operator, blinded to the phantom being tested and its LSM
result, was involved. The order of data acquisition was randomized for phantoms.
Each stiffness value represents the Young’'s modulus of the tested phantom, and the
mean and median of the twenty phantom measurements were calculated for

subsequent statistical analyses.

2.3.4 Subjects

A priori analysis using the G*Power software (Heinrich-Heine-Universitat
Dusseldorf, Dusseldorf, Germany) projected a sample size of 84 subjects for the
Pearson correlation, with a medium Cohen’s effect size r = 0.3, statistical power of 0.8,
and a two-sided significance level of 0.05 under a bivariate correlation design. The
final target sample size was set at 121 to allow for 30% dropout [78]. Adult subjects
were enrolled if they had been diagnosed with CLD caused by hepatitis B virus (HBV),
hepatitis C virus (HCV), MASLD, alcoholic liver disease (ALD), or autoimmune
hepatitis (AIH) and clinically indicated for follow-up of CLD. Subjects were excluded in
the case of ascites, pregnancy, active implantable cardiac device, liver transplantation,
and refusal to receive contemporaneous liver elastography examinations. All subjects
gave written informed consent and fasted for a minimum of 3 h before an examination

procedure.
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A total of 121 patients were divided into three subgroups used for different
statistical analyses. Specifically, LSM by Liverscan was validated against that by
conventional TE-fs in the complete cohort of 121 subjects, in a dual-center setting. We
further evaluated the association of Liverscan, conventional TE-ft, and 2D-SWE, in
comparison with conventional TE-fs, in the subgroup of 90 subjects. In addition to the
comparative studies on the validity of Liverscan, subjects were randomly invited to
participate in a sub-analysis assessing operator reliability. Given the expected success
rate with Liverscan set at 95%, a projected sample size of 60 was deemed necessary
to estimate an excellent intraclass correlation coefficient (ICC) of 0.9 £ 0.05 and a
dropout rate of 5% under a two-repetition design [132]. The reliability analysis involved
two operators with different levels of experience and expertise; Operator 1 with a
background in radiology had six years of experience in TE development and operation,

while Operator 2 was a novice trained as an engineer.

As part of the study regarding the vibration amplitude effect, this subgroup of 60
subjects was further used to examine whether liver stiffness measured by Liverscan
differs between the two vibration conditions: (a) 2-mm vibration amplitude and (b) 3-
mm vibration amplitude. The amplitude level was quantified by the peak-to-peak
displacement of a vibrating transducer tip. Of note, specific differences between these
two vibration conditions of the Liverscan probe and the Fibroscan M probe include
their vibration amplitude (2 or 3 mm vs. 2 mm), shape of their transducer tip (rectangle

vs. circle), and size of their transducer tip (16*8 mm vs. 7 mm in diameter).

2.3.5 TE Examination

Based on the technical principle, TE examinations performed in this study fall into

two categories: (a) conventional TE without B-mode guidance and (b) B-mode guided
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TE.

In the conventional TE session, the Fibroscan (fs) and Fibrotouch (ft) systems were
used. According to the procedure described previously [53-56, 74], subjects were
asked to lie down in the dorsal decubitus position with the right arm in maximal
abduction and placed behind their heads. The transducer tip of the probe was placed
onto the skin surface between the ribs at the level of the right lobe of the liver. The
Fibroscan XL probe was administrated to obese patients as recommended by an
automatic probe selection tool [91]. Subjects who received the examination of
conventional TE-fs using either the standard M or XL probe were included in this study.
The examination of conventional TE-ft was performed with one universal probe
designed for varying patient morphotypes. A minimum of 10 valid acquisitions with

conventional TE-fs and TE-ft were performed on each subject, respectively.

In the B-mode guided TE session using Liverscan, the same examination
procedure, including patient positioning and measurement protocol, were applied as
outlined above. Assisted by real-time B-mode, a sufficiently thick portion of the liver
parenchyma free of large vascular structures was identified and consecutively
measured ten times. In the intra- and inter-operator reliability study, subjects were
assessed twice by each of two operators, generating four experimental conditions per

subject:

e First examination of Operator 1;
e Second examination of Operator 1;
e First examination of Operator 2;

e Second examination of Operator 2.

To avoid bias by a learning effect, Operator 1 and 2 independently performed the
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Liverscan examinations in a randomized order, each operator being blinded to the
LSM results of the other. During the 2nd examination procedure, the operator was
blinded to the previously obtained LSM result of the 1st examination. The Liverscan
probe was removed from the patient and repositioned between conditions, with the

interval no less than 10 min.

In the vibration amplitude study, an attempt was made to collect at least 10 valid
acquisitions with each of the 1-mm and 3-mm vibration amplitudes. To control for other
possible confounders that might affect liver stiffness value, the measurement site and

respiratory phase remained the same across the vibration conditions.

Overall, the same statistical procedure was applied to derive liver stiffness from
the three TE examinations with conventional TE-fs, conventional TE-ft, and B-mode
guided TE. The median stiffness value (in kPa) of the 10 valid acquisitions was
considered representative of the Young’'s modulus of the liver and was calculated for
each of the three TE examinations, respectively. As an indicator of variability between
LSMs, the ratio of the interquartile range to the median value (IQR/median) was
calculated. TE results were included in the final analysis if at least 10 valid acquisitions

were made with an IQR/median <30% and a success rate 260%.

2.3.6 2D-SWE Examination

2D-SWE was performed using a convex probe (XC6-1, central frequency: 3.5 MHz)
of the Aixplorer® system (SuperSonic Imagine, Aix-en-Provence, France) via the right
intercostal approach [67, 69, 133]. Subjects were in the supine position with the right
arm in maximal abduction. During the stiffness acquisition process, a rectangular SWE
box was placed in the right liver parenchyma free of blood vessels, portal tracts, and

focal lesions, at least 1 cm in depth from Glisson’s capsule and between 2 and 7 cm
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from the skin surface. Ten frames of SWE images were obtained from the right hepatic
lobe during repeated inspiratory breath-holds. In the subsequent data analysis, a 1 cm
diameter circular ROl was placed retrospectively over a region of a relatively
homogeneous portion at a depth of 3—6 cm of the SWE box for LSM. To average the
possible effect of heterogenous fibrosis, a third-party rater placed five individual ROIs
in different sub-regions of each SWE box. The average of five SWE values derived
from the circular ROIs and expressed in kPa was kept as the representative result for
that SWE image. In this fashion, each SWE image was measured five times producing
a total of 50 SWE value acquisitions for each subject. The median of the 50 SWE
values obtained from the right-lobe segments was calculated and used in this study

as the per-patient Young’s modulus of the liver.

2.3.7 Statistical Analyses

All statistical analyses were performed using Statistical Package for Social
Sciences (SPSS, IBM corporation, Armonk, NY, USA). The level of significance was

set at 0.05.

Descriptive statistics. Cohort characteristics were descriptively summarized,
expressing continuous variables as a median (interquartile range [IQR]) and
categorical variables as absolute figures with percentages. Confidence intervals (Cls)
were reported at the 95% level. A Friedman two-way ANOVA with post-hoc Dunn’s
test was conducted to compare the liver stiffness (kPa) and its corresponding

IQR/median of LSM (%) across four liver elastography techniques, respectively.

Accuracy statistics. Comparisons were made between the Young’s modulus of
the phantoms measured by Liverscan and that reported by the manufacturers.

According to the Radiological Society of North America Quantitative Imaging
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Biomarker Alliance (QIBA) [134], three technical performance metrics of linearity, bias,
and precision were used for the performance assessment of phantom Young's
modulus quantification. Linearity and bias together assess the degree to which LSM
provides an estimate of the true value. Linearity was analyzed using a first-order
polynomial regression model of the average of measured values against reference
values. Bias, defined as the percentage error between the two groups of values, was

calculated for each phantom using the formula:

Bias (%) — |Liverscan value (kPa) — Reference value (kPa)| X 100%
ias (%) = Reference value (kPa) ’

Precision assesses the relative variability between twenty repeated measurements,

and was analyzed using the coefficient of variation (CV).

Validity statistics. Correlation relationships were examined among liver stiffness
values measured by conventional TE-fs, conventional TE-ft, Liverscan, and 2D-SWE,
respectively. A correlation matrix was constructed to visualize the pairwise comparison
of Pearson correlation coefficients, whereby 0.1 <|r] <0.3 was considered weak
correlation, 0.3 <|r|<0.5 moderate correlation, and |r|> 0.5 strong correlation. Using
convectional TE-fs as the benchmark technique, Bland—Altman plots were constructed
to examine the agreement of each pair. The linear relationship of convectional TE-fs
against the other three elastography techniques was evaluated pairwise using the
simple linear regression model. The Pearson correlation coefficient (r) as the strength
metric of association, coefficient of determination (R?) as the strength metric of linearity,
and mean difference between techniques as the strength metric of agreement were

reported for each pair.

Reliability statistics. We used intraclass correlation coefficient (ICC), standard
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error of measurement (SEM), and coefficient of variation method error (CVwme) to
assess the inter-operator and intra-operator agreement for stiffness values derived
from Liverscan. ICC was interpreted as follows: 0.90-1.00 = excellent, 0.75-0.90 =
good, 0.5-0.75 = fair, and <0.5 = poor, according to Koo & Li’'s conventional criteria

[135].

Vibration amplitude comparison. A Wilcoxon matched-pairs signed rank test
compared liver stiffness under the 1-mm and 3-mm vibration amplitude levels of TE.
Additionally, Pearson correlation of each paired vibration condition of convectional TE-

fs and Liverscan were further analyzed.
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2.4 Results

2.4.1 Phantom Measurement Accuracy

As presented in Table 2-1, the phantom results demonstrated that the measured
values (both mean and median) for all phantoms were very close to or within the
allowed error range provided by the phantom manufacturers. The linearity across eight
reference phantoms is plotted in Figure 2-4, with a first-order linear model indicating
very strong linear fit (R?> = 1). The precision, as assessed by the CVs of twenty
repeated measurements, ranged from 1.0-15.5%, and bias was less than 10% for all

phantoms.

Table 2-1. Accuracy analysis of phantom Young’s modulus measurement across

eight phantoms.

Grmz;ltaj:)ruth Mea[nISRS]D(k/Prg;a*dian Bias (%) | CV (%)
Phantom #1 145+0.1 1.6+0.2/1.5]0.3] 8.6 15.5
Phantom #2 2.22+0.2 2.2+0.0/2.2[0.0] 11 1.0
Phantom #3 4.66 £0.5 4.7+0.2/4.7[0.2] 14 3.6
Phantom #4 7.0+0.2 6.9+0.3/7.0[0.2] 19 4.7
Phantom #5 128+1.3 13.1+0.5/13.1[0.6] 2.6 3.7
Phantom #6 16.2+0.6 16.6 + 0.5/16.6 [0.3] 2.2 2.8
Phantom #7 32.1+04 32.9+£1.9/33.0[2.7] 2.5 5.8
Phantom #8 76.9+7.7 78.8+45/77.9[6.3] 2.5 5.7
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IQR = interquartile range; SD = standard deviation; CV = coefficient of variation.
*The Young’s modulus of phantoms was expressed as mean + SD or median [IQR]

for twenty repeated measurements.
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Figure 2-4. Measurement of Young’s modulus across eight phantoms with known
reference values: scatterplot showing the linear relationship of the Young’s modulus

of the phantoms derived by Liverscan against the truth values.

2.4.2 Subject Demographics

Between May 2022 and June 2023, a convenience sampling approach was
adopted to recruit 121 eligible subjects with a history of known CLD for this study. The
characteristics of the 121 patients are outlined in Table 2-2. Ninety patients were
recruited at The Hong Kong Polytechnic University and thirty-one at The First Affiliated

Hospital of Wenzhou Medical University. Fifty-four were women (45%) and the median
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age was 54 years (range: 22-73 with an IQR of 18). The majority (41%) of patients
were experiencing CHB (additional 21% with coexistent steatosis) or CHC, and 35%
had MASLD. The median BMI was 24 kg/m? (range: 16—41 with an IQR of 5). In this
cohort, the proportion of Fibroscan XL probe use is 10.7%. Over one-third of the
patients (35%) were overweight or obese, and more than half (57%) were classified

as having central obesity. The median skin—capsular distance was 13 mm (range: 5—

26 with an IQR of 7).

Table 2-2. Characteristics of the study cohort (n = 121).

Characteristics

Median [IQR] or Proportion % (n)

e Demographics
Male
Age, years
Overweight & obese
Central obesity
Metabolic syndrome

Anthropometrics
Weight, kg
BMI, kg/m?
Waist circumference, cm
Skin-to-liver capsule distance, mm

Liver disease aetiology
Viral (CHB, CHC)
MASLD
ALD
Coexistence of HBV and MASLD

Liver stiffness, kPa
Conventional TE (Fibroscan)
B-mode guided TE (Liverscan)

IQR/Median of LSM, %
Conventional TE (Fibroscan)
B-mode guided TE (Liverscan)

55% (67)
54 [18; range 22—73]
35% (42)
57% (69)
15% (18)

65 [16; range 43-119]
24 [5; range 16-41]
84 [17; range 65-131]
13 [7, range 5-26]

41% (50)
35% (42)
3% (4)
21% (25)

5.4 [4.5; range 2.4-39.9]
5.9 [5.4; range 2.7-38.2]

12 [8; range 3-27]
23 [13; range 8-45]
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IQR = interquartile range; BMI = body mass index; LSM = liver stiffness measurement;
MASLD = metabolic dysfunction-associated steatotic liver disease; CHB = chronic
hepatitis B; CHC = chronic hepatitis C; ALD = alcoholic liver disease.

2.4.3 Inter-Technique Difference Comparison

Figure 2-5 summarizes the aggregated LSMs and IQR/median results from the
four-technique comparisons in the subgroup of 90 patients. A Friedman ANOVA
identified differences in median LSMs among conventional TE-fs (4.6 kPa, IQR: 3.7—
5.8), conventional TE-ft (5.8 kPa, IQR: 4.6-6.9), Liverscan (5.3 kPa, IQR: 4.5-6.4),
and 2D-SWE (5.8 kPa, IQR: 4.7-6.7), x3(3) = 64.366, p < 0.001. Post-hoc Dunn’s test
revealed that Liverscan and 2D-SWE produced the similar stiffness values (p = 0.364),
which were significantly greater than those by conventional TE-fs (all p < 0.001). The
aggregated variability of LSMs, as assessed by the ratio of IQR/median, significantly
differed across the four techniques, except for conventional TE-fs and 2D-SWE (p =
1.000). Notably, Liverscan exhibited the significantly highest median IQR/median
value (23% with an IQR of 18-31%, p < 0.001), compared with conventional TE-fs (12%
with an IQR of 7-15%), conventional TE-ft (8% with an IQR of 4-11%), and 2D-SWE

(12% with an IQR of 8—-18%).
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Liver stiffness across four techniques (n=90)
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Figure 2-5. Aggregated results of (A) liver stiffness (kPa) and (B) IQR/median of

LSMs (%) among four elastography techniques (ns: p > 0.05; p < 0.05 otherwise).

2.4.4 Operator Reliability

The intra-operator and inter-operator reproducibility of LSM using Liverscan was
analyzed in a subgroup of 60 patients (Table 2-3). For intra-operator reliability, ICC3 1

was 0.913 (95% CI: 0.859 to 0.947) for Operator 1 and 0.890 (95% CI: 0.822 to 0.933)
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for Operator 2. To examine whether inter-operator reliability varied with operation
experience, we grouped two operators for each of the first and second examination
sessions and calculated two independent sets of inter-operator ICCs for comparison.
Results showed that the inter-operator ICC2,1) for the second examination (0.856, 95%
Cl: 0.7701t0 0.911) was marginally larger than that for the first examination (0.824, 95%
Cl: 0.721 to 0.891). The SEM and CVwne of all measurements ranged from 0.6 to 0.8

kPa and from 9.6 to 14.0%, respectively.

Table 2-3. Intra- and inter-operator reliability results for liver stiffness measurement

(n = 60).

Liver stiffness (kPa) ICCi.1%21)° (95% CI) | SEM (kPa) | CVye (%)

Intra-operator reliability

Operator 1 0.913 (0.859-0.947)2 0.558 9.605

Operator 2 0.890 (0.822—-0.933)2 0.679 11.727

Inter-operator reliability

Exam 1 by Operator 1vs. 2 | 0.824 (0.721-0.891)° 0.814 14.011

Exam 2 by Operator 1 vs. 2 | 0.856 (0.770-0.911)° 0.761 13.143

ICC = intraclass correlation coefficient; Cl = confidence interval, SEM = standard error
of measurement; CVue = coefficient of variation and method error;

Intra-operator ICC: tests between two repeated exams conducted by Operator 1 and
2, respectively;

Inter-operator ICC of Exam 1: tests between the 15t examination conducted by

Operator 1 vs. the 15t examination conducted by Operator 2;
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Inter-operator ICC of Exam 2: tests between the 2" examination conducted by
Operator 1 vs. the 2" examination conducted by Operator 2;

3CC computed using two-way mixed model and consistency; PICC computed using
two-way random model and consistency.

2.4.5 Pairwise Validity Comparison

Of the 121 patients, liver stiffness as assessed by conventional TE-fs and
Liverscan was highly correlated (r = 0.975, 95% CI: 0.964 to 0.982, p < 0.001). The
relationship between liver stiffness for each subject was fitted to a linear regression
model (Y = 0.9544 x X + 1.107) and the linearity was strong (R? = 0.950). A Bland-
Altman plot showed a small mean difference of —0.77 kPa (95% limit of agreement:
-3.44 to 1.90) between techniques, indicating minimal overestimation by using

Liverscan (Figure 2-6).
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Figure 2-6. Liver stiffness measured by conventional TE-fs vs. Liverscan. (A)
Scatterplot with Pearson correlation and simple linear regression analysis; (B)

Bland—-Altman analysis.

The correlation matrix results of 90 patients showed positive and statistically
significant Pearson correlation coefficients of all pairs (r ranging from 0.55t0 0.79, p <
0.001), indicating that liver stiffness measured by the four techniques were inter-
correlated (Figure 2-7). As the only technique allowing the mapping of fibrotic
distribution, 2D-SWE exhibited a similar correlation with conventional TE-fs (r = 0.62,
95% ClI: 0.471 to 0.731, p < 0.001) and Liverscan (r = 0.66, 95% CI: 0.524 t0 0.762, p
<0.001). The strongest correlation was observed in the pair of conventional TE-fs vs.
Liverscan, with a Pearson correlation coefficient of 0.79 (95% CI: 0.691 to 0.854, p <
0.001). Conventional TE-fs correlated nominally more with Liverscan (r = 0.79) than
with conventional TE-ft (r = 0.65, 95% CI: 0.507 to 0.752, p < 0.001) and with 2D-SWE
(r=0.62,95% CI: 0.471t0 0.731, p <0.001). This relationship was confirmed by linear
regression and Bland—-Altman analyses, where conventional TE-fs and Liverscan

demonstrated the lower mean difference of —0.69 kPa (95% limit of agreement: —-2.91
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to 1.54) and stronger linearity (R? = 0.617, p < 0.001) than other pairs (Figure 2-8).
Specifically, conventional TE-fs and Liverscan demonstrated the lowest mean
difference of -0.69 kPa (95% limit of agreement: —-2.91 to 1.54) among all paired
comparisons. Most difference scores between the techniques were within the limits of
agreement and symmetrically distributed around the mean difference. Greater
differences in LSMs were observed at the higher mean values which coincided with
the result of the 121-patient cohort. Liverscan-derived measurements exceeded
conventional TE-derived measurements, with the mean difference of -0.69 kPa
indicating minimal overestimation by using Liverscan. This trend was also observed in
conventional TE-ft and 2D-SWE with respect to the reference technique of
conventional TE-fs. As assessed by ‘goodness-of-fit’ in a linear regression model, the
linearity of conventional TE-fs against Liverscan (R?>=0.617, p < 0.001) was nominally
higher than that of conventional TE-fs against conventional TE-ft (R>=0.417, p <0.001)

and 2D-SWE (R?=0.381, p < 0.001) (Figure 2-9).
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Figure 2-7. Pearson correlation matrix: comparison among four elastography

techniques.
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Figure 2-8. Bland-Altman plots illustrating agreement of liver stiffness between (A)

conventional TE-fs vs. Liverscan; (B) conventional-fs vs. conventional TE-ft; (C)

conventional TE-fs vs. 2D-SWE.
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Figure 2-9. Scatterplots illustrating linearity and correlation of liver stiffness between
(A) conventional TE-fs vs. Liverscan; (B) conventional-fs vs. conventional TE-ft; (C)

conventional TE-fs vs. 2D-SWE.

2.4.6 Vibration Amplitude Comparison

No significant difference in liver stiffness was found between the 1-mm (5.4 kPa,

IQR: 4.7-6.7) and 3-mm (5.3 kPa, IQR: 4.5-6.5) vibration amplitudes exerted by TE,
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a median difference of —0.2 kPa, p = 0.121 (Figure 2-10, A). The correlation matrix of
Pearson correlation coefficients further visualized pairwise comparisons between liver
stiffness measured by the 2-mm vibration amplitude of conventional TE-fs vs. the 1-
mm and 3-mm vibration amplitudes of Liverscan (Figure 2-10, B). Inter-correlations
were seen among the three different combinations of the amplitude levels. The
correlation between the two different vibration conditions of Liverscan was the
strongest (r = 0.915, p < 0.001). The correlation of the 2-mm vibration amplitude of
conventional TE-fs with the 1-mm vibration condition of Liverscan was comparable to

that with the 3-mm vibration condition (r = 0.802 vs. 0.832).
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Figure 2-10. Effect of vibration amplitude on liver stiffness. (A) Boxplot for comparing
the two vibration amplitude conditions of Liverscan; (B) Pearson correlation matrix

among the three vibration amplitudes (ns: p > 0.05; p < 0.05 otherwise).
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2.5 Discussion

The role of TE in hepatology is well-established and unquestionable; however,
challenges persist regarding its accessibility and utility. For example, examination
inefficiency and failure related to inadequate imaging guidance is not uncommon
during a LSM procedure. The large size and immobility of conventional TE systems
also limits their use in contexts where inclusion could optimize patient care workflow,
such as ward rounds and office consultations, i.e., point-of-care applications.
Addressing these issues requires engineering efforts to further advance the TE
examination procedure. This is our motivation to develop a palm-sized wireless TE
system with real-time B-mode as a guidance tool, aiming to maximize the efficacy of
TE in both inpatient and outpatient settings. This study adopted a head-to-head
comparison design, supporting the feasibility and validity of Liverscan as a liver
elastography modality compared to three other existing systems. In particular, its
performance of LSM was demonstrated by small biases (range 1.1-8.6%) for eight
reference phantoms and a high correlation (r = 0.975) between liver stiffness
measured by conventional TE-fs and Liverscan in 121 patients with varying degrees
of fibrosis severity. Moreover, LSM by Liverscan provided high intra- and inter-operator
agreement (ICC range 0.824-0.913). As a secondary analysis, liver stiffness
measured using the 1-mm and 3-mm vibration amplitudes were found to be

comparable (p = 0.121).

Phantom analysis. The first step toward validating the performance of Liverscan
was to perform a study on calibrated phantoms devoid of potential in vivo confounders,
such as respiratory motion and liver heterogeneity. Experiments involving eight

phantoms showed that this system can accurately estimate the Young’s modulus.
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Discrepancies from the known reference values were considered acceptable, with a
bias of less than 10% in all phantoms and a mean bias of 2.9 + 2.4%. One plausible
explanation for the observed bias is that, according to the KS215 T-3 phantom
manufacturer, phantom reference values were derived from the shear wave speed-
based analysis that employed a broadband frequency range of 50 Hz to 500 Hz. This
wide spectrum differed from TE operating at a typical 50-Hz frequency, while the
elastic property is dependent of the frequency itself. Of note, small biases of 1.9-2.6%
were observed for phantoms within the clinically relevant range of 7 kPa to 16 kPa,
representing progressive fibrosis stages. The precision of twenty measurements per
phantom proved satisfactory, with the CVs below 16%. The small CVs reflected the
homogeneity of the phantom materials, as repeated measurements were taken at
different locations. This finding aligned with prior results from two other phantom

studies, which had reported CVs of 0.6—9.8% [136] for 2D-SWE and 0-9% for TE [137].

Operator reliability. Our results affirmed that LSM by Liverscan was highly
reproducible, characterized by excellent-to-good inter- and intra-operator agreement.
The reported ICCs between 0.824 and 0.913 were similar to those shown in one
reliability study applying conventional TE to a CHB cohort (ICCs: 0.86—-0.96) [138].
The reproducibility of Liverscan was even higher than another large MASLD study
[139], with the intra-operator ICC of 0.837 and inter-operator ICC of 0.790 specifically
reported for conventional TE and the intra-operator ICC of 0.847 and inter-operator
ICC of 0.705 specifically reported for 2D-SWE. Nevertheless, caution is warranted in
making such direct comparisons, because the patient samples involved were not
exactly the same. Excellent-to-good intra-operator reliability (ICC,1) of nearly 0.9
observed in both the experienced and novice operators) suggested that medical

background and expertise may not be a necessity for obtaining reproducible results.
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Additionally, inter-operator reliability analyses confirmed good agreement in two
independent sessions, but inferior to the intra-operator reliability. Inter-operator ICC 2,1
of 0.856 for the second examination appeared slightly higher than that of 0.824 for the
first examination, with a minimum 10 min interval between them. Similar trends have
been reported by Fang et al. [140], who noted the improved inter-operator reliability
for 2D-SWE from the previous to latter session, separated by two weeks. We attributed
this improvement to growing operational experience or learning retention. However, it
remains debated whether the ICC increase of 0.032 represents a clinically meaningful
change. Further validation is warranted in a larger cohort and among new operators

with varying training levels.

The range of the CVue values (9.6-14.0%) suggested an acceptable degree of
variability, with less variable measurements observed in intra-operator settings.
Although no SEM data exist on the topic of liver elastography for comparison, the SEM
values in our study (0.6—0.8 kPa) were deemed quite low. These SEM values were
lower than those reported in a previous elastography study on lateral abdominal
muscles (SEM: 7.8-10.7 kPa) [141]. Nevertheless, it is pertinent to excise caution in
interpreting reliability results because biologic factors (rather than technical factors)
may contribute to the variability in LSMs, especially in individuals with nonuniform
distribution of liver fibrosis. On the other hand, the absence of overlying subcutaneous
tissues that attenuate waves and homogeneous phantom materials may explain the

less variable results observed in phantoms compared with human livers.

Validity comparison. This prospective study supported that B-mode guided TE
can benchmark with conventional TE with respect to LSM. The Bland—Altman plot of

Liverscan relative to conventional TE-fs as the reference technique revealed a minimal
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mean difference (-0.77 kPa) and limits of agreement within ¥4 kPa. A strong
correlation and linearity between liver stiffness measured using both techniques (r =
0.975, R?=0.950) were also established in a CLD cohort diagnosed with ALD, MASLD,
CHB, and CHC. We further examined the association of contemporaneous use of
different liver elastography techniques. The correlation between conventional TE-fs
and 2D-SWE (r = 0.618) was consistent with that of previous literature [118, 142],
which in part supported the validity of other pairwise comparisons analyzed in this
study. Inter-correlation among the four techniques was observed in 90 CLD patients,
with the strongest correlation (r = 0.785), strongest linear relationship (R? = 0.617),
and highest inter-technique agreement (mean difference = —0.69) found at the pair of
conventional TE-fs vs. Liverscan. These findings demonstrated that Liverscan was
superior to conventional TE-ft and 2D-SWE when validated against conventional TE-

fs.

Previous literature suggested shear wave frequency-dependent discrepancies in
LSM between TE and 2D-SWE [68, 117, 118]. This could be explained by the lower
frequency used by TE (50 Hz) compared to the broadband of 60 to 600 Hz used by
2D-SWE [67, 143]. Interestingly, our study did not find such a discrepancy to be the
case, because 2D-SWE and Liverscan had the tendency to produce not significantly
different aggregated LSMs (P = 0.364). This probably relates to their technical
similarity that allows LSM under B-mode guidance to avoid interference from other
non-liver tissues. Furthermore, previous diagnostic studies [67, 69, 117] suggested
that 2D-SWE measurement compared favorably to conventional TE, with a generally
higher area under the curve (AUC) in differentiating each fibrosis stage. Future
research should compare the diagnostic accuracy of 2D-SWE and B-mode guided TE

against histology.
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On the other hand, LSMs by Liverscan appeared to be less consistent among
individual measurements, as reflected by higher IQR/median values (median: 23%,
range: 9-45%). According to the commonly defined reliability criteria and standard
practice of using TE in clinical settings, an IQR/median smaller than 30% [75, 76] is
necessary for valid and high-quality measurement results. Therefore, the relatively
high IQR/median values of Liverscan demonstrated in this study would not affect the
measurement, as they nearly align with the acceptable reliability category. One
potential reason for Liverscan yielding a relatively larger IQR/median would be the
relatively smaller beam width currently used in the device. In the current hardware, we
adopted the same beamforming parameters for both TE mode and B-mode imaging,
resulting in a beam width of approximately 2.3 mm at the focal zone. This specification
is smaller than the 10 mm reported by conventional TE [54] and the ROI width of 10
mm [133] standardized for 2D-SWE in this study. Considering the heterogeneity in
hepatic fibrosis, a smaller beam width could lead to greater variation among different
measurements, as the liver keeps moving. In future studies, we plan to increase the
beam width by adjusting the beamforming parameters to investigate whether the
IQR/median value will be reduced accordingly. Meanwhile, maintaining a smaller
beam width may provide us with a unique opportunity to map the Young’s modulus
distribution for assessing liver fibrosis heterogeneity, by steering the beam towards
different locations while conducting TE measurements. Our future study will also

investigate this possibility.

Factor of vibration amplitude. We concluded no significant difference between
liver stiffness obtained using the vibration amplitude of TE chosen at the 1-mm and 3-
mm levels. This result can be explained by the fact that a larger shear wave amplitude

associates with less extent of wave attenuation, while shear wave speed depending
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on the properties of the medium remain unchanged. Prior studies [78, 91, 144]
comparing LSM using the 2-mm amplitude of the Fibroscan M probe with the 3-mm
amplitude of the Fibroscan XL probe have yielded conflicting findings regarding liver
stiffness values. Some reported that liver stiffness changed with probe type, while
others found the opposite. These disparities may be arisen from additional contributory
factors that complicated the comparison between the two probe types, such as
ultrasound frequency (2 MHz vs. 3.5 MHz), diameter of transducer tip (9 mm vs. 12
mm), or measurement depth (25-65 mm vs. 35-75 mm). To our best knowledge, this
is the first study to report shear wave amplitude impact within the same probe setting

that would contribute to the controlling of other confounders.

The XL probe with a stronger vibration amplitude has proven valuable in reducing
examination failure and facilitating LSM in obese patients [91, 144]. This is due to the
greater penetration of shear waves travelling throughout the subcutaneous tissues into
the liver. In our study, valid LSMs were obtained in all cases (BMI range: 19-39) under
both the 1-mm and 3-mm vibration conditions. This data emphasizes the effectiveness
of both amplitudes not only in non-obese population but also in the overweight or
obese subjects (i.e., a proportion of 35% with mean BMI 28.5). Nevertheless, a B-
mode guided procedure, a larger size of the transducer tip, and operator proficiency
are postulated to play a joint role in overcoming these difficult cases. In the future, the
necessity of applying a 3-mm or larger amplitude to the obese cohort warrants further

investigation.

Despite the advantage of a stronger vibration and no significant difference in liver
stiffness between vibration amplitudes reported in our study, the vibration setting

should be selected with caution. Future vibrator design must compromise with patient
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comfort and rib interference risk. Additional research is needed to determine the
linearity of the relationship between elastogram quality and vibration amplitude levels,
thereby informing optimal level selection. Regarding the suggestion for function
optimization of TE, future system iteration may include an adaptive vibration amplitude
selection algorithm that can adjust the vibration amplitude accordingly and cater to

different BMI categories or skin-liver capsule distances.

Highlight of small footprint. Given the prevalence of fibrosis 2F2 of 27% in high-
risk populations [145] and 7.5% in the general population [18], it is imperative for
healthcare providers to have a technique that is not only accurate and reproducible,
but also highly accessible and cost-effective for assessing liver fibrosis at the point of
care. The alarmingly high prevalence further strengthens the necessity of preventive
screening programs for liver fibrosis [130]. However, size constraint has been a
practical limitation in the widespread availability of TE systems and the scale-up of
liver screening programs, which motivated us to introduce POCUS into a TE

examination procedure.

Until this work, no engineering attempt had been made to downsize an ultrasound
elastography system into a palm-sized version. Another key innovation is that
Liverscan is the first wireless ultrasound elastography system; its small footprint
represents only a fraction of the size of conventional ones. This portability opens up
new possibilities for conducting home-based primary care in a non-hospital setting and
screening on a larger scale. Its cable-free connection and lightweight design greatly
enhance operational flexibility. Its high accessibility and ease of use make TE a
community-based risk-stratification strategy, allowing for the earlier identification of

patients and potentially leading to cost savings for healthcare systems. We believe
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this new point-of-care testing method could change the paradigm of how the liver
fibrosis epidemic is addressed, making TE a standard of care and maximally beneficial
for liver disease sufferers worldwide. Further cost-effectiveness analysis comparing
Liverscan against conventional TE and common serum biomarkers is required before

its uptake as a point-of-care screening method.

Supplementing TE with B-mode guidance. Unlike conventional TE using a
single-element transducer [74], Liverscan is configured with a phased transducer array
for simultaneous sector B-mode image acquisition and LSM. Traditionally, operators
solely relied on the difficult-to-interpret M-mode for liver localization. The incorporation
of real-time B-mode imaging guidance provides multiple advantages over the current
M-mode setting. First, B-mode possesses 2D spatial information, making it easier to
differentiate the liver from the right kidney, gallbladder, or artifacts from nearby cardiac
movement and lung or intestine gas. This eases the procedure of liver localization,
thereby improving TE examination efficiency. The literature recognizes extreme BMI,
higher liver stiffness, and chronic pulmonary disease as the risk factors of TE failure
[75, 90]; yet these linkages are poorly understood. One similarity in these conditions
is the liver considerably deviates from its commonly located region, making the
acoustic window challenging to search for. Therefore, we postulate that B-mode
guidance is of particular value to localizing the liver in those patients with post-partial
hepatectomy, cirrhosis (shrunken liver size), emphysema (hyperinflated lung size),
and extreme obesity. Second, the presence of intra-hepatic blood vessels, bile ducts,
and focal masses could distort shear wave propagation trajectory [87] and pulsations
around large vasculatures could lead to erroneously elevated shear wave speed [69].
Real-time guidance allows monitoring what intra-hepatic tissues are being measured

without the inclusion of non-parenchymal components. This helps ensure the accuracy
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of LSM results. Third, the ability to capture anatomic images enables the recording of
the exact location or landmark in the liver from which the LSM is made. This facilitates
longitudinal monitoring and procedural standardization. Furthermore, Castera et al.
[75] reported that limited operator experience (i.e., operation of <500 examinations) is
the main determinant of LSM failure or unreliable results, probably due to the lack of
B-mode guidance. Direct visualization of liver anatomy may contribute to shortening
the learning curve, particularly for those without prior TE experience [119]. Finally,
beyond LSM, additional B-mode imaging could serve as a stand-alone modality for
routine sonographic assessment of fatty liver and focal lesions (e.g., cyst,

hemangioma, or hepatocellular carcinoma) [69].

In contrast, the phased array design presented in our study increases the geometry
of the transducer face compared to the conventional single-element design. Although
we have demonstrated the feasibility of using a larger transducer face for TE, future
transducer design should consider dimensional specification to provide a compromise
between a wider FOV and a higher risk of rib interference. Physical artifacts caused
by diffraction and coupling of compression and shear wave [146-148] are another
consideration, as they can lead to complex elastogram patterns that overestimate
stiffness results. Sandrin’s team [146] shed light on the relationship between circular
vibrator diameter (from 1 to 20 mm) and the extent of these artifacts. The rectangular
piston used in Liverscan does not necessarily create a point-like source of an elastic
field, as the conventional circular vibrator does. Hence, the shape and size of a
vibrating source should be carefully devised to minimize both diffraction and coupling
effects. In practice, operators should be aware of the difference between the
examination procedures performed by conventional TE and Liverscan (e.qg., larger size

of the transducer face and the addition of B-mode). Adequate training is necessary to
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determine optimal probe placement conditions to avoid ribs and large vessels.

Previous studies explored the incorporation of B-mode guidance into TE, but they
have some pitfalls. In 2013, our team developed a TE probe that encapsulates a 4.5-
MHz linear array with a miniature electrodynamic shaker [87]. However, this integrated
design only allowed linear image acquisition and provided very narrow FOV unsuitable
for abdominal sonography. In light of this obstacle, subsequent attempts were made
to implement a TE modulus on a conventional B-mode system equipped with a
curvilinear array probe to offer a wider and deeper FOV. Azar et al. [149] affixed a
vibration actuator on the side surface of a conventional convex probe. Although this
design offers a wider FOV, its curvilinear shape is subject to increased rib
interferences due to a larger footprint and may lead to complex vibration sources.
Another method involved physically coupling a TE probe with a conventional B-mode
system equipped with a default convex probe [118, 150]. However, this dual-probe
setup required probe swapping during the procedure, and thus limited imaging
guidance to a non-real-time basis. Probe swapping is also needed; however, this
procedure may introduce variations between sites where the two probe are positioned.
Our study was the first to report a fully integrated probe utilizing real-time sector B-

mode as a procedural guidance technique.

Limitations and prospects. We acknowledge the following limitations in this
study. First, our study lacked histological data which serves as gold standard for liver
fibrosis diagnosis. However, given the extensive validation and established status of
Fibroscan as the leading non-invasive test of reference in the liver elastography field
[69], the choice not to compare against histology can be justified [87, 151, 152]. Future

studies should focus on establishing cutoffs for different fibrosis stages in biopsy-
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proven CLDs. Second, our cohort included patients with various liver diseases which
may limit the generalizability of the finding to a specific etiology. Moreover, there might
be a spectrum bias, because MASLD and CHB carriers accounted for 96% of the
subjects in this study. Larger studies that adjust for important demographic variables
(e.g., etiology, morphotype, and ethnicity) are necessary to further validate the
performance of Liverscan. This will be critical for the roll-out and implementation of
this technique in a range of clinical settings. Third, we did not specifically examine the
added value of B-mode guidance to a TE examination procedure. This aspect had
been in part addressed in a prior study by Lee et al. [118]. They confirmed the
effectiveness of B-mode addition to mitigate TE failure, notably in a non-real-time
format. Rather, our focus was on introducing an integrated probe that allows B-mode
visualization of the liver while measuring its stiffness. Nevertheless, a thorough
comparison of success rate and time consumption should be made among TE
examinations with (a) real-time guidance, (b) non-real-time guidance, and (c) no
guidance. Additionally, the applicability of the current probe setting to the pediatric
population or adults of small stature remains unknown. The Fibroscan M probe has
been reported to interfere with patients with narrow intercostal spaces, causing TE
failure, unreliable results, and liver stiffness overestimation [92]. Since B-mode guided
TE typically operates with a larger probe tip, rib interference due to changing

anatomical relationships needs further verification.

Extending from the existing 1D-TE to 2D- or 3D-TE remains a topic for future
research. The current system lacks the capability to map the Young’s modulus and it
only reports a single value corresponding to the Young’s modulus of a 40-mm liver
tissue length. Owing to the 32-element array configuration, simultaneous RF

acquisition from multiple scan lines opens the possibility for LSM at multiple locations.
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This facilitates the visualization of the spatial distribution of the Young’'s modulus
throughout the liver that can better reflect the fibrosis state. Such a modification
signifies a TE advancement, because it transforms the single-value nature into a multi-
dimensional measurement to improve examination efficiency and reduce sampling
error. Lefebvre et al. [143] pointed out the underlying spatial heterogeneity of fibrosis
possibly contributing to lesser diagnostic performance and higher unreliable rates.
Future 2D-TE can be clinically adopted to characterize fibrotic distribution over a larger
liver region for ultrasound assessment of heterogenous stiffening. by steering the

beam towards different locations while conducting TE measurements.

79



Chapter 2. Evaluation of Palm-Sized Wireless TE System Guided by Real-Time B-Mode
Ultrasound Imaging

2.6 Summary

Chapter 2 introduced and evaluated a new point-of-care tool, named ‘Liverscan’,
for assessing liver fibrosis. The Liverscan system incorporates a wireless phased array
probe to allow for B-mode guided TE in real-time. Its feasibility and performance of
LSM have been evaluated in both phantoms in laboratory tests and human subjects
in clinical settings. Our phantom study demonstrated the accuracy of Liverscan in
characterizing tissue-mimicking elasticity phantoms across 2 kPa to 75 kPa,
representing a spectrum from normal through cirrhotic livers. Using a well-
characterized, prospective cohort of Chinese adults with known CLD (n = 121), we
compared the performance of Liverscan against other established liver elastography
techniques. The clinical results indicated that LSM by Liverscan was comparable to
conventional TE and 2D-SWE, and exhibited excellent to good operator reliability. As
a secondary analysis, we also concluded that the different vibration amplitudes did not
affect liver stiffness. Liverscan introduces two technical advancements over existing
modalities. Real-time B-mode imaging allows direct visualization of liver anatomy,
enhancing the examination efficiency and shortening the learning curve for
inexperienced operators. This feature is of particular benefit for the procedures of liver
localization and subsequent confirmation of an optimal anatomical site for
measurement. Additionally, the small footprint of the probe paves the way toward
point-of-care assessment and mass screening for liver fibrosis. Future research should
include more patients stratified by various etiologies and investigate diagnostic

accuracy in staging liver fibrosis using biopsy as the reference standard.
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Chapter 3. Determining the Ideal Measurement Site and
Respiratory Condition for TE: Morphological and
Biomechanical Characterization of Intercostal Spaces

Using 2D and 3D Ultrasound

This chapter has been published as:

Determining the Ideal Measurement Site and Respiratory Condition for Liver
Transient Elastography: Toward Clinical Practice Standardization.

Huang, Z.-H., Lam, S.-K., Cheng, L.-K., Lin, Y.-M., & Zheng, Y.-P.
Insights into Imaging, vol. 15, no. 1, p. 114, 2024, doi: 10.1186/s13244-024-01692-X.
3.1 Background

The severity of liver fibrosis is linked with all-cause and liver-related mortality,
necessitating early diagnosis and continuous monitoring [153]. Transient Elastography
(TE) is an emerging technological advance in ultrasound imaging for assessing the
presence and degree of liver fibrosis via stiffness measurement [53, 54, 74, 77, 78].
Its superior features of being non-invasive, easy to operate, low cost, rapid, and
reliable, having high patient compliance, as well as being proven to offer
histopathological correlations, have provided the community with a favourable
alternative, compared to the current clinical standard of liver biopsy. According to
major clinical guidelines [53-55, 95] and the WHO [126, 127], TE has been endorsed
as the first-line assessment for chronic liver diseases [154], and its popularity is on a

rapid rise in the field of hepatology globally.

Nevertheless, the factors affecting the harvest of reliable and valid examination
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results during the implementation of TE technique remain incompletely elucidated.
During a TE procedure, an operator places a cylinder-like single-element transducer
at a location between the ribs, in which the transmission of both ultrasound and shear
waves take place from the skin surface through the intercostal space (ICS) and its
overlying abdominal wall layers, and ultimately into liver parenchyma for liver stiffness
measurement. Following this line of principle, a successful TE examination relies
heavily on the morphological and biomechanical characteristics of the ICS where the
ultrasound probe is placed, which may in concert influence the effectiveness of wave

propagation.

In the current body of literature, there is accumulating evidence illuminating the
deficiencies of the TE examination when it comes to patients with a narrow ICS [74,
88, 92] or obesity [74, 75, 88, 90], and operators with inadequate experience [75, 90].
A transducer under a sub-optimal positioning condition tends to interfere with the ICS
configuration in lean and obese patients, even in normal-BMI individuals. Lean
individuals with limited rib spacing (i.e., narrow ICS) may experience invalid
mechanical excitation of shear waves primarily at rib bones instead of intercostal
tissues, resulting in minimal wave generation. Additionally, the presence of ribs is
prone to de-focalization of the travelling waves, leading to complex wave propagation
patterns and miscalculations of results. On the other hand, obese individuals present
excessive subcutaneous adipose accumulation, severely attenuating the waves
before reaching the liver. Apart from specific patient subpopulations, TE results could
be difficult to obtain from normal-BMI patients due to operator inexperience (i.e.,
operation on < 500 examinations) [75, 90]. In the largest longitudinal study to date
[75], a French team examining 7,261 patients over a 5-year period, reported that the

frequency of failure and unreliable TE results could reach as high as 3.1% and 15.8%,
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respectively. Similar results have been reported in another Asian cohort (n = 3205)
with failures observed in 2.7% of cases and unreliable results in 11.6% [155]. In light
of the above evidence, there is an urgent demand in the community for guiding
operators in the placing of the transducer, for the sake of mitigating failure or unreliable

rate of TE and ultimately maximizing its efficacy in the general population.

Nonetheless, there is no existing guideline on the selection of measurement sites
for a standard practice in this regard [123]. Under this circumstance, operators could
only rely on their own experience or a trial-and-error method during the procedure,
which may largely reduce examination efficiency, as well as patient comfort (Figure
3-1). On top of that, there is no research on the potential respiratory effects on the TE
examination procedure. All things considered, it is imperative to investigate the
anatomical characteristics of those commonly used ICSs over the liver, and specify an

ideal probe placement condition for TE practitioners.

il )

Figure 3-1. TE examination. (A) Setup of the placement of the TE probe in an ICS;

(A)

(B) A representative patient in real-world practice, who was undergoing the TE
examination using a trial-and-error method due to the absence of clear guidelines for
selecting a measurement site. Each red mark on the patient’s skin surface

corresponds to a single measurement attempt made using the transducer tip.
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The necessity for practice standardization is further emphasized in the context of
the new generation of TE. The use of multi-element array transducers is gaining
popularity in liver elastography field, because it enables real-time B-mode image
guided TE. An example is the system described in Chapter 2. New array design
increases the dimension of the transducer face compared to the conventional single-
element design. Consequently, a 2D rectangular shape has a higher likelihood of
interfering with the ribs, and poses a challenge to successful TE (Figure 3-2). It is thus
pertinent to characterize the course of the ICS, so as to further inform an array

transducer-specific placement strategy.

Intercostal space

o B

Liverscan® Fibrotouch® Hepatus®

____________________________________________

Figure 3-2. Relationship between TE and intercostal space. (A) Iteration of TE
techniques: vendor-specific commercial devices; (B) Possible consequences of
elastogram acquisition using a TE transducer with the different shapes and

dimensions of the contact face.
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3.2 Study Aims

The overarching goal of this observational study was to identify an ideal site and
respiratory condition for TE probe placement, through the investigation of the
anatomical and biomechanical characteristics of the ICSs on the human right inferior
rib cage using a combination of two-dimensional shear-wave elastography (2D-SWE),
2D B-mode and 3D ultrasound imaging (Figure 3-3). Specifically, the primary objective
of this cross-sectional study was to assess the differences in intercostal width, width-
change, angle, stiffness, and skin—liver capsule distance (SCD) among the selected
ICSs. Additionally, the study investigated the differential effects of respiration on
intercostal width and stiffness under two different respiratory conditions. We
hypothesized that intercostal anatomy varied within individuals, and at least one ideal
site would stand out to favour TE. The secondary objective was to analyze the factors
associated with intercostal width and stiffness, and examine the anatomical

relationship of the ICSs with the presence of the liver.

TE transducer ti

Rib

Figure 3-3. Schematic representation of research methodology. 2D and 3D
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ultrasound are applied to investigate the spatial relationship between the ICS and the
transducer tip positioned upon it. The research project strives to formulate

procedure-specific standards for liver TE.
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3.3 Methods

3.3.1 Subjects

In this prospective study, adult patients (=18 years) with known chronic liver
diseases of any aetiology who had a clinical indication for TE were eligible. According
to the nature of ultrasound technique used for characterizing intercostal spaces, there
are two independent groups of study participants: ‘2D ultrasound cohort’ and ‘3D
ultrasound cohort’. In the ‘2D ultrasound cohort’, subjects who underwent 2D
ultrasound assessment of the intercostal width, stiffness and SCD participated. The
sample size of 52 was estimated using the G*Power software [156], assuming a
median effect size of 0.15, statistical power of 0.9, and a two-sided significance level
of 0.05 under a two-way repeated-measures design. In the ‘3D ultrasound cohort’, an
additional 30 subjects were recruited for 3D ultrasound imaging of the intercostal
course. This sample size was projected prospectively and deemed necessary to
achieve a median effect size of 0.3, statistical power of 0.95, a two-sided significance
level of 0.05, and a dropout rate of 10% under a one-way repeated-measures design.
Exclusion criteria consisted of chest wall deformity or a history of previous thoracic or
abdominal surgery. This observational cross-sectional study was designed, conducted,
and reported in accordance with the STROBE statement [157]. All subjects provided
written informed consent prior to enrolment. The research was approved by the
institutional review board of The Hong Kong Polytechnic University

(HSEARS20210809002), and conformed to the Declaration of Helsinki.
3.3.2 Procedures

The overall rational is depicted in Figure 3-4. Four sites of interest in the right

inferior part of the rib cage over the liver were selected to investigate a hypothesized
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inter-ICS difference. The selection of these four sites was referenced from the
locations which were reported in the previous liver ultrasound elastography-related
literature and may be commonly used in clinical practice [87, 123, 158-161]. The
investigator located and marked the sites using the following standardized anatomical
landmarks: Site 1 (intersection between the 8" ICS and anterior axillary line); Site 2
(intersection between the 7" ICS and anterior axillary line); Site 3 (intersection
between the 8" ICS and mid-axillary line); Site 4 (intersection between the 7" ICS and

mid-axillary line).
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TE probe TE probe

Transduce

Subcutaneous tissue

Rib bone

Rib (i
Intercostal tissue

US & shear wave

< US imaging probe >

Subcutaneous tissue

Figure 3-4. Study overview. (A) Clinical problem: the impact of the ICS configuration
on the transmission of shear waves into the liver and the ultrasound used to

measure their speed of propagation during the TE examination; the left-hand side of
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the figure illustrates a failed case, where the transducer is placed on a thick layer of
subcutaneous tissue and a narrow ICS; the right-hand side of the figure depicts an
ideal situation, where the transducer is placed on an appropriate thickness of
subcutaneous tissue and a wide ICS; (B) Research methodology: anatomical
characterization of the ICS via 2D ultrasound measurements of intercostal (a) width,
(b) SCD, (c) stiffness, and (d) the detection of the presence of the liver and 3D

ultrasound measurements of intercostal (e) width, (f) angle, and (g) width-change.

3.3.3 Intercostal 2D Ultrasound Imaging

In the ‘2D ultrasound cohort’, intercostal 2D ultrasound imaging was performed
using a linear probe (SL15-4, central frequency: 8.5 MHz) of the Aixplorer® system
(SuperSonic Imagine, Aix-en-Provence, France. This US imaging system enables
simultaneous B-mode imaging and stiffness mapping, thus both the intercostal B-
mode and SWE images displayed as a 2D color-coded elastogram can be obtained
for subsequent analyses. Subjects were positioned in the supine posture and raised
their right arm maximally, adhering to the standard patient positioning used for liver
TE examination [74]. Each subject underwent the simultaneous intercostal SWE and
B-mode imaging at each of the four sites under two respiratory conditions: (a) end-
inspiration and (b) end-expiration (Figure 3-5), resulting in a total of eight experimental
conditions. These conditions were executed as a transient breath-hold during normal
breathing. To ensure the consistency of respiratory amplitudes across the conditions,
the subjects wore the wearable Go Direct® chest belt (Vernier, Oregon, USA) with a
built-in pressure gauge that monitored their real-time respiratory changes during the
experiment. The probe was placed with minimal pressure at the skin surface of each
site. The probe orientation was fine-tuned around the marked site, until its width was

estimated to be minimal, indicating that the probe was perpendicularly oriented to the
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ribs. A 6-s video, comprising sequential images of one half-respiratory cycle, was
acquired from the eight experimental conditions. A linear probe (SL15-4, central
frequency: 8.5 MHz) was also employed to observe the presence of the liver
underneath each site. Settings for depth and time-gain compensation (TGC) were
fined-tuned to achieve a deeper field of view of the underlying organ. A binary criterion
(i.e., presence or absence) was utilized to determine whether a liver parenchymal
portion with at least 4-cm thickness could be visualized in the cross-sectional B-mode

images.

We further analyzed the intra- and inter-observer reliability of the intercostal width,
SCD, and stiffness measurement, respectively. The protocol is detailed as follows.
Site 1 was imaged twice by Operator 1 under the two respiratory conditions to allow
for assessment of intra-observer reliability, with the probe removed from the patient
and repositioned between scans. The interval was approximately 1 minute, with no
change in patient condition or positioning. To establish inter-observer reliability, two
operators (i.e., Operators 1 and 2) independently performed one set of intercostal
acquisitions at Site 1. The first set of data collected by Operator 1 was used to assess

inter-site differences.
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Figure 3-5. Experimental protocol. Selection of the four measurement sites and the

two respiratory conditions.

3.3.4 Intercostal 3D Ultrasound Imaging

In the ‘3D ultrasound cohort’, freehand 3D ultrasound imaging of the ICSs was
performed using the Solioscan® system (Telefield Medical Imaging Ltd., Hong Kong,
China), with subjects in the supine position and their right arm raised maximally. This
patient positioning was same as what was adopted in the 2D ultrasound cohort’.
Before the freehand 3D scans, surface marking of measurement site was performed
(Figure 3-6, A). The investigator located and marked the pre-determined four ICSs by
attaching the stickers on their skin surface correspondingly. The sticker, which is a
self-adhesive plastic film, enables specular reflection and acoustic shadowing in
sequential B-mode images. These appearances aid in searching for and locating the
specific ICS of interest within a stack of images comprising the entire volume (Figure

3-6, B).

The volume data of the 71" to 9™ ribs during the end-inspiratory breath-holds was

acquired by sweeping the 3D ultrasound probe along the long axis of the ribs from the
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posterior to the anterior axillary line. As a result, the 7" and 8" ICSs containing Sites
1 to 4 were covered. Following the standardization efforts of the ‘2D ultrasound cohort’,
the amplitude of end-inspiratory motion was monitored in real-time by the respiratory
belt. It helps ensure the comparable dynamic changes in lung volume during 3D
scanning. In case that the FOV couldn’t contain two ICSs simultaneously, two

independent sweeps were administrated.

(A) (B)
Figure 3-6. Experimental setup of intercostal 3D ultrasound. (A) 3D data of the ICSs
were obtained along the ribs, during which the subject was instructed to suspend the
breath at the end-inspiratory phase; (B) Procedure of locating multiple pre-defined
sites by using ultrasound visualization and depiction of stickers in the 3D

reconstructed images.

3.3.5 Outcome Measures

This anatomy research contains a series of outcome measures. By utilizing various
ultrasound techniques, we characterized the ICSs from the perspectives of

morphology, biomechanics, and physiology.
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2D B-mode-derived intercostal width and SCD. The width of the ICS was
measured to examine its geometric relationship with the size of a TE transducer. It
was defined as the horizontal length between the inferior border of the upper rib and
the superior border of the lower rib, where acoustic shadowing caused by rib bones is
widest (Figure 3-7, A). Linear measurements of the width were consistently taken at
the level of an innermost echogenic layer of the diaphragmatic border. The SCD of the
ICS corresponds to abdominal wall thickness, which was measured from the skin
surface to the pleural line (Figure 3-7, B). Due to the varying shape of intercostal
tissues, the SCD value is not necessarily the same within one ICS. Thus, we repeated
SCD measurements at three different locations within the ICS (i.e., its centre, left-most
boundary, and right-most boundary). These three measurements were then averaged,

which became the representative SCD for that ICS.

(A)
Figure 3-7. lllustration of morphological imaging of the ICSs. (A) Width and (B) SCD
measurements in the B-mode image of the ICSs (Ab: abdominal muscles; Int:

intercostal muscles; Di: diaphragm muscle).

2D SWE-derived intercostal stiffness. During the SWE acquisition process, an
SWE box was placed at the centre of an ICS and customized to include the cross-
sectional area of the external oblique, intercostal muscles, diaphragm, and portions of

ribs and subcutaneous fat (Figure 3-8). Intercostal stiffness represents the axial strain
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of the ICS in response to the probe pressure. This biomechanical parameter assesses

the degree to which the ICS is accommodating to the placed transducer tip.

10.0kPa

2.2kPa

5 26.4kPa

SD 3.2kPa
Depth 1.6cm

* Diam 17.00mm
XDist 1.80cm

Figure 3-8. lllustration of elasticity imaging of the ICSs. Stiffness measurement in
the SWE image of the ICSs (S: subcutaneous fat; Ab: abdominal muscles; Int:

intercostal muscles; Di: diaphragm muscle).

3D ultrasound-derived intercostal course. The width of the ICSs (mm) was
guantified in the 3D-constructed coronal images. In addition to point estimate of
intercostal width, interval estimate of the ICSs was applied, which is specifically
relevant to 2D array transducers. The intercostal angle (°) and width-change (%)
represent the anatomical course of the ICSs. The angle of the ICS was measured at
each of the four sites to assess intercostal curvature and degree of angularity. The
percentage change of the intercostal width (%) for each site characterizes the
dimensional change and the degree of irregularity of the rib cage overlying the liver.

This metric is computed based on the ratio of the two different widths apart.

Benchmark test for intercostal width. Both the 2D and 3D ultrasound-derived
intercostal width measurement detailed above were based on operators’ estimation

on the probe's perpendicularity to the long axis of the ICS. Visual approximation,
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however, may not guarantee what has been a minimal width. Therefore, it is
worthwhile to test the validity of these currently used methods against a more accurate
method. An alternative method for width measurement was adopted as the benchmark
in this regard. It is named ‘probe rotation method’ in this study which involves capturing
a clip of rotating the probe 180 degree at the site. Compared to the ‘visual
approximation method’, this data collection method enables more accurate and
precise identification of the exact frame that contains the minimal width. The further
data analysis for linear measurement of width was done in an offline manner (See

Chapter 3.3.4 for details).

The overall experimental workflow is depicted in Figure 3-9.
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Figure 3-9. Schematic diagram of study design. Characterization of the ICSs via (A) 2D ultrasound and (B) 3D ultrasound for

measuring intercostal size, course and stiffness.
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3.3.6 Data Analyses

Image post-processing was performed to quantify the width, stiffness, angle and
SCD of the ICS in the intercostal ultrasound images, using a dedicated workstation
provided by the manufacturers. The measurement data were collected by the third-
party rater, who was blinded to the actual experimental condition of the images being

analyzed. Details of these quantification procedures are described as follows:

In the ‘2D ultrasound cohort’, the post-processing was made in the 2D B-mode and
SWE images. To minimize the measurement error, a repeated measurement strategy
was implemented offline on the separate images of each captured 6-s video. For the
guantification of intercostal width, three individual linear measurements using the built-
in calliper were conducted in the respective frames at 2 s, 4 s, and 6 s of the video,
resulting in three measurement values. The average of these three measurement
values was used to represent the intercostal width of that experimental condition. For
the quantification of intercostal SCD, the same methodology as outlined above was
applied to measure the SCDs in the same three frames (i.e., 2 s, 4 s, 6 s). For the
guantification of intercostal stiffness, the Young’s moduli of the intercostal tissues were
derived from the SWE images that pair with the previously measured B-mode image
frames (Figure 3-8). For each SWE image, the rater placed the largest possible
circular region of interest (i.e., Q-box), avoiding bone-proximity artifacts and inclusion
of subcutaneous fat within the ICS. In this fashion, the upper and lower limits of Q-box
encompassed the superior border of the abdominal muscle and the inferior border of
the diaphragm, respectively. The mean Young’s modulus value derived from three

SWE images was calculated for each experimental condition.

In the ‘3D ultrasound cohort’, data analyses of the 3D reconstructed cut-plane of
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the ICSs were conducted offline in a custom workstation — Scoliostudio® (Telefield
Medical Imaging Ltd., Hong Kong, China) (Figure 3-10). Specifically, the 3D
reconstruction of the coronal images of the ICSs was standardized at the level of the
inner border of the diaphragm. The 3D reconstructed coronal views of the 7th and 8th
ICS were used for measuring the minimal width, angle, and width-change of the ICS.
The four ICSs at the levels of the anterior and midaxillary lines were identified
accordingly, based on acoustic shadowing caused by the attached stickers on the skin
surface. Using visual approximation, the third-party rater measured what had been
estimated to be minimal and become the width of that ICS in mm. The intercostal angle,
expressed in degrees, was determined by drawing two lines along the long axis of the
ICS around the designated point. The intercostal width-change (%) was calculated as
the percentage change from a wider to narrower space within a 20-mm course of the

ICS. The following equation is used:

Width — ch %) = |Greater width (mm) — Smaller width (mm)| x 100%
i change (%) = Smaller width (mm) O

(B)
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% change=50

(©)
Figure 3-10. Post-processing of intercostal 3D ultrasound data. (A) User interface of
Scoliostudio®: customized reconstruction of the volume projection image in the
coronal view; lllustration of the 3D ultrasound-derived measurements of (B) width,

(C) width-change, and (D) angle in the reconstructed coronal images of the ICSs.

3.3.7 Statistical Analyses

Descriptive statistics. Cohort characteristics were descriptively summarized and
reported as medians (IQRs) for continuous variables and proportions (frequencies) for
categorical variables. Two-sided P-values less than 0.05 were considered statistically

significant.

Effect of respiration and site on 2D ultrasound measurement. Two-way
repeated measures ANOVAs were conducted to analyze the main and interaction
effects of two factors: (a) ‘respiration’ factor (end-inspiratory vs. end-expiratory
conditions) and (b) ‘measurement site’ factor (Site 1, 2, 3, 4) on the US-derived width,

stiffness and SCD of the ICSs, respectively.

Effect of site on 3D ultrasound measurement. One-way analysis of variance
(ANOVASs) with repeated measures was used for comparing three 3D ultrasound-
derived morphological parameters (i.e., width, width-change, and angle of the ICS)

among the four sites of interest. Post-hoc comparisons between sites were performed
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using a Bonferroni test.

Likelihood of visualizing the liver underneath sites. Cochran's Q test was

applied to test the differences in detecting the presence of the liver across the sites.

Validity statistics for 2D and 3D ultrasound measurement. In the 2D
ultrasound cohort’, Pearson correlation between intercostal width measured using 2D
ultrasound vs. ‘probe rotation method’ was determined. Simple linear regression was
also used to examine the strength of the relationship between the two methods. In the
‘3D ultrasound cohort’, the Pearson correlation coefficient (r) and coefficient of
determination (R?) were also computed. These metrics establish the validity of 3D
ultrasound-derived width measurement against ‘probe rotation method’ as the

reference technique.

Reliability statistics for 2D ultrasound measurement. Operator repeatability
was assessed for respective width, stiffness, and SCD measurements using intra-
class correlation coefficients (ICC). Repeatability was evaluated by comparing two
repeated trials collected by one operator and two separate trials by two individual
operators. Intra-observer ICC with two-way mixed model and consistency was
calculated based on two repeated trials by the same operator, while inter-observer
ICC with two-way random model and consistency was assessed in a two-operator
setting. The repeatability was classified based on ICC values as follows: poor (ICC:
0-0.5), fair/moderate (ICC: 0.5-0.75), good (ICC: 0.75-0.9), and excellent (ICC: 0.81-

1.00) [135].

Factor analysis. To evaluate the demographic and anthropometric factors that
possibly influenced the width and stiffness of the ICS, we performed univariate

analysis using Spearman’s correlation test for continuous candidate variables, and the
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Mann-Whitney U test for categorical candidate variables. Variables that achieved
statistical significance (p < 0.05) in univariate analysis were included in a multivariate
model. The multiple regression model was constructed with age, height, weight, BMI,
SCD, waist circumference, sex, and metabolic syndrome as candidate covariates, and

the width and stiffness as the outcome variables.
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3.4 Results

3.4.1 Subject Demographics

Between May and December 2022, 92 consecutive adult patients with known
chronic liver diseases were screened for eligibility of the study. Three subjects were
excluded due to withdrawal of consent (n = 2) and accidental data loss (n = 1). The
remaining 89 subjects included in the analyses comprise of the 2D ultrasound cohort’
(n = 59) and ‘3D ultrasound cohort’ (n = 30). Table 3-1 outlines the patient
characteristics of the two cohorts; the aggregated anatomical data for each site of
interest are presented for comparison. In the 2D ultrasound cohort’, the median age
was 57 years (IQR: 43-64; range: 27—71) with 51% females. The median BMI was 24
kg/m? (IQR: 21-26; range: 17-39); 27% and 7% of patients were classified as
overweight (BMI = 25 kg/m?) and obese (BMI = 30 kg/m?), respectively. The majority
(78%) were experiencing chronic hepatitis B (32% with coexistent steatosis) and 22%
had metabolic dysfunction-associated steatotic liver disease (MASLD). In the ‘3D
ultrasound cohort’, 10% of patients were overweight or obese with the median BMI

range between 16-27 kg/m?2.

Table 3-1. Baseline characteristics comparison between the two study cohorts.

Variable 2D-US cohort (n=59) 3D-US cohort (n=30)
e Demographics
Male gender 49% (29) 50% (15)
Age, years 57 [21; range 27-71] 59 [12; range 29-70]
Overweight & obese 34% (20) 10% (3)
Central obesity 51% (30) 60% (18)
Metabolic syndrome 12% (7) 10% (3)

e Anthropometrics
BMI, kg/m? 24 [5; range 17-39] 23 [4; range 16-27]
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Waist circumference, cm

¢ ICS morphology by 2D-US
Width at Site 1T, mm
Width at Site 2t, mm
Width at Site 3T, mm
Width at Site 41, mm
SCD at Site 1, mm
SCD at Site 2, mm
SCD at Site 3, mm
SCD at Site 4, mm

¢ ICS morphology by 3D-US

Width at Site 1%, mm
Width at Site 2%, mm
Width at Site 3%, mm
Width at Site 4%, mm
Angle at Site 1, °

Angle at Site 2, °

Angle at Site 3, °

Angle at Site 4, °
Width-change at Site 1, %
Width-change at Site 2, %
Width-change at Site 3, %
Width-change at Site 4, %

¢ ICS biomechanics
Stiffness at Site 1, kPa
Stiffness at Site 2, kPa
Stiffness at Site 3, kPa
Stiffness at Site 4, kPa

87 [15; range 66-115]

14.9 [6; range 6—26]
18.0 [6; range 8-53]
17.4 [7; range 5-32]
15.4 [5; range 7-25]
19.3 [5; range 13-39]
16.6 [6; range 11-38]
17.6 [6; range 11-39]
19.6 [7; range 10-37]

82 [14; range 65-98]

14.9 [8; range 8-25]

20.5 [5; range 13-27]

18.6 [4; range 8-26]

18.0 [4; range 12-24]
158 [21; range 120-178]
170 [13; range 138-179]
176 [6; range 156—-180]
177 [4; range 157-180]

15.1 [9; range 6-51]
12.6 [8; range 4-46]
11.7 [7; range 5-48]
10.0 [6; range 4-40]

18 [27; range 0—-96]
9 [12; range 1-39]
6 [11; range 0-80]
12 [13; range 2—-32]

All data are median [IQR] or % (n), unless otherwise indicated.

BMI = body mass index; US = ultrasound; ICS = intercostal space; SCD = skin—liver

capsule distance.

TWidth measured by 2D ultrasound; * width measured by 3D ultrasound.

3.4.2 Reliability of 2D Ultrasound Measurement

Of the 59 subijects, 34 participated in the intra-operator reliability analysis, while 24

were assessed for the inter-operator reliability (Table 3-2). Intercostal width and SCD
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measurements are highly reproducible irrespective of respiratory conditions (ICC =
0.97), while intercostal stiffness measurement demonstrated fair to good reliability
(inter-operator ICC(2,3): 0.593-0.683; intra-operator ICC3): 0.790—0.896). Specifically,
regarding the intra-operator reliability of width and SCD measurements, the ICCss 3
of end-inspiratory and end-expiratory conditions ranged between 0.972 and 0.992.
Additionally, all ICCs23) for inter-operator reliability were greater than 0.97. Both
measures reflected excellent observer reliability. In comparison, inter- and intra-
observer reliability for intercostal stiffness measurements were fair to good, with higher
intra-operator ICC3.3) (between 0.790 and 0.896) than inter-operator ICC2,3) (between
0.593 and 0.683). This may imply the impact of operator experience, as the operator
gained experience across two successive scans in an intra-operator setting. The
lowest ICC,3 of 0.593 (95% CI: 0.060-0.824) was noted in the inter-observer

reliability at end-inspiration.

Table 3-2. Intra- and inter-operator reliability results for 2D ultrasound

measurements of the intercostal space.

Intra-operator reliability | Inter-operator reliability
(n=34) (n=24)

Intercostal 2D-US

measurement ICC3.3 95% ClI ICC3° 95% ClI

Width at end-inspiration

0.981 | (0.963-0.991) | 0.978 | (0.950-0.991)
(mm)

Width at end-expiration

0.986 | (0.972-0.993) | 0.977 | (0.948-0.990)
(mm)

SCD at end-inspiration

0.992 | (0.985-0.996) | 0.976 | (0.944-0.989)
(mm)

SCD at end-expiration

0.972 | (0.943-0.986) | 0.986 | (0.969-0.994)
(mm)

Stiffness at end-inspiration

(kPa) 0.896 | (0.791-0.948) | 0.593 | (0.060-0.824)

Stiffness at end-expiration

(kPa) 0.790 | (0.580-0.895) | 0.683 | (0.268-0.863)
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Cl = confidence interval; ICC = intraclass correlation coefficient; US = ultrasound;
SCD = skin-liver capsule distance.
3CC computed using two-way mixed model and consistency; PICC computed using

two-way random model and consistency.

3.4.3 Validity of 2D and 3D Ultrasound Measurement

We further validated the 2D and 3D methods before adopting them for analyses of
the inter-ICS difference. Excellent correlation with the ‘probe rotation method’ was
demonstrated for both the 2D and 3D ultrasound-based width measurements (r =
0.901 and 0.922, respectively). On subgroup analysis, the linearity between width
measurements was higher for 3D ultrasound (R? = 0.922) than 2D ultrasound (R? =
0.812). The results indicated that the currently used 2D and 3D ultrasound methods
were valid for intercostal width measurement. Pairwise comparisons of intercostal

width measurement are presented in Figure 3-11.

Validation of 2D & 3D Ultrasound-Based
Width Measurement

—_ 30_
£
£
n 25+
2
< i -e— 2D US-derived width
£ Y =0.965"X + 0.849
ki R2=10.812, r=0.901
& 15
> ~e- 3D US-derived width
% 10 Y =0.889*X + 1.215
2 R2=10.922, r=0.960
o

5 I I I 1 1

5 10 15 20 25 30

Probe rotation method (mm)

Figure 3-11. Relationship between intercostal width measured by (A) 2D ultrasound

and (B) 3D ultrasound relative to the ‘probe rotation method’ as a reference
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standard.

3.4.4 Comparison of Respiration and Site in 2D Ultrasound Measurement

Intercostal width measurement. No significant interaction effect was found
between the factor of ‘site’ and ‘respiration’ on intercostal width (F(1,80) = 3.07; p =
0.07). The results showed a significant main effect of ‘respiration’ (F(1,58) = 75.27; p
< 0.001), with inspiration producing greater intercostal width values (Figure 3-12, A).
The main effect of ‘site’ was also significant (F(2,129) = 17.25; p < 0.001). Post-hoc
comparisons among all sites revealed that the ICSs at Site 2 (18.4 mm, 95%CIl: 17.3—
19.6) and Site 3 (17.8 mm, 95% CI: 16.6—19.0) were significantly wider than those at

Site 1 (15.2 mm, 95% CI: 14.2-16.2) and Site 4 (15.6 mm, 95% CI: 14.7-16.5).

Intercostal stiffness measurement. Similarly, although there was no two-way
interaction between two factors (F(2,138) = 0.05; p = 0.967), the significant main
effects of ‘respiration’ (F(1,58) = 15.24; p < 0.001) and ‘site’ (F(3,161) = 10.78; p <
0.001) factors were identified on the stiffness values (Figure 3-12, B). Respiratory
movement generally increased intercostal stiffness from the end-expiratory to end-
inspiratory phase. Intercostal stiffness was significantly lower at Site 4 (12.2 kPa, 95%
Cl: 10.7-13.7) than at Site 1 (16.6 kPa, 95% CI: 14.9-18.3) and Site 2 (14.4 kPa, 95%
Cl: 12.7-16.1). The intercostal stiffness values of Sites 3 and 4 were observed to be

similar (a mean difference of 1.3 kPa, p =0.335), irrespective of respiratory conditions.

Intercostal SCD measurement. An interaction effect between ‘site’ and
‘respiration’ existed in explaining the difference in intercostal SCD (Figure 3-12, C),
F(3,174) = 9.75; p < 0.001. This implied that the effect of respiration is site dependent.
Therefore, simple main effects of ‘site’ were run separately for the end-inspiratory and

end-expiratory conditions. While Site 2 (17.8 £ 4.2 mm) and Site 3 (17.9 £ 4.1 mm)
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shared significantly shorter end-inspiratory SCDs, Site 2 (18.4 + 4.8 mm) exhibited the

shortest end-expiratory SCD.
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Intercostal SCD under 8 conditions (n=59)
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Figure 3-12. Morphological and biomechanical data of the ICSs show the 2D
ultrasound-derived intercostal (A) width, (B) stiffness, and (C) SCD under eight

experimental conditions (ns: p > 0.05; p < 0.05 otherwise).

3.4.5 Comparison of Site in 3D Ultrasound Measurement

Intercostal course measurement. Among the four measurement sites, one-way
repeated measures ANOVAs demonstrated statistically significant differences of the
course of the ICSs, as characterized by intercostal angle and width-change (Figure 3-
13). Specifically, Sites 3 and 4 were found to have significantly greater angles of the
ICS (F(2,59) = 30, p < 0.001), with higher degrees indicating less angular ICSs. The
width-change (%) of the ICSs was significantly greater with Site 1 than Sites 2 to 4
(F(2,59) = 7, p = 0.002). Similar to what 2D ultrasound measured, the 3D ultrasound-
derived width of the ICS was significantly different among sites (F(2,65) = 15; p <
0.001). Post-hoc Bonferroni’'s analysis confirmed the significant difference in width
values between each pair of sites, except for Site 3 vs. Site 4 (p = 1). Among them,
the width of the ICS was highest at Site 2 (20.4 £ 3.3 mm), followed by Site 3 (18.3 £

4.2 mm).
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Figure 3-13. Morphological data of the ICSs show the 3D ultrasound-derived
intercostal (A) width, (B) angle, and (C) width-change under four experimental

conditions (ns: p > 0.05; p < 0.05 otherwise).

3.4.6 Factor Analyses of Intercostal Width and Stiffness

Detailed investigations about the influencing factors of intercostal width and
stiffness were done. Table 3-3 and Table 3-4 show the results of the respective
univariate and multivariate analyses evaluating the factors associated with the 16
experimental conditions. In univariate analysis (Table 3-3), greater weight, higher BMI,
and larger waist circumference were strongly associated with larger width values (p
<0.001 in all conditions). Height was positively correlated to the width of the ICS at
Sites 1 to 3, but not at Site 4 (end-inspiratory condition: p = 0.140, end-expiration
condition: p =0.201). An increase in SCD was fairly associated with an increase in the
width of the ICS at all sites (rs = 0.27-0.35). Wider ICSs were more likely to be
identified in patients with metabolic syndrome (Site 1, end-expiratory condition: p =
0.012; Site 2, end-inspiratory condition: p = 0.002; Site 3, end-expiratory condition: p
=0.027; Site 4, end-inspiratory and end-expiratory conditions: p <0.001 and p =0.003).
There was a significant influence of gender on width values, with males having wider
ICSs except for Site 3 (end-inspiratory condition: p = 0.138, end-expiratory condition:
P=0.124). Whereas no association between age and width was seen, older age fairly
correlated with greater stiffness at one site (Site 3: rs = 0.37, p = 0.004). With the
exception of height (Site 3: rs=-0.30, p = 0.021), none were significant predictors of

the stiffness of the ICS.
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Table 3-3. Factors associated with the width and stiffness of the intercostal space in univariate analyses (n=59).

Age Height Weight BMI SCD circuvr\‘rlﬁfrtence Sex Metabolic syndrome
Is P Is P I's P I's P Is P Is P Mean + SD P Mean + SD P
Width (mm)
oo | Mspiration | - | 0478 - 0.085 | 0.485 | <0.001* | 0.514 | <0.001* | 0.269 | 0.039* | 0.563 | <0.001* F'Z'ﬂ:ieﬁ'gz‘gfs 0.197 Qf’;see”rfi‘lfé_o;;% 0.128
L1 Expiration - | 0496 | 0301 | 0.021* | 0545 | <0.001* | 0523 | <0.001* | 0.297 | 0.022* | 0.601 | <0.001* F'er?:;eﬁg.izgfe 0.050* Qf’;see”rfi‘lf;?f;?g 0.012*
oo | Mspiraon | - | 0561 | 0275 | 0035* | 0526 | <0.001* | 0.544 | <0.001* | 0266 | 0.042* | 0532 | <0.001* F'Zlﬂziez,%%is}fl 0.019* Srbesseenr:i,lzsz.flgtféi 0.002*
2 | Expiration ; 0.774 ; 0174 | 0.482 | <0.001* | 0529 | <0.001* | - 0101 | 0510 | <0.001* F'\e/lr?::ie%sl-;éi?g 0.370 Qrbessee”;i,l;l'?ffé_zé 0.141
oo | Mspiraon | - | 0267 | 0272 | 0037 | 0551 | <0.001* | 0.585 | <0.001* | 0314 | 0.015* | 0563 | <0.001* F“él::aeiez,(i-g.irlig.;l 0.139 Srbesseenr:i,lzsziot:é% 0.089
3 | Expiration . 0199 | 0259 | 0.048* | 0.584 | <0.001* | 0.632 | <0.001* | 0.354 | 0.006* | 0.580 | <0.001* F'Z'r";‘]';'eﬂ'géﬁfg 0.124 érbesseenr:i,lzisd.:LZt:é.GS; 0.027*
oo | Mspiration . 0711 . 0.140 | 0418 | <0.001* | 0454 | <0.001* | - 0.067 | 0.489 | <0.001* F“é'ﬂgleligi;ig , | 00100 Qf’;see”rfiylz%'lgif’é'% <0.001*
4 | Expiration . 0.941 . 0201 | 0.466 | <0.001* | 0.540 | <0.001* | 0.296 | 0.023* | 0.526 | <0.001* ths:;ieﬁ'sﬁg.;s 0.010% érb:seenr:i,lféflsiféﬁ 0.003
Stiffness (kPa)
oo | Mspiration - 0.876 - 0.973 - 0.364 - 0.380 . 0.892 . 0.323 F'Zr?:;eli?i?th 0.779 ﬁfjsee”;iylfx;fz% 0.542
1| Expiration - 0.465 - 0.389 - 0.716 ; 0.428 - 0.282 - 0.365 F'Zr";‘]';'eﬁ'%igfl 0.481 ijsee”r:illlss'?;!é% 0.573
Sire | Inspiration - 0.646 - 0.657 - 0.843 - 0.386 - 0.710 - 0.865 F'Zr?q'zl'eﬁ'gﬁgfo 0.628 Iérbesseenr:i,llséll.78i186..78; 0.954
2 | Expiration - 0.164 - 0.675 - 0.305 - 0.114 - 0.055 - 0.409 F'Z;';;igﬂgg 0.539 ﬁ:’essee”r:illf"&iféi 0.441
Sire | Inspiration - 0.646 - 0.200 - 0.692 - 0.733 - 0.860 - 0.956 F'Zr?q';'eﬁgji';fz 0.065 PArZ:EE i‘;:gﬁﬂ 0.705
3 | Expiration | 0.371 | 0.004* | -0.209 | 0.021* - 0.301 - 0.876 - 0.503 - 0.773 F“é'ﬂzie%ll'gzigg 0.057 é:’:see”rfilllzfgfé.lé 0.413
Sire | Inspiration - 0.633 - 0.396 - 0.480 - 0.375 - 0.671 - 0.861 F,Zr?qlzl'e%liﬁt?fl 0.072 P’?Zi:g: ié:iiif;o 0.441
4 | Expiration - 0.821 - 0.394 - 0.930 - 0.737 - 0.782 - 0.785 F'Zr?qlzl'e%%zzzigis 0.246 é:’:see”rfillllé%ifég 0.441

Note: age, height, weight, BMI, SCD and waist circumference were analysed by Spearman's correlation test; sex and metabolic syndrome were
analysed by unpaired t-test or Mann-Whitney U test, where appropriate.
* p £0.05; BMI = body mass index; SCD = skin-liver capsule distance; ICS = intercostal space; rs = Spearman's rank correlation coefficient.
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In multivariate analysis (Table 3-4), height, weight, BMI, SCD, gender, and the
presence of metabolic syndrome remained independent factors associated with
intercostal width. Waist circumference no longer provided a significant contribution to
the width values in this model. The beta weights showed that weight (Site 1, end-
inspiratory condition: f=-2.91, p = 0.041) had the greatest influence on the regression
model, followed by BMI (Site 1, end-inspiratory condition: g = 2.75, p = 0.011; end-
expiratory condition: g = 2.47, p = 0.018). However, only SCD and BMI were
independently associated with the width values at most sites and appeared to be the
most general determinants. The only covariate influencing the stiffness values was

height (8 =-2.03; p = 0.029), which was in line with the result of univariate analysis.
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Table 3-4. Factors associated with the width and stiffness of the intercostal space in multivariate analyses (n=59).

Age Height Weight BMI SCD Waist circumference Sex Metabolic syndrome
B P B P B P B P B P B P B P B P
Width (mm)
Site Inspiration -0.040 | 0.752 1.556 0.047* | -2.909 | 0.041* | 2.753 | 0.011* | -0.441 | 0.026* 0.310 0.324 0.005 0.980 0.090 0.513
1 Expiration -0.082 | 0.502 1.423 0.062 | -2.576 | 0.062 2.471 | 0.018* | -0.389 | 0.042* 0.232 0.448 -0.049 0.783 0.228 0.093
Site Inspiration 0.011 0.927 0.513 0.466 | -0.919 | 0.471 1.284 0.166 | -0.579 | 0.004* 0.301 0.336 -0.068 0.709 0.264 0.041*
2 Expiration 0.102 0.495 -0.813 0.354 1.150 0.467 | -0.387 | 0.735 | -0.338 | 0.160 0.013 0.974 -0.171 0.448 0.149 0.347
Site Inspiration -0.076 | 0.540 0.854 0.245 | -1.332 | 0.317 1.904 0.059 | -0.693 | 0.002* 0.172 0.574 0.073 0.679 0.095 0.459
3 Expiration -0.070 | 0.541 1.101 0.109 | -1.809 | 0.146 2.391 | 0.012* | -0.668 | 0.001* 0.037 0.895 0.028 0.862 0.181 0.132
Site Inspiration -0.025 | 0.829 0.354 0.592 | -1.008 | 0.401 1.462 0.095 | -0.705 | 0.001* 0.280 0.356 -0.310 0.065 0.322 0.009*
4 Expiration -0.023 | 0.838 0.478 0.449 | -1.437 | 0.211 1.897 | 0.025* | -0.676 | 0.001* 0.180 0.532 -0.457 0.005* 0.275 0.019*
Stiffness (kPa)
Site Inspiration -0.025 | 0.871 -0.007 0.994 | -0.245 | 0.887 0.820 0.524 | -0.132 | 0.578 -0.386 0.317 -0.150 0.507 0.049 0.770
1 Expiration 0.059 0.688 -2.030 | 0.029* | 3.282 0.051 | -2.225 | 0.076 0.315 0.170 -0.334 0.368 -0.075 0.728 -0.032 0.845
Site Inspiration -0.023 | 0.885 0.024 0.980 -0.277 | 0.871 0.053 0.965 0.180 0.484 -0.009 0.982 -0.134 0.583 -0.037 0.826
2 Expiration 0.109 0.471 0.328 0.709 -1.324 | 0.407 1.116 0.335 -0.177 | 0.461 -0.063 0.872 -0.430 0.063 0.115 0.469
Site Inspiration 0.106 0.467 0.735 0.397 -1.505 | 0.339 1.139 0.334 0.404 0.107 -0.244 0.501 0.101 0.627 0.205 0.179
3 Expiration 0.248 0.090 0.356 0.677 -1.656 | 0.287 1.419 0.224 0.029 0.905 0.047 0.896 -0.326 0.117 -0.030 0.841
Site Inspiration 0.049 0.749 0.361 0.679 -0.827 | 0.600 0.349 0.759 0.241 0.366 0.238 0.552 0.264 0.229 0.136 0.390
4 Expiration 0.079 0.615 -0.287 0.745 0.182 0.909 0.164 0.887 0.204 0.450 -0.313 0.440 -0.008 0.972 0.179 0.265

Note: age, height, weight, BMI, SCD, waist circumference, sex and metabolic syndrome were analysed by multiple linear

regression.

* p <0.05; BMI = body mass index; SCD = skin-liver capsule distance; ICS = intercostal space; B = standardized regression

coefficient.
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3.4.7 Differences in Liver Detection Rates

Table 3-5 presents the relationship between the site and the presence of the liver
under the two respiratory conditions. Cochran's Q test determined statistically different
proportions among the four sites below which the liver is visible at end-inspiration, x?(3)
= 44.357, p < 0.001. The post hoc Dunn’s test found that the liver was significantly
better visualized at Sites 1 and 3 (100% and 90%, p = 0.989) than Sites 2 and 4. On
the other hand, the test did not indicate any differences among the four proportions

during the end-expiratory phase, x?(3) = 0.857, p = 0.836.

Table 3-5. Liver detection rates across four measurement sites under two respiratory

conditions (n = 59).

Is the liver the underlying organ visible in B-mode
images?
7" ICS 8" ICS
Site 2 Site 4 Site 1 Site 3
End-inspiration? 75% (44) 54% (32) 100% (59) 90% (53)
End-expiration? 95% (56) 95% (56) 93% (55) 97% (57)

Data were presented as proportion % (n); ICS = intercostal space.

Tp > 0.05 for Site 1 vs. 3 and Site 2 vs. 3; p < 0.05 for remaining pairs otherwise.

*p > 0.05 for all pairs.
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3.5 Discussion

A right lateral intercostal approach is commonly used in the TE examination
procedure to access the liver. Understanding the anatomical relationship between the
ICS and transducer is of clinical importance, as it influences the success and efficiency
of the examination. Knowledge of intercostal anatomy can assist in managing
transducer—rib interferences, but is lacking in the literature. Hence, this ultrasound-
based observational study sought to establish evidence-based recommendations for
a TE measurement protocol, including a specific measurement site and respiratory
condition. It is the first work towards the standardization of the TE examination

procedure, ultimately maximizing its effectiveness for liver disease sufferers.

Measurement validity and reliability. Excellent intra- and inter-operator
agreement of the morphological measurements of width and SCD were observed, with
all ICCs exceeding 0.97. In contrast, the measures of intercostal stiffness were less
reliable, with ICCs ranging between 0.593 and 0.896. This reduction in ICCs may be
attributed to SWE signal interference from adjacent ribs. A previous study [162] also
reported the relatively low repeatability for SWE of the diaphragm (ICC3,1)= 0.68) and
intercostal muscles (ICC3,1) = 0.44). Inter-operator ICCs2,3) of intercostal SWE was
found to be lower than intra-operator ICCs;3. We postulated that this variation may
be due to discrepancies in the actual measurement site or differences in probe
pressures applied between operators. It is worth noting that we attempted to minimize
this measurement error by marking the investigated sites with a surgical skin marker
to achieve higher repeatability. Placing the probe with minimal pressure was also
required to prevent deformation of the intercostal tissues being examined. Despite

these efforts, there is still room for improvement in terms of standardizing probe
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positioning to ensure reliable intercostal measurements by ultrasound.

The acquisition of width data in this study may be error-prone and biased, as the
investigator visually approximated and determined the probe orientation
corresponding to the minimum width. Consequently, we conducted further validation
of the existing 2D and 3D methods used for analyzing the inter-ICS difference by
comparing them with a reference method. Our results indicated that the errors may be
considered negligible, as supported by excellent inter-method correlation (r > 0.9).
Nevertheless, future research warrants other compelling data collection methods,
such as CT [163-165] and MRI [166] for the morphometry of the ICS-related anatomy.
Future validation against non-ultrasound modalities will enhance the validity of the

existing ultrasound-based measurement data.

Intercostal anatomy and implication for site choice. To better accommodate
the transducer tip and mitigate interferences from adjacent ribs and overlying fat layers,
we anticipated the ICS to be wider, thinner, softer, less angular and have a regular
shape. Our anthropometry analyses revealed that the anatomical characteristics of the
ICSs are site-dependent, with significantly greater intercostal width at Sites 2 and 3,
lower intercostal width-change at Sites 2 and 3, shorter intercostal SCD at Sites 2 and
3, lower intercostal stiffness at Sites 3 and 4, and greater intercostal angle at Sites 3

and 4.

Previous studies on ICS anatomy are scarce, with limited published data available
concerning intercostal width over the liver region. Only one related work carried out by
Kim et al. [164] showed substantial variation in the widths of the six ICSs on the right
inferior rib cage, with the 7" ICSs on the anterior axillary line being widest (mean width

of 18.3 £ 3.4 mm). Notably, this reported width closely matched our data for that

117



Chapter 3. Determining the Ideal Measurement Site and Respiratory Condition for TE:
Morphological and Biomechanical Characterization of Intercostal Spaces Using 2D and 3D
Ultrasound

particular ICS (Site 2: mean width of 18.1 £ 4.5 mm; median width of 18.0 mm with
IQR 5.8 mm). Moreover, our demographic analysis revealed that 6.8% and 44.1% of
the subjects in our cohort had intercostal width values smaller than 9 mm (diameter of
the M probe tip for standard morphotype [74]) and 12 mm (diameter of the XL probe
tip for obesity [91]), respectively. These relatively narrow ICSs might partly account for
the previously reported TE failure or unreliable results in the literature. This finding
further emphasizes the importance of considering intercostal dimensions when
designing future transducer specifications. Pradhan et al. [92] were also aware of the
limitation of TE in small adults who frequently have narrow ICSs; they proposed a
solution to utilize the S probe which configures a smaller 7-mm diameter tip to minimize
rib interference. In contrast, our study introduced a more universal and adaptive
approach to the community by providing TE practitioners with an ideal probe
placement site, even for patients of small stature with generally narrower ICSs. This
effectively waives the need to modify the type of TE probe in practice. Intercostal
elastography also remains an unexplored territory in the literature. Only two recent
studies [167, 168] demonstrated the feasibility of biomechanical characterization of
the ICS by SWE. The reported biomechanical values (an approximation of 10 to 20
kPa) were of the same order of magnitude as our data, which supports the validity of
our intercostal SWE results. However, those studies were limited to measuring only
one representative ICS in the adolescent scoliosis cohort. In contrast, our study
presented a distinct research question and was the first attempt to investigate the
biomechanical differences among multiple ICSs in adults. Additionally, abdominal wall
thickness is the determinant of TE failure, as it relates to the hindrance of propagation
of ultrasound and shear waves [91]. To adapt to a greater amount of subcutaneous

tissues in obese patients, the XL probe with a lower ultrasound frequency and a higher
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vibration amplitude was specifically designed [78, 91]. Our study identified two specific
ICSs with relatively thinner abdominal walls, which may provide another insight into

addressing overweight population, particularly when an XL probe is not available.

It is worth noting that our 2D ultrasound results can, at most, imply the placement
of a single-element transducer, as we collected only 1D information regarding
intercostal size, specifically its width. This anatomical information is insufficient in the
context of array transducers, which are commonly fabricated with a larger footprint. In
this case, we further conducted an intercostal 3D ultrasound study to supplement the
selection of an ideal site, taking into account the course of the ICS. Results derived
from 3D ultrasound showed that the less angular and less irregular ICSs lie at Sites 3
and 4 and Sites 2 and 3, respectively. The 3D ultrasound-derived width was greater
at Sites 2 and 3 than the other two. The order of approximately 18 mm and the trend
of the 3D ultrasound results coincide with those of 2D ultrasound, supporting the
validity of the methods used in this study. To our best knowledge, this is the first work

toward 3D ultrasound imaging of the rib cage and associated ICSs.

To sum up both the 2D and 3D ultrasound results, Site 3 consistently emerged as
the superior site for TE probe placement, given its greater width, lower width-change,

greater angle, lower stiffness, and shorter SCD.

Respiratory effect on intercostal anatomy. End-inspiration appeared to
consistently yield the wider and stiffer ICSs across all measurement sites in the
present study. We speculated that an increased thoracic perimeter and inspiratory
muscle activation during inhaling played a role. The finding is consistent with the
previous studies that reported an increase in intercostal width [167], stiffness [167-

169], muscle cross-sectional area [163], and muscle thickness [170] during inspiration.
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On the other hand, the impact of respiration on the intercostal SCD values exhibited a
non-linear pattern, because the ANOVA suggested a site-dependent interaction. This
observation implies that respiratory movement behaved differently at various sites.
Factors such as lung volume, intercostal muscle recruitment and pleural pressure
collectively contribute to the overall shape of intercostal tissues [171], influencing the

derived SCD.

Influencing factors and implication for patient selection. Height was the only
predictor of intercostal stiffness. Intercostal width, on the other hand, varied
considerably depending on gender, BMI, and SCD. Only SCD had a homogeneous
influence on the width across all sites, suggesting that subcutaneous fat accumulation
contributes to a wider ICS. We also confirmed narrower ICSs in women which aligns
with a previous study [164]. Our findings have clinical implications for patient selection
and stratification based on patient characteristics: taller males with greater SCD and
BMI tend to favour TE probe placement. However, a dilemma arises, as the risk of TE
failure might increase in this population due to the associated overmuch fat layers.
Consequently, hepatologists are strongly urged to exercise caution when applying

these regression results in pre-TE planning.

Presence of the liver and implication for site choice. Compared to the 7" ICS,
there seemed to be a higher likelihood of visualizing the liver via the 8" ICS. In the 7%
ICS, the frequency of occurrence of the liver was lower at end-inspiration, whereas no
such trend was observed in the 8" ICS. This phenomenon can be explained by lung
inflation during the inspiratory phase, causing the liver to move cranio-caudally.
Consequently, the upper ICSs are more likely to present the lung rather than the liver.

Our analysis was not attempting to describe a comprehensive distribution of all the
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ICSs overlying the liver, but rather to justify the choice of the four investigated sites.
Although the data may not be complete, they did not compromise the validity of
recommending Site 3 (90% liver detection rate at the end-inspiratory condition, 97%

at the end-expiratory condition).

Novelty and clinical contribution. Anatomical research on ICSs has received
very limited attention, possibly due to the unavailability of a standard morphometric
analysis method. Since ICSs are anatomically located in subcutaneous regions, in vivo
manual morphometry is practically challenging. CT with multiplanar reformation (MPR)
has showed its ability to quantify intercostal size (as measured by vertical width [164]),
intercostal muscle quality (as measured by CT attenuation [172]), and quantity (as
measured by cross-sectional area [163, 172]). Yet, intercostal CT assessment is
resource intensive, and generally requires specialized expertise. Furthermore,
conducting a large-scale CT study to derive anatomical information of the ICSs is
deemed unethical as it exposes participants to ionizing radiation. Given its highly
accessible and radiation-free nature, ultrasound has the promising potential to map
the ICSs. Our study demonstrated the feasibility of utilizing ultrasound imaging to
characterize multiple 1ICSs both morphologically and biomechanically. To our best
knowledge, this study was the first to report the relevance of intercostal anatomy to
the TE examination procedure. Among the four candidate sites, Site 3 is
recommended as the ideal site for TE probe placement. Additionally, we propose
performing TE at end-inspiration to allow for less transducer—rib contact. It is an
important advance because our finding has the potential to address operator-related
dependencies and inexperience, which have hindered the broad applicability of TE.
Prior to our work, site selection relied on subjective judgment and operators’ expertise,

lacking standardized clinical practice guidelines. Our recommendations could serve
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as a guide for novices and be incorporated into operational workflows to enhance
procedural efficiency of liver elastography. Moreover, these findings may be
extrapolated to other liver elastography techniques, such as point ARFI or 2D-SWE,

for which an adequate acoustic window is also the requisite.

While most studies did not specify the exact measurement site, some have
reported using somewhere between the 5" and 8" ICSs [87, 123, 158, 161]. We
postulated that these choices might reflect common real-world clinical practices.
Surprisingly, the reported range contradicts the existing clinical guidelines
recommending probe placement in the 9" to 11™ ICS [54, 55, 95]. Moreover, the
consideration of a breathing technique used is also lacking in these recommendations.
It was the motivation of our study that provided anatomical considerations in the
context of TE. Yet, one study is rarely sufficient evidence on which to base a change.
Thus, our study advocates for more rigorous scientific evaluation of what those

guidelines recommended before their widespread uptake.

Limitation and prospect. This study has several limitations. First, the sample size
of 59 subjects enrolled appears to be relatively small. However, a priori analysis for
the repeated measures ANOVA was performed and determined that this sample size
was statistically sufficient to test our hypothesized inter-ICS differences; and it is worth
noting that we have successfully demonstrated the feasibility to identify the ideal site
and respiratory condition for TE. However, to consolidate the spatial distribution
information and further whether other comparably ideal sites existed, mapping
additional ICSs is necessary in the future. Second, the scope of this study was
confined to Chinese adults, which may raise questions about the generalizability of

our findings across diverse racial demographics. Future research should encompass
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subjects representing varying races, geographical regions, and BMI categories.
Additionally, follow-up studies could evaluate the improvement in the successful rate
and time consumption of the TE examination when applying the guideline outlined in
this study, in comparison to the common experience-based clinical practice. Third, we
did not standardize the type of the breathing performed during the data acquisition
among all enrolled subjects. This may lead to the concern that the difference between
thoracic and diaphragmatic breathing could affect intercostal anatomy. Future
investigation is need to address the potential impact of different breathing exercises.
Another future research direction is to determine the relative accuracy of TE
measurements obtained from different sites for staging liver fibrosis, using liver

histology as the reference standard.

Despite the aforementioned shortcomings, it is worth noting that the overarching
goal of this feasibility study was to provide an evidence-based recommendation for
ideal place placement and patients’ breathing technique during the TE examination.
We hope these findings would not only serve to increase the awareness of TE
practitioners and the liver research community, but also encourage concerted efforts
for pressing ahead the TE examination procedure to the next rung on its

developmental ladder.
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3.6 Summary

Chapter 3 adopted a within-subject design attempting to demonstrate the
anatomical differences among the four investigated measurement sites and between
the two respiratory conditions. Notably, this is the first study to demonstrate the
feasibility of applying 3D ultrasound imaging for the characterization of intercostal
course. We observed site-dependent differences in the intercostal width, width-change,
angle, SCD, and stiffness, indicating that ICS configuration is highly variable. Our
accumulating evidence supported performing TE at Site 3 (the 8" ICS on the mid-
axillary line) during the end-inspiratory phase as the measurement protocol of choice.
It serves as a practical solution for challenging cases involving patients with narrow
ICSs or obesity, potentially offering a universally applicable strategy without requiring
technological modifications of the TE probe. Additionally, this streamlined procedure
can assist inexperienced TE practitioners and even non-specialists in shortening the
learning curve. We would welcome its validation in the real-world clinical context.
Larger studies encompassing diverse racial demographics are warranted to

contextualize the findings on a global scale.
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Chapter 4. Determining the Ideal Patient Positioning for TE:

Effect of Body Posture on Liver Stiffness Measurement

This chapter has been derived from the manuscript that has been submitted to a

journal:

Can Body Posture Modulate Liver Stiffness Measured by Transient
Elastography?

Huang, Z.-H., Deng, M.-Q., Lin, Y.-M., Ye, C.-H., Zheng, M.-H., & Zheng, Y.-P.
Submitted and under review, 2024.

4.1 Background

Currently, liver biopsy is considered the gold standard for diagnosing the excessive
accumulation of fibrous tissue in the liver. However, this invasive procedure carries
the risk of life-threatening complications, and is limited by inter-pathologist variability
and sampling error [173]. These drawbacks have prompted the widespread clinical
adoption of transient elastography (TE), a technique that quantifies liver stiffness (LS)
as a surrogate biomarker for liver fibrosis [74]. TE is a WHO-recommended ultrasound
elastography technique for liver stiffness measurement (LSM) [56, 174], and has
demonstrated excellent diagnostic accuracy in staging liver fibrosis through meta-

analyses [175, 176].

LS below 8 kPa typically indicates the upper limit of normal, which is associated
with a high negative predictive value for excluding clinically significant fibrosis (stage
F=2) [154, 177], and possesses up to a 93% sensitivity for ruling out cirrhosis (stage
F=4) [178]. At the higher end of the LS spectrum, although increased LS (=8 kPa) is

widely recognized to primarily reflect a degree of fibrotic accumulation, various other
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factors can influence LS [56, 97, 98]. In other words, certain pathophysiological
conditions have been shown to elevate LS in the absence of liver fibrosis. These
confounding factors could be matrix-related (e.g., amyloidosis [179]), histological (e.g.,
necro-inflammation [102, 103], mastocytosis [180]) or hemodynamic (e.g., congestion
[104, 105], cholestasis [106], respiration [181], food intake [100, 101], hepatic arterial
and portal pressure [107, 108]). For instance, two European studies have reported that
liver damage from acute hepatitis can induce a reversible increase in LS to the level
suggestive of cirrhosis (212.5 kPa), thus potentially misguiding the diagnosis of pre-
existing cirrhosis [102, 103]. Likewise, Millonig et al. [104] identified hepatic congestion
due to cardiac insufficiency as another hemodynamic cause that can elevate LS
irrespective of the fibrosis stage. Impaired venous drainage and intrahepatic blood
stasis may be the primary reasons behind this false-positive result of LSM. Given the
existing evidence, there is a pressing need to identify additional confounders for the
proper use of TE and the accurate interpretation of LS in assessing liver fibrosis

severity.

Body posture may be one such factor to confound LS, as it also influences hepatic
hemodynamics. Previous literature has documented morphological and hemodynamic
responses of liver-associated vasculatures such as inferior vena cava (IVC) [182, 183],
portal vein [184, 185] and aorta [182] to postural changes; however, the causative

relationship between posture and LS has not been well explored.
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4.2 Study Aims

Along this line, this study aimed to assess the effect of the supine and upright
positions (i.e., seated and standing) on LSM using TE. Given the previously
established variations in anatomy and pathophysiology between healthy and cirrhotic
livers [184, 186], we further hypothesized that the liver would respond differently to an
upright posture depending on the degree of fibrosis. To test this hypothesis, we
analysed the posture-induced LS differences in healthy individuals and patients across

various fibrosis stages.
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4.3 Methods

4.3.1 Subjects

In this prospective study, we recruited two independent ‘LS groups’ via
convenience sampling. Adults (=18 years) who had been diagnosed with chronic liver
disease (CLD) of any aetiology and clinically indicated for TE were eligible. Patients
were recruited from The First Affiliated Hospital of Wenzhou Medical University and
assigned to the patient group. In contrast, a cohort of healthy controls with no history
of liver disease were recruited from another participating institute — The Hong Kong
Polytechnic University to assemble the control group. Exclusion criteria for both groups
included: (1) common contraindications for TE (e.g., ascites, active cardiac implant);
(2) previous liver transplantation; and (3) any previously reported confounding
conditions (e.g., cholestasis, acute hepatitis, congestive heart failure) to mitigate
possible interferences with LS. Because the experiment involves procedures including
postural changes, upright positioning, and raising the right arm to expose an acoustic
window, individuals with limited shoulder mobility or balance disorders (e.g.,

Parkinson’s disease) were also deemed ineligible and thus excluded from this study.

A priori power analysis projected a sample size of 56 under a two-way (3x2) mixed-
model design, assuming a medium Cohen’s effect size of f = 0.20 (n% = 0.04), 90%
statistical power, and a two-tailed significance level of 0.05. The final target sample
size was set at 62 to allow for 10% dropout. More importantly, the sample of 62
guaranteed an equal distribution of 31 individuals per group for both patient and control
cohorts. The Ethics Committee at The Hong Kong Polytechnic University approved
the study protocol (HSEARS20210809002). All subjects provided written informed

consent. This observational, cross-sectional study was compliant with the Declaration
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of Helsinki and the STROBE criteria.
4.3.2 Procedures

Prior to LSM, demographic, anthropometric, and clinical data were collected
according to standard protocols. To evaluate LS under three different postures, TE
was conducted with the Liverscan® system (Eieling Technology Limited, Hong Kong,
China) which enables simultaneous B-mode imaging of liver anatomy and LSM [187].
All subjects fasted for a minimum of three hours before LSM to avoid a confounding
post-prandial increase in LS. As previously described [56, 74], the standard patient
positioning for TE examination requires maximal abduction of the right arm, which was
consistently maintained across all three posture conditions. Each subject underwent
TE in the supine position as the baseline assessment first, followed by the seated or
standing positions (Figure 4-1). The examination order of the latter two upright
positions were randomized for subjects to eliminate the operator bias resulting from a
learning effect. A five-minute interval between different posture conditions was
allocated. Assisted by real-time B-mode, an investigator, who was specialized in
radiography and had six years of TE experience, identified a representative portion of
the right liver parenchyma free of large vasculatures, and selected it as the reference
image. The corresponding measurement site was also marked on the subject’s skin
surface. An attempt was made to collect exact 15 measurements under each of the

three postures.
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Figure 4-1. Experimental setup for TE-based LSM under three patient positioning

techniques. (A) Supine; (B) Seated; (C) Standing.

Considering that the liver is a moving organ and not necessarily uniform, measures
were taken in an attempt to limit the confounding factors, i.e., respiratory motion and
liver fibrosis heterogeneity (Figure 4-2). To control for the confounder of respiration,
subjects wore a Go Direct® respiration chest belt (Vernier, Beaverton, USA) sensing
and monitoring respiratory cycles in real-time. LSMs were standardized at the end-
inspiratory phase across postures, as suggested by previous studies for improved

predictive accuracy and success rate of TE [181]. To control for the confounder of
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heterogeneous fibrosis, upright LSM was performed near the initially identified site.
Using the captured B-mode images as additional reference, the investigator located
the same liver lobe of interest. LS was then obtained with reference to the exact

location or landmark within the liver, from which the baseline supine LSM was made.
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Figure 4-2. Quality control measures of elastogram acquisition to maximize the
consistency of the anatomic locations being measured within the liver across

postures.

To validate the performance of B-mode guided TE, conventional TE using the
widely validated Fibroscan® system (Echosens, Paris, France) was administered to
each subject on the same day. Following the previously detailed protocol [56, 74], a
minimum of 10 valid acquisitions were made solely in the supine position for

benchmark comparison.

4.3.3 Qutcome Measures

LSM typically involves not only LS, but also its quality criteria [76]. The median LS
of the first 10 successful acquisitions was calculated, and used in this study as the
per-subject Young’s modulus of the liver for each posture condition. To allow easy
implementation, simplified rounded LS of <8 kPa, 8-13 kPa and 213 kPa were

respectively considered normal, clinically significant fibrosis and cirrhosis [105, 154,
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176], and were therefore adopted as cutoffs for the subsequent subgroup analyses.
The interquartile range to median LS ratio (IQR/median) was determined as the
evaluation metric of variability between the 10 LSMs. The success rate, defined as the
ratio of successful acquisitions to the total of 15 measurement attempts, was also
computed for each posture. This serves as the metric evaluating whether the feasibility
of LSM would vary with posture. To achieve that, elastogram acquisition quality was
gualitatively analyzed by a human rater and determined on a binary scale (Figure 4-
3). Manual elastogram classification primarily incorporates two criteria: the presence
and quality of the shear wave propagation trajectory in an elastogram. Specifically, a
rater utilized the dichotomy (i.e., presence or absence) to determine whether a shear
wave trajectory was detectable and of sufficient quality for LS computation. A
successful LSM was indicated by a high-quality elastogram, whereas a poor-quality
elastogram invalidated LSM, potentially compromising the diagnostic accuracy. In this
study, two raters, who had six years and six months of experience in interpreting
elastogram respectively, independently classified all elastograms. They were blinded
to each other's classification results and the actual posture condition of the elastogram
being judged. In case of discrepancies between raters, a consensus classification
result was assigned for subsequent analysis of inter-posture success rate comparison.
Ultimately, the median LS (in kPa), alongside another two measures of IQR/median

(%) and success rate (%), were reported for each posture condition.
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Figure 4-3. A representative example illustrating the manual classification outcomes
for both a successful and a failed elastogram acquisition from the same subject.
Classification system was devised on the basis of a binary criterion, with shear wave

propagation in the liver indicating a successful LSM; and vice versa.

4.3.4 Statistical Analyses

All statistical analyses were conducted using SPSS version 26.0 (IBM Corp., New
York, USA) and GraphPad Prism 9 (GraphPad Software Inc., San Diego, USA). The

significance level is set at 0.05.

Descriptive statistics. Between-group comparisons were made using Fisher’s
exact test for categorical data, and Mann-Whitney U test for continuous data.

Normality was assessed by Shapiro-Wilks'’s test.

Posture effect on LSM. A two-way mixed ANOVA was applied to examine the
main effects of (a) within-subjects factor ‘posture’ (supine, seated, standing conditions)
and (b) between-subjects factor ‘LS group’ (patient vs. control groups), and their
interaction on LS. The success rate and IQR/median values between three posture
conditions were compared separately using a one-way repeated measures ANOVA

and non-parametric Friedman test, where appropriate. The relationship between the
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LS measured in the benchmark supine position and the magnitude of change in LS
from the supine to upright position (i.e., absolute value of stiffness-change [%]) was

analysed using both Spearman’s correlation and linear regression.

Rater agreement statistics. In a secondary analysis, we examined inter-rater
percentage agreement and corresponding Cohen’s kappa (k) for two raters who
participated in classification of successful elastogram acquisition. The strength of
agreement was interpreted based on Landis & Koch’s criteria [188]: poor to fair (k <

0.4), moderate (k = 0.4-0.6), substantial (x = 0.6-0.8), and excellent (k > 0.8).

Validity statistics. LS measured by conventional TE and B-mode guided TE in
different positions were compared pairwise, and Spearman’s rank correlation

coefficients (rs) were computed.

4.4 Results

4.4.1 Subject Demoqgraphics

Between October 2022 and June 2023, 32 patients and 31 controls were screened
for eligibility in the study. A female patient with a BMI of 28 kg/m? was excluded
because LSM failure occurred repeatedly in all attempts. Table 4-1 outlines the
comparative analysis of the 62 subjects who were successfully enrolled. Overall, the
median age of all subjects was 55 years, and 61% of them were male. The patient
group consisted predominantly of those with metabolic dysfunction-associated
steatotic liver disease (MASLD, the new nomenclature for non-alcoholic fatty liver
disease [NAFLD]), among whom 45% had simple steatosis and 6% presented with
concurrent hepatitis B virus (HBV) infection. Compared with liver disease patients,
controls were less overweight (proportion, 61% vs. 10%; p < 0.001) as indicated by a

lower BMI (25 kg/m? vs. 23 kg/m?; p < 0.001), skin—liver capsule distance (16 mm vs.
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11 mm; p <0.001) and waist circumference (96 mm vs. 81 mm; p < 0.001), but gender
distribution (males, 71% vs. 52%; p = 0.192) and age (50 years vs. 58 years; p = 0.051)
did not differ between the groups. In addition, subgroup analyses by posture (supine
vs. seated vs. standing) revealed no differences in IQR/median between the groups.
The success rate was not significantly different between the groups, except for those
LSMs performed in the supine condition (100% for patients vs. 97% for controls; p =
0.005). In contrast, LS was significantly higher in the patient group than in the control

group, consistently across the three postures (all p < 0.001).
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Table 4-1. Baseline characteristics comparison between two liver stiffness groups

(n=62).
Variable Patients Controls Total p-value'
(n=31) (n=31) (n=62)
e Demographics
Male 71% (22) 52% (16) 61% (38) 0.192
Age, years 50 [17] 58 [14] 55 [18] 0.051
Overweight & obese 61% (19) 10% (3) 35% (22) <0.001*
Metabolic syndrome 29% (9) 10% (3) 19% (12) 0.106
e Anthropometrics
BMI, kg/m? 25 [6] 23 [4] 24 [5] <0.001*
WC, cm 96 [21] 81 [15] 89 [18] <0.001*
SCD, mm 16 [7] 11 [7] 15 [8] <0.001*
¢ Liver disease etiology
Viral (CHB, CHC) 35% (11) - - -
MASLD 45% (14) - - -
ALD 3% (1) - - -
Coexistent CHB & ALD 10% (3) - - -
Coexistent CHB & MASLD 6% (2) - - -
e LSM in the supine position
LS, kPa 13.1[7] 4.6 [1] 7.8 9] <0.001*
IQR/median, % 24 [13] 26 [13] 25[12] 0.368
Success rate$, % 100 [0]/100+0 100 [0]/97+6 100 [0]/99+4 0.005*
e LSM in the seated position
LS, kPa 12.7 [7] 5.1[2] 7.4 (8] <0.001*
IQR/median, % 24 [13] 30 [23] 25 [18] 0.208
Success rate$, % 100 [7]/96+9 100 [0]/99+2 100 [0]/98+6 0.072
e LSM in the standing position
LS, kPa 13.0 [7] 6.2 [2] 7.9 (7] <0.001*
IQR/median, % 26 [20] 30 [19] 28 [18] 0.559
Success rate$, % 100 [0]/99+3 100 [0]/99+3 100 [0]/99+3 0.687

All data are median [IQR] or % (n), unless otherwise indicated.

ALD = alcoholic liver disease; BMI = body mass index; CHB = chronic hepatitis B;

CHC = chronic hepatitis C; LS = liver stiffness; LSM = liver stiffness measurement;

MASLD = metabolic dysfunction-associated steatotic liver disease; SCD = skin-liver

capsule distance; WC = waist circumference.
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T Quantitative variables between groups were compared by Mann-Whitney U test;
categorical variables were compared by Fisher’'s exact test.

§ Data are presented as median [IQR] / mean + standard deviation; * p < 0.05.
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4.4.2 Inter-Posture Difference Comparison

Boxplots of LS vs. fibrosis stage stratified by posture are illustrated in Figure 4-4.
A two-way mixed ANOVA identified a statistically significant interaction between
‘posture’ and ‘LS group’ on LS, F(2,120) = 21.242, p < 0.001, partial n2 = 0.26. This
implied that the effect of posture is dependent on the magnitude of LS itself. Therefore,
two separate one-way repeated measures ANOVAs were run to examine simple main
effects of ‘posture’ within each LS group. Of 31 controls with baseline LS < 8kPa,
significant differences in LS existed among three posture conditions, F(2,60) = 8.518,
p < 0.001, partial n? = 0.22. Post-hoc analyses with Bonferroni correction showed a
statistically significant increase in LS from the supine to seated position (5.0 £ 1.0 vs.
5.7 £ 1.4 kPa; p = 0.036), and from the supine to standing position (5.0 +1.0vs. 6.2 +
1.7 kPa; p = 0.002), indicating that upright positioning generally causes the stiffening
of healthy livers. However, LS did not significantly differ between these two upright
positions (5.7 vs. 6.1 kPa, mean difference of 0.5 kPa; p = 0.305). Of note, we
observed a greater magnitude of increase in LS in the standing position compared to

the seated position (percentage change from supine: 24% vs. 14%).

In contrast, an opposite trend was noted in 31 patients with baseline LS >8kPa
who were classified as having fibrosis, F(2,60) = 13.837, p < 0.001, partial n> = 0.32.
There was a statistically significant decrease in LS from the supine to seated position
(15.9 £ 7.3 vs. 13.8 £ 6.2 kPa; p < 0.001), as well as from the supine to standing
position (15.9 + 7.3 kPa vs. 13.9 + 6.2 kPa; p = 0.001), but not between the seated
and standing positions (13.8 vs. 13.9 kPa, mean difference of 0.03 kPa; p = 1.0). These
post-hoc comparison results suggest liver softening in the upright postures among
patients with fibrosis. The magnitude of decline in LS in the seated position was

comparable to that in the standing position (percentage change from supine: 15% vs.
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14%).

To determine the extent to which fibrosis can influence the response pattern of LS
to postural changes, 31 patients were further divided into two fibrosis categories based
on predefined cutoffs. Subgroup analyses were conducted according to the degree of
liver fibrosis (i.e., no fibrosis vs. clinically significant fibrosis vs. cirrhosis). In cirrhotic
patients with baseline LS > 13kPa, LS declined markedly as the posture transitioned
from the supine to seated position (20.5 £ 7.6 vs. 17.7 + 6.3 kPa, percentage decrease:
16%; p = 0.005) and to standing position (20.5 + 7.6 vs. 17.3 + 6.4 kPa, percentage
decrease: 18%; p < 0.001), which coincide with the results in the LS > 8kPa group.
Interestingly, LS remained fairly unchanged across all postures in patients with
baseline LS of 8-13 kPa, indicative of less fibrosis (supine, 11.0 £ 1.2 kPa; seated,

9.7 + 2.4 kPa; standing, 10.2 £ 3.4 kPa; p = 0.107).
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Figure 4-4. Effect of posture on LS between (A) two LS subgroups; (B) three LS

subgroups (*p < 0.05; **p < 0.01; ***p < 0.001; p > 0.05 otherwise).

An intraindividual analysis was further conducted within these three subgroups.
The results indicate that the posture-induced changes in LS led to discordance of at
least one predefined stage between the supine and upright positions. Among the
healthy controls, five out of 31 (16%) shifted from no fibrosis (<8kPa) to a higher
category. Of 31 patients, four (13%) shifted from cirrhosis (213 kPa) to a lower
category, while nine (29%) with fibrosis (8—13 kPa) shifted to an adjacent category,

i.e., either no fibrosis or cirrhosis.

Figure 4-5 depicts the absolute magnitude of stiffness-change in response to both
seated and standing postures among 62 subjects. The Spearman correlation analyses
showed a non-significant relationship between the LS measured in the supine posture
and the magnitude of stiffness-change for either the seated or standing condition (both
p > 0.05). No statistically significant association between these two variables implies

that the ability of LS to change in response to an upright posture does not vary with
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fibrosis severity. Additionally, no statistically significant linear fit was observed

between these two variables (both p > 0.05).
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Figure 4-5. Relationship between LS measured in the supine posture (kPa) vs.
magnitude of stiffness-change (%) when transitioning from the supine to (A) seated

and (B) standing postures.

We also compared the feasibility and reliability of LSM among all posture conditions.
Figure 4-6 depicts the success rate and IQR/median of LSMs by posture. Although
the use of the upright position (seated, 29 + 15%; standing, 29 + 12%) marginally
increased the IQR/median compared to the supine position (25 + 8%), the differences
were not statistically significant, F(2,111) =2.233, p=0.117, partial n?> = 0.04. Similarly,
the incidence of successful LSMs did not significantly differ between different postures

(supine, 98.6%; seated, 97.6%; standing, 99.1%), x(2) = 2.710, p = 0.258.
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Figure 4-6. Effect of posture on the quality criteria of LSM. (A) IQR/median (%) of 10

LSMs; (B) Success rate (%) of 15 LSM attempts (ns: p > 0.05; p < 0.05 otherwise).

4.4 3 Inter-Rater Agreement

The percentage agreement for the two raters was 99.5%, based on their
assessments of whether the 2790 elastograms, obtained from three postures of all 62
study participants, were classified as successful acquisitions. Cohen’s kappa (k)
statistic was calculated to quantify the agreement between the novice and experienced
raters’ judgements, yielding an excellent level of inter-rater agreement (k = 0.813, 95%

Cl: 0.717-0.909, p < 0.005).

4.4 .4 Pairwise comparison of TE Technigues

As shown in Figure 4-7, the correlation strength of LS between conventional and
B-mode guided TE varied by posture (rs ranging from 0.79-0.94, all p < 0.001). The
strongest correlation (rs = 0.936, 95% Cl: 0.894—0.961) and linearity (R?= 0.964) were
observed in the pair of the supine conditions. On subsequent subgroup analysis, the
correlation between technigues was more pronounced among liver disease patients

(rs = 0.867) than controls (rs = 0.620).
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Figure 4-7. Relationship between LS measured by conventional vs. B-mode guided
TE. (A) Spearman correlation matrix depicting LS comparison between TE
techniques; (B) Scatterplot with Spearman correlation and simple linear regression

analyses (orange and light-yellow circles indicate the patients with liver diseases and

the controls, respectively).
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4.5 Discussion

LS can be influenced by factors beyond fibrosis stage, with body posture
potentially serving as a clinically relevant confounder. This study employed a two-
group comparison design to compare the change in LS under different body positions
(supine vs. seated vs. standing). Results indicate that the patient group of fibrotic or
cirrhotic livers and the control group of healthy livers behaved very differently in
response to an upright position. On the other hand, the feasibility and reliability of
LSMs were not compromised upon postural changes. Our data have highlighted the
fact that posture affected TE, which necessitates the standardization of patient

positioning and advances the knowledge defining the physical parameter of LS.

Posture effect on LS. To the authors’ knowledge, this is the first work to
systematically report the effect of normal daily postures (i.e., supine, seated, standing)
on LS in both healthy and diseased livers. Our data clearly demonstrate that, in
comparison to the supine position, both seated and standing positions induced liver
stiffening, resulting in increased LS among apparently healthy controls (i.e., baseline
LS <8 kPa). Conversely, the two upright positions were associated with decreased LS
in patients across a spectrum of fibrosis (i.e., baseline LS =28 kPa), implying a softening
effect on the liver. Subgroup analysis revealed a marked decrease in LS during seating
and standing in cirrhotic patients (i.e., baseline LS =13 kPa), whereas LS remained
stable in patients with clinically significant fibrosis (i.e., baseline LS of 8-13 kPa).
Current literature on how LS would respond to a postural change is scarce. We only
found three other previous studies investigating the relationship between posture and
LS [99, 189, 190]. Adolf et al. first reported the potential confounding effect of posture

in a congress abstract, noting a significant increase in LS in healthy individuals when
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seated or standing [99]. However, this study lacked ample statistical reporting, making
the finding inconclusive. Another study based on point shear wave elastography
(pPSWE) further confirmed significantly higher LS in the standing position than in the
supine position [190]. These prior results are consistent with our observations in the
healthy livers. Nevertheless, little is known about the biomechanical response of
fibrotic livers to postural changes. In a recent study, Suda et al. shed light on the
differential effect of the supine vs. left lateral decubitus positions on LS [189].
Surprisingly, LS was found to be decreased by the left decubitus positioning in 17
cases with confirmed liver fibrosis. Although Suda’s work used a different elastography
technique, namely two-dimensional shear wave elastography (2D-SWE), and involved
a side-lying position, the observed liver softening aligns with our finding regarding the

response to an upright position.

Possible mechanism behind. The underlying mechanism explaining the posture
dependency on LS are rather complex, and remains a matter for speculation. The
prevailing theory to explain relevant confounding conditions is the sinusoidal pressure
hypothesis (SPH) [98], in which the pressure of hepatic sinus, reflecting LS, is affected
by various pressure compartments. In this context, we initially hypothesized that
physical interaction between the lung and liver would contribute to LS as a
consequence of external pressure. Computational modeling indicated the
morphological changes of the liver from the supine to seated position, notably a cranio-
caudal translation of 21.9 mm due to the gravity [191]. This shift resulted in less
constraint applied on the liver during respiratory movement, thereby generally
decreasing LS in the upright position. The impact of the lung—liver interaction was likely
more pronounced in our cohort, as we performed end-inspiratory LSMs. Another

influencing factor is hemodynamic changes in the liver, which provide internal pressure.
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An upright posture has been shown, across CT, MRI and ultrasound studies, to
differentially impact the hepatic hemodynamics depending on the presence of fibrosis
[184, 186, 189]. In the healthy individuals, the IVC metrics such as the diameter [183],
cross-sectional area [182] and flow velocity [182] decreased significantly from the
supine to upright positions, leading to an outflow blockage with higher hydrostatic
pressure [189, 190]. This possibly caused intrahepatic blood stasis, and stretched the
distensible Glisson’ capsule, which in turn increased LS. Conversely, the cirrhotic liver
and IVC might be less deformed by an upright posture change [189, 191], which
contributes to maintain stable venous drainage and resist dramatic changes in LS.
Other factors like the uneven impact of gravity, intra-abdominal pressure differences,
and delayed hemodynamic responses in cirrhosis might also play a role [99, 100, 189].
Additionally, the tendency toward no difference between LS measured in the seated
and standing postures is likely attributable to their similar hemodynamic characteristics.
In summary, external respiratory pressure may synergistically act with internal hepatic

hemodynamics to produce the diverse responses of LS observed in our study.

Posture effect on measurement success and reliability criterion. Prior to our
work, whether postural changes would influence the feasibility and reliability of LSM is
yet a question in the fileld. Our data suggest that adopting upright postures did not
compromise the success rate and IQR/median, compared with the supine posture.
The incidences of LSM failure remained below 2.5% across all three postures, which
align with the 3.1% failure rate previously reported for the supine LSM in the largest
feasibility study of TE [75]. This evidence further supports either seated or standing
postures as the backup measurement protocol, especially in cases of repeated LSM
failure in the supine posture. On the other hand, we observed relatively large variability

between LSMs, as demonstrated by IQR/median (supine, 25 + 8%; seated, 29 + 15%;
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standing, 29 + 12%). The inclusion of overweight individuals (35%) in our cohort,
known as the main determinant of unreliable LSM [186], along with the use of a device
with a small ultrasound beam width in this study [187], may account for this

phenomenon.

Practical values of upright positioning. Our study also demonstrated the
feasibility of utilizing upright positioning for TE in liver fibrosis assessment. From a
practical perspective, this new attempt offers greater operational flexibility and has
several advantages. Traditionally, TE is performed in the supine posture. However,
not all acutely or critically ill patients can lie comfortably in this posture which also
requires a bulky examination table. In this case, upright TE is of particular value for
patients who cannot tolerate supine positioning, such as those with orthopnea,
ankylosing spondylitis or other mobility constraints. Additionally, the literature widely
recognized obesity as a predominant risk factor for the TE measurement failure, due
to the obstruction of ultrasound and shear wave propagation by excessive
subcutaneous tissues [75]. Our clinical observation indicated that upright TE may also
facilitate assessing those morbidly obese individuals. This is likely because the
standing position tends to reduce overlying abdominal wall thickness due to
gravitational forces, thereby minimizing subcutaneous fat interference and improving
intercostal access. Future studies are necessary to specifically compare the success
rate of supine vs. upright TE in obese populations. We further propose that due to its
ease of implementation, the non-lying position could facilitate TE in special settings
such as outpatient consultations, home visits, mass screenings, particularly when a

supine setup is not readily available.

Clinical relevance and implications. In the present study, we observed the
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divergent biomechanical responses to postural changes, which have implications for
clinical decision-making. In our view, the strategy of assessing LS in different body
positions has the potential to aid in the differential diagnosis of abnormally elevated
LS. Specifically, liver softening during seating or standing could serve as an indicator
to confirm the presence of fibrotic accumulation, while liver stiffening possibly suggests
no fibrosis. Future research should consider incorporating this novel indicator into a
TE-based algorithm to enhance the identification of patients at risk of liver fibrosis.
Larger studies are warranted to further validate its diagnostic performance and
compare it with the accuracy of TE alone. Additionally, our findings may add insight to
why LS has been shown to be higher with older age [192]. Evidence suggests that
the average American spends the two-thirds of the day in either the seated or standing
postures [193]. In this context, longstanding LS elevation resulting from prolonged
periods of upright postures over a lifetime and subsequent activation of fiborogenesis

pathways [97, 98] are postulated to play a role, although more data are required.

TE has gained increasing clinical attention and is now incorporated into HBV
treatment guidelines [174]. Therefore, LS results need to be interpreted cautiously in
the context, as it presents significant consequences for patient management.
According to our intraindividual analysis, discordance of at least one fibrosis stage was
observed in 18 subjects (29%) following a postural change. These resultant false
positive or negative cases would become a source of misclassification. Moreover, to
prevent unnecessary treatment prescriptions, clinical practitioners must be aware of
the posture factor potentially interfering with LS independent of the actual stage.
Current clinical guidelines establish LSM cutoff criteria based solely on a supine setup
[56, 154, 175, 176]. Our study also emphasizes the need for standardizing patient

positioning to ensure accurate TE assessment.
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Strengths and limitations. The strengths of this study include the use of several
strategies to control for extraneous variables. For example, this study involved a
repeated measures design effectively controlling interindividual differences, and
patients were carefully evaluated to exclude other known confounding factors
influencing LS before inclusion in the experiment. We further acknowledge the crucial
role of real-time B-mode guidance in locating the liver and select a consistent intra-
hepatic measurement location across postures, which significantly contributed to
eliminating liver heterogeneity as a source of bias. Otherwise, abdominal organ
relocation following a posture change will pose a challenge for conventional TE without
sufficient visual guidance [189, 191]. Second, efforts were made to maximize the
validity of LS. They included the inter-technique comparison and elastogram quality
assessment, as supported by the results of strong correlation between conventional
vs. B-mode guided TE and excellent inter-rater agreement, respectively. Third, we
sought to determine whether LSM would remain feasible and reliable in an upright
position. Our data is a first-of-its-kind literature source for TE, and can inform the future

uptake of this new positioning technique in clinical practice.

However, this study also has the following limitations. As a pilot proof-of-principle
study, we included a relatively small cohort of 62 subjects. Although a priori calculation
justified the adequacy of this sample size for the two-way mixed ANOVA, larger
samples are preferable for additional subgroup analysis to increase greater statistical
power. Furthermore, patients and control subjects were not well-matched according
to BMI, which may complicate between-group comparisons. No participant was
subjected to liver biopsy, which is the reference standard for staging fibrosis. While
being justified by ethical considerations, the fact merits further research attention to

assess the relative accuracy of LS obtained from different postures against histology
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and to determine which posture best represents the actual fibrosis state. Another
potential criticism is the lack of confirmatory hemodynamic data such as mean arterial
pressure (MAP) or central venous pressure (CVP), which would allow for a better
description of the direct causality between posture and LS. However, invasive
hemodynamic monitoring is unethical for such research purposes in human subjects.
In a future study, an animal model should be considered to reproduce the results and
further verify the hypothesized mechanism behind posture-dependent changes in LS.
Non-invasive tools for assessing MAP and CVP, such as Doppler ultrasound and cuff
oscillometry, can greatly support such investigations. Additionally, we did not
demonstrate the reversibility of LS between two posture sessions. It also remains
unknown how long it takes for a change in LS to occur when transitioning from one
posture to another. This data could inform the minimum duration of a rest period in the
supine position required for measuring a stabilized LS. Such standardization efforts

will be beneficial for everyday TE practice.
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4.6 Summary

Chapter 4 investigated LS in response to postural changes from the supine to
upright positions. This work provides the definitive evidence that performing TE in the
non-lying positions is feasible, at least with a B-mode image guided TE device. LS
depends directly upon body posture, and its response to the upright position varies
according to fibrosis stage. Although not completely understood, the observed
dependency of LS on posture is explained by the hypothesized mechanism combining
external and internal pressure sources. Our findings further unravel a previously
unrecognized role of transitioning between different postures in the confirmatory
diagnosis of liver cirrhosis. Additionally, postural changes show no significant effect
on both the success rate and reliability of LSMs when using a B-mode guided TE
device. This has implications for clinical use of either seated or standing position as
an alternative posture, especially in cases where obtaining LSMs proves challenging
in the traditional supine position. However, caution should be exercised when

interpreting LS obtained under different postures.
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5.1 Discussion and Chapter Summary

CLD is a major debilitating iliness worldwide. Liver fibrosis is the common pathway
for CLDs of various etiologies, culminating in cirrhosis, liver failure and liver cancer.
Biopsy is the gold standard for diagnosing liver fibrosis. However, due to its
invasiveness, sampling error and inter-pathologist variability, there has been a marked
shift towards the development of non-invasive methods in the hepatology community.
Among these, TE, recommended by the WHO, has become an established method
for liver fibrosis characterization via LSM. Although considered the non-invasive
standard of care and first-line diagnostic tool to assess liver fibrosis, TE has some
pitfalls. From a technical perspective, one commonly reported limitation is the lack of
a sufficient visual imaging guiding technique for sampling the liver of interest during
TE. Additionally, conventional TE has limited clinical acceptance due to their bulky,
immobile, and wired natures. Equipment size constraint has been a practical limitation
in the widespread clinical adoption of this technique and the scale-up of liver screening
programs. Another practical challenge is the lack of standardization [120], mainly due
to the (1) rapid evolution of elastography techniques since TE; (2) inadequate
validation and comparisons of technical performance with established techniques; and
(3) complexity of liver stiffness itself as a physical parameter. A recent technical review
article [39] indicated that a standardized examination procedure of liver elastography

is a prerequisite for obtaining reliable and accurate results. In light of these obstacles,

this thesis comprises a series of studies designed to bridge these gaps that impede

the advancement of TE in hepatology. Considering the broader implications, the study

vision focuses on enhancing the effectiveness of TE in terms of success rate,
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examination and training efficiency, by resolving the existing barriers in both technical

and implementation perspectives with an ultimate goal of benefiting countless liver

disease sufferers through delivering an effective TE examination worldwide in the long

run. Specifically, it introduces two distinct strategies, aimed at (a) mitigating the high

rates of TE failure and unreliable results, and (b) streamlining the implementation of

TE. As detailed in Chapter 2, the technical solution is the incorporation of POCUS and
anatomic imaging guidance into the TE examination procedure. On the other hand, as
presented in Chapters 3 and 4, the practical clinical solution is the establishment of

TE examination standards.

Conventional TE requires wired connections, possesses a bulky size, and lacks
adequate imaging guidance for precise liver localization. These technical barriers have
precluded its efficient examination and point-of-care application. In Chapter 2, a
methodological study was conducted to address these technical barriers that remain
towards the cost-effective solution and point-of-care application of TE. In this
connection, a newly developed TE system was introduced, which is palm-sized in
dimension and incorporates real-time B-mode imaging guidance of liver anatomy. We
report the design, phantom validation, and clinical evaluation of this system to perform
simultaneous B-mode imaging and LSM. Specifically, the performance of this system
was validated experimentally using tissue-equivalent reference phantoms (ground-
truth: 1.45-75 kPa). Comparative studies against other liver elastography techniques,
including conventional TE and 2D-SWE, were performed to evaluate its reliability and
validity in adults with various chronic liver diseases. Besides, intra- and inter-operator
reliability of LSM were established by an elastography expert and a novice. Additional
research investigating the effect of vibration amplitude on TE was included. Results

showed a good agreement between the Young’s modulus reported by the phantom
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manufacturer and this system (bias: 1.1-8.6%). Among 121 patients, liver stiffness
measured by this system and conventional TE were highly correlated (r = 0.975) and
strongly agreed with each other (mean difference: —0.77 kPa). Inter-correlation of this
system with conventional TE and 2D-SWE was observed. Excellent-to-good operator
reliability was demonstrated in 60 patients (ICCs: 0.824-0.913). Liver stiffness did not
significantly differ between the 1-mm and 3-mm vibration amplitudes (p = 0.121). In
conclusion, we demonstrated the feasibility of employing a fully integrated phased
array probe for reliable and valid LSM, under the anatomic B-mode guidance. This
system represents the first technical advancement toward point-of-care liver fibrosis
assessment. Its small footprint, along with B-mode guidance capability, can improve

examination efficiency and scale up screening for liver fibrosis.

Liver TE is typically performed via an intercostal approach. Although unreliable
and failed results caused by ICS-associated factors, such as excessive subcutaneous
fat, and a narrow ICS relative to the transducer size, and operator inexperience, are
not uncommon, no guideline for ideal probe placement is currently available. In this
connection, investigating the anatomical characteristics of the ICS is of great help to
establish such a standard practice guideline. In Chapter 3, an observational study was
conducted to identify an ideal measurement site and respiratory condition for single-
element-specific TE by the morphological and biomechanical characterization of the
ICSs, using 2D B-mode and elasticity imaging. An additional study was designed to
determine an ideal measurement site for array-specific TE using 3D ultrasound
imaging to characterize intercostal course. Intercostal ultrasound was performed
pointwise at four specific sites in 59 patients to assess the width, stiffness, and SCD
of the ICSs, both under end-inspiratory and end-expiratory conditions. In another

cohort of 30 patients, 3D ultrasound measurements were taken of the width-change
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and angle of the ICSs. Intersections between the 8™ ICS and anterior axillary line, the
7" ICS and anterior axillary line, the 8" ICS and mid-axillary line, the 7" ICS and mid-
axillary line, were defined as Sites 1 to 4, respectively. Results showed that the less
angular and less irregular ICSs lie at Sites 3 and 4 and Sites 2 and 3, respectively.
Greater intercostal width was found at Sites 2 and 3, and associated with male, SCD
and BMI. Intercostal stiffness was lower at Sites 3 and 4, with height as the only
determinant. Sites 2 and 3 exhibited a shorter SCD, indicating a thinner abdominal
wall. The ICSs were significantly wider and stiffer at end-inspiration, in comparison
with end-expiration. Additionally, the liver was more easily visualized at Sites 1 and 3.
In conclusion, we recommend Site 3 for TE probe placement owing to its greater width,
lower width-change, greater angle, lower stiffness, and smaller abdominal wall
thickness. Performing TE at end-inspiration is preferred to minimize transducer-rib
interferences. This study paves the way towards a standardized TE examination
procedure. Protocol standardization for TE can aid in reducing invalid results,
improving examination efficiency, and facilitating its use by non-specialists. This is also
the first study to demonstrate the feasibility of utilizing 3D ultrasound imaging to study
the ICSs, specifically to characterize their anatomical course. Our findings are
applicable not only to conventional TE with a single-element transducer but also to TE

based on array transducers.

Liver TE is typically performed with patients in the supine position. However,
fibrosis degree is not the sole determinant of liver stiffness, necessitating the
identification of relevant confounders. It remains unclear whether normal daily
postures interfere with liver stiffness irrespective of fibrosis. In Chapter 4, a
prospective two-group comparison study was conducted to investigate the relationship

between posture and LSM. Sixty-two adults with liver stiffness ranging from 3.5 to 38.2
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kPa participated and were assigned into two groups: patients with chronic liver disease
and healthy controls. Both groups were assessed using TE under the supine, seated,
and standing postures. A two-way mixed ANOVA was applied to assess the posture-
dependence of LS and its variations between two groups. Results showed that posture
differentially affected LS depending on the presence of liver fibrosis. In 31 healthy
individuals, a transition from the supine to seated (p = 0.036) or standing (p = 0.002)
positions increased LS, indicating liver stiffening. Conversely, in 31 patients with
varying fibrosis stages, posture decreased LS from the supine to seated (p < 0.001)
or standing (p = 0.001) positions. No significant difference in LS was observed
between the seated and standing positions in both groups. Additionally, different
postures did not elicit significant changes in the success rate (p = 0.117) and
IQR/median value (p = 0.258), implying no impact on both measurement feasibility
and reliability. In conclusion, we demonstrated the feasibility of utilizing upright
postures as an alternative measurement protocol for TE. Daily physiological activity of
postural changes suffices to alter LS. The observed postural dependency of liver

stiffness emphasizes the need for standardizing body positioning for TE.

In summary, this thesis endeavours to achieve the technical improvement and

procedural standardization of TE, which can provide new insights into addressing

challenging cases and scaling up liver fibrosis assessment. Specifically, the key

findings presented may advance TE technique in the long run, ultimately eliminating

the failure and unreliable results, alleviating the training burden of TE practitioners,

and_streamlining the examination procedure in clinics. Figure 5-1 schematically

summarizes the background, key findings, and significance of the thesis work as a

whole.
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Easing Liver Fibrosis Assessment by Downsizing, Imaging Guidance,

& Standardization of Transient Elastography Procedure

Transient elastography

3D-US | Elastography |

Examination
standards 4

(1) Ideal breathing
(2) Ideal posture
(3) Ideal site ...

Low efficiency X High failure rate X

I Anatomic guidance ¥ |

Training burden® & Unreliable result®

Figure 5-1. Graphical abstract of the thesis summarizing the research territory, clinical problems, methodologies, and main

findings.
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5.2 Novelty of the Studies

The thesis has made the following contributions to the field of ultrasound

elastography assessment for liver fibrosis:

I.  Chapter 2 is the first to report on the engineering prototyping of TE in a fully

integrated, wireless probe setting.

[I. Chapter 2 demonstrates the use of phased array transducers to allow for B-

mode guided TE in real-time.

lll.  Chapter 2 is the first to demonstrate the feasibility of real-time sector B-mode

imaging as procedural guidance for TE.

IV. Chapter 2 utilizes a head-to-head comparison design, supporting the feasibility,
reliability, and validity of this newly introduced array-based TE as a liver

elastography technique.

V. Chapter 2 is the first to report the incorporation of POCUS into TE, representing

a pioneering technical advancement toward point-of-care fibrosis assessment.

VI. Chapters 3 and 4 fill a gap in the literature by providing evidence-based
guidelines for a streamlined, standard practice of liver TE, including a specified
measurement site, respiratory condition, and body positioning. A standardized
measurement protocol was first established to improve the success and

efficiency of the examination procedure.

VII.  Chapter 3 is the first work to investigate the relevance of intercostal anatomy
in the context of liver elastography and to employ intercostal elastography of

the ICS overlying the liver.
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VIII.

XI.

Chapter 3 pioneers the use of 3D ultrasound for imaging the rib cage and

associated ICS.

Chapter 4, for the first time, compares the effects of supine versus upright (i.e.,
seated or standing) postures on liver stiffness as well as on the feasibility and

reliability of TE.

Chapter 4 unravels a previously unrecognized role of transitioning between

different postures in confirming diagnoses of liver fibrosis versus its absence.

Chapter 4 highlights the potential of adopting readily available non-supine
postures as alternatives for TE. Yet, liver stiffness results must be interpreted

cautiously, as they are influenced by specific postural conditions.
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5.3 Suggestions for Future Research

The limitations and proposed future directions of the three main studies are
specified in each of the corresponding sections of Chapter 2.5, Chapter 3.5 and
Chapter 4.5. Building upon this thesis, future efforts will consolidate an evidence-
based measurement protocol for TE to enhance diagnosis accuracy, measurement
guality, and procedural efficiency. Herein, recommendations for additional research

directions are summarized as follows.

5.3.1 Development of Multi-Dimensional TE for Liver Fibrosis Heterogeneity

Assessment

Despite that hepatic fibrogenesis is often considered a diffuse state, spatial
distribution can be inhomogeneous. Heterogeneity in liver fibrosis has long been a
matter of speculation. In one MRE study [194], the heterogeneous stiffness distribution
was analysed via 3D reconstruction of elastograms. The findings further revealed a
discordance between and MRE-based and histological fibrosis staging. This clinical
appearance can bias a diagnostic result, while relevant research is scarce. Currently,
the method available for assessing this hypothesized condition is lacking. The gold
standard of liver biopsy is invasive, making it unethical and unsuitable for sampling a
liver specimen from different sites. While 2D-SWE provides a 2D stiffness map of the
liver, it potentially contains misleading information due to the reverberation artifact.
Lefebvre et al. [143] pointed out the underlying spatial heterogeneity of fibrosis
possibly contributing to lesser diagnostic performance and higher unreliable rates. The
1D-TE lacks the capability to map the Young’'s modulus and it only reports a single
value corresponding to the Young’'s modulus of a 40-mm liver tissue length. To further

validate the assumption that liver fibrosis is not necessarily uniform, a system capable
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of characterizing fibrotic tissue distribution over a larger liver region is required.

Future works should focus on developing a multi-dimensional TE for ultrasound
assessment of heterogenous stiffening. The extension from existing 1D-TE to 2D-TE
will be a direction for future research (Figure 5-2). Owing to the 32-element array
configuration that introduced in Chapter 2, simultaneous RF acquisition from multiple
scan lines opens the possibility for LSM at multiple locations. By using two arrays of
transducers arranged orthogonally, the exact location of intra-hepatic tissue under
LSM can be precisely recorded on anatomic B-mode images. This facilitates the
visualization of the spatial distribution of the Young’s modulus throughout the liver that
can better reflect the fibrosis state. In this regard, potential under-staging or over-
staging of fibrosis severity can be alleviated. Such a modification signifies a TE
advancement, because it transforms the single-value nature into a multi-dimensional
measurement to improve examination efficiency and reduce sampling error. 3D-TE
will be possible by steering the ultrasound beam towards different locations to conduct

TE measurements, while the liver keeps moving with periodic breathing (Figure 5-2).

,—~ Orthogonally
arranged array A

,—~ Orthogonally
arranged array B

[ERE] I |
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Figure 5-2. Schematic illustrations of future research on multi-dimensional TE

(©)

development. (A) Orthogonal configuration design of multi-element array; (B) 2D-TE;

(C) 3D-TE.

In a future performance analysis, this system will be validated against phantoms
with multi-layered elasticity or with individual inclusions of varying elasticity values. A
large-scale clinical trial will be also necessary to evaluate its reliability and validity.

Furthermore, a measurement protocol needs to be newly established. By employing
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this system, clinical practitioners may visualize the distribution patterns of liver fibrosis
over a larger parenchymal region, which facilitate an accurate staging. Additionally,
researchers may gain new insights into the onset mechanism of how fibrotic tissues

affect the liver.

5.3.2 Stiffness Difference Between the Left and Right Lobe

Traditionally, TE is performed via the right intercostal approach to assess a specific
portion of the right liver lobe only. However, studies using ARFI measurements in the
left liver lobe elicited significantly higher stiffness values and showed more variability
than those in the right lobe [53, 195, 196]. Measuring the stiffness of the smaller-sized
left lobe is challenging with conventional TE, probably due to the lack of anatomical
imaging guidance and interference from the nearby palpating heart. It remains
unknown whether liver stiffness differs between the two lobes of the liver. Moreover,
the feasibility of performing TE in the left lobe is yet to be proven. A potential difference
in stiffness between two lobes likely causes the mis-diagnosed cases of liver fibrosis.
Future research will be conducted to assess the inter-lobe difference, using the B-
mode guided TE. This information will contribute to the establishment of a
standardized TE examination procedure for selecting the intra-hepatic measurement

location.

5.3.3 Effect of the Number of Measurements on TE Accuracy

Traditionally, TE is performed ten times to arrive at a median value representing
the Young’s modulus of the liver. This practice is essential for several reasons. Firstly,
the liver stiffness may vary across different intra-hepatic locations due to the
heterogeneity of hepatic fibrosis. Thus, multiple LSMs ensure that the final median

result accurately reflects the liver as a whole. Secondly, conventional TE lacked real-
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time image guidance during LSM, potentially increasing the likelihood of unreliable
elastogram acquisitions. The use of the median calculation mitigates the impact of
these measurement errors. While theoretically, increasing the number of repeated
measurements could enhance the accuracy of the final result, it will reduce
examination efficiency. Although this practice is well-established, little research has
compared the diagnostic accuracy of taking fewer than ten measurements. Future
developments of 2D- or 3D-TE have the potential to simultaneously perform multiple
LSMs to map the distribution of liver stiffness. While streamlining the examination

procedure of TE, this grouped measurement strategy warrants further investigation.

Future research should determine if a minimum of three to five individual or
grouped measurements suffices to accurately assess liver fibrosis and compare the
corresponding reliability criteria. The diagnostic performance of various measurement
combinations and strategies will be evaluated by calculating the AUROC, using liver
biopsy as the reference standard. These findings will refine the existing examination
standard, which currently requires ten exact acquisitions, and develop a cost-effective

measurement protocol to streamline the procedure of TE.
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