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Preface to the First Edition

When asked by Springer Nature to publish a first-time book on liver stiffness and its 
clinical interpretation, I have been enthusiastic from the very beginning. Bedside 
measurement of liver stiffness by elastography, namely transient elastography, has 
been a breathless and inspiring journey since its first start in 2003. At this time, 
nobody could foresee that this rapid and noninvasive technique would not only dras-
tically improve our abilities to screen patients for liver fibrosis, but also change and 
is still changing the daily management of patients with liver diseases. Without any 
exaggeration, it has become a silent but fascinating revolution in hepatology and 
can be considered essential for diagnosing and managing liver diseases today. 
Moreover, it has helped to rethink hitherto still poorly understood fundamentals of 
liver diseases, namely the pathology of cirrhosis and the role of pressure-related 
mechanisms.

In this first comprehensive book entitled Liver Elastography: Its Clinical Use 
and Interpretation, the major advances are presented by technical pioneers and clin-
ical experts for a broad readership. The book is not only considered to be a first 
summary of our present knowledge, but also thought to identify unresolved prob-
lems and to provide future directions. Care has been taken to provide clinicians with 
practical algorithms and knowledge for daily usage and interpretation.

I owe gratitude not only to the many colleagues who have enthusiastically pre-
pared the various chapters in time. This is also the moment to thank Laurent Sandrin, 
the inventor of transient elastography, for an intensive and inspiring journey over a 
decade between the edges of physics and medicine and a true franco-allemand 
friendship. I would also like to thank my Heidelberg team, especially Vanessa 
Rausch, Tessa Peccerella, Felix Piecha, Christian Dietrich, Gunda Millonig, and 
Johannes Mueller, for their support over many years. Special thanks go to Omar 
Elshaarawy who has supported me through many critical discussions, cross- reading, 
and suggestions. This is also the time to thank the Dietmar Hopp Foundation and the 
employees of Salem Medical Center for their long-standing support of my clinical 
studies and basic research projects that formed the basis of this book.
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I would also like to thank Mrs. Evgenia Koutsouki and Mr. Anand Shanmugam 
from Springer Nature for their continued encouragement and the very pleasant and 
supportive interactions over the last 2 years.

Finally, I am deeply grateful to my wife Ana for her strong support, understand-
ing, and tolerance for such a huge and long-term endeavor. The book is dedicated to 
her and my children Julian and Ainhoa.

Heidelberg, Germany  Sebastian Mueller 
November 13, 2019
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Chapter 1
Introduction to Liver Stiffness:  
A Novel Parameter for the Diagnosis 
of Liver Disease

Sebastian Mueller

 Introduction

This is the first comprehensive book on liver stiffness, its usage, and clinical inter-
pretation after a 15-year-long worldwide inspiring and intensive experience. It has 
been written for both newcomers and experienced users. Likewise, it should be edu-
cative for experts in various technical, biological, medical, and clinical areas. It is 
supposed to provide an overview demonstrating established findings but also to 
highlight points of controversies while I have taken the freedom to draw potential 
solutions to my best knowledge. It should also provide great support in daily clinical 
practice, and, pave the way for future directions.

Although liver cirrhosis is a major health care problem worldwide, the diagnosis 
of this deadly disease has been a challenge and it still is in many parts of the devel-
oped world. One problem is the fact that chronic liver diseases are typically asymp-
tomatic, present with almost normal laboratory tests and ultrasound imaging to 
general practitioners and normally slowly progress to cirrhosis over many years. 
Cirrhosis is then typically unmasked after decompensation (ascites, encephalopa-
thy, bleeding, jaundice) or occasionally in routine lab test or by ultrasound. The 
diagnosis is further complicated by the fact that so-called typical or sure signs of 
cirrhosis are often normal in imaging analysis. For these reasons, cirrhosis remains 
highly underestimated by health care statistics and clinicians.

In this context, the introduction of ultrasound-based transient elastography (TE) 
using Fibroscan® in 2003 has revolutionized the diagnosis of liver diseases, namely 
liver cirrhosis [1]. Meanwhile, many alternative techniques such as acoustic radia-
tion force imaging (ARFI), two-dimensional shear wave elastography (2D-SWE), 
or magnetic resonance elastography (MRE) have been pushed forward.  

S. Mueller (*) 
Department of Medicine and Center for Alcohol Research and Liver Diseases, 
Salem Medical Center, University of Heidelberg, Heidelberg, Germany
e-mail: sebastian.mueller@urz.uni-heidelberg.de
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Figure  1.1 demonstrates the still increasing publication rate on liver stiffness in 
scientific databases, now reaching more than 1500 articles. While there has been a 
lot of excitement about the evolution of liver stiffness measurements, it remains 
paradox while it has taken so long to technically assess the stiffness of the liver. A 
closer look, however, reveals that manual palpation of the liver dates back at least to 
1500 BC, with the Egyptian Ebers Papyrus and Edwin Smith Papyrus both giving 
instructions on diagnosis with palpation (see Table  1.1). In ancient Greece, 
Hippocrates gave instructions on many forms of diagnosis using palpation, includ-
ing palpation of the wounds, bowels, ulcers, uterus, skin, and tumors. In the modern 
Western world, palpation became considered a respectable method of diagnosis in 
the 1930s. Many basic physiologically parameters have been initially addressed in 
the nineteenth century during evolution of experimental modern physiology with 
first continuous blood pressure recording by Carl Ludwig [8] or the noninvasive 
assessment of arterial blood pressure by Riva-Rocci [9]. Other prominent examples 
of tissue stiffness are the arterial wall stiffness during progression of atherosclero-
sis, its association with pulse wave speed [10], the compliance and function of lungs 
[11] and, of course, the palpation of the liver during a medical examination since 

Table 1.1 History of elastography

Year What Reference

1500 BC Manual palpation Egyptian Ebers and Edwin 
Smith Papyrus

Ancient 
Greece

Palpation of breast, wounds, bowels, ulcers, 
uterus, skin, and tumors

Hippocrates

1970s Strain imaging named elastography [2]
1970s Ultrasonic assessment of tissue elasticity [3]
1987 Ultrasound propagation in anisotropic soft 

tissues
[4]

2000 MRE [5]
2003 TE [1]
2004 SWE [6]
2008 ARFI [7]
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Fig. 1.1 Annual rate of 
published articles 
(PUBMED) on liver 
stiffness (LS) and 
controlled attenuation 
parameter (CAP) by 
February 2020 since 
their first publications 
(arrows)

S. Mueller
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ancient times. First electric methods to assess tissue stiffness have been reported ca. 
100 years ago while measuring skin stiffness [12]. The sophisticated ultrasound 
techniques and on-time shear wave speed measurements have required an evolution 
of electronics that have prevented the earlier introduction of liver stiffness measure-
ments. Although MRE has been already introduced in the early 2000s, its high 
costs, complex technique, and interpretation did not allow a more widespread 
use [13].

In 2003, Sandrin introduced TE [1] which rapidly became the first true non-
invasive bedside procedure to measure LS and screen for fibrosis. It is now clear 
that elastographic techniques add a new dimension to ultrasound which has 
been a highly important technology in improving diagnosis and point of care in 
medicine starting from monitoring of pregnancy complications, diseases in inter-
nal medicine, and many others. As shown in Fig. 1.2, with elastography, ultra-
sound not only provides images of anatomical structures, blood flow (Duplex) 
but pathophysiological activities such as pressures, inflammation, and even 
metabolism. This new dimension of elastography and stiffness should be readily 
conceived and its association with perfusion, tissue structure, and pressure is 
further highlighted in Fig. 1.3. The liver, probably due to its easy accessibility, 
has now evolved as the first role model organ for stiffness measurements and it 
is quite clear that important findings can be also transferred to other organs. 
Although the term organ stiffness may sound quite straight forward and simple, 

Duplex/
Doppler
vessels

Elastography

quantitative relative

Feel/palpate

Images/morphology
Ultrasound

Pressure, function,
Metabolism, inflammation

Stiffer vs
softer

Shear wave elastography
e.g. TE, 2D-SWE, MRE, VTQ/ARFI

Strain elastography
e.g. real time elastography

Fig. 1.2 Ultrasound-based elastography provides novel bedside information on function and pres-
sure next to other ultrasound-based information such as imaging and duplex. The measured stiff-
ness not only detects fibrosis stage many years before manifestation of cirrhosis but is a highly 
sensitive surrogate marker of (patho)physiological activities of liver tissue including function, pres-
sure, metabolism, and inflammation. For more details on elastographic techniques see also 
Appendix Table A.2

1 Introduction to Liver Stiffness: A Novel Parameter for the Diagnosis of Liver Disease
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a rather complex  area of physics is entered that requires cross-disciplinary 
thinking. As a result of last 15 years of liver stiffness measurements, a more 
sophisticated interpretation of LS requires some basic knowledge about the 
physics behind LS and its measurement through shear wave assessment. Material 
stiffness, however, has a long and important foundation not only in material 
physics but also engineering. Table 1.2 shows a list of various stiffness values 
from the living and nonliving world and spanning an incredible huge range. 
Accordingly, liver can be considered a rather soft tissue.

This book is not limited to TE but will focus on it for one simple reason: TE has 
been the first true bedside technique to reproducible screen for liver fibrosis. It has 
an excellent interobserver variability, small sampling error, and good reproducibil-
ity. Moreover, these properties have allowed to easily validate findings between dif-
ferent centers and countries, and it has been the major technique to collect first time 

Table 1.2 Stiffness of 
various materials and 
living tissues

Tissue/material Stiffness

Fat tissue 0.7 kPa
Brain, gray matter 1.4 kPa
Brain, white matter 1.9 kPa
Liver 4 kPa
0.3% Gelatin hydrogel 6 kPa
Kidney 6–20 kPa
Spleen 13–20 kPa
Elastin 500–600 kPa
Skin 600 kPa
Rubber 1000–1400 kPa
Collagen 1 GPa
Wood 10 GPa
Bone 18 GPa
Concrete 47 GPa
Aluminum 70 GPa
Carbonated apatite 70 GPa
Steel 210 GPa
Diamond 1200 GPa

Pressure
Static/dynamic

Perfusion
Blood viscosity,

vessel contraction,
cardiac output etc.

Fibers, cytoskelet etc.
Tissue structure

Liver
stiffness

Fig. 1.3 Fundamental 
dependence of liver 
stiffness on perfusion, 
tissue structure, and 
pressure

S. Mueller
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experience in the confounders of stiffness elevation. In fact, it is no  exaggeration to 
state that TE meanwhile serves as hidden novel gold standard when validating novel 
alternatives. We should also not forget that in many healthcare structures worldwide, 
gastroenterologists are not performing abdominal ultrasound by themselves but refer 
patients to e.g., radiologists. The technique of TE, however, has enabled liver stiff-
ness measurements even for non-sonographers, which is an important step forward 
in terms of integrated patient care. With regard to worldwide screening strategies for 
liver fibrosis, it still remains open where technically developments will lead us and 
at which cost. Here, Appendix Table A.1 provides a rough and not complete over-
view about factors to be considered for using different methods as screening tools.

LS has been proven as an excellent surrogate marker of advanced fibrosis (F3) 
and cirrhosis (F4) outscoring all previous noninvasive approaches to detect cirrho-
sis. LS values below 6  kPa are considered as normal and exclude ongoing liver 
disease. LS of 8 and 12.5 kPa represent generally accepted cut-off values for F3 and 
F4 fibrosis. Moreover, LS highly correlates with portal pressure and predicts com-
plications such as esophageal varices, HCC, or survival. These settled cut-off values 
have proven highly valuable and effective for screening strategies, follow-up strate-
gies after therapy, etc. Importantly, based on LS, effective decisions and recommen-
dations can be made to patients and important information for the management of 
health care systems are expected:

 1. Thus, at a very early asymptomatic state, patients can be screened for esophageal 
varices or HCC which is now the most common and severe complication in cen-
tral Europe.

 2. There are indications that LS measurements can have a direct impact on the 
patient’s compliance e.g., for controlling alcohol consumption, losing weight, 
and following other treatment recommendations.

 3. It is expected that true prevalence data of cirrhosis will be obtained for general 
populations for the first time.

 4. There are clear indications that LS per se can become an important parameter 
that does not necessarily need to be translated e.g., into histology scores. First 
survival data seem to confirm this.

 5. It is also expected that LS measurements will optimize the management of liver 
involvement in other areas such as cardiology (right heart failure), intensive care 
medicine, gynecology (preeclampsia), hematology (hepatic manifestations), and 
surgery (preoperative assessment).

One of the major four reasons of the success of TE is:

 1. It is rapidly measured within less than 5 min.
 2. It is noninvasive.
 3. It has a low sample error allowing for follow-up measurements.
 4. Both technical artifacts or clinical confounders other than fibrosis will always 

cause LS elevation but never LS decrease. Consequently, a normal LS excludes 
ongoing liver manifestations and has an excellent negative predictive value.

1 Introduction to Liver Stiffness: A Novel Parameter for the Diagnosis of Liver Disease
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On the other side, it has been rapidly learnt in the last decade that an elevated 
LS should not be taken as manifest liver cirrhosis [14]. Rather and irrespective of 
cirrhosis, it can be due to many other confounding factors such as inflammation or 
pressure changes. While these confounders have caused quite some confusion even 
among experts, it now seems clear that an elevated LS is “in any way an unfavor-
able prognostic sign.” This is a clear indication that LS measurements will play an 
increasing role in the future even in the GP or nurse care setting or potentially even 
in self-diagnosis settings for screening purposes. At the moment, this is limited by 
the costs, but will quickly become more affordable with the more widespread use 
and commercial competition.

This book tries to cover all aspects in the most comprehensive way. It is divided 
into major book sections I-X (techniques, etiologies, confounders, algorithms, 
future directions, etc.). Some redundancies between chapters have been intention-
ally left to underline the different perspectives. Book section VII is specifically writ-
ten for the usage of LSM in daily clinical practice including a chapter of patient 
cases that demonstrate the usefulness of LSM even in previously unforeseen clinical 
situations.

On a personal note, I have been especially happy being able to include section 
VIII on the “Molecular basis of liver stiffness and cell biology.” These chapters look 
far into the future and summarize the present knowledge of molecular mechanisms 
behind the “clinical parameter” liver stiffness. In addition, there are exciting and 
first indications that liver stiffness and its physiological correlate “sinusoidal pres-
sure” seem to be one of the major driving forces of fibrosis progression [15].
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Chapter 2
Liver Stiffness and Its Measurement

Sebastian Mueller

 What Is Stiffness?

Stiffness is the extent to which an object resists deformation in response to an 
applied force and it is given in Pascal (Pa). The complementary concept is flexibility 
or compliance e.g., lung compliance which is given in 1/Pa. Stiffness and compli-
ance are connected by the following simple equation: Stiffness  =  1/compliance. 
Table 2.1 provides the definitions of some important biomechanical parameters. The 
stiffer a tissue is the less compliant it is. For an elastic body with a single degree of 
freedom (for example, a metal spring, see Fig. 2.1) stretching of this spring, the 
force expressed in Newton is defined as: Force = stiffness × displacement (F = k × x) 
where displacement x is the displacement (in meter) produced by the force along the 
same degree of freedom (for instance, the change in length of the depicted stretched 
spring) and the stiffness is the spring stiffness usually expressed in Newton per 
meter. In Appendix Fig. A.1 more common equations and symbols are discussed. It 
should be noted that a displacement can occur along multiple degrees of freedom 
e.g., the x, y, and z coordinates. Figure 2.2 shows the resulting moduli whether it is 
resulting from extension (Young’s modulus E), shear stress (shear modulus G or μ), 
or compression (bulk modulus K or λ). Different symbols are sometimes used 
throughout the literature. The term modulus is derived from the Latin word “modus” 
which means measure. The two most important elastic moduli are the Young’s and 
the shear modulus, which can be only obtained for solids. In contrast, the bulk 
modulus can be given for all matter states: solids, liquids, and gases. The shear 
modulus is also called rigidity. With the assumption of a homogenous, isotropic, 
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and purely elastic tissue, soft tissue like liver tissue shows a simple relation between 
Young’s modulus and shear modulus which is E = 3G. More details are provided in 
the appendix but are not needed for understanding basic principles of LS 
measurement.

Table 2.1 Important biomechanical parameters

Parameter Description

Elasticity The ability of a body to resist a distorting influence and to return to its original 
size and shape when that influence or force is removed. Units are Pascals = Pa

Stiffness Stiffness is the extent to which an object resists deformation in response to an 
applied force. Units are Pa

Compliance Compliance is the opposite of stiffness. Units are 1/Pa
Strain Strain is a description of deformation in terms of relative displacement of 

particles in the body that excludes rigid-body motions
Elastic 
deformations

Deformations which are recovered after the stress field has been removed

Plastic 
deformation

remain even after stresses have been removed. Occurs in material bodies after 
stresses have attained a certain threshold value known as the elastic limit or yield 
stress, and are the result of slip, or dislocation mechanisms at the atomic level. 

Viscous 
deformation

Another type of irreversible deformation, which is the irreversible part of 
viscoelastic deformation

Viscosity Viscosity of a fluid is a measure of its resistance to deformation at a given rate; 
SI unit of dynamic viscosity is the pascal-second (Pa s) and the opposite is 
fluidity. Irreversible energy loss

Force Force = Stiffness Stiffness * Displacement

Force

Displacement 

Fig. 2.1 Stiffness of a 
metal spring

S. Mueller
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 General Considerations About Stiffness and Other 
Biomechanical Terms

The stiffness of a structure is of principal importance in many engineering applica-
tions and often a primary property for material selection. In biology, the stiffness of 
the extracellular matrix is important for resisting forces such as pressure or for guid-
ing the migration of cells in a phenomenon called durotaxis. Another application of 
stiffness finds itself in skin biology. The skin maintains its structure due to its intrin-
sic tension, contributed to by collagen, an extracellular protein which accounts for 
approximately 75% of its dry weight [1]. The pliability or simplified softness of 
skin is a parameter that represents its firmness and extensibility, encompassing char-
acteristics such as elasticity, stiffness, and adherence. In traumatic injuries to the 
skin, the pliability can be reduced due to the formation and replacement of healthy 
skin tissue by a pathological scar which can be assessed e.g., by using a cutometer. 
This device assesses stiffness by applying a vacuum to the skin to measure the 
extent to which it can be vertically distended [2].

While elasticity describes just the ability of a body to return to its original size 
and shape after removal of the force, stiffness includes the information about the 
necessary force to achieve a certain displacement. In contrast, viscosity of a fluid is 
a measure of its resistance to deformation at a given rate. For liquids, it corresponds 
to the informal concept of “thickness”: for example, syrup has a higher viscosity 
than water. Viscosity can be seen as quantifying the frictional force that arises 
between adjacent layers of fluid that are in relative motion. A fluid that has no resis-
tance to shear stress is known as an ideal or inviscid fluid. Zero viscosity is observed 

Elongation/
Stretch force CompressionShear force

Young‘s modullus E Bulk modulus KShear modulus G

Force

Elastic
Modulus

E=3*G

Fig. 2.2 Comparison of different forces, resulting moduli used for stiffness measurements
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only at very low temperatures in superfluids. Superfluidity is the characteristic prop-
erty of a fluid with zero viscosity which therefore flows without loss of kinetic energy.

Since tissues like liver tissue is composed in a complex manner including fluids, 
their viscosity adds to the biomechanical properties as will be briefly discussed in 
Part VIII “Molecular basis of liver stiffness and cell biology.” In addition, stiffness 
is affected by many other factors. For instance, the stiffness of a spring, as shown in 
Fig. 2.1, is affected by five major factors: material, length and thickness of spring, 
diameter of coils, and arrangement of springs. In contrast tissue stiffness is more 
complex in biological organs as multiple structures, filaments, membrane boundar-
ies, and other structures such as water phase and fat have an effect on it. Moreover, 
the stiffness properties are modulated at the cellular, intracellular, and super cellular 
level by viscous and other elastic aspects that are still largely unexplored (see Part 
VIII). Viscosity and other tissue properties will also affect the ultimately measured 
stiffness (see Fig. 2.3).

 General Strategies to Measure Tissue Stiffness

To measure or image the tissue stiffness, its behavior needs to be analyzed when 
deformed in response to a distortion/mechanic stress such as we do it by palpating 
an unknown body with our fingers. There are several ways to induce mechanical 
stress (Fig. 2.4) and, principally, two mechanical solicitations are possible which is 
either static or dynamic. Static approaches pushing/deform while dynamic solicita-
tions apply, e.g., a vibration of the surface of the liver with a probe. These distor-
tions can also be created by normal physiological processes, e.g., pulse, breathing 
movements, or heartbeat. The dynamic excitation can be over a short time period, 
which is then called transient, or it can be a continuous vibration which is often 
called harmonic excitation. Second, radiation force of focused ultrasound can be 
used to remotely create a mechanical solicitation inside the tissue. This can be done 
in normal direction and with a single or multiple focal zones (pSWE vs 2D-SWE).

Material
(tissue)

properties

Measured tissue stiffness

Degree of
freedom

(measured)

Forces
applied

Applied
Excitation frequency

Viscosity of
Tissue liquids

Geometrics
of tissue

Fig. 2.3 Factors affecting 
stiffness
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The response of the tissue, the strain, or displacement, needs then to be observed 
(Fig. 2.5). The primary way through which elastographic techniques are categorized 
is by the type of imaging used to record the response whether it is ultrasound, mag-
netic resonance imaging (MRI), or pressure/stress sensors in tactile imaging using 
tactile sensors. In addition, the tissue response can be observed at various dimen-
sions e.g., simply a value (0D), a line (1D), a plane (2D), or the whole volume (3D). 
The result can be conveniently displayed to the operator along with a conventional 
image of the tissue, which overlays the anatomical image with the stiffness map. 

TE 50 Hz
SSI

MRE 60 Hz
pSWEARFI

external
vibration

simple displacement

palpation ARFI

Modes of excitation/stress/force

ARFI
100-500 Hz

shear wave speed

Like SWEI, near-
simultaneous pushes

create shear waves with
supersonic speed
Ultrafast imaging

acoustic radiation
force used to create
shear wave and 2D

image

acoustic radiation
force used to image

2D displacement

External palpation
used to image 2D

displacement

Strain
elastography

3D Shear wave
imaging1D Shear wave

elastography

Fig. 2.4 Elastographic techniques classified by modes of excitation

SSI MRESWEIARFI

Displacement/Strain

by palpation by ARFI

Modes of imaging/reading

Shear wave speed

2D1D 3D

2D

Ultrafast imaging
10.000 frames/s

Strain
elastography

Fig. 2.5 Elastographic techniques classified by modes of reading/imaging
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Most elastography techniques find the stiffness of tissue based on one of two main 
principles: For a given applied force (stress), stiffer tissue deforms (strains) less 
than do softer tissues. Some techniques are able to quantitate the modulus, while 
others can only provide qualitative or relative results. Various techniques have been 
introduced to induce a mechanic shear wave and to determine its velocity. Figure 2.4 
shows the principle of commonly used ultrasound techniques to measure stiffness 
using strain imaging by manual compression, longitudinal wave in the B-Mode, or 
shear wave speed. In addition, tactile imaging involves translating the results of a 
digital “touch” into an image. Many other physical principles have been explored 
for the realization of tactile sensors: resistive, inductive, capacitive, optoelectric, 
magnetic, piezoelectric, and electroacoustic principles, in a variety of configura-
tions [3]. Atomic force microscopy is the todays standard to analyze stiffness in a 
microscopic microenvironment [4]. Table 2.2 provides an overview of types of elas-
tography, the used excitation mode, dimensions, and producers.

 LS Measurement by Strain Elastography

Strain elastography or quasistatic elastography, sometimes also called simply “elas-
tography” for historical reasons is one of the earliest elastography techniques [5]. In 
this technique, an external compression is applied to the tissue, and the ultrasound 
images before and after the compression are compared (Table 2.2, Figs. 2.4, 2.5, and 
2.6). The areas of the image that are least deformed are the ones that are the stiffest, 
while the most deformed areas are the least stiff. Generally, what is displayed to the 
operator is an image of the relative distortions (strains), which is often of clinical 
utility. From the relative distortion image, however, making a quantitative stiffness 
map is often desired. To do this requires that assumptions be made about the nature 
of the soft tissue being imaged and about tissue outside of the image. Additionally, 
under compression, objects can move into or out of the image or around in the 
image, causing problems with interpretation. Another limit of this technique is that 
like manual palpation, it has difficulty with organs or tissues that are not close to the 
surface or easily compressed.

Moreover, the manually or physiologically applied stress is not quantifiable, but 
by assuming uniform normal stress, the measured normal strain provides a qualita-
tive measure of Young’s modulus E and thus tissue elasticity (Fig. 2.2). The strain 
measurements can be displayed as a semitransparent color map called an elasto-
graph, which is overlaid on the B-mode image. Typically, low strain (stiff tissue) is 
displayed in blue, and high strain (soft tissue) is displayed in red. A pseudo- 
quantitative measurement called the strain ratio can be used, which is the ratio of 
strain measured in adjacent (usually normal) reference tissue region of interest 

S. Mueller



19

(ROI) to strain measured in a target lesion ROI. Today, qualitative strain elastogra-
phy which was first introduced by Hitachi is mostly used to detect e.g., stiff nodules 
in large tissues e.g., the liver, thyroid, prostate, or breasts but it performs less well 
when trying to quantitate stiffness.

Table 2.2 Types of elastography: excitation mode, dimensions. and producers

Type of 
elastography Excitation Elastography type Dimension Company/brand

Strain imaging/
elastography

Manual 
compression

Strain elastography 2D
ElaXto 2D Esaote
Real-time elastography 2D Hitachi Aloka
Elastography 2D GE, Philips, 

Mindray
Toshiba, 
Ultrasonix

ElastoScan 2D Samsung
eSieTouch elasticity 
imaging

2D Siemens

Controlled 
compression

Atomic force microscopy 2D Bruker, Hitachi, 
etc.

Acoustic radiation 
force (single focus)

Acoustic radiation force 
impulse (ARFI) strain 
imaging

2D

VirtualTouch imaging 
(VTI/ARFI)

2D Siemens

Shear wave 
imaging/
elastography

Acoustic radiation 
force (single focus)

Point shear wave speed 
measurements (pSWE/
ARFI quantification)

2D

VirtualTouch 
quantification (VTQ/
ARFI)

2D Siemens

ElastPQ 2D Philips
Acoustic radiation 
force (single focus)

Virtual touch image 
quantification (VTIQ/
ARFI)

2D Siemens 2008, 
Philips, Toshiba 
2013, GE

Acoustic radiation 
force (multiple- 
zonated focus)

2D-shear wave 
elastography (2D-SWE) 
or supersonic shear 
imaging (SSI)

2D SuperSonic 
Imagine

Controlled external 
vibration

Transient elastography 
(TE)

1D

Fibroscan® 1D Echosens 2003
Magnetic resonance 
elastography (MRE)

3D Hitachi, Siemens 
etc.

2 Liver Stiffness and Its Measurement
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 Measurement of Liver Stiffness Using Shear Waves

Today, most techniques (ultrasound and MRI) induce shear waves in the liver and 
measure their speed. Shear waves are mechanic waves (see Table 2.3 and Figs. 2.7 
and 2.8) with perpendicular displacement with regard to the direction of wave prop-
agation. In compression waves (also called pressure, compression or density waves) 
like sound waves, the medium displacement occurs along the direction of propaga-
tion (Fig. 2.8). It has to be mentioned that these statements are only true for the so- 
called far field. In the near field, coupling between compression and shear waves 
can occur [6]. Unlike compression waves, the slower shear wave only propagates 
through solid media and in the case of a soft tissue, its speed depends on the elastic 
properties of the tissue, i.e., the tissue stiffness. The shear modulus depends on the 
shear wave speed by G = density × (shear velocity)2. Since the density of liver tissue 
can be assumed with close to 1 it follows for the liver stiffness (Young’s modulus) 
under the assumption of a purely elastic, homogeneous, and isotropic soft tissue: 
E = 3G = 3 (shear wave velocity)2. An overview of the ultrasound techniques that 
use shear waves are given in Tables 2.2 and 2.4. As shown in Fig. 2.9, the shear wave 
can be induced by external vibration with a controlled frequency of usually 50 Hz 
as is the case of liver transient elastography or 100 Hz for spleen stiffness measure-
ments. In this special case, shear waves are followed along the same propagation 

cba

Displacement of
RF echosignal

Before
compression

After
compression 

Strain imaging
Shear wave

imaging

Perpendicular
particle displacement

Shear wave

Propagation direction

Young‘s modullus E
Shear modulus G **

B-Mode
ultrasound

Longitudinal
particle displacement

Propagation direction

Longitudinal wave

Bulk modulus K *

Fig. 2.6 Ultrasound measurement methods for stiffness. In strain imaging (a), tissue displacement 
is measured by correlation of radiofrequency (RF) echo signals before and after compression. In 
B-mode ultrasound (b), particle motion is parallel to the direction of wave propagation, with lon-
gitudinal wave speed related to bulk modulus K (∗ sometimes also λ). In shear wave imaging (c), 
particle motion is perpendicular to the direction of wave propagation in the far field, with shear 
wave speed related to shear modulus G (∗∗ sometimes also μ)
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Table 2.3 Classification of waves

Wave/synonym Definition Example

Mechanical 
wave

Oscillation of matter. Mechanical waves transport 
energy. Can be produced only in media (in contrast to 
electromagnetic waves) which possess elasticity and 
inertia

Water waves, sound 
waves, seismic waves

Electromagnetic 
waves

Electromagnetic waves require no medium, but can 
still travel through one

Radio waves, 
microwaves, infrared, 
(visible) light, 
ultraviolet, X-rays, 
and gamma rays

Body waves Travel through the interior of a body along paths 
controlled by the material properties in terms of 
density and modulus (stiffness). The density and 
modulus according to temperature, composition, and 
material phase. Two types of particle motion result in 
two types of body waves: primary and secondary 
waves

P-wave
Primary waves
Compressional 
waves
Pressure waves

P-wave longitudinally ca. 1.7 times faster than other 
waves hence the name “Primary.” In air, they travel at 
the speed of sound. Typical speeds are 330 m/s in air, 
1450 m/s in water, and about 5000 m/s in granite

Sound waves

S-wave
Secondary waves
Transverse 
waves

S-waves are shear waves displace the ground 
perpendicular to the direction of propagation. 
S-waves can travel only through solids, as fluids 
(liquids and gases) do not support shear stresses. 
S-waves are typically around 60% of that of P-waves 
in any given material

Surface waves Surface waves travel along a surface e.g., earth or 
water. They are a form of mechanical surface waves 
and diminish as they get further from the surface. 
They travel more slowly than P and S-waves

Mechanic

Require medium

Electromagnetic

Waves

Require no medium

Compression waves Shear waves

Surface waves

Longitudinal displacement Transversal displacement

Fig. 2.7 Classification of waves. Note that in reality waves can be of mixed type (e.g., compres-
sion and shear waves) and this depends on the distance from the excitation/solicitation (near field 
versus far field)
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Compression waveLongitudinal
particle

displacement

Shear wave

Perpendicular
particle

displacement

Fig. 2.8 Compression versus shear wave (in the far field)

Table 2.4 Comparison of the different ultrasound-based shear wave elastographic techniques

1D-TE pSWE 2D-SWE

Excitation Dynamic stress by a 
mechanical vibrating 
device

Dynamic stress by 
ARFI in normal 
direction and single 
focal location

Dynamic stress by ARFI in 
normal direction and with 
multiple focal zones

Shear wave 
measurement

Shear waves measured 
parallel to excitation

Shear waves 
measured 
perpendicular to 
plane of excitation

Shear waves measured 
perpendicular to plane of 
excitation

Modulus Shear wave speed 
converted to E

Shear wave speed 
converted to E, but 
often the shear wave 
speed is given

Multiple focal zones are 
interrogated in rapid succession 
faster than shear wave speed 
allowing real-time monitoring 
of shear waves in 2D, shear 
wave speed converted to E

Positioning Operator selects area 
using time motion 
ultrasound

Operator can use 
B-mode to visualize 
ROI

Operator can use B-mode to 
visualize ROI

Image? No image No image Quantitative shear wave images
Guidance Stiffness estimated 

along ultrasonic A line 
in a fixed region, no 
image guidance, but 1D 
B-mode guidance

Performed on 
conventional 
ultrasound machine 
with standard 
probes

Operator has both anatomical 
and tissue stiffness information

History First system 
commercially available 
in 2005, most widely 
used and validated for 
liver fibrosis

Available since 
2008, multiple 
organs

Newest SWE methods, multiple 
organs
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direction as the compression waves. The shear wave speed is then tracked by linear 
monochromatic ultrasound imaging.

 Transient Elastography (TE)

TE was initially called time-resolved pulse elastography [7], when it was introduced 
in the late 1990s. TE was the first commercially available method to measure LS 
and is to date the most widely used and validated technique to assess liver fibrosis. 
TE was introduced by Echosens/Paris under the brand Fibroscan®, and many clini-
cians simply refer to transient elastography as “Fibroscan®.” The technique relies on 
a transient mechanical vibration which is used to induce a shear wave into the tis-
sue. The propagation of the shear wave is tracked using ultrasound in order to assess 
the shear wave speed from which the Young’s modulus is deduced under the assump-
tion of homogeneity, isotropy, and pure elasticity. Transient elastography gives a 
quantitative one-dimensional (i.e., a line) image of tissue stiffness. The progression 
of the shear wave is imaged as it passes deeper into the body using a 1D ultrasound 
beam. The ultrasound images per time are then displayed in a two-dimensional dia-
gram which is called shear wave propagation map or elastogram. From the elasto-
gram, the shear wave speed is automatically derived with software-based algorithms 
and converted into the Young’s modulus. An important advantage of TE compared 
to harmonic elastography techniques is the separation of shear waves and compres-
sion waves. A specific implementation of 1D-TE called VCTE has been developed 
to assess the average liver stiffness which correlates to liver fibrosis assessed by 
liver biopsy [8]. This technique is implemented in the Fibroscan® which can also 
assess the controlled attenuation parameter (CAP) parameter which is good surro-
gate marker of liver steatosis (see Part VI).

Shear wave

Faster compression wave

External
excitation

Transducer

Focal point

Shear wave
Faster compression wave

Ultrasound beam

a b

Fig. 2.9 Shear wave excitation by (a) external excitation or (b) acoustic radiation force excitation
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 Acoustic Radiation Force Impulse Imaging (ARFI)

ARFI [9] uses ultrasound to create a qualitative two-dimensional map of tissue stiff-
ness. It does so by creating a “push” inside the tissue using the acoustic radiation 
force from a focused ultrasound beam. The amount the tissue along the axis of the 
beam is pushed down is reflective of tissue stiffness; softer tissue is more easily 
pushed than stiffer tissue. ARFI shows a qualitative stiffness value along the axis of 
the pushing beam. By pushing in many different places, a map of the tissue stiffness 
is built up. ARFI can be used both in a strain elastography setting or to generate 
shear waves (see Table 2.2).

 Shear Wave Elasticity Imaging (SWEI)

In SWEI, similar to ARFI, a “push” is induced deep in the tissue by acoustic radiation 
force. The disturbance created by this push travels sideways through the tissue as a 
shear wave. By using an image modality like ultrasound or MRI to see how fast the 
wave gets to different lateral positions, the stiffness of the intervening tissue is inferred. 
Since the terms “elasticity imaging” and “elastography” are synonyms, the original 
term SWEI denoting the technology for elasticity mapping using shear waves is often 
replaced by SWE. The principal difference between SWEI and ARFI is that SWEI is 
based on the use of shear waves propagating laterally from the beam axis and creating 
elasticity map by measuring shear wave propagation parameters whereas ARFI gets 
elasticity information from the axis of the pushing beam and uses multiple pushes to 
create a 2D stiffness map. No shear waves are involved in ARFI and no axial elasticity 
assessment is involved in SWEI. Producers such as Siemens (VTQ), Philips (ElastPQ) 
or GE (2D SWI GE) use a SWEI technique that is also called point shear wave elas-
tography (pSWE) by inducing dynamic stress by ARFI in normal direction and a sin-
gle focal location. Lateral shear waves are then mapped in a quantitative manner.

 Supersonic Shear Imaging (SSI or 2D-SWE)

In contrast, in SSI or 2D-SWE [10], the most recent development, stress is induced 
by ARFI using multiple focal zones that are interrogated in rapid succession faster 
than shear wave speed. This allows real-time monitoring of shear waves in two 
dimensions. 2D-SWE gives a quantitative, real-time two-dimensional map of tissue 
stiffness. Local tissue velocity maps are obtained with a conventional speckle track-
ing technique and provide a full movie of the shear wave propagation through the 
tissue. By using many near-simultaneous pushes, SSI creates a source of shear 
waves which is moved through the medium at a supersonic speed. The generated 
shear wave is visualized by using ultrafast imaging technique. Using inversion algo-
rithms, the shear elasticity of medium is mapped quantitatively from the wave prop-
agation movie. SSI reaches more than 10,000 frames per second of deep-seated 
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organs. SSI provides a set of quantitative and in vivo parameters describing the tis-
sue mechanical properties such as Young’s modulus, viscosity, anisotropy although 
comparative studies have just started.

 Magnetic Resonance Elastography (MRE)

Magnetic resonance elastography (MRE) was introduced in the mid-1990s, and mul-
tiple clinical applications have been investigated [11]. In MRE, a mechanical vibrator 
is used on the surface of the patient’s body; this creates shear waves that travel into the 
patient’s deeper tissues. An imaging acquisition sequence that measures the velocity 
of the waves is used, and this is used to infer the tissue’s stiffness often and historically 
given as shear modulus. The result of an MRE scan is a quantitative three-dimensional 
map of the tissue stiffness, as well as a conventional 3D MRI image. One strength of 
MRE is the resulting 3D elasticity map, which can cover an entire organ. Because 
MRI is not limited by air or bone, it can access some tissues ultrasound cannot, nota-
bly the brain. It also has the advantage of being more uniform across operators and 
less dependent on operator’s skill than most methods of ultrasound elastography. 
MRE has made significant advances over the past few years with acquisition times 
down to a minute or less and has been used in a variety of medical applications includ-
ing cardiology research on living human hearts. MREs short acquisition time also 
make it competitive with other elastography techniques.

 Need for Standardization

So far, with very few exceptions, the various producers of elastographic devices 
have done little to strictly specify the conditions to measure LS. Moreover, different 
moduli or different units are provided. This has caused enormous confusion among 
users including clinicians and even expert review articles. For example, widely used 
TE reports the stiffness by calculating the Young’s modulus and results are reported 
in kPa. MRE also provides stiffness in kPa, however, usually the shear modulus G 
is given. Consequently, MRE data are about three times lower than for TE. Shear 
wave elasticity imaging reports values usually as shear wave speed in meters per 
second. ARFI and strain imaging is qualitative and displays different relative stiff-
nesses as different contrasts. Some authors advocate reporting results as shear wave 
speed in m/s as part of a standardized approach [12]. From clinical praxis point, 
however, it is less important whether shear wave speed or modulus is provided but 
rather the actual conditions of measurement and the device/technique used. An ini-
tiative by the Quantitative Imaging Biomarkers Alliance (QIBA) is attempting to 
use phantoms to standardize quantitative measurements from different elastographic 
techniques. An overview of the different methods and their reported units is given in 
Appendix Table A.3. In addition, Appendix Table A.4 provides comparable cut-off 
values and estimated formulas obtained from face-to-face comparative studies.

2 Liver Stiffness and Its Measurement
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While it is technically easy to convert between E and G via equation E = 3G 
(under some assumptions), estimations of these values depend on the used fre-
quency of excitation. Figure  2.10a further demonstrates that shear modulus and 
Young’s modulus also depend on the (center-) frequency of the shear wave. In this 
example, so-called viscoelastic Voigt’s tissue is used which is typically explored 
when simulating tissue in ultrasound experiments [13]. In Fig. 2.10b, the depen-
dence of obtained LS on the excitation frequency is shown. These findings are 
important since techniques such as ARFI are applying a frequency spectrum which 
can also be filtered through the tissue in an uncontrolled manner. In contrast, exter-
nal mechanical generation of shear waves (MRE, VCTE) allows for shear wave 
frequency control (50–60 Hz). This could also explain why conversion equations 
from TE to SWE differ between pSWE and 2D-SWE.

Liver stiffness like any other soft tissue stiffness depends on many factors. First 
and main factor is the extracellular matrix of the organ. The extracellular matrix is 
a deformable structure that transfers the external forces through the liver. It can be 
compared to the foundation of a building. A second factor is the constraints that are 
applied on the organ. The more pressure is applied to the liver at its boundaries, the 
stiffer it gets. A third factor is the internal pressure inside the organ, if blood or 
another liquid is coming in and out then stiffness will depend on the resistance that 
the organ applies to the flow. A fourth and important factor is the viscous effects 
which influence the time constant over which stiffness is tested. This effect is linked 
to above mentioned frequency, i.e., stiffness depends on frequency. While liver is 
soft at very low frequency (on the order of several hertz) which corresponds to 

1

10

100

1000

0 100 200 300 400 500

S
tif

fn
es

s 
(k

P
a)

Frequency (Hz)

MRE / VCTE ARFI / SWE

Boiled liver

Fresh liver

0

2

4

6

8

10

0 100 200 300 400 500

S
tif

fn
es

s 
(k

P
a)

Frequency (Hz)

a b

Fig. 2.10 Dependence of stiffness on the excitation frequency in (a) a viscoelastic experimental 
model (Voigts body) and (b) liver. (a) Simulated stiffness depends on the frequency for a so-called 
Voigt’s tissue with a shear modulus of 3 kPa. (b) In living biological tissues such as fresh liver, 
stiffness varies as a function of frequency of the applied excitation probe. This frequency is tightly 
controlled in MRE/TE while a frequency spectrum is applied by ARFI/SWE. The frequency spec-
trum is filtered by the biological tissue in an uncontrolled manner
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manual palpation time constant, it tends to be much harder at high frequencies (over 
several tens of kilohertz) (see also Fig. 2.10).

Finally, for most elastographic techniques, core assumptions are not always ful-
filled. Thus, it is assumed that tissue is:

 1. linear; resulting strain linearly increases as a function of incremental stress.
 2. elastic; tissue deformation is not dependent on stress rate, and tissue returns to 

original non-deformed equilibrium state.
 3. isotropic; the tissue is symmetrical/homogeneous and responds to stress the 

same from all directions.
 4. incompressible; the overall volume of tissue remains the same under stress 

applied.

These assumptions have worked quite well for the diagnosis of liver fibrosis. 
However, fat content either within the tissue or its surrounding could strongly inter-
fere with it. Moreover, mechanical properties of the liver are complex, the structure 
is heterogeneous with both a viscous and an elastic mechanical response.

Table 2.5 provides an overview of the still challenging issues that need to be 
addressed for a better standardization and comparability in the future. For now, 
measurements should be performed under standardized examination conditions (see 
section VII) and LS should be given together with the device brand and actual 
version.

Table 2.5 Points to be addressed for further standardization of elastography

Problem Explanation/potential interference

Platforms provide 
different units and moduli

MRE provides shear modulus while TE, 2D/pSWE provide Young’s 
modulus. How does the actual methods of shear wave orientation 
and generation influence the resulting stiffness?

Control of external and 
internal excitation such as 
frequency and energy

Tissues can filter frequencies and thus cause uncontrolled excitation. 
How is this frequency filter affecting measurement outcomes?

Role of probe pressure 
(e.g., ARFI) or heat in 
pSWE for shear wave 
speed

It is not yet clear, how tissue compression or heat changes by ARFI 
affect shear wave propagation.

Viscoelastic properties Liver tissue is not solely elastic but viscoelastic. It is not clear how 
filament stabilization of cellular structures, lipid droplets and their 
size, interstitial fluid are affecting LS.

Role of anatomical 
structures such as capsule 
or vessels

The liver capsule may compress surface-near tissue and change 
shear wave behavior. Vessel structures may be stiffer (artery) and 
“contaminate” the surrounding. This applies also to the question 
which distance from the surface is optimal to measure LS [14].

Role of fat Fat has important specific properties that cause mechanic wave 
attenuation but also fluidity.

Spatial stiffness 
distribution in the liver

There are still major controversies about spatial stiffness 
distributions, since objective validation of each method is 
challenging. This applies to whether the right/left lobe should be 
measured or which depth should be used.

2 Liver Stiffness and Its Measurement



28

References

 1. Chattopadhyay S, Raines RT.  Review collagen-based biomaterials for wound healing. 
Biopolymers. 2014;101(8):821–33.

 2. Nedelec B, Correa JA, de Oliveira A, LaSalle L, Perrault I. Longitudinal burn scar quantifica-
tion. Burns. 2014;40(8):1504–12.

 3. Tegin J, Wikander J. Tactile sensing in intelligent robotic manipulation–a review. Ind Robot. 
2005;32(1):64–70.

 4. Ebert A, Tittmann BR, Du J, Scheuchenzuber W. Technique for rapid in vitro single-cell elas-
tography. Ultrasound Med Biol. 2006;32(11):1687–702.

 5. Ophir J, Cespedes I, Ponnekanti H, Yazdi Y, Li X. Elastography: a quantitative method for 
imaging the elasticity of biological tissues. Ultrason Imaging. 1991;13(2):111–34.

 6. Sandrin L, Cassereau D, Fink M. The role of the coupling term in transient elastography. J 
Acoust Soc Am. 2004;115(1):73–83.

 7. Sandrin L, Catheline S, Tanter M, Hennequin X, Fink M. Time-resolved pulsed elastography 
with ultrafast ultrasonic imaging. Ultrason Imaging. 1999;21(4):259–72.

 8. Sandrin L, Fourquet B, Hasquenoph J-M, Yon S, Fournier C, Mal F, et al. Transient elastog-
raphy: a new non-invasive method for assessment of hepatic fibrosis. Ultrasound Med Biol. 
2003;29(12):1705–13.

 9. Nightingale K, Palmeri N, Nightingale R, Trahey G. On the feasibility of remote palpation 
using acoustic radiation force. J Acoust Soc Am. 2001;110:625–34.

 10. Bercoff J, Tanter M, Fink M. Supersonic shear imaging: a new technique for soft tissue elastic-
ity mapping. IEEE Trans Ultrason Ferroelectr Freq Control. 2004;51(4):396–409.

 11. Fowlkes JB, Emelianov SY, Pipe JG, Skovoroda AR, Carson PL, Adler RS, et al. Magnetic- 
resonance imaging techniques for detection of elasticity variation. Med Phys. 1995;22(11 Pt 
1):1771–8.

 12. Barr RG, Ferraioli G, Palmeri ML, Goodman ZD, Garcia-Tsao G, Rubin J, et al. Elastography 
assessment of liver fibrosis: society of radiologists in ultrasound consensus conference state-
ment. Ultrasound Q. 2016;32(2):94–107.

 13. Ahuja AS.  Tissue as a Voigt body for propagation of ultrasound. Ultrason Imaging. 
1979;1(2):136–43.

 14. Sporea I, Sirli RL, Deleanu A, Popescu A, Focsa M, Danila M, et al. Acoustic radiation force 
impulse elastography as compared to transient elastography and liver biopsy in patients with 
chronic hepatopathies. Ultraschall Med. 2011;32(Suppl 1):S46–52.

S. Mueller



29© Springer Nature Switzerland AG 2020
S. Mueller (ed.), Liver Elastography, 
https://doi.org/10.1007/978-3-030-40542-7_3

Chapter 3
Liver Stiffness Measurement Using 
Vibration-Controlled Transient 
Elastography

Laurent Sandrin

 Introduction

Initial developments on transient elastography (TE) started in the late 1990s [1–3]. 
At that time the elastography research field was dominated by sonoelastography [2] 
using ultrasound and magnetic resonance elastography (MRE) [4]. Both sonoelas-
tography and MRE were using harmonic excitations to induce elastic waves into the 
tissues which results in the superimposition of shear and compression waves. The 
main limitation of harmonic techniques is the superimposition of both compression 
and shear waves which makes a straightforward computation of shear wave speed 
difficult. TE was introduced to overcome the limitations of harmonic elastography 
techniques [5–7]. TE allows the separation in time of shear and compression com-
ponents of the elastic waves by inducing a transient mechanical solicitation. As a 
matter of fact, in soft tissues, the shear wave speed is much lower than the compres-
sion speed which allows the temporal separation as far as the mechanical solicita-
tion is transient and the ultrasound modality operates at a very high frame rate. The 
development of a high frame rate ultrasound modality was achieved in parallel of 
the development of TE [8–10].

 A Bit of History

Far from mainstream applications of elastography, TE was initially tested on yogurt 
in 1998 and 1999 within the context of a research contract between the Laboratoire 
Onde et Acoustique and a major player of the milk industry. The purpose was to 
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develop a device that would assess yogurt’s viscoelastic properties in real time at the 
manufacturing site. Although the experiments were quite successful in the labora-
tory on the yogurts that were purchased in grocery stores, the project did not suc-
ceed for a very simple reason: the absence of ultrasound backscattered signal in 
fresh to-be-measured yogurt. Another possible application that remained at the 
stage of idea was the assessment of the stiffness of “Camembert” cheese directly at 
the grocery store as a quantitative alternative to the well-known French way of test-
ing Camembert by pressing on the cheese surface with the thumb. This led to the 
so-called “cheese story” of FibroScan development.

Echosens was founded in Paris in 2001 with the first objective to still find poten-
tial applications for the technology that was still at a very early stage. At that time, 
the majority of research projects in elastography would focus on breast and prostate 
cancers, the most deadly cancers in women and men, respectively. A meeting took 
place in June 2001 at the Institut Mutualiste Montsouris (IMM, Paris, France) in the 
context of a market survey. The few physicians who were attending the meeting 
suggested a possible application to liver chronic diseases. The pilot study started 
just a few months later at the IMM Institute. In parallel, the electronic platform and 
the core algorithms were being developed. This was the real beginning of the devel-
opment of the technology behind FibroScan, the first commercially available elas-
tography device. The pilot study consisted in a comparison between histological 
findings and liver stiffness [10]. The area under the ROC (AUROC) curves was 0.88 
and 0.99 for significant fibrosis (F ≥ 2) and cirrhosis (F = 4), respectively. These 
initial results paved the way for a larger multicenter study, which started in 2002 in 
several hospitals in France (Hospital Jean Verdier, Bondy, Hospital Beaujon, Clichy, 
Hospital Henri Mondor, Créteil, Hospital Haut Lévêque, Pessac). The first clinical 
paper on chronic hepatitis C was published in 2005 [11]. Finally, a review in 2010 
could identify important clinical confounders of LS irrespective of fibrosis stage 
and introduce a potential association between intrahepatic pressure (or sinusoidal 
pressure) and fibrosis itself [12].

 A Shear Wave Story

Whatever the imaging modality (ultrasound, optics, and magnetic resonance), quan-
titative elastography techniques rely on shear waves. Actually, in soft tissues, shear 
wave speed has a very interesting property: it can be expressed as a function of only 
two independent parameters. One may decide to use the Lame’s coefficients (λ and 
μ) or the Young’s modulus and the Poisson ratio (E and ν). Given that soft tissues are 
nearly incompressible, the Poisson ratio is very close to 1/2. In such conditions, the 
relationship between the shear wave speed, the Young’s modulus, E expressed in 
kPa, and the tissue density, ρ which is roughly constant in soft tissues 
(ρ = 1000 kg/m3) is:

 E VS= 3 2r  (3.1)
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In theory, this equation is only true under the assumptions that the tissue is 
homogeneous, linear, and purely elastic which is very unlikely for a biological com-
plex medium such as liver tissue. However, the application of TE to liver stiffness 
measurement is indeed very useful. This may be due to the relatively favorable 
condition of chronic liver diseases, which are diffuse diseases that affect the organ 
globally. This is obviously a very good condition for an average liver stiffness mea-
surement device like FibroScan.

FibroScan uses ultrasound as an imaging modality to track the shear waves. A 
single-element disk shape ultrasound transducer is mounted on the axis of an elec-
trodynamic actuator (vibrator). The shear wave is induced mechanically when the 
actuator triggers a transient motion of mild amplitude. In other words, not only the 
ultrasound transducer emits and receives ultrasound, it also vibrates at low fre-
quency to induce the shear wave propagation. In FibroScan, both ultrasound and 
shear wave propagations are fully axisymmetric. All displacements on the symme-
try axis are therefore longitudinal (parallel to the direction of propagation). For 
many physicists, the physics behind FibroScan may appear weird or even wrong as 
the device tracks the longitudinal component of a shear wave. How can one mea-
sure the longitudinal component of a shear wave? This frequent question is due to 
the fact that shear waves are often named transverse waves. But shear waves are 
only purely transverse in the far field. Since the answer to this question goes far 
beyond the scope of this paper, curious readers may be referred to the existing lit-
erature [13].

 VCTE Technology

The technology behind FibroScan is called VCTE which stands for vibration- 
controlled transient elastography. VCTE is an improved implementation of TE 
in which special controls were implemented in order to ensure that the measure-
ments are reproducible. VCTE controls include the control of the force applied 
by the operator at the surface of the skin, the control of the shape of the tran-
sient excitation as a function of time on the full range of applied force, the 
control of the acoustic output power, and the control of the validity of the 
measurements.

 Force Applied by the Operator

The force applied by the operator at the surface of the skin must remain in a given 
range to trigger a stiffness measurement. Indeed, an excessive force may result in a 
distortion of the vibration and an insufficient force would impair the mechanical 
coupling between the probe tip and the tissue preventing the vibration to be properly 
transmitted. The acceptable applied force range varies depending on the probe used. 
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Obviously the deeper the liver, the more difficult the mechanical coupling is. 
Therefore, the minimum applied force is higher with the probe for adults than with 
the probe for pediatric applications (see also Appendix Table A.13).

 Shape and Frequency of the Transient Excitation

The control of the center frequency of the shear wave excitation is crucial since bio-
logical tissue properties are frequency dependent. In the case of the liver, as shown in 
Fig. 3.1, stiffness increases with shear wave frequency. In VCTE, the shape of the 
transient excitation is controlled in order to ensure that the center frequency of the 
excitation be constant whatever the applied force and probe-to-skin contact character-
istics. This is a prerequisite to be able to define quantitative liver stiffness thresholds 
that can be used in clinical practice to differentiate patients. In FibroScan, this control 
is obtained by using a position sensor which tracks the position of the tip in real time. 
This position is fed into a servo-controller which is used to adapt the command of the 
actuator located inside the probe in order to precisely reproduce the expected excita-
tion. Actually, with a device that would not precisely control the excitation, an 
increased applied force would likely induce a distorted excitation along with a decrease 
of the center frequency. As liver stiffness increases with frequency, a shift toward the 
lower frequency would result in a decrease of liver stiffness measurement.

 Acoustic Output Power

Contrary to ultrasound scanners which are using a high acoustic output power to 
induce shear waves by radiation force mechanism [14], VCTE based FibroScan 
requires very low acoustic output power. The acoustic output exposure levels of 
FibroScan device are below the limits set by the FDA amendment: ISPTA.3 < 720 mW/
cm2 and ISPPA.3 < 190 W/cm2. It means that there are absolutely no contraindications 
on using FibroScan device even for long period of examinations allowing its appli-
cation in sensitive medical situations such as pregnancy [15].
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 Measurements Validity

In VCTE, each shear wave propagation map is associated with a quality factor 
which is used to automatically reject measurements when the quality of the shear 
wave propagation is not sufficient. In such a case, the measurement is identified as 
invalid and the counter of invalid measurements is increased by one.

 CAP Technology

In 2011, Echosens introduced an important new feature on FibroScan: the assess-
ment of liver steatosis through a new technology called CAP (see also book Part 
VI). CAP stands for Controlled Attenuation Parameter assessing ultrasound attenu-
ation at 3.5 MHz. The development of CAP was initiated in order to propose a sur-
rogate marker of liver steatosis. As a matter of fact it is well known that ultrasound 
attenuation correlates with fat content [16]. However, at that time there was no 
ultrasound attenuation measurement device commercially available. CAP measure-
ment is performed during the stiffness examination with FibroScan device. At the 
end of the examination, two numerical values are available: liver stiffness measure-
ment (in kPa) and liver attenuation measurement called CAP (in dB/m). CAP mea-
surement is processed from the same ultrasound data than the one used to track the 
shear waves. Therefore, the assessments of fibrosis and steatosis are made at the 
same location in the liver. The first study on CAP [17] reported good to excellent 
performances for the assessment of liver steatosis using liver biopsy as a gold stan-
dard. Meanwhile, CAP technology has been made compatible with obese patients 
[18]. There is now a wide body of evidence showing that CAP is a good surrogate 
marker of steatosis [19] that is superior in comparison to conventional ultra-
sound [20].

 Operation

The FibroScan device (Fig. 3.2) consists of a main unit connected to up to three 
probes (M-probe for adults, S-probe for children, and XL-probe for obese patients) 
which are designed to fit different patient morphology. Each probe corresponds to 
different settings in term of ultrasound center frequency and measurement depth. 
The characteristics of the probes are detailed in Appendix Table A.13. As shown in 
this table, the tip diameter is 7, 9, and 13 mm for the children, adults, and obese 
patients’ probes respectively. These changes in tip diameter values are important for 
the ultrasound focus characteristics. They are also important to cope with the inter-
costal space, which is obviously smaller in children than in adult obese patients. 
Appendix Table A.13 provides more details about the different FibroScan probes.

3 Liver Stiffness Measurement Using Vibration-Controlled Transient Elastography
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 Liver Localization and Probe Selection

During a VCTE examination, the patient is lying in a dorsal decubitus position 
with the right arm in maximal abduction in order to enlarge the intercostal space 
(Fig. 3.3). Before starting to trigger stiffness measurements, the operator needs to 
locate the liver which is performed with the ultrasound imaging mode of the 
device. Two graphs are displayed on the FibroScan: an A-mode (A = amplitude 
mode) and a TM-mode (TM = time motion) (Fig.  3.4). These two graphs are 
refreshed every 50 ms. They are used by the operator to find a measurement spot 
which must be homogeneous, exempt from vessel interfaces, exhibiting a linear 
decrease of the ultrasound signal versus depth. Using these graphs, the operator 
can observe the movement of the liver due to the respiratory motion which is 
depicted on the TM-mode graph. A probe selection tool (Fig. 3.4) recommends the 
to-be-used probe to the operator based on the measurement of the probe-to-cap-
sula distance (PCD). The operator monitors the force applied at the tip of the probe 
(see Fig. 3.4).

Fig. 3.2 Left: FibroScan 630 Expert device. Right: XL-probe, M-probe, and S-probe
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 Measurement Sequence of Stiffness and CAP

When the operator presses the probe button and the applied force is within the 
approved range, a measurement is triggered. As shown in Fig. 3.5, the measurement 
sequence consists in applying a transient vibration at the tip of the probe (Fig. 3.5a). 
The shape of the displacement of the tip is a period of sinusoid at 50 Hz. The peak- 
to- peak amplitude of the transient vibration is 1 mm, 2 mm, and 3 mm, with the S, 

Fig. 3.3 VCTE examination setting with a FibroScan device. (Courtesy of Echosens, Paris, 
France)
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M, and XL-probe, respectively. Starting with the vibration and lasting 80 ms, ultra-
sound lines are acquired at a rate of 6000 Hz (Fig. 3.4B), which corresponds to a 
periodicity of 167 μs. In total, 480 ultrasound lines are acquired. These ultrasound 
lines are thereafter processed in order to compute the stiffness and CAP parameters. 
The displacements induced in the liver by the shear wave propagation as a function 
of depth and time are obtained using correlation techniques applied to the ultra-
sound lines. The shear wave propagation map (Fig. 3.4) is processed using a time- 
of- flight algorithm to estimate the shear wave speed, VS, from which the stiffness or 
Young’s modulus, E expressed in kPa, is deduced using Eq. (3.1). The shear wave 

A = A-mode graph
B = TM-mode graph
C = Probe selection tool
D = Force indicator
E = Shear wave propagation map
F = Stiffness results
G = CAP results
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propagation map will be also termed elastograph in this book. As already men-
tioned, invalid measurements are automatically rejected using an algorithm that 
checks that a proper shear wave propagation is detected. The CAP parameter is 
derived from the same ultrasound data as stiffness. CAP is an estimate of the total 
ultrasonic attenuation (go-and-return path) at 3.5 MHz and is expressed in dB/m. 
The CAP measurement is guided by the stiffness measurement since the CAP value 
extracted from the set of ultrasound data of a stiffness measurement is rejected if the 
associated stiffness measurement is identified as invalid. The results are the median 
of valid stiffness and CAP measurements (see Fig. 3.4).

 Final Results

Echosens recommends that the operator performs 10 valid stiffness measurements 
before ending the exam. As the liver moves in front of the probe tip during respira-
tion, the 10 measurements will be representative of a large portion of the liver. The 
median of the 10 valid stiffness measurements is the final stiffness result. The stiff-
ness value is an estimate of the average stiffness. With the latest FibroScan devices, 
a complete exam typically lasts about 1 min.

 Spleen Stiffness Measurement with VCTE @ 100 Hz

Several clinical studies refer to the use of FibroScan devices to assess spleen stiff-
ness [21–23]. However, these studies showed some limitations of VCTE settings 
tailored for liver stiffness assessment. Actually, the liver stiffness measurement 
range (1.5–75.0 kPa) is not adapted since the spleen is generally stiffer than the 
liver. A dedicated exam type was developed to perform spleen stiffness measure-
ments (SSM) [24]. The spleen exam is performed with an M-probe. A higher shear 
wave frequency of 100 Hz is used to improve the accuracy of the stiffness measure-
ment. The maximum stiffness value is increased to 100.0 kPa and the depths of 
measurement set to 25–55 mm. With the spleen dedicated settings, the overall per-
formance of VCTE is significantly improved and supports the role of SSM as a 
surrogate marker of portal hypertension that could be used for the management of 
patients at risk of developing esophageal varices.

 Fibroscan-Based Scores

Another noninvasive alternative to liver biopsy is the blood tests which consist in 
scores computed from several, usually circulating, biomarkers to assess fibrosis. An 
important difference with LSM is that blood tests are designed to reflect liver 
 fibrosis as they are trained for that purpose. However, LSM generally outperforms 
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blood tests which are more influenced by extrahepatic conditions given they are 
using circulating biomarkers. In 2014, a combination of circulating biomarkers with 
LSM [25] was introduced under the name FibroMeter VCTE to further increase 
accuracy (see also book Part IV “confounders of liver stiffness”).

More recently, a NASH score was developed under the name FAST™. The 
FAST™ score aims at identifying at-risk NASH patients with a fibrosis stage of 
F ≥  2 and NAS ≥  4. FAST™ combines LSM by VCTE, CAP, and AST which 
reflect fibrosis, steatosis, and inflammation, respectively. This combination of two 
very specific physical biomarkers directly measured in the liver (E and CAP) 
together with a sensitive circulating biomarker (AST) shows an excellent perfor-
mance with AUROC ranging from 83% in the training cohort to 92% in the valida-
tion cohorts (to be published). For further reading on the role of AST levels and 
overestimation of fibrosis stage see also book Part IV “confounders of liver 
stiffness.”

 Conclusion

Initially introduced on the market in 2003, VCTE™ is by far the most clinically 
validated technology in the field of liver elastography. Due to easy bedside han-
dling, short training period, and high reproducibility, FibroScan device has become 
a standard in the field of liver diseases. Considered as a good surrogate marker of 
liver fibrosis at first, LSM by VCTE™ at 50 Hz plays more and more a role on its 
own as a more general liver health status biomarker. As the technology improved, 
FibroScan® devices now embed the measurement of new surrogate markers: liver 
steatosis and portal hypertension, to improve the management of patients with 
chronic liver diseases. The combination of FibroScan-based biomarkers with simple 
blood biomarkers is proposed as a means to develop high performances, easy-to-use 
and widely available tests.
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Chapter 4
Characterizing Liver Stiffness 
with Acoustic Radiation Force

Mark L. Palmeri

 Introduction

Methods to characterize the elastic properties of the liver typically have two means 
of introducing mechanical perturbations into liver to then monitor the liver’s 
response and estimate its stiffness: (1) external vibration—such as transient elas-
tography and MR elastography—and (2) an internally applied acoustic radiation 
force. For more details see also other chapters of the book section II “Techniques 
to measure liver stiffness.” While external sources of vibration can be well-con-
trolled at fixed frequencies with external vibrators and couple relatively strong 
waves into the body, these waves must couple from the skin surface, through 
superficial tissues (i.e., skin, subcutaneous fat, muscle), into the liver. These propa-
gating external waves can be distorted through interactions with these tissues sur-
rounding the liver, and in some circumstances, such as abdominal ascites, cannot 
couple through fluids into the liver. Given some of the challenges that external 
vibration sources can face when characterizing the liver, there was parallel devel-
opment in the 1990s and early 2000s to develop acoustic radiation force methods 
that would generate sources of mechanical perturbation in the focal zone of an 
ultrasonic excitation inside the target tissue of interest and not relying on coupling 
external mechanical energy into the patient. These acoustic radiation force meth-
ods have been developed and deployed on standard diagnostic ultrasound scanners 
as software features, allowing clinicians to evaluate the liver without any addi-
tional hardware.
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 What Is Acoustic Radiation Force?

Acoustic radiation force is a phenomenon that was first described in the acoustics 
literature by Nyborg in 1965 in the context of acoustic streaming [1] and further by 
Apfel and Chu in 1985 [2]. Acoustic radiation force is generated in the direction of 
propagation of an acoustic wave in a lossy (attenuating) medium, where the loss of 
momentum of the propagating wave results in an impulse transfer to the tissue. The 
direction and magnitude of acoustic radiation force (



F ) can be represented as:

 





F aI
c

=
2

,

 

where a is the acoustic attenuation of the tissue, 


I is the acoustic intensity vector, 
and c is the sound speed of the tissue [1, 3, 4].

The application of acoustic radiation force to tissue results in a transient dis-
placement of the tissue, where the magnitude of that displacement is related to the 
magnitude of the acoustic radiation force applied to the tissue, and the stiffness of 
the tissue. Stiffer tissues resist deformation than more compliant tissues and, there-
fore, experience less induced displacement. The transient, impulsive application of 
acoustic radiation force also leads to the generation of shear waves that emanate out 
from the region of acoustic radiation force application, and the speed of these shear 
waves can also be related to the stiffness of the tissue they are propagating in [5–7]. 
While acoustic radiation force is associated with all ultrasonic insonification of tis-
sue (e.g., B-mode and Doppler imaging), the ultrasonic pulses for acoustic radiation 
force-based elasticity imaging must be intense and/or long enough to generate tis-
sue displacements that can be estimated ultrasonically (on the order of microns) [8]. 
Commercial implementations of acoustic radiation force imaging methods that are 
described in this chapter have traditionally adhered to U.S.  Food and Drug 
Administration diagnostic ultrasound output limits [9, 10], but new research efforts 
are exploring the benefits of using elevated acoustic output for more robust imaging 
performance, especially in the difficult to image demographic, such as those with 
high Body Mass Indices [11].

 Acoustic Radiation Force Impulse (ARFI) Imaging

ARFI imaging refers to images of tissue displacement (or metrics related to tissue 
displacement, such a time-to-peak displacement or maximum displacement) that 
result from the application of impulsive acoustic radiation force excitations [3, 12]. 
The “impulsive” nature of the excitation refers to an insonification time that is less 
than the mechanical response time of tissue, which is related to the tissue’s stiffness, 
with stiffer tissues reacting faster [12]. For liver tissue, this typical impulsive excita-
tion lasts for less than 1 ms [12].
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A single A-line of an ARFI image typically involves the following sequence:

 1. A single, B-mode-like tracking pulse to determine the RF data associated with 
the tissue pre-ARFI-induced deformation;

 2. A impulsive ARFI excitation either at a single focal depth, or over a range of 
focal depths to extend the effective depth-of-field of the excitation energy [13];

 3. A series of B-mode-like tracking pulses at a relatively high pulse repetition fre-
quency (typically 5–10 kHz) to track the tissue displacement and recovery from 
the ARFI excitation using correlation, phase-shift, or more complex displace-
ment estimation methods [8, 14–19].

To form a 2D ARFI image, the A-line sequence is repeated at laterally offset 
positions from one another to form an image. Displacement estimation can be 
affected by motion (and other) artifacts, include those related to respiratory and 
cardiac motion. While clinical imaging protocols may recommend techniques like 
suspended breathing to minimize these effects [20, 21], most scanner post- 
processing includes motion filtering, through means of temporal profile shape- 
fitting [22], or frequency-domain filtering. While ARFI images can utilize elasticity 
as a mechanism of contrast not present in B-mode images, ARFI images are not 
typically used to estimate absolute stiffness of tissues (i.e., relating displacement 
amplitude to elastic modulus) since the magnitude of the acoustic radiation force is 
a function of acoustic attenuation [23], which is not easily estimated for different 
imaging targets/tissues. Additionally, the acoustic radiation force magnitude is not 
constant as a function of depth, and instead varies as a function of focal depth, 
requiring some depth-dependent normalization scheme to be applied to compensate 
for these force gradients [3].

 Shear Wave Elasticity Imaging (SWEI)

SWEI was first described in the literature by Saravazyan et al. [24] as novel approach 
to generating shear wave with acoustic radiation force and measuring the resultant 
shear wave propagation and shear wave speed to ultimately reconstruct an elastic 
modulus. Unlike ARFI images that can generate images of relative tissue stiffness 
differences, SWEI allows for absolute metrics of stiffness to be estimated in tissue. 
The typical assumptions surrounding the reconstruction of an elastic modulus (E, 
Young’s modulus, or μ, shear modulus) from shear wave speed (cT) include the tis-
sue being linear, isotropic, incompressible, and having a density of water (ρ = 1.0 g/
cm3), such that the following relationships can hold [25]:

 E cT= =3 3
2µ ρ .  

The incompressibility assumption allows the Young’s modulus to be simply 
related to the shear modulus by a factor of 3. For more details see also book Part II 
“Techniques to measure liver stiffness.” It should be noted that the relationship 
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between elastic moduli and shear wave speed is quadratic, and therefore, when sta-
tistical analyses are performed on data acquired on systems that report different 
metrics, retrospective conversion of reported thresholds for diagnostic purposes 
should not be attempted with simple linear scaling. Instead, thresholds for signifi-
cance and confidence intervals should be recalculated as they may change with this 
nonlinear relationship. Like ARFI imaging, the acoustic radiation force excitations 
used for SWEI can involve single or multiple focal zones, depending the depth-of- 
field being characterized by the shear wave propagation. Rapid firing of multiple 
focal zone excitations such that a virtual extended shear wave front is launched is 
referred to as a “supersonic” shear excitation, which was popularized by SuperSonic 
Shear Wave™ Elastography [26].

One challenge with SWEI can be the distance over which shear wave propagate 
with displacements that can be reliably tracked. Greater distances can be achieved 
with stronger radiation force excitations [27, 28], more advanced displacement esti-
mation approaches [29, 30], or creative implementations of interspersed acoustic 
radiation force excitation, tracking, and directional filtering to tease apart the com-
plexities of intersecting propagating wave fields [31, 32].

Unlike MR elastography, which can measure displacement components in three 
dimensions and reconstruct a resultant (complex) shear modulus from these data 
using the Helmholtz equation [33], ultrasonic shear wave methods have a much 
higher resolution for displacement estimation in the single direction orthogonal to 
the transducer face, and have instead utilized time-of-flight methods to estimate 
shear wave speed [26, 34–39]. These shear wave speed estimation methods applied 
over 2D regions of interest (ROI) can be used to generate two types of quantita-
tive images:

 1. Point Shear Wave Elastography (pSWE) utilizes all the propagation data in the 
2D ROI to estimate a consensus shear wave speed in that region [3, 21]. Typically, 
a singleton shear wave speed metric is reported per measurement, and clinical 
studies have supported using a median value across 12 repeated measurements to 
report as a representative measurement for diagnostic purposes [20, 21]. Quality 
metrics can be reported along with the shear wave speed to increase diagnostic 
confidence.

 2. 2D-shear wave Elastography (2D-SWE) breaks the ROI into smaller shear wave 
reconstruction kernels to generate 2D images of shear wave speed to characterize 
local variabilities in elasticity [21, 40].

As the confounding factors—viscosity, nonlinearity, anisotropy, structural 
boundaries—surrounding accurate reconstruction of an elastic modulus from shear 
wave speed became more well understood, many derivatives of SWEI have settled 
on directly reporting shear wave speed instead of making additional assumptions to 
report an elastic modulus. Thus, additional details about the conditions under which 
an elastic modulus has been estimated must be provided (e.g., the frequency of 
excitation used in transient elastography or MR elastography) [41, 42]. Given the 
complexities and nuances surrounding the different commercial implementations of 
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SWEI for liver characterization, guidelines have been established for its recom-
mended clinical usage by the World Federation of Ultrasound in Medicine and 
Biology [20] and the Society of Radiologists in Ultrasound [21].

Viscosity Tissue viscosity is a material property that makes the shear wave speed 
dependent on the frequency content of the shear wave, and is a confounding factor 
when assuming that liver tissue is purely elastic (shear wave speed is independent 
of the shear wave frequency content) [43]. It is known that different elasticity imag-
ing methods can generate shear waves of differing frequency content [21] (see also 
Table  4.1). The frequency differences can lead to different reconstructed group 
shear wave speeds in viscoelastic media [44], which can be a source of discrepancy 
when comparing measurements with different elasticity imaging modalities [41]. 
Additionally, the processing methods used by each manufacturer—specifically the 
use of displacement versus velocity data—can also influence the estimated speeds 
in the presence of viscosity. Velocity data are effectively high pass filtered displace-
ment profiles, and this higher frequency bias can lead to an increase in the estimated 
shear wave speed.

Some investigators have sought to characterize the viscosity of liver tissue as a 
measurement of hepatic steatosis or inflammation [45–47], but no conclusive con-
clusions have been drawn to date.

In addition to the elastography guidelines and consensus documents that have 
been published, the Radiological Society of North America (RSNA) Quantitative 
Imaging Biomarker Alliance (QIBA) establishes an Ultrasonic Shear Wave Speed 
(US SWS) working group in 2012 to study the factors that influence the consistent 
reconstruction of the shear wave speed metric across different manufacturer sys-
tems [41, 48, 49]. This working group is composed of international researchers, 
manufacturers, and regulatory members, and a profile guiding best practices for 
manufacturers to achieve consistent measurements across different systems is avail-
able for consultation.

Another resource generated through the RSNA QIBA US SWS effort has been 
the generation and public release of digital phantom data generated through finite 
element method models of shear wave propagation in elastic and viscoelastic mate-
rials for shear wave reconstruction development validation [50]. Additionally, stan-
dardized sequences for generating and processing shear waves using the Verasonics 
ultrasound research platform have also been released for public use [51].

Table 4.1 Frequency  
content of different shear 
wave elastography methods

Method
Frequency content of 
shear wave

Transient elastography (TE) 50–60 Hz
Point shear wave elastography 
(pSWE)

100–500 Hz

2D shear wave elastography 
(2D-SWE)

100–500 Hz

MR elastography (MRE) 60 Hz

4 Characterizing Liver Stiffness with Acoustic Radiation Force



46

One confounding factor discovered by the QIBA group in calibrated elastic and 
viscoelastic phantom studies has been the presence of a negative bias in shear wave 
speed as a function of increasing focal depth when using curvilinear arrays. The 
relative magnitude of these biases has been <4% for focal depths ranging from 3 to 
7 cm (https://github.com/RSNA-QIBA-US-SWS/).

Another resource generated through the RSNA QIBA US SWS effort has been 
the generation and public release of digital phantom data generated through finite 
element method models of shear wave propagation in elastic and viscoelastic mate-
rials for shear wave reconstruction development validation [50]. Additionally, stan-
dardized sequences for generating and processing shear waves using the Verasonics 
ultrasound research platform have also been released for public use [51]. The web-
links to this information is provided in Table 4.2.

 Conclusions

Acoustic radiation force elasticity imaging methods have become a viable clinical 
option to noninvasively evaluate liver stiffness. Unlike external vibration-base 
methods, acoustic radiation force excitations can be focused directly in the tissue of 
interest, while also providing real-time, ultrasonic B-mode imaging guidance and 
clinical evaluation. Acoustic radiation force methods are also available to screen for 
and characterize liver masses. Efforts to standardize and provide more consistent 
measurements between different manufacturer systems is being addressed by con-
sensus documents and guideline documents, and the RSNA QIBA Ultrasonic Shear 
Wave Speed group is taking important steps toward characterizing the performance 
of these systems in calibrated elastic and viscoelastic media.

Table 4.2 Publicly released 
digital phantom data and 
standardized sequences for 
generating and processing 
shear waves

Webpage

https://github.com/RSNA-QIBA-US-SWS/QIBA-Digital 
Phantoms
https://doi.org/10.7924/r4sj1f98c
https://github.com/RSNA-QIBA-US-SWS/Verasonics 
PhantomSequences

Another resource generated through the RSNA QIBA US 
SWS effort has been the generation and public release of 
digital phantom data generated through finite element 
method models of shear wave propagation in elastic and vis-
coelastic materials for shear wave reconstruction. 
Additionally, standardized sequences for generating and pro-
cessing shear waves using the Verasonics ultrasound research 
platform have also been released for public use
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Chapter 5
Two Dimensional Shear Wave 
Elastography/Supersonic Shear Imaging

Jeremy Bercoff

 Introduction

Elastography has been one of the most fruitful fields in the ultrasound community 
in the past two decades. Its aim is to digitize and standardize one of the most ancient 
medical acts, the manual palpation, in order to detect pathologies inducing stiffness 
abnormalities. If multiple elastography techniques have been invented by research-
ers around the world, only a few had made their journeys up to the medical device 
industry and the routine clinical use. The first one was strain elastography in the 
early 2000s (2003), almost 20 years after its academic proof of principle [1]. Strain 
elastography relies on a manual stress applied by the user on the organ and calcu-
lates and then displays the induced strain within the image area. The strain map is 
indirectly related to tissue stiffness with the assumption that the induced stress is 
spatially homogeneous and that tissue stiffness heterogeneity is fairly simple (a 
harder nodule for example). With interesting results for breast cancer diagnostic [2], 
strain elastography is barely usable in the liver as the induction of a controlled stress 
by the user on an internal organ remains a key challenge. In 2004, the company 
Echosens introduced the FibroScan, a dedicated tool for quantitative liver stiffness 
assessment. The FibroScan relies on transient elastography, a technique developed 
in the mid-1990s by Institut Langevin in Paris [3]. The technique differs substan-
tially from strain imaging, as the vibration is now automatically generated by an 
external vibrator. The vibrator applies at the body surface a transient pulse that 
induces mechanical waves propagating in the liver. The mechanical waves are 
tracked using a single circular ultrasound transducer, and their speeds are measured 
over a cylindrical region of interest, providing a global assessment of liver stiffness 
in kPa. FibroScan has been widely adopted by hepatologists to assess liver stiffness 
and has contributed in dramatically reducing the need for liver biopsies to perform 
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fibrosis staging. A few years later (2008), two dimensional shear wave elastography 
(2D-SWE) has been introduced by SuperSonic Imagine (SSI) on the Aixplorer 
ultrasound system. Relying on the combination of radiation force-induced shear 
waves and ultrafast ultrasound imaging to track their propagation, 2D-SWE was the 
first ultrasound technique capable of providing real-time imaging of tissue stiffness 
for a wide range of organs: breast, liver, prostate, thyroid, scrotum, muscles, 
and tendon.

 Shear Wave Elastography Basics

Prior to the introduction of shear wave elastography, two clinical solutions were 
available for the clinician or the radiologist to assess liver stiffness:

 – Strain elastography, as a complementary imaging mode of traditional ultrasound 
systems.

 – Transient elastography, through the Fibroscan, as a dedicated tool for global liver 
stiffness assessment.

Strain elastography has the advantage to provide an image, despite not quantita-
tive, of tissue stiffness distribution. It is however extremely difficult to use in the 
liver as sufficient and homogeneous stress needs to be induced in the liver from the 
external ultrasound probe.

Transient elastography (TE) provides a quantitative value of the global liver stiff-
ness but cannot deal with liver stiffness variability and potential artefacts (pulsating 
vessels, reverberation, motion). The aim of shear wave elastography is to overcome 
the limitations of these approaches by providing both a high-resolution image and 
quantitative measurements of liver stiffness.

2D-SWE is based on the supersonic shear imaging technique [4] from Institute 
Langevin and combines two innovative concepts to induce and image shear waves 
with the goal to provide the user with maximal ease of use and reliability:

 – Automatic and supersonic shear wave generation
 – Ultrafast ultrasound imaging.

 Automatic and Supersonic Shear Wave Generation

The generation of shear waves in the body is not performed using an external solici-
tation like in strain or transient elastography techniques. It leverages the physical 
properties of ultrasound wave propagation in human tissue to induce them. 
Ultrasound waves act like a wind inside the body, pushing tissue in their propaga-
tion direction. The wind force is linked to medium ultrasound attenuation and ultra-
sound beam intensity (F = 2αI/c, where I is the ultrasound beam intensity, α the 
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ultrasound attenuation, and c the ultrasound speed of sound). This phenomenon 
called radiation force is very well known in wave physics but has never been used 
so far in medical ultrasound. In order to obtain a noticeable effect (typically a few 
micron displacement), the ultrasound beam must be spatially focused at a given 
location, and its intensity must be increased compared to traditional ultrasound 
imaging beam. Typically, the ultrasound “push” pulse has the same amplitude but is 
100 times longer than the imaging pulse.

Using such beams, ultrasound waves act, at the focus point, as virtual fingers 
pushing the tissue in the direction of their propagation and generating shear waves 
as illustrated in Fig. 5.1a. Thanks to this technology, shear waves can be automati-
cally generated in tissue anywhere without any actions from the user and without 
any changes in its workflow (the user uses the probe as in all other ultrasound imag-
ing modes). The system automatically generates the shear waves by programming 
and sending appropriate focused pushing beams in the liver.

A big drawback of the method is the small amplitude of the induced shear waves 
and their resulting fast attenuation, making the detection of the displacements only 
possible at focus (such as in ARFI based methods [5]) or in the few millimeters near 
the focus. To compensate for the shear wave weakness, a solution could be to 
increase the ultrasound beam intensity, but the relevance of this strategy is reduced 
by the medical acoustic power and intensity limitations that are imposed to any 
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Fig. 5.1 (a) Single push-induced shear wave at 2 ms. (b) Supersonic push-induced shear wave at 
2 ms. (c) Single push-induced shear wave at 6 ms. (d) Supersonic push-induced shear wave at 6 ms
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commercially available medical devices. 2D-SWE uses properties of wave propaga-
tion. The focused beam (or virtual palpating finger) is moved in the medium at a 
supersonic speed (i.e., faster than the induced shear waves) and creates a shear wave 
bang (like the sonic bang of supersonic airplanes). The shear waves are then con-
fined along a Mach cone and their amplitude summed up in a coherent manner to 
generate higher amplitude shear waves without increasing the beam intensity itself. 
Figure 5.1a, c illustrate a shear wave induced by a typical single focused “pushing” 
beam. The induced shear wave displacements are of a few microns amplitude in the 
vicinity of the beam. Figure 5.1b, d show the same movie using a supersonic source. 
The amplitude of the induced shear wave is clearly higher and the propagation area 
much larger (blue square dots). Supersonic-induced waves are of enough ampli-
tudes to propagate in soft tissue through several centimeters. The region of interest 
area is multiplied by 12–16. The supersonic generation of shear waves is a key 
contributor of the robustness and reliability of 2D-SWE.

 Ultrafast Ultrasound Imaging of Shear Waves

Shear wave frequencies vary between 20 and 2000 Hz in the body. To correctly 
analyze shear wave propagation and calculate their speeds (without bias or arte-
facts), they should be imaged at frame rates at least twice higher than their maxi-
mum frequency (Nyquist sampling rule), typically 4000–5000 images/s. This is 
way faster than the current capabilities of ultrasound systems (capable of reaching 
50–100 images/s). In order to reach such frame rates, the way an ultrasound image 
is built needs to be rethought. Instead of firing focused beams and successively 
reconstructing ultrasound lines, the body is insonified with tilted plane waves and a 
specific algorithm is used to reconstruct the ultrasound images from the multiple 
plane wave insonification scheme (illustrated in Fig. 5.2e).

A good quality image can be built with 1–5 tilted insonifications instead of 200 
for the focused approach increasing potentially the maximum frame rate achievable 
by typically a factor of 50 [6]. Ultrafast imaging capabilities are used to capture 
shear waves and measure their propagation speed. Depending on the application 
and depth of interest, ultrafast achievable frame rates can vary from 5000 images/s 
in the liver to 20,000 images/s in the breast or 40,000 images/s in MSK. From the 
propagation movie, the system calculates the shear wave speed at each pixel and 
displays an elasticity map as illustrated in the Fig. 5.2d. The elasticity map is calcu-
lated assuming a purely elastic medium where stiffness and shear wave speed are 
directly linked with the formula:

 E G V= =3
2ρ  (5.1)

E is the Young’s modulus, traditionally used to measure tissue stiffness. G is the 
shear modulus, V is the shear wave group velocity, and ρ is the tissue density 
assumed constant. For more details, see also other chapters in the book Part II 
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“Techniques to Measure Liver Stiffness”. Figure 5.2a–c show a shear wave propa-
gation captured by Aixplorer® ultrafast camera in medium containing a harder 
inclusion. A Mach cone of plane shear waves propagates laterally. The 2D-SWE 
map clearly displays the harder inclusion in Fig. 5.2d. The combination of super-
sonic shear wave generation and ultrafast imaging is the most efficient and robust 
way to perform reliable and real-time imaging of tissue stiffness. Single-push strate-
gies are barely usable in vivo given the weakness of the shear wave induced and 
traditional frame rates are insufficient to track the shear wave propagation. 
Figure 5.2f illustrates the bias introduced on the stiffness mapping when the frame 
rate is lowered to 1000 Hz inducing non-trustable results and bad clinical outcomes.

 Reinventing Ultrasound Technology

For its effective implementation on commercial products, the 2D-SWE mode 
requires to rethink the architecture and design of an ultrasound system. A traditional 
ultrasound system is not able to generate supersonic pushing sequences nor capable 
of reaching ultrafast frame rates. Two key components must be rethought: the power 
supply to be able to deliver higher intensity supersonic pushing beams and the 
beamforming (or image formation) architecture that requires fully parallelized 

a b c d
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e

Undersampled SWE map
@ 1000Hz

Fig. 5.2 (a) Supersonic push-induced shear wave at 2 ms induced in a medium containing a harder 
inclusion. Ultrafast imaging to track shear wave is performed at 6000 Hz. (b) Supersonic push- 
induced shear wave at 6 ms. The shear wave accelerates in the harder inclusion. (c) Supersonic 
push-induced shear wave at 10 ms. (d) 2D-SWE map deduced from the propagation movie. The 
harder inclusion clearly appears in green. (e) Ultrafast acquisition sequence. (f) 2D-SWE map 
obtained if the imaging frame rate is reduced to 1000 Hz. The stiffer inclusion cannot be visualized
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processing capabilities. The Aixplorer family (Aixplorer, Aixplorer Ultimate) and 
its new generation (Aixplorer Mach 30 and 20) are the only commercially available 
systems that have been designed with the goal to perform ultrafast imaging and 
2D-SWE.  They leverage the extremely high processing capabilities of modern 
CPUs and GPU to perform image beamforming in software instead of relying on 
single-line processing through electronic board. The switch from a hardware design 
to a fully software-based ultrasound system is a major technology shift that allows 
clinical availability and performance of 2D-SWE but also opens many perspectives 
to major clinical evolutions of ultrasound.

 2D-SWE for Liver Stiffness Assessment

Shear wave elastography is proposed to the clinician as a real-time ultrasound imag-
ing mode on Aixplorer family systems. The image is displayed in a wide box using 
a quantitative color-coded scale, overlaid on the B mode image. The real-time B 
mode is also shown in a duplex view as displayed in Figs.  5.3a and 5.4a. On 
Aixplorer Mach 30, typical 2D-SWE imaging frame rates vary from 1 to 3  Hz 
depending on the scanning conditions. B mode frame rates are the same as in stand- 
alone B mode (around 20–30 Hz). To specifically address the liver application, three 
curved array transducers are available in order to fit all morphologies specificities. 
The C6-1X probe (3 MHz central frequency) is designed for normal to high BMI 
patients, the C9-2X probe is specified for thin patients with low intercostal space, 
the micro convex MC12-3 probe is available for pediatric applications. Liver 

a

b

c

Fig. 5.3 (a) 2D-SWE mode on Aixplorer Mach 30, (b) acquisition protocol using Aixplorer Mach 
30, (c) 2D-SWE example on cirrhosis with ascites
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stiffness can be assessed in a wide region of interest with a high resolution (1–3 mm 
resolution depending on the probe) as illustrated on Fig. 5.3a. Liver stiffness mea-
surements are performed using the Q-Box tool: a circular ROI can be positioned 
anywhere in the 2D-SWE box, and its size can be set by the user. Stiffness measure-
ments made in the Q-box area are provided: mean, max, min stiffness (kPa), and 
standard deviation over all the pixels of the Q-box area. In each Q-box, a stability 
index (SI) is also provided in percentage, indicating the quality of the 2D-SWE 
measurement. Measurements should be discarded if the SI is lower than 90%. 
Average stiffness and ratios over multiple Q-boxes are also available for the user.

 Typical Guidelines for 2D-SWE in the Liver

To perform proper stiffness measurement using 2D-SWE in the liver, a few scan-
ning guidelines need to be followed.

 – The patient should fast for a minimum of 2 h and rest for a minimum of 10 min 
before undergoing liver stiffness measurement.

 – The patient needs to lie supine with the right arm in maximal abduction.
 – The probe needs to be placed between the ribs (seventh to ninth right intercostal 

space), parallel to the intercostal space.
 – The optimal window should be found using real-time B mode. The image quality 

should be high, the probe surface should be parallel to the ribs and the image 
should not contain major liver vessels.

a

b c

Fig. 5.4 (a) 2D-SWE on liver. Real-time, quantitative on a large ROI. (b) Pulsating vessel arte-
fact: a red area just near the vessel. (c) Capsule red artefact. For avoidance, guidelines recommend 
to place the box a few millimeters below it
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 – Sufficient pressure on the probe needs to be applied to avoid acoustic shadowing.
 – Just before launching the 2D-SWE mode, the patient must stop breathing.
 – The 2D-SWE box must be positioned in order to contain an area of uniform 

parenchyma. Measurements should target segment 6 and 8 of the right lobe.
 – Stabilize the real 2D-SWE image over 3 s and then freeze the image.

The measurements can then be performed using the Q-Box tool. A dedicated 
reporting solution for liver is available for the user including dedicated labelled 
measurements, automatic calculation of statistical data from several measurements, 
selection of dedicated fibrosis publications by etiology with cut-offs for diagnosis.

 Artefacts and Ways to Overcome Them

Liver stiffness measurement can be affected by multiple artefacts [7]. Among them, 
the most important ones are:

 (a) A bad scanning window reducing the capacity to induce efficient vibrations 
inducing instabilities in the 2D-SWE real time image.

 (b) High heart beating rate that will create natural shear waves and interfere with 
the 2D-SWE-induced shear wave. This will also result in instabilities.

 (c) Patient motion (movement, breathing) that could induce instability in stiffness 
measurements.

 (d) Glisson capsule artefacts when the SWE box is positioned to close to it.
 (e) The presence of pulsating vessels that will interfere with the elastography 

technique.

An illustration of the two last artefacts is shown in Fig. 5.4b, c. The above guide-
lines allow significant reduction of instability-related artefacts (Fig.  5.4a–c). 
Furthermore, 2D-SWE provides a full set of tools and guidelines to make sure stiff-
ness measurements are free of artefacts and are accurate and trustable. First the B 
mode allows precise monitoring of the scanning area in order to optimize the scan-
ning window and eliminate the presence of pulsating vessels or lesions at the center 
of the image. Second, the 2D-SWE real-time capabilities help the user ensure that 
the stiffness measurement is accurate (stable image over time) and free of artefacts 
(artefacts linked to vessels or liver capsule can be easily avoided looking at the 
image). The stability index is provided for each measurement to help eliminate the 
acquisitions of insufficient quality (below 90%). Third, stiffness measurement can 
be performed using the Q-Box tool at any location within the 2D-SWE box with an 
adjustable measurement area. Typical Q-Box measurement area is 2 cm2 wide and 
relies on the average value of more than 500-pixel values from the 2D-SWE image 
(compared to one measurement per acquisition with FibroScan). To be fully effi-
cient, they must be inserted in specific scanning guidelines that have been overseen 
above (see Fig. 5.3).
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 Clinical Impact of 2D-SWE in the Liver

Since its introduction and commercialization in 2008, 2D-SWE has been exten-
sively used for liver disease assessment, leading to more than 160 peer-reviewed 
clinical publications and several thousands of cases reported. The clinical perfor-
mances and the clinical value of 2D-SWE have been documented, and a review of 
main published results is done below.

 2D-SWE Provides Reliable and Reproducible Measurements

2D-SWE provides a high technical success rate (TSR) in various liver pathologies. 
Hudson et al. found a 98% TSR in healthy patients [8]. TSR above 97.5 was dem-
onstrated in studies involving hepatitis B or C recruitment [9–12]. Even in cirrhotic 
patients, Cassinotto found a 93.8 TSR over 401 patients [13]. In patients with vari-
ous chronic liver diseases, TSR has been kept in the 90–100% range depending on 
the studies and recruitment [14]. Intra-operator reproducibility has also been 
demonstrated as excellent with intraclass correlation coefficients (ICC) ranging 
from 0.93 to 0.96 depending on the qualification of the operator and the type of 
disease [9, 13, 15]. Ferraioli [10] demonstrated that the mean difference between 
measurements during a given scanning session was 0.01 kPa, significantly below 
the precision required to stage fibrosis. Inter-operator reproducibility was 
reported with ICC above 0.83 [8] up to 0.94 [13]. Cassinotto also demonstrated 
higher ICC for liver (0.94) than for spleen (0.87) [13].

With higher TSR and reproducibility than FibroScan, 2D-SWE interestingly 
shows similar threshold values for hepatitis C virus-related patients. This was dem-
onstrated in 2017 by Piscaglia et al. [16]. The study reported a good concordance in 
terms of precision and accuracy between 2D-SWE and FibroScan (0.90 precision 
coefficient and 0.99 accuracy coefficient) for measurements taken into two intercos-
tal spaces. The concordance was significantly lower for shear wave-based ultra-
sound elastography techniques provided by other manufacturers (typically 0.7 and 
0.5 precision and accuracy coefficient).

 A Fast Acquisition Protocol

In all techniques other than 2D-SWE, ten consecutive measurements are recom-
mended by the manufacturer to perform a liver stiffness measurement. This con-
strain slows down and significantly complicates the scanning workflow. Huang 
et al. demonstrated that 2D-SWE has the same diagnostic performances [17] with 
1 or 10 measurements. For BMI > 27 kg/m2, three measurements are recommended. 
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The typical full 2D-SWE liver protocol (scan, perform 2D-SWE, quantify, report) 
can be performed in less than 60 s.

Publication results show that the technological superiority of 2D-SWE (super-
sonic shear wave generation and ultrafast imaging) brings significant value to the 
clinician by reducing the examination time and increasing the accuracy and robust-
ness of the measurements.

As we will show below, it also translates into high value clinical results.

 Liver Stiffness Assessment with 2D-SWE Is Correlated 
with Fibrosis Stage

The correlation of stiffness assessment with 2D-SWE with fibrosis severity has 
been established in multiple studies [14, 18–20]. An overview of diagnostic perfor-
mance of 2D-SWE among different comparative studies with mixed etiologies is 
shown on Fig. 5.4a. AUROCs above 0.86 have been systematically demonstrated to 
assess significant fibrosis (F ≥  2). AUROCs are above 0.91 for severe fibrosis 
(F ≥ 3) and above 0.92 for cirrhosis. Performance is very similar (a bit higher) if the 
focus is on a specific pathology such as HCV, HBV, or NASH/ASH. Those studies 
have been confirmed by several meta-analysis published in 2016 [21–23]. For 
example, Jiang et al. found AUROCs of 0.87 for significant fibrosis detection and of 
0.94 on cirrhosis over 2303 patients. Figure 5.5b shows the range of diagnostic cut- 
off values from the literature to evaluate liver fibrosis severity using 2D-SWE. The 
ranges per fibrosis stage are clearly not overlapping for Hep B and C diseases-based 
recruitments. Figure  5.5c shows the cut-off values in terms of sensitivity and 
specificity.

More recently, Wang et al. [24] demonstrated on 398 patients that the use of deep 
learning radiomics on 2D-SWE images could increase diagnostic performance of 
2D-SWE for fibrosis assessment. AUROCs were found up to be 0.98 for severe 
fibrosis and 0.97 for cirrhosis. This preliminary paper shows the great potential of 
combining high-quality 2D-SWE images with artificial intelligence but requires 
further confirmation. Similar results have been found for the pediatric population. 
Franchi et al. [25] found that 2D-SWE correlated better than FibroScan for fibrosis 
assessment (AUROCs of 0.8 vs. 0.75).

 Beyond Liver Fibrosis Assessment

2D-SWE can also be considered as an efficient clinical tool for other indications 
than fibrosis assessment, particularly in cirrhotic patients. Publications have demon-
strated that the combination of liver and spleen stiffness using 2D-SWE could indi-
cate prognosis. Jansen et al. [26] showed that liver and spleen stiffness above certain 
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thresholds predict clinically significant portal hypertension (CSPH). Kim et al. [27] 
showed that 2D-SWE can non-invasively predict the presence of esophageal vari-
ces, more accurately than platelet count versus spleen diameter ratio. 2D-SWE can 
also be used for liver treatment monitoring, such as anti-portal hypertension therapy 
[28] or for transplantation planning and monitoring [29]. No data are yet available 
on spleen stiffness (or spleen size) to liver stiffness ratio which could help to local-
ize the histological side of inflammation and predict disease-specific complications 
as shown recently in a FibroScan based study [30].

Fig. 5.5 (a) Diagnostic performance of 2D-SWE among different comparative studies with mixed 
etiologies in different studies. (b) Range of diagnostic cut-off values from the literature to evaluate 
liver fibrosis severity using 2D-SWE. (c) Cut-off performances in terms of sensitivity and specific-
ity from different studies. For sake of clarity, references are directly inserted in the figures

0,9

0,8

0,7

0,6

0,5

0,4

0,3

0,2

0,1

0
Yoneda, 2015

0.86 Mixed etiologies SWE

a

b

Herrmann, 2015 Cassinotto, 2014 Gerber, 2015 Yoneda, 2015 Herrmann, 2015 Cassinotto, 2014

F4≥F3≥F2

Gerber, 2015 Yoneda, 2015 Herrmann, 2015 Cassinotto, 2014 Gerber, 2015

3 3.5 4 4.5 5 5.5 6 6.5 7 7.5 8 8.5 9 9.5 10 10.5 11 11.5 12 12.5 13 13.5 14 14.5 15 15.5 16 16.5 17

V
H
C

METAVIR ≥ F1

METAVIR ≥ F2

N
A
S
H

Brunt  ≥ F3

Brunt = F4

A
S
H

METAVIR ≥ F1

V
H
B

Liver Elasticity (kPa)

METAVIR ≥ F3

METAVIR ≥ F2

Brunt ≥ F2

Liver Elasticity (kPa)

Liver Elasticity (kPa)

Liver Elasticity (kPa)

METAVIR ≥ F3

METAVIR = F4

METAVIR = F4

3 3.5 4 4.5 5 5.5 6 6.5 7 7.5 8 8.5 9 9.5 10 10.5 11 11.5 12 12.5 13 13.5 14 14.5 15 15.5 16 16.5 17

3 3.5 4 4.5 5 5.5 6 6.5 7 7.5 8 8.5 9 9.5 10 10.5 11 11.5 12 12.5 13 13.5 14 14.5 15 15.5 16 16.5 17

3 3.5 4 4.5 5 5.5 6 6.5 7 7.5 8 8.5 9 9.5 10 10.5 11 11.5 12 12.5 13 13.5 14 14.5 15 15.5 16 16.5 17

Healthy
Liver1-3

F2

F3

F4

F0-F1

F1

5 Two Dimensional Shear Wave Elastography/Supersonic Shear Imaging



62

 Beyond 2D-SWE

Many confounding factors should be taken into account such as liver pathological 
evolution before fibrosis, blood pressure, congestion, BMI, and cardiac insuffi-
ciency [31–37]. For more details, see also the book Part IV “Important (Patho)
physiological Confounders of LS.” Thus, it would be highly desirable, if steatosis 
and necro-inflammatory activity could be also assessed in addition to fibrosis. 
Complementary quantitative tools for better noninvasive assessment of liver dis-
eases are therefore needed comparable to the controlled attenuation parameter 
(CAP) run on the FibroScan platform. For more details, see also the book Part VI 
“Assessment of Hepatic Steatosis Using CAP.” On Aixplorer Mach 30, 2D-SWE is 
complemented with many other ultrasound markers with the goal to assess liver 
disease in its globality.

 Viscosity

Human tissue can be considered as viscoelastic materials. Viscosity refers to the 
tissue capacity to attenuate or absorb vibrations. If 2D-SWE measures the elastic 
properties of tissues (elasticity or stiffness can be considered as the same informa-
tion), viscosity remains an unknown. When tissues have viscous properties, shear 
waves of different frequencies propagate at different speeds (the so-called disper-
sion effect). This is illustrated in equations below.
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Equation 5.1 is for purely elastic medium and Eq. 5.2 for viscoelastic medium, 
where μ is the shear modulus, η is the viscosity, and ρ is the medium density. When 
the medium is purely elastic, the wave speed is directly linked to tissue elasticity. 
When the medium is viscoelastic (Voigt model), the wave speed depends on medium 
elasticity, viscosity, and the frequency of the wave

Shear waves induced by the 2D-SWE contain multiple frequencies (typically 
from 20 to 400 Hz in the liver). This is not the case for strain elastography (a static 
compression corresponds to a zero-frequency wave) or FibroScan (the vibration is 
generated at 50 Hz). By adding a new processing algorithm to 2D-SWE data, shear 
wave speed can be estimated at multiple frequencies, and a quantitative viscosity 
image can be provided to the user without changing anything to its protocol. 
Figure 5.6a shows the new 2D-SWE mode on Aixplorer Mach 30 with viscosity 
imaging provided as a complementary information to elasticity.

 Ultrasound Attenuation and Ultrasound Speed of Sound

Despite being an active field in the research arena for many decades, ultrasound 
image quantification has never really been adopted by the medical industry. One 
reason seems to be the technical challenge to provide accurate and unbiased estima-
tion of ultrasound body properties. Recently, a re-interest has been observed for 
breast and liver imaging. In the liver, CAP (controlled attenuation parameter), pro-
posed on the Fibroscan [38], is one of the first tools to assess a global liver ultra-
sound attenuation. Aixplorer Mach 30 leverage its ultrafast architecture to propose 
in addition to its 2D-SWE mode (including elasticity and viscosity quantification), 
a tool able to accurately quantify ultrasound attenuation and ultrasound speed of 
sound within the liver. Both parameters have been shown to be correlated to liver 
steatosis according to preliminary studies [39, 40]. Figure 5.6b shows the new ultra-
sound quantification mode.

 Vascularization

As part of a complete ultrasound solution, real-time Doppler imaging and Angio 
PL.U.S. (ultrasensitive Doppler imaging) are available on Aixplorer Mach 30. 
Angio PL.U.S. is a new Doppler imaging mode based on ultrafast technology [41] 
and allows small vessel detection and mapping in the liver. Figure 5.5c shows the 
comparison between traditional Doppler and Angio P.L.U.S on a focular nodular 
hyperplasia (FNH). The bike wheel pattern is clearly identified on the Angio 
PL.U.S. image, making the mode a very neat help to detect and characterize such 
liver lesions. Vascular analysis with contrast agent imaging (CEUS) is also available 
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and is particularly relevant for liver nodule characterization indication. The comple-
ment of 2D-SWE stiffness assessment with vascularization imaging and three new 
ultrasound quantitative markers open the possibility to improve non-invasive diffuse 
liver management. The combination of such imaging modes and markers with 
machine learning or deep learning techniques could hopefully lead to accurate 
assessment of steatosis and necro-inflammatory activity. Clinical studies are ongo-
ing to assess the relevance of these new parameters for liver disease management.

 Conclusion

2D-SWE is an accurate, easy to use, and reliable tool to assess liver fibrosis, and it 
has better or equivalent performances as compared to other methods. It is recog-
nized by FDA as a clinical tool in the management of patients with liver diseases. 
2D-SWE could be regarded as a first step of quantitative ultrasound imaging where 
ultrasound imaging is switching from a purely morphological imaging system to a 
fully quantitative imaging device of several tissue and flow markers.

a b

c

Fig. 5.6 (a) 2D-SWE mode with quantitative stiffness (top) and viscosity imaging (bottom). (b) 
Liver ultrasound quantification (attenuation and speed of sound). All features from Aixplorer Mach 
30. (c) Classical Doppler vs. Angio PL.U.S on a FNH
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Chapter 6
Liver Magnetic Resonance Elastography: 
Clinical Use and Interpretation

Jing Guo, Ingolf Sack, and Stephan Rodrigo Marticorena Garcia

 Technical Introduction

Magnetic resonance elastography (MRE) is a phase-contrast-based MRI tech-
nique that can measure displacement due to propagating mechanical waves, from 
which material properties such as shear modulus can be calculated [1]. It is moti-
vated by the clinical importance of palpation, which has been used for centuries 
to detect diseased tissue. MRE gains increasingly clinical importance, in particu-
lar for the diagnosis and staging of liver fibrosis [2–4]. However, many groups are 
reporting MRE results in terms of different parameters, and numerous types of 
acquisitions and processing techniques are currently in use [1]. The diversity of 
techniques and terminology can lead to confusion as to the meaning of certain 
terms or how to interpret or compare MRE results. Therefore, standardization 
and guidelines in MRE including recent technological advancements such as 
multifrequency MRE, tomoelastography, and stable actuation methods are neces-
sary to further improve the applicability and consistency of MRE in clinical 
examinations, in particular for the liver [5]. Since the number of publications in 
MRE of the liver expands far beyond a compact overview within this textbook, 
we recommend further reading of the following review articles and meta-analy-
ses [3, 4, 6–20].
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 Driver, Sequences, and Post-processing

There are three main technical components to MRE: (a) the generation of the 
mechanical waves and their delivery to the relevant part of the body, (b) the MR 
pulse sequence used to acquire data, and (c) the inversion algorithm to recover one 
or more mechanical parameters from the displacement data [1].

Several approaches have been used to generate mechanical waves for MRE. MRE 
of the liver typically uses pneumatic drivers either coupled with commercially avail-
able loudspeaker systems (Resoundant Inc., Rochester, MN) [4] or operated by com-
pressed air drivers [1, 21]. Other studies used piezoelectrical actuators [22], rigid 
piston drivers [23] or electromagnetic induction coils [24] to generate motion in the 
liver. Irrespective of the way of introducing shear waves into the liver, MRE relies on 
the full penetration of the liver and abdominal cavity with time-harmonic vibrations 
[1]. Care has to be taken to avoid insufficient wave penetration of the liver leading to 
artifacts and noise in parameter maps (elastograms) [25]. Therefore, multiple drivers 
placed around the abdomen have been proposed to further improve the reproducibil-
ity of MRE in clinical examinations [26]. The frequencies of the vibrations are typi-
cally in the range between 30 and 60 Hz [1]. The commercial Resoundant system 
uses 60 Hz [3] while several studies have demonstrated the benefit of using multifre-
quency MRE protocols by introducing several frequencies for analyzing viscoelastic 
dispersion of liver tissue [23, 27] or for high-resolution parameter mapping [15, 22].

MRE pulse sequences are typically based on gradient-echo (GRE-MRE) or spin- 
echo sequences (SE-MRE) with Cartesian readout which is favored by the rectangu-
lar field-of-view given in transversal slices through the abdomen [1]. Motion is 
encoded by oscillating gradients (MEG) either in synchrony to the induced mechani-
cal vibration or having a shorter period time than the stimulated harmonic vibration 
[28]. Encoding by short MEG is often required in order to keep echo times short and 
to minimize T2-signal relaxation. Motion encoding gradients which are shorter than 
a vibration period are referred to as fractional encoding schemes which are increas-
ingly applied in MRE of the liver [29]. Currently, spin-echo echo-planar imaging 
(SE-EPI) MRE is becoming a routine clinical protocol for imaging the liver at 1.5 
and 3 T [30]. MRE captures shear wave images within several seconds in two dimen-
sions or within minutes in three dimensions including full-field acquisition. Scan 
times exceeding 20 s are often segmented to fit into breath hold windows, which 
significantly prolongs measure time. Therefore, free breathing protocols have been 
established in larger cohorts demonstrating good stability of values across all patients 
and diseases [31]. Reasons for the relative insensitivity of MRE to breathing artifacts 
might relate to typical post-processing strategies in MRE in which only harmonic 
motions are selected and unwanted stochastic motions are suppressed. Here, auto-
mated motion correction routines based on image registration prior to the specific 
MRE post-processing might help to further improve the consistency of MRE in the 
liver at shorter scan times similar to motion correction applied to the brain [32].

A central part of post-processing in MRE is the solution of the invers problem of 
time-harmonics waves [33]. The wave equation governs the propagation of wave 
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fields in which shear and compression components overlap. Usually, Helmholtz 
decomposition is applied to separate shear from compression components followed 
by solving the scaler shear wave equation for the complex shear modulus [34]. This 
procedure is named direct inversion (DI) and is used in many MRE examinations of 
the liver [1]. However, Helmholtz decomposition combined with DI is known to be 
very sensitive to noise due to finite difference operators in second or third orders [34]. 
Therefore, DI-inherent difference operators are often replaced by bandpass- filters. 
Local frequency estimation (LFE) relies on filter banks yielding stable results with, 
however, limited spatial resolution of anatomical details [34]. A better approach has 
been introduced recently, named tomoelastography, which uses spatiotemporal filter-
ing combined with single-order derivative operators to solve the equation of plane 
waves for wave numbers [15]. As a result, tomoelastography delivers maps of inverse 
wave numbers times actuation frequency (shear wave speed, c in m/s) as a surrogate 
of stiffness [21]. Both DI and tomoelastography can be extended to multifrequency 
reconstruction methods [21, 22]. It has been shown that combining multifrequency 
wave fields prior to inversion permits alleviation of wave voids and amplitude nulls 
at single frequency yielding an overall improved quality of parameter maps [35].

 Elasticity and Viscosity

The complex shear modulus G∗ as measured by MRE provides a basic description of 
mechanical tissue properties. Stiffness is often referred to the magnitude modulus 
(|G∗|), while elasticity and viscosity are quantified by storage (real part of G∗) and 
loss modulus (imaginary part of G∗). Viscosity is a material’s ability to convert 
mechanical energy into heat. An alternative description of viscosity is based on the 
phase angle φ of the complex modulus (also known as loss angle) which indicates 
fluidity. Conceptually, fluidity signifies the conversion of a solid into a fluid within a 
continuous range of values from 0 to π/2. Materials of φ < π/4 behave predominantly 
solid while materials of φ > π/4 are thought to be dominated by fluid properties. 
Some studies of MRE of the liver also reported volumetric strain. Unlike shear 
strain, which is commonly evaluated in MRE, volumetric strain relates to compres-
sion. As will be shown later, compression of liver tissue can change with portal 
hypertension and increased intrahepatic pressure gradient. Beyond shear modulus, 
MRE holds great promise for future applications aiming at physiologically and 
pathologically altered pressure. More reading on MRE parameters can be found in [1].

In summary, current MRE technology for the liver is well established in clinical 
routine providing mechanical parameters such as shear modulus for the detection of 
abnormal hepatic stiffness due to fibrosis. Technical improvements addressed deep 
penetration of abdominal tissues by shear waves, fast imaging sequences to avoid 
motion artifacts and noise-robust inversion routines to better depict anatomical 
details. Multifrequency-based tomoelastography of abdominal organs including the 
liver based on compressed air drivers has recently been demonstrated as viable 
approach to address those challenges [15, 21, 31, 36].
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 MRE in Liver Fibrosis

Liver fibrosis is a dynamic process characterized by the accumulation of extracel-
lular matrix (ECM) elements such as collagen, fibronectin, proteoglycans, and gly-
cosaminoglycans in response to chronic inflammation. Major reasons for liver 
fibrosis comprise alcohol abuse, metabolic disorders, and viral infections. The vol-
ume fraction of liver-ECM is in the order of 3% in healthy livers but can increase up 
to a factor of ten due to advanced fibrosis [37]. Fibrosis progresses very slowly, typi-
cally within 5–50 years, in an asymptomatic course [38]. However, significant liver 
reorganization can occur already at early stages of fibrosis [39]. Advanced fibrosis 
is characterized by end-stage fibrous scar tissue with hepatocellular dysfunction, 
known as cirrhosis. Cirrhosis is typically associated with elevated intrahepatic resis-
tance to blood flow, varicose veins, portal hypertension, and hepatic insufficiency. 
There are two general categories of cirrhosis: compensated and decompensated cir-
rhosis. In compensated cirrhosis, the liver is still able to perform vital functions 
without major complications and clinical symptoms. Progression from compen-
sated to decompensated cirrhosis is marked by symptoms such as ascites, variceal 
bleeding, hepatic encephalopathy, and hepatic failure. Furthermore, liver fibrosis is 
associated with increased risk of the development of hepatocellular carcinoma 
(HCC) [40, 41].

Staging of liver fibrosis is essential for the prognosis and treatment planning of 
chronic liver diseases. Liver biopsy is considered the reference standard for staging 
fibrosis despite its invasiveness and associated risks. Different histopathological 
staging scores are used in clinical routine. The most commonly used scores are 
Meta-analysis of Histological Data in Viral Hepatitis (METAVIR) [42], Classification 
of the International Association for the Study of the Liver (IASL) [43], and the 
Ishak score [44], which combine a representation of the extent of fibrosis and 
inflammation. However, the diagnostic accuracy of liver biopsy is still under debate 
since biopsy covers only a fraction of 1/150,000 of the entire liver parenchyma and 
thus is susceptible for sampling errors [45, 46]. Furthermore, histopathological 
analysis is often subjective and therefore limited by inter- and intraobserver vari-
ability [47]. Finally, the application of biopsy in follow-up examinations suffers 
from low patient acceptance [46].

Advanced imaging modalities are used in the clinical routine for diagnosing 
fibrosis, such as sonography, MRI with dynamic extracellular, or hepatobiliary con-
trast medium-enhancement, MRI-based perfusion and diffusion quantification, as 
well as T1- and T2-Mapping [48, 49].

In this context, MRE is unique as it provides quantitative, biophysical, and 
system- independent parameters of structure and composition of soft tissues. MRE 
in the liver is particularly successful as reflected by the high number of publications. 
Clinical MRE studies in patients with liver fibrosis have been validated by tissue 
studies of bovine liver [50], human tissue [51], and animal models [52–54] showing 
the high sensitivity of MRE to structural changes in the course of liver disease.
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Several studies demonstrated the value of MRE for a noninvasive detection of 
liver fibrosis and the potential of MRE for distinguishing different fibrosis stages 
[16–19]. For simplicity, we will present fibrosis stages according to the 
 METAVIR- score [42]: stage 1 = any fibrosis; stage 2 = significant fibrosis; stage 3 
= advanced fibrosis; stage 4 = cirrhosis. An example of using multifrequency MRE 
with tomoelastography post-processing [15] is provided in Fig. 6.1. A recent meta-
analysis, which included 26 studies with a total of 3200 patients, reported a very 
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Fig. 6.1 T2w images (left) and shear wave speed maps (elastograms, right) of a healthy liver, and 
patients with stage 2 and 4 fibrosis. Increased shear wave speed values with higher fibrosis stage 
are clearly visible. (Reproduced from H. Tzschätzsch et al. [15] with permission)
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good diagnostic performance of MRE with area under the receiver operating curve 
(AUC) values of 0.93, 0.95, 0.94, and 0.92 for GRE-MRE, and 0.94, 0.94, 0.95, 
and 0.93 for SE-EPI MRE in detecting fibrosis ≥F1, ≥F2, ≥F3, and ≥F4 [17]. 
Similarly, L.N. Su et al. reported AUC-values of 0.95, 0.97, 0.96, and 0.99 (includ-
ing 13 studies comprising a total of 989 patients) [19] while Y. Guo et al. reported 
0.94, 0.97, 0.96, and 0.97 (including 11 studies comprising a total of 982 patients) 
[16] for detection of fibrosis stages ≥F1, ≥F2, ≥F3, and ≥F4, respectively. Another 
meta- analysis reported lower AUC-values of 0.84, 0.88, 0.93, and 0.92 for the 
detection of fibrosis ≥F1, ≥F2, ≥F3, and ≥F4 [18]. However, liver stiffness can be 
influenced by several physiological effects such as water intake [21] and liver fat 
deposition [21, 31]. Different MRE methods and study protocols prevent the calcu-
lation of general cutoff values yielding to recommendation of systems-specific 
thresholds [16–19].

As compared to MRE, ultrasound-based elastography (USE) is more widely 
used and recommended by guidelines [7]. Liver stiffness obtained by USE pro-
vides reliable fibrosis assessment in chronic liver disease [55, 56]. The major 
advantages of USE are wide availability, low cost, and real-time performance. 
However, a better diagnostic performance in detection of hepatic fibrosis ≥F1, 
≥F2, ≥F3, and ≥F4 was found for MRE (AUC = 0.96, 0.99, 0.99, and 1.00) com-
pared to ultrasound- based transient elastography (TE, Fibroscan) (0.80, 0.84, 0.91, 
and 0.93) and laboratory parameter-based scores including aspartate aminotrans-
ferase (AST) and aspartate aminotransferase-to-platelet ratio Index (APRI) (0.68, 
0.71, 0.82, and 0.82) [57], as shown in Fig. 6.2. G. Xiao et al. performed a meta-
analysis for detection of advanced fibrosis in NAFLD including 64 studies with 
overall 15,515 patients reporting excellent AUC-values for MRE (0.96) and ultra-
sound-based shear wave elastography (SWE) (0.95) followed by TE (0.85 and 
0.88, depending on M or XL probe), laboratory parameter based fibrosis-4 index 
(FIB-4) [58] (0.84), APRI (0.77), NAFLD score (NFS) [59] (0.84), and BARD-
score [60] (0.76) [20] (see Fig. 6.3). A meta-analysis demonstrated a better diag-
nostic performance of MRE in staging F0–F1 vs F2–F4 and F0–F2 vs F3–F4 (AUC 
= 0.98 and 0.98) than diffusion weighted imaging (DWI, AUC, 0.83 and 0.86) [61]. 
These findings agree with a recent article in which the diagnostic performance of 
MRE and DWI in detecting hepatic fibrosis was analyzed finding AUC-values of 
0.99, 0.99, and 0.98 and 0.72, 0.83, and 0.79 for fibrosis stages ≥F2, ≥F3 and F4, 
respectively [62]. MRE was highly reproducible as demonstrated by intraclass cor-
relation coefficients (ICC) of 0.84 [63] and 0.85 [64]. MRE is currently considered 
the most accurate method for diagnosing liver fibrosis noninvasively [8].

In summary, MRE is a promising noninvasive biomarker for assessing fibrosis of 
different etiologies allowing a precise prediction of different fibrosis stages. 
However, further development is needed to allow for a better comparability of 
 different MRE-systems and to gain deeper knowledge of the micro-architectural 
contributions to macroscopic stiffness changes in the liver [65].
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Fig. 6.3 Summary ROC plots of detecting (a) significant fibrosis, (b) advanced fibrosis, and (c) 
cirrhosis. SWE and MRE demonstrated the highest summary AUC. (Reproduced from G. Xiao 
et al. [20] with permission)
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 MRE in NAFLD/NASH

Nonalcoholic fatty liver disease [66] is associated with obesity, insulin resistance, 
and metabolic syndrome [67]. During NAFLD development, the liver accumulates 
fat (mainly triglycerides) in the hepatocytes by an increased load of fatty acids, 
increased hepatic triglyceride synthesis, and a decreased degradation and export of 
fats [68]. NAFLD is the most prevalent chronic hepatic disease. The incidence of 
NAFLD is estimated to be 20–30% in Western countries and 5–18% in Asia [69]. 
Although the progression of NAFLD is itself benign and reversible, in 20% of 
patients with NAFLD, a more server condition involving hepatocyte necrosis and 
inflammation called nonalcoholic steatohepatitis (NASH) develops [70]. The rapid 
progression of NASH is a major risk factor for liver failure, cirrhosis, and hepatocel-
lular carcinoma (HCC) as well as for hepatic decompensation [71, 72].
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Liver biopsy and histological analysis are considered the reference standard for 
the diagnosis of NAFLD [73]. However, due to its invasive nature, liver biopsy 
should be limited to patients who are more likely to progress to NASH [74]. There 
are some noninvasive imaging modalities available for initial screening, detecting, 
or even quantifying the fat content of the liver, such as sonography, CT, and 
MRI. MRE has been extensively used for noninvasive quantification of liver fibro-
sis, which is strongly associated to the progression of NAFLD [75]. In [76], 117 
patients with biopsy-proven NAFLD were prospectively enrolled for testing the 
diagnostic performance of MRE. The authors revealed that MRE has a very good 
diagnostic performance for separating advanced and severe fibrosis (F3–4) from 
insignificant or early stages (F0–2) (AUC = 0.0924). A recent review article that 
evaluates nine individual MRE studies with a total of 232 patients with NAFLD 
reports AUC-values of 0.86, 0.87, 0.90, and 0.91 for the diagnosis of any, significant 
or advanced fibrosis and cirrhosis, respectively [18].

Steatosis and inflammation, two other main pathological components of NAFLD, 
have also been investigated by MRE. An early study suggested, based on data from 
58 NAFLD patients, that hepatic stiffness measured by MRE is higher in patients 
with inflammation than those with simple steatosis leading to good diagnostic accu-
racy (AUC = 0.93) in discriminating patients with NASH from those with simple 
steatosis [77].

More attention has recently been paid to the diagnosis of pediatric NAFLD due 
to the increased obesity and high prevalence of fatty liver in children and adoles-
cents [78]. Considering that the histopathologic patterns in pediatric NAFLD patient 
differ from the adult cohort [79], a few MRE studies were conducted in order to 
evaluate the diagnostic performance of MRE for the detection of fibrosis and steato-
sis in children with NAFLD. A good correlation was found between MRE and liver 
fibrosis based on a dual-center study including 99 pediatric NAFLD patients [80]. 
However, this study also showed that MRE is limited in children compared to adults, 
probably due to lacking cooperation, motion artefacts and inconsistent breathing 
encountered in children. A recent study used tomoelastography to study both fibro-
sis and steatosis in pediatric NAFLD [31]. The authors derived shear wave speed c 
and penetration rate a, as surrogate markers of liver stiffness and viscosity, respec-
tively [31]. Two maps of c and a are shown in Fig. 6.4a, b for two patients with vari-
ous degrees of fibrosis and steatosis. Hudert et al. [31] reported that c and a are 
independently responsive to fibrosis and steatosis allowing to distinguish different 
stages of these disease components (Fig. 6.4c, d). Furthermore, the authors reported 
a very good diagnostic accuracy of these two parameters in detecting moderate 
(≥F2, AUC = 0.91) and advanced fibrosis (≥F3, AUC = 0.90) as well as moderate 
(≥S2, AUC = 0.87) and severe steatosis (S3, AUC = 0.87) [31]. The combination of 
MRE-measured a with other MRI imaging markers such as hepatic fat fraction 
(HFF) improved the diagnostic accuracy for severe steatosis [31]. Notably in the 
same study, 48 patients were also examined by ultrasound time-harmonic elastogra-
phy (THE) [81] showing a slightly lower diagnostic power of MRE than THE. Again, 
this difference is probably attributable to limitations with respect to motion and 
breathing artifacts encountered of children during longer MRE scans as compared 
to ultrashort THE examination times (in seconds).
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As has been demonstrated, the diagnostic power of MRE in adults with chronic 
liver disease is excellent while MRE in pediatric NAFLD is limited and data are 
sparse for younger cohorts. Therefore, the two pediatric NAFLD studies are yet to 
be followed by larger studies to validate the outcomes and establish pediatric-based 
cutoffs. In addition, the MRE technique and protocols need to be optimized, e.g., by 
implementing navigators for motion correction, reducing measurement time as pro-
posed in [82] or using image registration for motion correction within the post- 
processing. These strategies might further improve the diagnostic accuracy of MRE 
in the liver in pediatric patients in the future.
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To summarize, MRE is a promising imaging marker for assessing fibrosis in 
patients with NAFLD and can provide valuable information on inflammation and 
steatosis. MRE has been demonstrated to be accurate in discriminating NASH from 
NAFLD.  However, MRE needs further development, validation, and prospective 
evaluation in pediatric patients with NAFLD.

 MRE in Viral Hepatitis

Chronic liver hepatitis is associated with an increased risk of liver fibrosis [83], 
which in turn increases the prevalence of HCC [84, 85]. Specifically, chronic hepa-
titis B (HBV) and C virus [86] infections are considered the primary risk factors for 
HCC [87].

Knowledge about the stage of liver fibrosis is important for the prognosis of viral 
hepatitis [10]. Particularly, detection of significant fibrosis (METAVIR, F2) is 
important for antiviral treatment planning [88]. Therefore, most MRE studies in 
patients with HBV and HCV infection focused on the staging of liver fibrosis. In 63 
patients with HBV, MRE could discriminate fibrosis stages ≥ F1, ≥F2, ≥F3, and F4 
with excellent accuracy (AUC: 0.99, 0.99, 0.99, and 0.98, respectively) [89] which 
outperformed serum fibrosis markers [89]. In 85 patients with hepatitis (65 HBV, 19 
HCV) MRE had a similar accuracy as ultrasound-based transient elastography [90] 
with AUC-values of 0.909 and 0.914 for separating F0–F1 from F2–F4 [90].

The development of direct-acting antiviral drugs in chronically HCV-infected 
patients revolutionized the treatment options in HCV [91, 92]. Various studies based 
on ultrasound elastography showed softening of the liver after the application of 
direct-acting antivirals [93–97]. These results suggest that inflammation contributes 
to the stiffening of liver tissue, which was confirmed by MRE in a longitudinal 
study design [26]. Figure 6.5 presents an example of liver softening due to antiviral 
therapy in patients with HCV.

In summary, MRE is effective for noninvasive detection and staging of liver 
fibrosis associated with viral hepatitis. MRE can also be applied for monitoring the 
response of antiviral treatment to liver stiffness, in order to detect and quantify a 
possible regression of fibrosis and inflammatory activity.

 MRE in Liver Tumors

Liver cancer is the sixth most common cancer worldwide [98] among which HCC 
is most prevalent [84]. Major risk factors for HCC are alcohol abuse, chronic infec-
tions with hepatitis B or C, nonalcoholic fatty liver disease and aflatoxin consump-
tion [84, 98]. Chronic liver diseases promote tissue scarring and cirrhosis, which in 
turn foster hepatocarcinogenesis [84, 85].
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Noninvasive imaging techniques for liver cancer comprise sonography with and 
without contrast medium, dynamic contrast medium-enhanced computed tomog-
raphy (CT), dynamic gadolinium-enhanced MRI, and positron emission (PET) 
 CT/MRI with fluorodeoxyglucose (FDG) [49, 99–101]. However, in clinical rou-
tine, liver metastases are still diagnosed by biopsy and pathohistological analysis. 
A recent meta-analysis showed that gadolinium-enhanced MRI has the highest 
sensitivity for the detection of colorectal liver metastasis (93.1% vs. CT, 82.1%, 
and PET/CT, 74.1%) with similar specificity as PET-CT (87.3% vs. 93.9%) but 
higher specificity than CT (73.5%) [102]. For detection of HCC, gadolinium-
enhanced MRI is the reference standard, without need of biopsy. Preferably hepa-
tobiliary contrast media are used for the MRI-based detection of HCC at early 
stages providing a sensitivity of 91–93% [49, 103]. The American College of 
Radiology developed a standardized reporting and data collection system, Liver 
Reporting & Data System (Li-RADS) [104].

Among quantitative MRI techniques, MRE is of particular interest for the char-
acterization of liver tumors. In general, tumor growth is associated with extensive 
alterations of tissue structures resulting from a number of processes such as neo-
vascularization, accumulation of cells, and remodeling of the extracellular matrix 
[105, 106]. Furthermore, leaky tumor blood vessels and impaired lymphatic drain-
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age lead to interstitial fluid accumulation and elevated hydrostatic pressure. The 
altered structure and fluid turnover is mirrored by significant changes in the effec-
tive shear modulus as measured by MRE [1]. The incidence of HCC increases with 
progression of liver fibrosis indicating the relevance of biophysical tissue proper-
ties for tumor development. A one-kilopascal increase of liver stiffness is associ-
ated with 4% higher incidence of HCC [107] and increases the risk for tumor 
recurrence by 16.3% [108]. Notwithstanding these impressive numbers, MRE-data 
on liver malignancies are sparse. So far, elastography in liver tumors has predomi-
nantly been demonstrated by ultrasound techniques providing sensitivity and spec-
ificity for the differentiation of malignant from benign tumors of 82% and 80% 
[109]. Surgeons normally feel liver tumors by palpation as stiff masses: This is 
mirrored by MRE which also detects malignant lesions as being stiffer than sur-
rounding liver tissue (see Table 6.1) [36, 110–112]. Compared to benign lesions, 
malignant tumors in the liver are stiffer [110–112]. Examples of stiff cholangiocar-
cinoma and soft benign hepatic adenoma are shown in Fig. 6.6. Further details of 
MRE-measured stiffness in liver lesions, diagnostic performance and cutoffs are 
summarized in Tables 6.1 and 6.2. In a recent study also vascular invasion and 
absent tumor capsule were identified as independent factors for increased stiffness 
[108]. A trend toward increased HCC stiffness with the tumor grade (HCC, well/
moderately vs poorly differentiated) was reported by Thompson et al. (6.5 ± 1.2 kPa 
vs 4.9 ± 1.2 kPa; P = 0.01) [113] and Wang et al. (4.91 [4.01–6.48] kPa vs. 7.28 
[5.68–9.80] kPa) [108].

Detection of liver lesions by MRE is considered to be limited at lesion diameters 
smaller than 10 mm [108, 110, 111] while higher resolution and improved MRE- 
based detection of smaller lesions (<10 mm) has been recently demonstrated by 
tomoelastography [36]. MRE is potentially relevant for an objectified characteriza-
tion of liver tumors. The excellent interobserver agreement of MRE in liver tumors 
was shown by [112] and [110] with ICC’s between 0.93 and 0.99 raising the pros-
pect of therapy monitoring of liver tumors by MRE. A preliminary study demon-
strated that HCC-therapy can be monitored by MRE showing softening of HCC 
after locoregional therapy from 6.9  ±  3.4  kPa in an untreated state toward 
3.9 ± 1.8 kPa after treatment (P = 0.006) [114].

Beside stiffness, MRE can measure viscosity, which is of great interest in tumors 
since tumors often accumulate extracellular fluid and build up their own vascular 
system leading to abnormal viscous properties. In fact, HCC have a larger loss mod-
ulus than surrounding tissue or benign entities as reported in [110] (2.25 ± 0.26 vs 
1.05 ± 0.13 kPa, P < 0.001). The same study could not reveal a significant difference 
HCC and benign tumors based on storage modulus (2.37 ± 0.15 vs 2.11 ± 0.11 kPa, 
P = 0.16). This observation is in agreement with preliminary reports by [36] on 
abnormal loss angle of complex shear modulus in malignant liver tumors while 
stiffness appeared to be less significantly changed in the process of tumorigenesis. 
As mentioned above, the loss angle is a measure of fluidity of the tissue with being 
zero in pure solids and pi/2 in pure fluids. MRE might be useful for detecting the 
shift of tissue properties from a more solid state to a more fluid state during the 
development of malignancies [36].

J. Guo et al.



83

Ta
bl

e 
6.

1 
C

om
pa

ri
so

n 
of

 m
al

ig
na

nt
 li

ve
r 

le
si

on
s 

to
 b

en
ig

n 
le

si
on

s 
an

d 
liv

er

Pa
ra

m
et

er
B

en
ig

n 
le

si
on

M
al

ig
na

nt
 le

si
on

N
or

m
al

 li
ve

r
Fi

br
ot

ic
 

liv
er

P
 v

al
ue

R
ef

er
en

ce
s

M
al

ig
na

nt
 v

s 
be

ni
gn

M
al

ig
na

nt
 v

s 
no

rm
al

 li
ve

r
M

al
ig

na
nt

 v
s 

fib
ro

tic
 li

ve
r

G
′ (

kP
a)

2.
41

 ±
 0

.1
5

3.
38

 ±
 0

.2
6

–
–

<
0.

01
–

–
[1

10
]

|G
∗ | 

(k
Pa

)
2.

7 
±

 0
.4

10
.1

 ±
 3

.6
2.

3 
±

 0
.3

5.
9 

±
 2

.5
<

0.
00

1
<

0.
00

1
<

0.
00

1
[1

11
]

|G
∗ | 

(k
Pa

)
3.

1 
kP

aa
7.

9 
kP

aa
–

–
<

0.
00

1
–

–
[1

12
]

c 
(m

/s
)

1.
41

–2
.0

8
2.

34
 ±

 0
.4

8 
to

 2
.5

7 
±

 0
.9

0
1.

37
 ±

 0
.1

3 
to

 
1.

72
 ±

 0
.2

9
1.

97
 ±

 0
.4

9
<

0.
00

1
<

0.
00

1
–

[3
6]

a N
o 

st
an

da
rd

 d
ev

ia
tio

n 
w

as
 r

ep
or

te
d

6 Liver Magnetic Resonance Elastography: Clinical Use and Interpretation



84

To summarize, MRE holds promise as a quantitative, biophysical imaging 
marker for noninvasive characterization of liver tumors. Combined with stiffness, 
MRE-measured viscosity and fluidity can provide valuable information about the 
mechanical consistency of the tissue and abnormal variations during tumor progres-
sion. Within multiparametric imaging protocols, MRE can contribute to improved 
diagnostic decisions and therapy monitoring.

 MRE in Portal Hypertension

In patients with liver cirrhosis, the hepatic vasculature is known to become irregular 
and tortuous [115]. The distorted vascular structure increases resistance to blood 
flow, which leads to elevated pressure in the portal venous system, defined as portal 
hypertension [116]. Hepatic venous pressure gradient (HVPG) is a gold standard for 
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Fig. 6.6 T2w images and reconstructed c-map (shear wave speed) of a malignant cholangiocarci-
noma (CCA) and a benign hepatic adenoma (ADE). Malignancy is clearly visible as stiff lesion, 
even the surrounding liver tissue is fibrotic with high stiffness. In contrast, a benign lesion appears 
soft, not distinguishable from surrounding liver tissue. Lesions are indicated by red arrows. 
(Figures are adapted from [36] and rearranged with permission)

Table 6.2 Diagnostic performance in distinguishing malignant from benign liver lesions

AUC Cutoff Sensitivity/specificity Reference

0.72 – – [110]
– 5.0 kPa 100% accuracya [111]
0.98 4.54 kPa 96%/96% [112]
0.85 1.75 m/s 94%/78% [36]

AUC area under the receiver operating characteristic curve
aNo sensitivity and specificity were reported
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portal hypertension quantification and has an important prognostic relevance since 
it can be associated with severe complications such as variceal bleeding, ascites or 
hepatic encephalopathy [117]. In clinical practice, HVPG is normally measured 
with catheters through the internal jugular vein, femoral vein, or cubital vein access 
under local anesthesia [118]. Due to the invasiveness and potential risk of the HVPG 
measurement, there is a clinical need for developing noninvasive imaging markers 
to substitute or reduce the need for HVPG measurements.

In the past, MRE parameters such as shear modulus, shear wave speed, and volu-
metric strain were used to noninvasively assess portal hypertension [119–122]. All 
these mechanical parameters have been found to correlate to hepatic fibrosis and 
HVPG in patients with portal hypertension. In a recent study, 33 patients with 
chronic liver disease were prospectively investigated with MRE [122]. In these 
patients of various stages of fibrosis and HVPG, a positive correlation between liver 
stiffness and HVPG was reported. The authors also proposed a new parameter ratio 
of liver stiffness and liver upslope (LSLU), which is associated with liver perfusion 
and acquired by dynamic contrast-enhanced (DCE)-MRI.  This new parameter 
improved the diagnosis of portal hypertension (with sensitivity of 78% and specific-
ity of 100%) [122]. Another MRE study in 36 patients with liver cirrhosis reported 
the loss modulus of the liver to be correlated with HVPG [121].

Blood flow in portal hypertension is significantly affected by an altered vascula-
ture. The altered blood flow may lead to the hyperdynamic circulatory syndrome 
[123] which also affects mechanical parameters measured by MRE. The mechanical 
coupling between fluid and solid phases in the liver tissue results in a sensitivity of 
MRE to tissue pressure. This was demonstrated in an MRE study in patients with 
portal hypertension before and after transjugular intrahepatic portosystemic shunt 
(TIPS) treatment indicating the influence of blood flow-related parameters on MRE- 
measured liver stiffness [119]. During TIPS implantation, the liver experienced 
instantaneous portal decompression, resulting in a reduction in HVPG with a con-
comitant increase in both arterial and total liver perfusion [124]. The authors 
observed a significant reduction in liver stiffness after TIPS treatment [119] similar 
to studies using transient elastography [125, 126]. The marked changes of hepatic 
stiffness due to TIPS placement are clearly visible in the MRE elastograms of 
Fig.  6.7a. The softening of liver tissue 48–72  h after TIPS implantation points 
toward the relationship between hepatic stiffness and portal pressure due to biphasic 
solid–fluid interactions. In this context, the shear modulus of the liver should be 
understood as an effective mechanical property that integrates solid mechanical 
matrix properties, fluid mechanical properties of the blood pool and vessel–matrix 
interactions [127]. Volumetric strain, a compression-related parameter that can be 
measured by MRE, offers a direct link to fluid pressure. A pilot study investigated 
the sensitivity of volumetric strain in a group of 13 patients with portal hypertension 
before and after TIPS implantation [120]. The authors observed that volumetric 
strain increased after TIPS placement indicating tissue decompression (P < 0.001, 
Fig. 6.7b). Furthermore, relative changes of volumetric strain after TIPS were sig-
nificantly correlated with both pre-TIPS HVPG (R2 = 0.726, P < 0.001) and portal 
venous pressure (R2=0.503, P < 0.01) [120].
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Fig. 6.7 (a) MRE T2w image and reconstructed |G∗| map reflecting the liver stiffness of a patient 
with portal hypertension before and after TIPS treatment. Softening of liver is clearly visible from 
the |G∗| map. The images are adapted from [119] and replotted in gray scale for consistency. (b) 
MRE T2w image and maps of the volumetric strain in one patient with portal hypertension before 
and after TIPS placement. Increased volumetric stain is apparent after TIPS treatment. (Figures 
adapted from [120] and rearranged with permission)
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It should be noted that hepatic and splenic circulations belong to the splanchnic 
circulation causing a pathologically altered hepatic blood flow to influence also the 
flow through the splenic veins [128]. The spleen is often later involved in chronic 
disease and has less advanced fibrosis than the liver. Therefore, splenic stiffness is 
more sensitive to portal decompression and disease progression than hepatic stiff-
ness in cirrhotic liver [119, 121].

To summarize, MRE-measured mechanical parameters of the liver such as shear 
stiffness and volumetric strain are sensitive to changes in HVPG due to disease 
progression and therapy. MRE could serve as a useful noninvasive imaging marker 
for the assessment of portal hypertension.
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Chapter 7
Liver Stiffness Measurements in  
Small Animals

Omar Elshaarawy, Shami Alquzi, Felix Piecha, Laurent Sandrin, 
Cecil Bastard, and Sebastian Mueller

 Introduction to Transient Micro-Elastography

Transient elastography (TE) determines LS by measuring shear wave velocity gen-
erated by a transducer [1, 2]. A low frequency vibration of 50 Hz is generated by an 
ultrasonic transducer 9 mm in diameter which is used as a piston. However, in the 
near field zone and due to diffraction effects, the LS is overestimated (i.e., under 
25 mm for a 50 Hz excitation) [3]. Because of the morphology of small animal 
models, measurements have to be performed very close to the vibration source, 
where diffraction effects are likely to occur. Echosens developed a transient micro- 
elastography (TME) device to allow LSM within millimeters of the probe [4]. In 
addition, in the non-commercial prototype, the probe can directly touch the liver 
surface without any positive pressure. TME includes a microprobe as seen in 
Fig. 7.1 and a control unit for data analysis (Fig. 7.2). The microprobe has an ultra-
sonic transducer (Imasonic, Besançon, France), used as both the receiver and the 

O. Elshaarawy · S. Alquzi · S. Mueller (*)
Department of Medicine and Center for Alcohol Research and Liver Diseases, Salem Medical 
Center, University of Heidelberg, Heidelberg, Germany
e-mail: oelshaarawy@liver.menofia.edu.eg; sebastian.mueller@urz.uni-heidelberg.de 

F. Piecha 
I. Department of Medicine, University Medical Center Hamburg-Eppendorf,  
Hamburg, Germany
e-mail: f.piecha@uke.de 

L. Sandrin · C. Bastard 
Echosens, Paris, France
e-mail: laurent.sandrin@echosens.com

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-40542-7_7&domain=pdf
mailto:oelshaarawy@liver.menofia.edu.eg
mailto:sebastian.mueller@urz.uni-heidelberg.de
mailto:f.piecha@uke.de
mailto:laurent.sandrin@echosens.com


96

emitter, which is mounted on a mechanical vibrator to produce a low frequency 
shear wave. The electronic system is fully programmable and allows sampling of 
the radiofrequency data at a frequency up to 200  MHz with a 12-bit precision. 
Diffraction effects were reduced by increasing the frequency of vibration to 300 Hz 
and reducing the diameter of the piston (2 mm) [4].

TME uses an increased ultrasound frequency of 12 MHz to improve the resolu-
tion for the calculation of displacements [4]. During the propagation of the low 

Fig. 7.1 μFibroScan probe

O. Elshaarawy et al.



97

frequency shear wave, the radiofrequency (RF) data ware acquired at a repetition 
frequency of 15,000 Hz. An autocorrelation method and a time-of-flight algorithm 
are used similar in TE to calculate the LS from the shear wave velocity [5]. The LS 
or Young’s modulus E is calculated from E = 3ρVs2 where E, ρ (1 kg/dm3), and Vs 
are the Young’s modulus, the mass density, and the shear wave velocity, respectively 
[4]. Figure 7.3 shows a typical elastogram obtained with TME. TME allows LSM 
between 0.5 and 170 kPa. However, for high stiffness values (>100 kPa), the com-
putational step is larger and the measurement is less accurate [4].

 Liver and Spleen Stiffness Measurements in Small  
Animal Models

TME has been used in mice and rats [4, 6–8], and recently also for SS in rats [9]. It 
has confirmed that LS of small animals is comparable to those of humans and pigs 
(see also Appendix Table A.12). The basic settings of TME are specified by the man-
ufacturer and cannot be changed. Only the depth at which the liver stiffness should 
be measured by the user can be adjusted. In a preliminary experiment, it was deter-
mined that a measuring depth of 2–4 mm provides the smallest IQR on the rat liver 
and spleen. Analogous to the criteria of the LS in humans, ten consecutive successful 
measurements with IQR <30% of the median range were regarded as a valid mea-
surement [10]. TME can also be used in the so-called continuous mode allowing for 
continuous LSM every 3 s. The TME probe was also attached to a tripod, to ensure a 
uniform contact pressure of the ultrasonic head in the liver and spleen and at the same 
time to minimize possible disturbances such as motion, which would inevitably 
occur during measurements by hand. The tip of the probe should be placed in contact 
with the tissue without applying any pressure as it is very sensitive to pressure.

Fig. 7.2 μFibroScan lab processing unit

7 Liver Stiffness Measurements in Small Animals



98

 TME Measurements in Rats

The probe is placed perpendicular to the liver surface at the center of the left lateral 
lobe which constitute the largest lobe of the four lobes of the rat liver. Sometimes, 
after induction of cirrhosis using TAA, some livers show nodules which would 
cover the surface of the liver. During LSM, you should avoid placing the probe on 
such nodules as it gives higher LSM which are not representative to the actual fibro-
sis stage of the liver.

 Spleen Stiffness Measurements in Rats

The spleen is slightly placed in the epigastric area after displacing the stomach and 
the intestine. Then, the probe is placed perpendicular to the spleen surface at a point 
which is midway between the upper and lower borders and midway between the 

a

b

Fig. 7.3 Screenshot of valid LS (a) and SS (b) measurements in a cirrhotic rat
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spleen hilum and the anterior pole. This site was selected precisely after several 
experiments and was found the most representative of the whole spleen tissue, as 
the measurements could be extreme at the borders and the hilum. Also, measure-
ments at this selected site were reproducible and showed no interobserver discrep-
ancies. This was found to be due to the decreasing spleen thickness at the borders 
and the impact of high blood flow at the hilum. Surface of the spleen should be kept 
wet with saline solution to prevent drying out of the spleen which will lead to inac-
curate SSM. The positions for LS and SS measurements are illustrated in Fig. 7.4.

 Pharmacological Modulation Experiments

TME has been successfully used to study LS and SS in response to pressure- 
modulating drugs and to compare it with invasively assessed portal, central venous, 
and arterial pressure [6, 7, 9]. Before the start of the experiment, the rat is taken out 
of the cage and weighed. Thereafter, it is placed in an anesthesia box connected to 
isoflurane inhalation device (Dräger, Germany). Anesthesia dose is adjusted to 2.5% 
isoflurane and 1% O2 is used, for anesthesia maintenance dose to 1.7% isoflurane 
and 0.5% O2 were adjusted. Then, the animal is placed supine on a heating pad, and 
the abdomen is shaved. Before the first incision, you should again check whether the 
deep reflexes as flexion reflex is lost. The abdomen is opened with an extended 
median laparotomy incision. Immediately after opening the abdomen, the liver and 
spleen stiffness is detected at least at two different points, to obtain base value before 
further manipulation and detect a possible change due to the operation. The opera-
tion field is further increased by two lateral dissections in the lower third of the abdo-
men. Thereafter, the stomach and the intestines were wrapped in a piece of gauze 
soaked in warm saline and kept laterally to access the retroperitoneal abdominal 
aorta and vena cava. The retroperitoneum was opened by blunt dissection using two 
cotton swabs. With the aid of a surgical microscope, the vena cava and the abdominal 
aorta were having a micro-scissors completely exposed. For invasive blood pressure 

a b

Fig. 7.4 Site of measurements for LS (a) and SS (b) using μFibroScan
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measurement, 24-gauge indwelling catheters of the company BD (Becton, Dickinson 
and Company, USA) were inserted into the vessels and connected to the blood pres-
sure sensors. In order to prevent thrombus formation within the catheter, they were 
wetted with heparin prior to puncture from the inside. After successful catheteriza-
tion, the system was additionally washed with saline to remove any air bubbles. 
Catheters were then left without further fixation such as ligatures in the vessels, to 
avoid possible artifacts. Five minutes were waited before beginning the actual mea-
surements and to ensure stabilization of the cardiovascular system. Thereafter, the 
TME was then switched on and at least 10 valid successive measurements were 
achieved for both LS and SS.  Then, the medication was injected intravenously 
directly into the vena cava. After 15 min of drug injection, the probe was reposi-
tioned to perform both LSM and SSM, and the same step was repeated again 
at 30 min.

 Cirrhosis and Portal Hypertension Assessment by TME

In a TAA-induced cirrhosis model, the cirrhotic rats showed significantly higher liver 
and spleen stiffness than controls (18.6 vs. 4 kPa, 50.5 vs. 23.5 kPa, respectively, 
P  < 0.001, see also Fig.  7.5). Likewise, the cirrhotic rats had heavier and bigger 
spleens than the controls (5.9 vs. 4 cm, 2.2 vs. 1.1 g, P < 0.001, see Fig. 7.5). Besides, 
the portal vein pressure (PVP) was significantly higher in cirrhotic rats in compari-
son to controls (15.5 vs. 10.1 mmHg, P < 0.001). In general, the change of LS and 
SS followed strictly the change in PVP (r = 0.642 and 0.859, P < 0.01, respectively).

Fig. 7.5 TAA-induced cirrhosis rats have higher LS and SS and bigger spleen lengths in compari-
son to control rats
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 Experimental Applications of TME

The novel probe was validated in a classical fibrosis model (CCl4) and in a trans-
genic murine model of systemic amyloidosis by Bastard et  al. in 2011 [4]. 
Interestingly, LS values of control mice (4.4 ± 1.3 kPa) were comparable to those of 
healthy humans, which should be below 6 kPa. These LS values are also consistent 
with those found in rodents using other techniques such as MRE or ARFI [11–13]. 
These findings emphasize that normal LS seems to be below 6 kPa, which is inde-
pendent of liver size. It has been recently demonstrated in humans that hepatic amy-
loidosis can drastically increase LS up to the detection limit of TE [14, 15]. Here, 
Bastard et al. reproduced these data in a transgenic murine model of amyloidosis 
using TME and showed significant correlation between histological and serum 
markers of amyloidosis. Thus, in contrast to visual assessment and manual palpa-
tion, TME allowed the detection of the early stage 1 of the disease. Piecha et al. 
studied the effect of acute hemodynamic changes on LS (measured by μFibroScan) 
in a rodent model of cirrhosis in response to pharmacological modulation of portal 
pressure (PP) by losartan, nitric oxide (NO) donors, and propranolol [6]. In the 
animal model, cirrhosis induction resulted in a significant increase of LS and 
PP. After losartan or NO application, an LS decrease of 25% was strongly correlated 
with a concomitant decrease of mean arterial pressure and PP. They concluded that 
LS is efficiently modulated by changes in portal venous and systemic pressures in 
an animal model of liver cirrhosis irrespective of baseline LS and portal pressure 
values [6]. Recently, Elshaarawy et al. studied for the first time SS in addition to LS 
in TAA-induced cirrhosis rat models after exposure to portal hypertension-lowering 
drugs using the same platform (μFibroScan) [9]. They investigated the following 
drug groups: metoprolol, udenafil, enalapril, carvedilol, and terlipressin. All drugs 
showed significant decrease of the portal pressure. Surprisingly, LS and SS signifi-
cantly decreased in all drug groups except terlipressin. Of note, SS is correlated to 
portal and arterial pressures better than LS and allows better monitoring of portal 
pressure than LS. These experiments concluded that the optimal non-invasive moni-
toring of portal-pressure lowering drugs should require pulse, arterial pressure and 
combined LS/SS measurements [9].

In conclusion, TME allows the measurement of LS and SS in small animal mod-
els in a fast and reproducible manner. TME could be a powerful tool for studying 
fibrosis in murine models, and in transgenic and knockout mice in longitudinal stud-
ies. It will help to better understand determinants of LS as well as SS. Noteworthy, 
TME could be a useful tool that opens new horizons toward the development of new 
anti-fibrotic strategies.
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Chapter 8
Introduction to Fibrosis Assessment 
by Liver Stiffness in Different Etiologies

Sebastian Mueller

 General Cutoff Values Versus Disease-Specific Cutoff Values?

This book section provides an overview of the many histology-proven studies on 
liver stiffness (LS) in different liver diseases. In addition, it tries to provide a ratio-
nal how to interpret LS in daily clinical practice. LS measurements succeeded early 
on since it performed better than other e.g., serum biomarkers or imaging tools in 
face to face comparisons (see Appendix Fig. A.2). Correlation coefficients for LS 
with histological fibrosis stage F0-F4 are typical >0.7 and AUROCs for F4 cirrhosis 
>0.9. On the other side, the report of so many different cutoff values either in 
patients with the same liver disease or between different etiologies has caused some 
confusion and it certainly has prevented an easier access to the concept of liver stiff-
ness. Table 8.1 provides a representative but not complete list of mean cutoff values 
for F3 and F4 fibrosis which are 9.6 and 14.0 kPa, respectively (Fig. 8.1). These 
values are clearly higher as reported in earlier meta-analysis [1] which were 8 and 
12.5 kPa. Especially data on ALD has underlined the role of inflammation. In con-
trast to viral hepatitis or NAFLD, inflammation is even more volatile in drinkers due 
to noncontinuous drinking (see also the chapter 11 on ALD). Consequently, the F4 
cutoff values range from 11.5 to 22.6 kPa. To provide a better standardization of 
inflammation, cutoff values have been calculated both for HCV and ALD as a func-
tion of AST levels that correlated best with LS in both diseases [2]. Figure 8.2 shows 
these cutoff values for fibrosis stages F0-F4 in patients with chronic HCV. It is strik-
ing to see how these cutoff values increase with increasing AST levels. Most inter-
estingly, at no inflammation/no AST elevation, cutoff values were almost identical 
between HCV and ALD (see Appendix Fig. A.3) [2]. Consequently, studies should 
take into consideration the degree and distribution of inflammation.
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Table 8.1 Estimated cutoff values for F3 fibrosis and F4 cirrhosis for different etiologies

Etiology F3 LS cutoff value (kPa) F4 LS cutoff value (kPa) References

NASH 9.6 (8–11.4) 13.7 (10.2–14) [8–11]
ALD 10.5 (8–12.9) 17.6 (11.5–22.6) [3, 12–14]
HCV 10.8 14.8 [15–17]
HBV 8.1 10.9 [18–21]
AIH 10.4 16 [22, 23]
PSC 9.6 14.4 [24]
PBC 10.7 16.3 [25, 26]
HFE 13.9 17.9 [27]
Wilson’s disease 8.25 13 [28]
Cardiac hepatopathy 7.6 13.0 [29]
AATD 7.8 (7.2–8.4) 14 [30, 31]
Cystic fibrosis 7.95 [32]
ALLa 9.6 kPa 14.0 kPa
ALLb 8 kPa 12.5 kPa

Note that mean values are shown from selected, representative studies without being complete. For 
some etiologies such as NAFLD or HCV a range is provided. This range gives an impression of the 
variability between studies most likely due to confounders such as inflammation (e.g. ALD) and or 
cholestasis (e.g. PBC)
aMean values of this table
bMean values in the absence of inflammation

F0 F1–2 F3 F4

normal

soft

Gray range F3 Fibrosis F4 Fibrosis

stiff

< 6 kPa 6–8 kPa 8–12.5 kPa >12.5 kPa

75 kPa6 8 12.5

20 kPa

30 kPa
Elevated risk

for esophageal varices/HCC
Decompensation such
as ascites very likely

Exclusion of
Chronic liver disease

Histological fibrosis stages (e.g. Kleiner, METAVIR)

Fig. 8.1 Liver stiffness range for transient elastography and important cutoff values for liver fibro-
sis and complications. More information about histological fibrosis scores is shown in Appendix 
Tables A.21, A.22, A.23, and A.24
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Even more convincing are the data on the response of LS toward resolution of 
inflammation with targeted therapies. A selected list is shown in Table 8.2 for vari-
ous liver diseases. For instance, in heavy drinkers, LS decreased from 20.1 to 
16.5 kPa within 1 week of detoxification [3]. The mean decrease of LS was 17% in 
this study and rather short time interval. However, extreme responses have been 
observed and the largest absolute drop was 26 kPa (from 72 to 45 kPa). The largest 
relative decrease was 65% (from 12.2 to 4.3 kPa). In viral hepatitis with long-term 
follow-up, LS decreases of 40% have been observed after successful virus elimina-
tion by DAAs. Significant reduction of LS was generally associated with milder 
fibrosis stage, longer treatment duration, sustained virological response, and higher 
alanine aminotransferase levels [4]. In patients with chronic HBV infection, compa-
rable to ALD, large LS decreases from 28.8 to 8.8 have been described within 9 
months of treatment (nucleoside analogues) corresponding to an absolute change of 
20 kPa and percentage change of almost 70% [5]. In NAFLD patients, weight loss 
is the key strategy for therapy and bariatric surgery can be regarded as the most 
efficient intervention to achieve weight loss. In a recent study of patients undergo-
ing bariatric surgery, BMI decreased from 48.6 to 34.1 kg/m2 within 12 months. In 
the same time interval, LS fell from 12.9 to 7.1 kPa [6]. This LS decrease of 41% is 
comparable to those with ALD. Finally, personal observations include the complete 
normalization of LS in acute viral hepatitis including the more frequent acute hepa-
titis A [7]. These typical spontaneous remissions can reach up to 30 kPa when pre-
sented to hospitals in case of jaundice. In addition, acute hepatitis A infection never 
becomes chronic and typically normalizes within 4–6 weeks which underlines the 
role of elevated perfusion pressure for fibrosis progression (see section book Part 
VIII, “Molecular basis of LS”).

Based on these arguments, general cutoff values should be used as a first line of 
elastographic interpretation and rough orientation. However, and this is discussed in 
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the various sections of the book (namely IV, V and VII), interpretation should be 
done with caution within the clinical context. Under perfect conditions, an on-time 
laboratory (transaminase levels) and ultrasound imaging should be available for a 
more sophisticated interpretation. Finally, it should be noted that ratio of spleen 
stiffness (SS) to LS and its relation to portal hypertension or disease-specific com-
plications [37] will be discussed in parts VI and V.
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Chapter 9
Fibrosis Assessment in Patients  
with HCV or HBV Chronic Infection

Cristina Stasi, Laura Gragnani, and Anna Linda Zignego

Introduction

Chronic hepatitis C Virus (HCV) or hepatitis B Virus (HBV) – related hepatitis are 
still widespread in the world with very high morbidity and mortality rates. The 
severity of the liver disease is represented by its capacity for fibrotic evolution.

Currently, several drugs are available to treat HCV-infected patients, and the cure 
rates are continuously improving. These new molecules are able to treat more than 
90% of HCV-infected patients and positive results in terms of fibrosis regression 
have been described for patients achieved sustained virological response [1, 2]. 
However, the fibrosis regression is still a matter of discussion as regards the natural 
history of cirrhosis [3]. 

Several evidences suggest that in HBV patients the long-term complete suppres-
sion of HBV replication by nucleosides/nucleotides results in an improved survival 
and quality of life by preventing disease progression, and consequently hepatocel-
lular carcinoma (HCC) development [4]. Moreover, a longitudinal assessment of 
liver fibrosis showed a histologically proven regression of liver fibrosis during ente-
cavir or tenofovir therapy [5]. 

Transient elastography (TE) is considered a reliable method for the diagnosis of 
cirrhosis in patients with chronic liver diseases that performs better at ruling out 
than ruling in cirrhosis (with negative predictive value higher than 90%). The detec-
tion of cirrhosis represents the most relevant clinical endpoint, because affected 
patients should be monitored for complications related to portal hypertension and 
regularly screened for HCC [6].
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Table 9.1 LS cut-off values for F2 fibrosis mainly in chronic HCV infected patients

Cut-off stiffness values

Authors Etiology ≥F2
Sensitivity 
[%]

Specificity 
[%]

PPV 
[%]

NPV 
[%]

Castera et al. 2005 [38] HCV 7.1 67 89 95 48
Ziol et al. 2005 [39] HCV 8.8 56 91 88 56
Carrion et al. 2006 [40] HCV 

post-LT
8.5a 90 81 79 92

Foucher et al. 2006 [8] CLD 7.2 64 85 90 52
Gomez-Dominguez et al. 
2006 [41]

CLD 4 94 33 88 50

Kim et al. 2007 [42] CLD 7.3 79 88 96 50
Arena et al. 2007 [12] HCV 7.8 83 82 83 79

For details of histological fibrosis scores, see also Tables A.19–A.24
Cut-off stiffness values in relation to ≥F2 METAVIR score
aOptimal liver stiffness cut-off values used for the diagnosis of significant fibrosis (F2–F4)

Table 9.2 LS cut-off values for F3 fibrosis mainly in chronic HCV infected patients

Cut-off stiffness values

Authors Etiology ≥F3
Sensitivity 
[%]

Specificity 
[%]

PPV 
[%]

NPV 
[%]

Castera et al. 2005 [38] HCV 9.5 73 91 87 81
Ziol et al. 2005 [39] HCV 9.6 86 85 71 93
Foucher et al. 2006 [8] CLD 12.5 65 95 90 80
Gomez-Dominguez et al. 
2006 [41]

CLD 11 58 89 78 76

Kim et al. 2007 [42] CLD 8.8 95 78 78 95
Arena et al. 2007 [12] HCV 10.8 91 94 89 95

For details of histological fibrosis scores, see also Tables A.19–A.24
Cut-off stiffness values in relation to ≥F3 METAVIR score

 The Baseline Assessment of Liver Fibrosis in Chronic  
HBV Infection

Clinical practice guidelines for chronic hepatitis therapy recommend evaluating 
liver fibrosis to aid in treatment decision-making and proper treatment timing 
EASL [7]. Meanwhile, elastographic techniques [1, 7–11] (Tables 9.1, 9.2, and 
9.3) are the novel standard for the diagnosis of severe fibrosis and cirrhosis (F3 or 
F4 according to METAVIR scoring system, respectively) and for the exclusion of 
significant fibrosis, with transient elastography (TE) being the most common elas-
tographic technique explored so far. In fact, LS was used as a “diagnostic discrimi-
nator” to establish clinical priorities and reduce the number of liver biopsies. In a 
meta-analysis by Tsochatzis et  al. [11], the cut-off values were 7.6 (range 

C. Stasi et al.



115

5.1–10.1), 10.9 (range 8.0–15.4), and 15.3 (range 11.9–26.5) kPa for F = 2, 3, and 
4, respectively, in chronic HCV infection. Our previous studies [1, 10] demon-
strated that LS was a strong pre-treatment predictor of response to both dual 
(peginterferon plus ribavirin) and triple therapy (peginterferon plus ribavirin plus 
boceprevir) and was an extremely useful tool for the accurate selection of patients 
for treatment before the era of new direct-acting antiviral drugs (DAAs). Although 
TE is characterized by low intra- and interobserver variability [9], LS values can 
be significantly influenced by the degree of necroinflammation, in particular in the 
absence of extensive fibrosis [8, 9, 12–14]. A higher accuracy for fibrosis assess-
ment can be reached by using so-called AST-adapted cut-off values [15]. The role 
of food intake and other important clinical confounders will be discussed in detail 
in the book Part IV “Important (Patho)physiological Confounders of LS.”

 Longitudinal Evaluation of Chronic HCV Infection

The reversibility of liver fibrosis is possible after the removal of the causal agent. In 
fact, the regression of fibrosis has been demonstrated in patients with chronic HCV 
infection, after viral eradication [2, 10]. Several drugs (DAA) are currently available to 
treat HCV-infected patients, and a sustained virological response is continually 
improving with >90% at the moment. However, fibrosis regression is still a matter of 
discussion [16]. Therefore, the precise distinction between advanced fibrosis and cir-
rhosis is of fundamental importance in terms of both diagnostic and therapeutic 
approaches [3]. The impact of fibrosis stage on a patient’s response to HCV treatment 
has been explored in several studies [10, 17–21]. An international multicenter study by 
Sporea et al. compared the reliability of ARFI with liver biopsy and TE [22]. Here, TE 
performed better at predicting all stages of fibrosis ≥F1 and cirrhosis F4, while a simi-
lar performance was seen for significant (≥F2) and severe fibrosis (≥F3). Poynard 

Table 9.3 LS cut-off values for F4 cirrhosis mainly in chronic HCV infected patients

Cut-off stiffness values

Authors Etiology ≥F4
Sensitivity 
[%]

Specificity 
[%]

PPV 
[%]

NPV 
[%]

Castera et al. 2005 [38] HCV 12.5 87 91 77 95
Ziol et al. 2005 [39] HCV 14.6 86 96 78 97
Carrion et al. 2006 [40] HCV 

post-LT
12.5 100 87 50 100

Foucher et al. 2006 [8] CLD 17.6 77 97 91 92
Gomez-Dominguez et al. 
2006 [41]

CLD 16 89 96 80 98

Kim et al. 2007 [42] CLD 15 80 78 33 97
Arena et al. 2007 [12] HCV 14.8 94 92 73 98

For details of histological fibrosis scores, see also Tables A.19–A.24
Cut-off stiffness values in relation to ≥F4 METAVIR score
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et al. [23] assessed the performance of a new test Elasto-FibroTest® (EFT) that com-
bines FibroTest® and LS measurement. The performance of the EFT for the diagnosis 
of cirrhosis was higher than the FibroTest or FibroScan® alone, but no improvement in 
performance has been observed for the diagnosis of advanced fibrosis. Recently, 
Giannini et al. demonstrated that in patients with advanced, compensated chronic liver 
disease, LS significantly improved in the long term after an SVR. The LS improve-
ment was accompanied by an amelioration of indirect indices of liver fibrosis function 
but also parameters of portal hypertension [24]. Ravioli et al. showed that spleen stiff-
ness measurements closely reflect changes in portal hypertension and could represent 
a useful non-invasive test in the follow-up of these patients [25]. A recent 2-year fol-
low-up study Flisiak et al. confirmed the durability of virologic response after HCV 
infection treatment with DAAs [26]. It was accompanied by a significant improvement 
in hepatic function and the reduction of LS. However, successful therapy did not pre-
vent hepatic decompensation, HCC, or death in cirrhotic patients who needed to be 
monitored for possible disease progression for longer than 2 years.

 The Baseline Assessment of Liver Fibrosis in HBV

The proposed algorithm for the use of transient elastography in treatment-naive 
patients with chronic HBV infection by the EASL and ALEH guidelines in the mea-
surement of liver stiffness considered normal ALT versus elevated ALT (5 × ULN) 
[6]. In the case of normal ALT the cut-off values of <6 kPa, 6–9 kPa, and >9 kPa 
corresponded to non-significant fibrosis, gray area, and severe fibrosis/cirrhosis, 
respectively. In the case of elevated ALT, the cut-off values of <6 kPa, 6–12 kPa, and 
>12 kPa corresponded to non-significant fibrosis, gray area, and severe fibrosis/cir-
rhosis, respectively.

The meta-analysis including 26 studies by Li et al. showed that the cut-off val-
ues for detecting liver fibrosis in hepatitis B virus (HBV)-infected patients ranged 
from 5.85 to 8.8, 7.0 to 13.5, and 9.0 to 16.9 kPa for F ≥ 2, F ≥ 3, and F = 4 
respectively [27].

Cai et al. investigated the impact of steatosis on liver stiffness in HBV-infected 
patients and developed a diagnostic algorithm for the prediction of liver fibrosis 
from liver stiffness based on a controlled attenuation parameter [28]. A total of 488 
HBV-infected patients who underwent clinical examination, FibroScan, and liver 
biopsy were prospectively enrolled. The best liver stiffness (kPa) cut-off value for 
significant fibrosis (Ishak score F ≥ 3) and advanced fibrosis (F ≥ 4) were 8.1 and 
10.9, respectively. The presence of steatosis may lead to an overestimation of fibro-
sis assessed by liver stiffness measurement. For Ishak score, see also Fig. A.19.

In a total of 466 patients including 31 patients with acute-on-chronic liver failure 
(ACLF), and 435 patients with chronic hepatitis B among whom 82 patients were 
diagnosed with liver cirrhosis from clinical manifestations and liver B-type ultra-
sonic inspection were enrolled at Tongji Hospital from April to December 2009 
[29]. All of these patients underwent transient elastography. In this study the authors 
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evaluated the possible influencing factors concerning the patients’ clinical data 
including age, gender, and liver inflammation represented by alanine transaminase 
total bilirubin levels, HBV replication (HBV DNA loads), portal vein pressure, 
splenic thickness, and body mass index (BMI) [5]. The authors concluded that 
patients’ gender should be taken into consideration during liver stiffness assessment 
and the avoidance of possible influencing factors including liver inflammation (high 
levels of ALT and total bilirubin), and obesity (high BMI) is advised.

Xie et al. determined the collagen proportionate area (CPA) of resected liver tis-
sue samples from patients with HBV-related decompensated cirrhosis using digital 
image analysis and analyzed the relationship between the CPA and liver functional 
reserve in 53 resected liver tissue samples from liver transplant patients with chronic 
hepatitis B-induced decompensated cirrhosis [30]. Lower CPA values were found in 
patients who had mainly macronodular cirrhosis. In these patients, liver transplants 
were performed mainly due to severe portal hypertension (gastrointestinal bleeding) 
even though their liver functional reserve was still at the compensated stage. Given 
that the number of hepatocytes decreases with an increasing number of fibers and 
CPA value, this study demonstrated a strong correlation between MELD score, 
serum total bilirubin level, INR, and CPA and showed significant differences among 
three CPA groups (<0.22, 0.22–0.48, and >0.48).

Liang et al. retrospectively evaluated patients with HBV, and they demonstrated 
that combining routine markers improves the accuracy of transient elastography for 
cirrhosis detection in these patients [31].

 Longitudinal Evaluation of Chronic HBV Infection

Ogawa et al. [32] in chronic HBV infected patients showed that liver stiffness sig-
nificantly decreased at 1, 2, and 3 years after treatment compared to pre-treatment 
stiffness values, and they provided information on the impact of successful antiviral 
treatment 3–5 years after the start of treatment.

The results of the study by Stasi et al. in chronic HBV infected patients are in a 
substantial agreement with those for HCV patients undergoing treatment and pro-
vide valuable information regarding successful antiviral treatment over a period of 
2 years [5]. However, in HBV patients undergoing therapy, a significant decrease in 
liver stiffness was only observed at 18 and 24  months, probably due to fibrosis 
regression. The greatest degree of stiffness reduction, which Stasi et al. [5] found 2 
years after therapy compared to that found by Ogawa et al., was due to potent ana-
logues with a high genetic barrier [32]. In fact, in our study the patients received 
entecavir/tenofovir in 100% of cases, whereas in the study by Ogawa et  al. the 
patients received lamivudine in 84.4% and entecavir in only 15.6% [32].

In the study by Wu et al. were enrolled 438 patients, all of whom underwent 
entecavir- based antiviral therapy. The aforementioned patients were followed up 
every 26 weeks for 2 years [33]. This study demonstrated that pre-treatment liver 
stiffness measurement can predict risks concerning liver-related events. In fact, liver 
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stiffness measurement significantly decreased after entecavir treatment. The authors 
suggested that changes in liver stiffness values in the first 26 weeks could be an 
important predictor of liver-related events such as HCC development, which may 
help to identify high-risk patients requiring further optimal surveillance and inter-
vention strategies.

Kim et al. demonstrated that dynamic changes in liver stiffness values in follow- 
ups may aid in assessing the risk of liver-related events in subjects with HBV-related 
advanced liver fibrosis receiving antiviral therapy [34]. In a longitudinal study, 
Wang et  al. evaluated the predictors of advanced liver fibrosis in patients with 
chronic HBV infection with persistently normal alanine aminotransferase, or persis-
tently or intermittently mild elevated ALT [35]. In this study, the proportion of 
patients with liver fibrosis in the persistently normal alanine aminotransferase group 
was significantly higher compared to the persistently or intermittently mild elevated 
group. The authors suggest that normal ALT levels do not always indicate the 
absence of hepatic fibrosis, but a combination of ALT levels, sex and serum HBV 
DNA viral load may identify patients with chronic HBV infection at a high risk of 
developing fibrosis more effectively. Qi et al. analyzed the correlation between pre-
operative liver stiffness values and survival, and they found that liver stiffness val-
ues can be considered as an independent prognostic factor for HBV- positive HCC 
after curative resection [36]. Jeon et al. identified a significant association between 
the sub-cirrhotic range of liver stiffness value (<13 kPa) and a lower risk of HCC 
development in patients with clinically evident chronic HBV-related cirrhosis [37].

Conclusions

In patients with viral hepatitis, measurement of LS is now considered essential for 
the correct management of patients with long life expectancies after anti-HCV erad-
icating therapy or during anti-HBV treatment, especially by allowing non invasive 
evaluation of liver fibrosis regression and the risk of severe complications of liver 
cirrhosis.
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Chapter 10
Fibrosis Assessment in Patients 
with NAFLD

Victor de Ledinghen

 Introduction

The unrelenting challenge of obesity has resulted in nonalcoholic fatty liver disease 
(NAFLD) becoming the most common cause of chronic liver disease in the indus-
trialized countries. Based on extensive previous data [1], the estimated prevalence 
of NAFLD in the United States is approximately 24%. The vast majority of large, 
population-based studies assessing the burden of NAFLD are derived from the 
National Health and Nutrition Examination Survey (NHANES) III between 1988 
and 1994, when obesity rates were estimated at 22.9% of the population [2]. 
However, the prevalence of obesity has continued to increase steeply beyond this 
time frame in all representative age and sex groups. Based on the most recent 
NHANES estimates from 2013 to 2014, 35% of men, 40% of women, and 17% of 
children and adolescents are obese [3].

In this context, NAFLD is a major public health problem afflicting approxi-
mately one billion individuals worldwide. In the USA, NASH has already become 
the second or third leading cause of end-stage liver disease and hepatocellular car-
cinoma (HCC) [4]. Liver biopsy is heavily relied upon to assess the severity of 
NAFLD, select patients for pharmacological treatment, monitor disease progression 
or treatment response, and develop new drugs. However, it is invasive, has high 
interobserver variability, and is associated with adverse effects, including pain, 
infection and, albeit rarely, death. It is also impractical because of the large number 
of individuals who have NAFLD. Over the last two decades, tremendous advances 
have been made in the assessment of NAFLD by noninvasive imaging. In this 
review, we will discuss the different noninvasive imaging modalities available to 
assess liver fibrosis.
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 Diagnosis of Liver Fibrosis

Based on disease severity, NAFLD is divided into nonalcoholic fatty liver (NAFL) 
and nonalcoholic steatohepatitis (NASH). The latter is characterized by histological 
lobular inflammation and hepatocyte ballooning, and is associated with faster fibro-
sis progression than NAFL [5]. With ongoing liver injury, some patients will prog-
ress to cirrhosis and develop various liver-related complications. The presence of 
advanced fibrosis identifies patients in need of in-depth hepatological investigation, 
including, on a case-by-case basis, confirmatory biopsy and intensive therapies. 
Monitoring of fibrosis progression is also necessary at variable time intervals. One 
other possible solution is to compare the correlations of noninvasive methods with 
clinical outcomes such as hepatocellular carcinoma, cirrhotic complications, and 
liver-related death.

 Liver Stiffness Measurement Using TE/FibroScan

FibroScan (TE, transient elastography) measures the velocity of an elastic shear 
wave propagating through the liver [6]. This velocity is directly related to tissue 
stiffness, which in turn is related to the degree of fibrosis; the stiffer the tissue, the 
faster the shear wave propagates. The measurement procedure is considered to have 
failed when no value is obtained after ten attempts. The results are expressed in 
kilopascals (kPa) and range from 1.5 to 75 kPa, with normal values around 5 kPa. 
More details are provided in book Part II “Techniques to measure Liver stiffness.” 
The summary AUROC values using FibroScan M and XL probes for diagnosing 
advanced fibrosis in NAFLD are 0.88 and 0.85, respectively [7]. The XL probe was 
designed to cater for patients who are obese, and produces similar diagnostic accu-
racy as the M probe in nonobese patients [8, 9]. Performances of liver stiffness 
measurement with FibroScan are indicated in Table 10.1.

Although FibroScan has excellent negative predictive value to exclude advanced 
fibrosis, its positive predictive value to rule in advanced fibrosis or cirrhosis is mod-
est. At a fixed sensitivity, a cutoff of 6.5 kPa can exclude advanced fibrosis with a 
negative predictive value of 0.91, and a cutoff LSM of 12.1 kPa can exclude cirrho-
sis with a negative predictive value of 0.99. At a fixed specificity, liver stiffness can 
identify patients with advanced fibrosis with a positive predictive value of 0.71 and 
patients with cirrhosis with a positive predictive value of 0.41 [10].

Albeit transient elastography is a highly sensitive screening test to exclude F3-4 
fibrosis in nonalcoholic fatty liver disease patients, one-third of patients with high 
liver stiffness may have normal results on repeated examination [11]. Therefore, in 
case of suspected abnormal high liver stiffness value, a new measurement, a few 
weeks later, can help to avoid liver biopsy. This elevated LS can be due to clinical 
confounders such as inflammation. For more details see also book Part IV “Important 
(patho)physiological confounders of LS.” At last, liver stiffness is not affected by 
hepatic steatosis or necroinflammation but could be affected by high ALT level [9, 12].
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 Liver Stiffness Measurement Using Acoustic Radiation Force 
Impulse (ARFI)

Point shear wave elastography (pSWE), also known as acoustic radiation force 
impulse (ARFI) involves mechanical excitation of tissue using short-duration 
acoustic pulses that propagate shear waves and generate localized, micron-scale 
displacements in tissue. For more details see also book Part II “Techniques to mea-
sure Liver stiffness.” ARFI (Antares or Acuson S2000, Siemens Medical Solutions, 
Mountain view, CA) elastography is integrated into a conventional ultrasound 
device and provides an estimate of liver stiffness in shear wave speed (m/s). The 
exact location where measurements are obtained can be selected by the operator. A 

Table 10.1 Performance of transient elastography (FibroScan) for the diagnosis of liver fibrosis 
in NAFLD

Study Year N
AUROC F2F3F4 
(95% CI)

AUROC F3F4 (95% 
CI)

AUROC F4 (95% 
CI)

Eddowes PJ 
[12]

2019 373 0.77 (0.72–0.82) 0.80 (0.75–0.84) 0.89 (0.84–0.93)

Siddiqui MS 
[10]

2019 393 0.83 (0.79–0.87) 0.93 (0.90–0.97)

Jiang W [54] 2018 Meta- 
analysis 
1753

0.85 (0.82–0.88) 0.92 (0.89–0.94) 0.94 (0.93–0.97)

Chen J [20] 2017 111 0.81 (0.69–0.89) 0.87 (0.76–0.94) 0.92 (0.73–0.98)
Lee MS [55] 2017 94 0.757 (0.645–0.867) 0.870 (0.774–0.965) 0.882 

(0.737–0.931)
Petta S [25] 2017 761 0.863 (0.837–0.889)
Petta S [56] 2017 324 0.808 0.861
Park CC 
[19]

2017 94 0.86 (0.77–0.95) 0.80 (0.67–0.93) 0.69 (0.45–0.94)

Loong TCW 
[57]

2017 215 0.851 ± 0.029 0.940 ± 0.016 0.916 ± 0.027

Boursier J 
[29]

2016 452 0.842 ± 0.019 0.831 ± 0.019 0.864 ± 0.024

Tapper EB 
[58]

2016 164 0.93 (0.86–0.96)

Imajo K [18] 2016 127 0.82 (0.74–0.89) 0.88 (0.79–0.97) 0.92 (0.86–0.98)
Petta S [24] 2015 321 0.857 (0.790–0.924)
Wong V [8] 2012 193

M probe
0.83 (0.76–0.89) 0.87 (0.82–0.93) 0.89 (0.82–0.97)

Wong V [8] 2012 193
XL 
probe

0.80 (0.74–0.87) 0.85 (0.79–0.91) 0.91 (0.85–0.96)

Petta S [59] 2011 146 0.79 0.87
Wong V [9] 2010 246 0.84 (0.79–0.90) 0.93 (0.89–0.96) 0.95 (0.91–0.99)

AUROC area under the ROC curve, CI confidence interval
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major advantage of pSWE/ARFI is that it can be easily implemented on modified 
commercial ultrasound machines. One may therefore assess liver fibrosis and exam-
ine the liver parenchyma during the same examination. Values obtained with pSWE/
ARFI are expressed in m/s and have a narrow range (0.5–4.4 m/s), which limits the 
definitions of cutoff values for discriminating certain fibrosis stages and thus for 
making management decisions. Only few studies have evaluated pSWE using ARFI 
in patients with NAFLD with diagnostic accuracies of 84–98% for advanced fibro-
sis. A systematic review of 7 studies having included 723 NAFLD patients, reported 
a summary diagnostic accuracy, sensitivity, and specificity of 90%, 80%, and 85%, 
respectively for the detection of significant fibrosis. No data were available for 
advanced fibrosis and cirrhosis [13]. However, Cassinotto et al showed that pSWE/
ARFI performance is better for severe fibrosis and cirrhosis than for less severe 
fibrosis [14]. Performances of ARFI for the diagnosis of liver fibrosis in NAFLD 
patients are indicated in Table 10.2.

 2D-Shear Wave Elastography

2D-Shear wave elastography (2D-SWE) (ElastQ; Philips, Andover, MA. Logiq E9; 
GE Healthcare, Wauwatosa, WI. Aixplorer; Supersonic Imagine, Aix-en-Provence, 
France) is an FDA approved technique that adapts ultrasound imaging to produce 
liver stiffness measurement. For more details see also book Part II “Techniques to 
measure Liver stiffness.” Similar to ARFI, the 2D-SWE operator must define a 
large, vessel-free region of interest in ultrasonic B-mode imaging using curved 
abdominal probe during breath hold, and take a series of measurements (typically 
seven to eleven), then a median of those values is obtained. 2D-SWE is based on the 
combination of a radiation force induced in tissues by focused ultrasonic beams and 
a very high frame rate ultrasound imaging sequence capable of catching in real time 
the transient propagation of resulting shear waves. The size of the region of interest 
can be chosen by the operator. 2D-SWE also has the advantage of being imple-
mented on a commercially available ultrasound machine with results expressed 
either in m/s or in kPa across a wide range of values (2–150 kPa). As other methods, 

Table 10.2 Performance of ARFI for the diagnosis of liver fibrosis in NAFLD

Study Year N
AUROC F2F3F4 
(95% CI)

AUROC F3F4 (95% 
CI)

AUROC F4 (95% 
CI)

Lee MS [55] 2017 94 0.657 (0.545–0.758) 0.873 (0.777–0.968) 0.920 (0.849–0.990)
Cassinotto C 
[14]

2016 291 0.77 0.84 0.84

Cui J [21] 2016 125 0.848 (0.776–0.921) 0.896 (0.824–0.968) 0.862 (0.721–1.000)
Palmeri ML 
[60]

2011 172 0.90

AUROC area under the ROC curve, CI confidence interval
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2D-SWE performance is better for severe fibrosis and cirrhosis than for less severe 
fibrosis [14]. Performances of 2D-SWE for the diagnosis of liver fibrosis in NAFLD 
patients are indicated in Table 10.3.

 Magnetic Resonance Elastography

Magnetic resonance elastography (MRE) is expected to become one of the most 
promising methods of hepatology in the future. The principle of MRE was reported 
by the Mayo Clinic in 1995, and MRE was first approved by the FDA in 2009; it is 
now available as a commercial upgrade for standard magnetic resonance imaging 
(MRI) systems. For more details see also book Part II “Techniques to measure Liver 
stiffness.” MRE uses a modified phase-contrast method to image the propagation of 
the shear wave in the liver parenchyma. It can assess the entire liver, irrespective of 
body habitus, and mechanical parameters for shear stiffness have been standardized. 
Performances of MRE for the diagnosis of liver fibrosis in NAFLD patients are 
indicated in Table 10.4. A meta-analysis of nine studies comprising 232 patients 
with NAFLD found that MRE detected fibrosis with a high level of accuracy, inde-
pendent of liver inflammation and BMI with AUROC values of 0.86–0.91 for all 
stages of fibrosis [15].

In a head to head comparison between 3D MRE versus 2D MRE, 3D MRE at 
40 Hz was superior to 2D MRE at 60 Hz with an AUROC for the detection for 
advanced fibrosis of 0.97 [16]. However, even though 2D and 3D MRE are able to 
overcome all these issues except for iron overload or acute inflammation, MRE is 
limited by restricted accessibility at many centers, especially worldwide, and the 
required expertise needed to obtain adequate results in the setting of 3D 
MRE. Currently, accurate imaging is a trade-off between specificity, accessibility, 
and ease of use such that as specificity goes up, accessibility and ease of use go down.

Table 10.3 Performance of shear wave elastography for the diagnosis of liver fibrosis in NAFLD

Study Year N
AUROC F2F3F4 
(95% CI)

AUROC F3F4 
(95% CI)

AUROC F4 
(95% CI)

Takeuchi H 
[61]

2018 71 0.75 0.62–0.85 0.82 0.70–0.90 0.90 0.78–0.96

Hermann E 
[62]

2018 156 0.855 0.928 0.917

Lee MS [55] 2017 94 0.759 (0.641, 
0.854)

0.809 (0.697, 
0.894)

0.906 (0.811, 
0.963)

Xiao G [7] 2017 Meta-analysis 
429

0.95

Cassinotto C 
[14]

2016 291 0.86 0.89 0.88

AUROC area under the ROC curve, CI confidence interval
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 Multiparametric MRI

In the past few years, a multiparametric magnetic resonance technique 
(LiverMultiScan, Oxford, UK) has been established that includes T1 mapping for 
fibrosis and inflammation imaging, T2∗ mapping for liver iron quantification and 
1H-MRS for liver fat quantification. The T1 measurements are adjusted for the iron 
level, as high iron levels in the presence of fibrosis can lead to “pseudo-normal” T1 
values. LiverMultiScan is a quick and noninvasive test that does not require injec-
tion of any intravenous contrast agent. In a study published in 2017, the AUROC 
using liver inflammation and fibrosis for the diagnosis of NAFLD-related cirrhosis 
was 0.85 [17]. However, at this time, further validation studies are needed.

 Comparison of Different Methods

MRE and transient elastography have been compared head to head in patients with 
biopsy-proven NAFLD in a small number of studies. MRE is more accurate than 
FibroScan in detecting F2 fibrosis (AUROC 0.86–0.89 versus AUROC 0.84, respec-
tively) and F4 fibrosis (AUROC 0.88–0.97 versus AUROC 0.95) [18]. In a prospec-
tive, cross-sectional study of more than 100 patients, C.C. Park et  al. found that 
MRE is more accurate than FibroScan in identification of liver fibrosis (stage 1 or 
more), using biopsy analysis as the standard [19]. However, in this study, only a few 
patients had advanced fibrosis. In obese patient population, both MRE and FibroScan 
have an excellent diagnostic performance in the assessment of liver fibrosis [20].

Table 10.4 Performance of magnetic resonance elastography for the diagnosis of liver fibrosis in 
NAFLD

Study Year N
AUROC F2F3F4 
(95% CI)

AUROC F3F4 
(95% CI)

AUROC F4 
(95% CI)

Costa Silva L 
[48]

2018 49 0.932 
(0.823–0.984)

0.928 
(0.817–0.982)

0.964 
(0.867–0.996)

Chen J [20] 2017 111 0.93 (0.85, 0.97) 0.92 (0.82, 0.97) 0.95 (0.85, 
0.99)

Xiao G [7] 2017 Meta-analysis 
384

0.92 0.96 0.97

Park CC [19] 2017 94 0.89 (0.83–0.96) 0.87 (0.78–0.96) 0.87 
(0.71–1.00)

Imajo K [18] 2016 142 0.89 (0.85–0.94) 0.89 (0.83–0.95) 0.97 
(0.94–1.00)

Cui J [21] 2016 125 0.885 
(0.816–0.953)

0.934 
(0.863–1.000)

0.882 
(0.729–1.000)

Loomba R 
[49]

2014 117 0.856 0.924 0.894

AUROC area under the ROC curve, CI confidence interval
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Another study evaluated the performances of MRE versus ARFI for diagnosing 
fibrosis in NAFLD patients [21]. For diagnosing any fibrosis (>stage 1), the MRE 
AUROC was 0.799 (95% confidence interval [CI] 0.723–0.875), significantly higher 
than the ARFI AUROC of 0.664 (95% CI 0.568–0.760). In stratified analysis by 
presence or absence of obesity, MRE was superior to ARFI for diagnosing any 
fibrosis in obese patients but not in nonobese patients. Unfortunately, the compari-
son of MRE and ARFI for the diagnosis of advanced fibrosis was not evaluated. In 
a recent meta-analysis, it was shown that MRE and SWE have the highest diagnos-
tic accuracy for staging fibrosis in NAFLD patients [7].

In conclusion, all of these methods have a good performance to exclude advanced 
liver fibrosis in NAFLD patients. They can be used in clinical practice according to 
their availability in each area or center. For the diagnosis of liver fibrosis in NAFLD 
patients, AASLD Guidelines are as follows: FibroScan or MRE, used for liver stiff-
ness measurement, are clinically useful tools for identifying advanced fibrosis in 
patients with NAFLD [22]. AGA Guidelines are as follow: In adults with NAFLD 
and a lower risk of cirrhosis, the AGA makes no recommendation regarding the role 
of MRE or VCTE for detection of cirrhosis. However, in adults with NAFLD and a 
higher risk of cirrhosis (advanced age, obesity, particularly central adiposity, diabe-
tes, alanine elevated >23 upper limit of normal), the AGA suggest using MRE, 
rather than VCTE, for detection of cirrhosis [23].

 Combination of Liver Stiffness Measurement and Blood 
Marker

A lot of serum markers (AST to Platelet Ratio Index (APRI), BARD, FIB-4, and 
NAFLD fibrosis score (NFS)) are easy and reliable scores proposed to be used in 
clinical practice. There is no consensus on thresholds or strategies for their use in 
clinical practice when trying to avoid liver biopsy [6]. Some data suggest that the 
combination of elastography and serum markers performs better than either 
method alone.

In 2015, Petta et al. evaluated combinations using liver stiffness measurement 
with FibroScan and FIB-4 or NFS (two complementary, easy-to- perform, and 
widely available tools) in 179 Sicilian patients [24]. They showed that the combina-
tion of liver stiffness measurement with NFS was able to accurately diagnose or 
exclude the presence of severe liver fibrosis, also reducing of about 50–60% the 
number of needed diagnostic liver biopsies.

Two years later, in a multicenter study, Petta et al. evaluated these combinations, 
liver stiffness measurement with FIB-4 or NFS [25]. Again, the paired combination 
of liver stiffness measurement with NFS or FIB-4 strongly reduced the likelihood of 
wrongly classified patients (ranging from 2.7% to 2.6%), at the price of a high uncer-
tainty area (ranging from 54.1% to 58.2%), and of a low overall accuracy (ranging 
from 43% to 39.1%). The serial combination with the second test used in patients in 
the grey area of the first test and in those with high liver stiffness measurement values 
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(>9.6  kPa) or low NFS or FIB-4 values (<1.455 and <1.30, respectively) overall 
increased the diagnostic performance generating an accuracy ranging from 69.8% to 
70.1%, an uncertainty area ranging from 18.9% to 20.4% and a rate of wrong clas-
sification ranging from 9.2% to 11.3%. They proposed an algorithm for the diagnosis 
of advanced fibrosis in NAFLD patients (Fig. 10.1).

At this time, there are no guidelines that recommend the combination of liver 
stiffness measurement with any biomarker.

 Prognosis of NAFLD Patients

The risk of death from liver disease increases by a factor of 50–80 for patients with 
NAFLD who have F3 or F4 fibrosis, as compared with those who have NAFLD with 
little or no fibrosis [26]. In 2015, experts at the Baveno VI Consensus Workshop 
recommended LSM cutoffs of 10 and 15 kPa to rule out and rule in compensated 
advanced chronic liver disease (cACLD), respectively [27]. Only a few studies eval-
uated the role of liver stiffness as prognostic factor in NAFLD patients.

A recent study validated Baveno VI criteria in 790 patients with NAFLD-related 
compensated cirrhosis. The best thresholds to rule out varices needing treatment 
were identified as platelet count >110,000/mm3 and liver stiffness <30 kPa for M 
probe, and platelet count >110,000/mm3 and liver stiffness <25 kPa for XL probe 
[28]. Further studies are needed to evaluate the role of spleen stiffness measurement 
for the diagnosis and follow-up of portal hypertension.

Another study showed the prognosis accuracy of liver stiffness measurement 
with FibroScan for the prediction of mortality from liver-related complication in 

NAFLD

NFS <-1.455
Or

FIB-4 < 1.3

NFS > 0.676
Or

FIB-4 > 2.67

NFS-1.455 to 0.676
Or

FIB-4 1.3 to 2.67

High likelihood
of F3-F4 fibrosis

LSM<9.6
kPa 

LSM>9.6
kPa 

Low likelihood
of F3-F4 fibrosis

High uncertainty
Liver biopsy?

LSM<7.9
kPa 

LSM>9.6
kPa

LSM
7.9-9.6 kPa

Fig. 10.1 Suggested algorithm for the noninvasive assessment of F3-F4 fibrosis in patients with 
NAFLD [25]. LSM liver stiffness measurement. NFS NAFLD fibrosis score
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360 NAFLD patients [29]. In this study, the prognostic accuracy of liver stiffness 
was 0.725 (0.659–0.782) for all-cause mortality, 0.885 (0.818–0.947) for mortality 
from liver-related complication, and 0.704 (0.630–0.776) for mortality from extra-
hepatic cause.

However, prospective cohort studies are needed to examine the longitudinal 
association between baseline imaging-based modalities and their longitudinal 
change over time and incident development of cirrhosis, risk of hepatic decompen-
sation, need for liver transplant, and liver-related mortality.

 Fibrosis Assessment in Children with NAFLD

Only a few studies are available for the evaluation of liver fibrosis in NAFLD chil-
dren. In a prospective study of 67 adolescents (age range, 10–17 years; mean body 
mass index, 34.7 kg/m2) with biopsy-proven NAFLD, liver stiffness was measured 
by using time-harmonic elastography. This method uses a bed-type actuator device 
for stimulation and real-time analysis of continuous multifrequency vibrations, 
allowing liver stiffness measurement of the entire liver for depths of up to 14 cm. 
Unlike classic US-based elastography methods, which use transient stimulations, 
time-harmonic elastography exploits a continuous flux of shear wave energy gener-
ated by a vibration bed. The continuous influx of wave energy ensures the entire 
liver is illuminated by shear waves. The displayed quantity is shear wave speed 
similar to acoustic radiation force impulse-based methods; however, it is distinct 
from transient elastography (which measures Young moduli) and MR elastography 
(which classically displays shear modulus maps) [30]. Time-harmonic elastography 
was feasible in all patients (0% failure rate), including 70% (n = 47) of individuals 
with extreme obesity (body mass index above the 99.5th percentile). AUC analysis 
for the detection of any fibrosis (>stage F1), moderate fibrosis (>stage F2), and 
advanced fibrosis (>stage F3) was 0.88 (95% confidence interval [CI]: 0.80, 0.96), 
0.99 (95% CI: 0.98, 1.00), and 0.88 (95% CI: 0.80, 0.96), respectively.

A retrospective study included 86 patients younger than 21 years of age who 
underwent MRE and liver biopsy within 3 months [31]. Fifty-one patients (59.3%) 
had Ludwig stage 2 or higher fibrosis (only 2 children with cirrhosis). The area 
under the ROC curve for Ludwig stage 0–1 versus stage 2 or higher fibrosis was 
0.70 (95% confidence interval 0.59–0.81). Optimal stiffness cutoff was 2.27 kPa 
with 68.6% sensitivity (95% CI: 57.2%, 80.1%) and 74.3% specificity (95% CI: 
63.5%, 85.1%). In this study, steatosis or inflammation were confounding factors 
for the diagnosis of liver fibrosis.

At last, a retrospective cohort study including 65 children evaluated the progres-
sion of liver fibrosis using MRE [32]. Time from first to last MRE was 27 ± 14 months. 
Liver stiffness decreased in 20% of patients, and increased in 22% of patients. There 
was no correlation between change in liver stiffness and change in ALT.

In 2019, liver stiffness measurement is not recommended in clinical practice for 
the diagnosis of liver fibrosis in NAFLD children.
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 Liver Stiffness as Screening Tool

There is mounting evidence that besides increasing the risk of cirrhosis, end-stage 
liver disease, and hepatocellular carcinoma, nonalcoholic fatty liver disease 
(NAFLD) also affects risk of disease in organs beyond the liver [33]. For example, 
NAFLD is an independent risk factor for cardiovascular disease (CVD) [34], type 2 
diabetes [35], and chronic kidney disease [36]. Moreover, the prevalence of NAFLD 
could be around 25% in general population. Therefore, screening of liver fibrosis or 
cirrhosis in all these populations should be evaluated.

A population-based, cross-sectional study was performed in the Barcelona met-
ropolitan area [37]. Subjects aged 18–75 years old were identified randomly from 
citizens included in the primary health care registry. Liver fibrosis was estimated by 
measuring liver stiffness with transient elastography in 3076 subjects. Prevalence 
estimate of increased liver stiffness >9.0 kPa was 3.6%. Factors independently asso-
ciated with increased liver stiffness were male sex, abdominal obesity, type 2 diabe-
tes, serum glucose, high-density lipoprotein, and triglyceride levels. They propose a 
value less than 9.2 kPa to be used for screening purposes.

In a community-based diabetic population, liver stiffness was measured in 705 
patients [38]. Overall, 7.3% exhibited advanced fibrosis (liver stiffness ≥9.6 kPa). 
By multivariate analysis, factors associated with severe fibrosis were age, over-
weight, and high GGT.

In another study, screening diabetic patients for nonalcoholic fatty liver disease 
with liver stiffness measurement was performed in a prospective cohort study of 
1884 patients [39]. The proportion of patients with increased liver stiffness mea-
surement was 17.7% (95% CI 16.0% to 19.5%). By multivariable analysis, longer 
duration of diabetes, higher body mass index, increased ALT, and spot urine albu-
min: creatinine ratio and lower high-density lipoprotein-cholesterol were associated 
with increased LSM. They concluded that diabetic patients with high BMI and dys-
lipidemia are at particularly high risk and may be the target for liver assessment.

Another prospective study evaluated 277 patients hospitalized for their diabetes 
[40]. Severe fibrosis was predicted when FibroTest (blood marker) was >0.59 or 
liver stiffness >8.7 kPa. The prevalence of severe fibrosis was 15.5%. By multivari-
ate analysis, factors associated with severe fibrosis were age >50 years, type 2 dia-
betes, no retinopathy, and past history of foot ulcer.

A cross-sectional analysis of a prospective study that included 100 consecutively 
enrolled diabetics was performed using MRE [41]. The prevalence of advanced 
fibrosis (defined as MRE ≥3.6 kPa) was 7.1%. Patients with NAFLD were younger 
and had higher mean BMI, waist circumference, and prevalence of metabolic syn-
drome. Only 26% of those with NAFLD had elevated alanine aminotransferase. 
However, its wider application is limited by cost and availability. In particular, these 
drawbacks make it unlikely that MRE can be applied as a screening test.

A study evaluated the utility of liver stiffness measurement (FibroScan, XL 
probe) for assessment of liver fibrosis in 76 morbidly obese individuals (mean body 
mass index 45.2  ±  7.1  kg/m2). FibroScan success rate was 87.9%. Area under 
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receiver operator characteristic curve of liver stiffness measurement for prediction 
of significant fibrosis and advanced fibrosis was 0.65 (95% confidence interval [CI]: 
0.52–0.77) and 0.83 (95% CI: 0.72–0.94), respectively [42].

According to these studies, EASL-EASD-EASO guidelines are as follow: in 
patients with type 2 diabetes, the presence of NAFLD should be looked for irrespec-
tive of liver enzyme levels, since type 2 diabetes patients are at high risk of disease 
progression (A2) [43].

However, AASLD Guidance Statements are quite different [22]. Routine screen-
ing for NAFLD in high-risk groups attending primary care, diabetes, or obesity 
clinics is not advised at this time because of uncertainties surrounding diagnostic 
tests and treatment options, along with lack of knowledge related to long-term ben-
efits and cost-effectiveness of screening. There should be a high index of suspicion 
for NAFLD and NASH in patients with type 2 diabetes. Clinical decision aids such 
as NFS or fibrosis-4 index (FIB-4) or vibration controlled transient elastography 
(FibroScan) can be used to identify those at low or high risk for advanced fibrosis 
(bridging fibrosis or cirrhosis).

At this time, there are no specific guidelines for the screening of patients with a 
past history of cardiovascular event.

 How to Use Liver Stiffness in Clinical Practice?

In clinical practice, at bedside, a recurrent question is “which cutoff should we 
use?.” The choice of a cutoff depends on disease and objective. Indeed, cutoffs are 
often different according to the disease for each stage of liver fibrosis. For example, 
cutoffs in HBV patients should consider ALT level. Moreover, in some cases, the 
objective is to have a more sensitive cutoff and, in some cases, the objective is to 
have a more specific cutoff.

With FibroScan, the cutoff of 8.7 kPa for the diagnosis of advanced fibrosis has 
a sensitivity of 88.4%, a specificity of 62.9%, a negative predictive value of 89.8% 
and a positive predictive value of 59.4% [29]. At a cutoff <8 kPa, FibroScan has a 
94% to 100% negative predictive value. At a cutoff value of 7.9 kPa, the sensitivity, 
specificity, and positive and negative predictive values for advanced fibrosis or 
greater disease are 91%, 75%, 52%, and 97%, respectively [9]. At last, a meta- 
analysis proposed a cutoff of 7.2 kPa with a negative predictive value to exclude 
advanced fibrosis or cirrhosis of 89% (95% CI 84–95%) [44]. To rule in advanced 
fibrosis or cirrhosis, a cutoff of 9.3 kPa was proposed with the XL probe [8]. Using 
the latest model of FibroScan, probe selection can be done automatically. A recent 
study performed in US, Youden cutoff proposed values for F ≥ F2, F ≥ F3 and F = 
F4 were 8.2 kPa, 9.7 kPa, and 13.6 kPa, respectively [12]. Recently, Wong et al. 
proposed simple liver stiffness measurement cutoffs of <10 kPa and ≥15 kPa to 
exclude and diagnose compensated advanced chronic liver disease, respectively [45].

With ARFI, the proposed cutoffs are 1.55–1.61  m/s for advanced fibrosis and 
1.80–1.87 m/s for cirrhosis [46, 47]. With Aixplorer, the cutoff values with sensitivity 
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above 90% are 8.3 kPa, and 10.5 kPa for advanced fibrosis and cirrhosis, respec-
tively [14].

With MRE, a threshold >4.39 kPa results in a sensitivity of 90.9% and a specific-
ity of 97.3% for diagnosing advanced fibrosis [48]. Using a stiffness cutoff of 
3.63 kPa, MRE has a sensitivity of 0.86 (95% confidence interval [CI], 0.65–0.97), 
a specificity of 0.91 (95% CI, 0.83–0.96), a PPV of 0.68 (95% CI, 0.48–0.84), and 
a NPV of 0.97 (95% CI, 0.91–0.99) with an AUROC of 0.924 for diagnosing 
advanced fibrosis [20, 49].

 Follow-Up With or Without Treatment

One of the important surrogates for advanced liver disease, especially in NAFLD, is 
documentation of progressive liver fibrosis. In a recent meta-analysis, fibrosis pro-
gression in patients with histological NASH at baseline showed a mean annual 
fibrosis progression rate of 0.09 (95% CI, 0.06–0.12) [1]. Importantly, longitudinal 
data correlating changes in histological severity and in noninvasive measurements 
are urgently needed.

A recent study shown that approximately 15–19% relative reduction in MRE- 
derived liver stiffness corresponds to a 5% reduction in body weight (usually the 
lower threshold associated with improvement in liver histology in NASH) [50]. 
However, the exact clinical significance of a change in liver stiffness measurement 
still remains to be defined.

Recently, data from patients with NASH and stage 2 or 3 fibrosis enrolled in a 
phase II study of selonsertib were evaluated. Pre- and posttreatment assessments 
included centrally read MRE, and liver biopsies evaluated according to the NASH 
Clinical Research Network classification and the nonalcoholic fatty liver disease 
activity score (NAS). Among 54 patients with MRE and biopsies at baseline and 
week 24, 18 (33%) had fibrosis improvement (≥1-stage reduction) after undergoing 
24 weeks of treatment with the study drug. The area under the receiver operating 
characteristic curve (AUROC) of MRE to predict fibrosis improvement was 0.62 
(95% CI 0.46–0.78) and the optimal threshold was a ≥0% relative reduction. At this 
threshold, MRE had 67% sensitivity, 64% specificity, 48% positive predictive value, 
79% negative predictive value. These preliminary data support the further evalua-
tion of MRE for the longitudinal assessment of histologic response in patients with 
NASH [51].

In another study from Japan, LSM by TE was carried out for 97 biopsy-proven 
NAFLD patients and 34 patients underwent 10-year LSM reassessments, 14 of 
them with paired biopsies [52]. Over a 10-year period, 32.4% had LS progression, 
50% had static disease, and 17.6% had LS improvement. From among the initially 
diagnosed nonalcoholic steatohepatitis patients, 18% had progressed to F4 (cirrho-
sis) 10 years later. In this cohort, none of the patients who had been initially diag-
nosed as F0 by TE had progressed to cirrhosis 10 years later. The changes in LS 
were correlated with the change in the histological fibrosis stage, the NAFLD 
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activity score, and the change in the sum of the steatosis, activity, and fibrosis score. 
Improving more than 1 BMI (body mass index in kg/m2) and having a higher initial 
aspartate aminotransferase, alanine aminotransferase (ALT), or ALT responder 
(>30% improvement or reduction to less than 40 IU/L) were factors contributing to 
LS improvements (≥2 kPa) [52].

In a recent study [53] on 2251 prospectively recruited NAFLD patients, the 
median follow-up time was 27 months. During the study period, 55 patients died, 
and three patients had liver transplantation. Only 0.9% of patients (n = 21) had liver- 
related event (either decompensation or HCC) while 142 (6.3%) developed cancer 
(excluding HCC). 151 (6.7%) had a cardiovascular event during follow-up. Overall 
survival significantly decreased with increasing baseline LS. On multivariate analy-
sis, independent predictors (adjusted HR = aHR) for overall survival were: baseline 
LSM with aHR = 2.85, age with aHR = 1.11 and male sex with aHR = 2.05. Patients 
with elevated LS showed more significant cardiovascular and liver events but no 
other cancers. Interestingly, there was no cutoff for no risk of HCC. Thus, the inci-
dence of HCC increased with baseline LS (<12 kPa: 0.32%; 12–18 kPa: 0.58%; 
18–38 kPa 9.26% and >38 kPa: 13.3%). Taken together, this study concludes to use 
initial LS values to predict survival, cardiovascular, and liver complications [53].

 Unresolved Issues to Be Addressed in the Future

Further advances are needed to identify patients at risk of fibrosis progression and 
at risk of complications. The evolution of liver stiffness (increase/decrease) over 
time needs to be described and understood. The diagnosis of NASH is a keypoint 
in the management of patients with NAFLD. The usefulness of liver stiffness for 
the diagnosis of NASH is a challenge for the next years. The cost-effectiveness of 
utilizing MRE vs FibroScan vs other methods and/or biopsy must also be evaluated 
to develop optimal diagnostic strategies for diagnosing NAFLD-associated fibrosis. 
At last, cost-effectiveness studies are needed to evaluate different strategies, for 
example the sequential use of biomarker (e.g. FIB-4) followed by liver stiffness 
measurement.

 Conclusion

For equipped centers, ultrasound-based elastography such as FibroScan and shear 
wave elastography has moderate to high accuracy in diagnosing advanced fibrosis 
or cirrhosis and can be used in routine clinical practice. MRE has a higher success 
rate and accuracy than ultrasound-based technologies, but is limited by cost and 
availability. Moreover, it is not practical to be used in routine clinical care across the 
millions of individuals who are at risk of advanced fibrosis. However, it can be used 
in clinical trials to identify drugs with potential antifibrotic effects. FibroScan offers 
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real-time results and is performed as a point-of-care test. It can be used as a practical 
tool for identifying patients with NAFLD at high as well as minimal risk for 
advanced fibrosis. This approach adds value to the clinic visit as it allows for in- 
clinic counseling and a decision to pursue a liver biopsy can be made expeditiously. 
This information can help clinicians better manage their patients with 
NAFLD. Similar to FibroScan, SWE or ARFI may also be utilized for risk stratifica-
tion of patients with NAFLD, based upon their availability and local expertise and 
familiarity with their cutoff points for the presence of advanced fibrosis, shear wave 
speed or stiffness, respectively. Furthermore, a discussion with the local hepatolo-
gist and/or radiologist should be performed to decide on the preferred techniques, 
requirements for operator experience, and pre- specified criteria for reporting to 
ensure correct interpretation of results.
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Chapter 11
Liver Stiffness in Alcoholic Liver Disease

Sebastian Mueller

 Specific Diagnostic Challenges in Patients with ALD

Alcohol-related liver disease (ALD) is the most frequent cause of severe liver 
diseases in Europe and according to WHO, more than 40% of the liver deaths are 
attributed to alcohol [1]. In addition, the number of liver transplantation for 
patients with ALD-related cirrhosis has increased over the past two decades, both 
in Europe and in the USA [2, 3]. Despite this high burden of ALD, it is unfortu-
nate that most patients are diagnosed at the decompensation stage normally pre-
senting with ascites or jaundice. Moreover, a large proportion of newly diagnosed 
patinets  with  cirrhosis had recent consultations in primary care or emergency 
units [4], without any intervention. ALD includes a wide spectrum of lesions 
ranging from steatosis to steatohepatitis, progressive liver fibrosis, cirrhosis and 
its complications [1]. Although steatosis is almost constant in heavy drinkers, it is 
estimated that only 10–20% will eventually develop cirrhosis [5]. Since the pres-
ence of advanced fibrosis or cirrhosis in compensated patients is the main predic-
tor of long-term survival, it is of clinical importance to diagnose those patients 
with advanced fibrosis before decompensated stage, in order to promote absti-
nence and improve survival [6]. Liver diseases are in general hard to detect and 
commonly show no or only mild symptoms. Even end-stage liver cirrhosis remains 
undetected in routine laboratory testing or ultrasound screening in ca. 40% [7]. 
The diagnosis of ALD is further complicated by three major challenges: (1) under-
reporting by patients, (2) lack of good biomarkers for alcohol consumption, and 
(3) a rather diverse clinical presentation. These are the reasons why ALD is rou-
tinely underestimated both by physicians and health statistics [8, 9]. Therefore, 
the diagnosis of ALD normally must rely on a combination of clinical, laboratory, 
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elastographic, and imaging findings (Fig. 11.1) where elastography has gained an 
important novel role for early screening and follow-up.

 Elastography in Comparison to Other Alternative Methods 
to Assess Fibrosis

Although ALD follows the typical sequence of chronic liver diseases including 
alcoholic fatty liver, steatohepatitis, fibrosis, and eventually cirrhosis (Fig. 11.2), the 
early recognition of severe steatohepatitis and alcoholic cirrhosis is most important 
since it will save lives, prevent complications, and initiate follow-up programs [7]. 
Most important clinical end points are alcoholic liver cirrhosis and the rare and 
clinically defined alcoholic hepatitis (AH, ASH1). ASH1 should not be mismatched 
with the commonly and histologically detectable steatohepatitis (ASH, ASH2) 
(Fig. 11.2).

Since AH/ASH1 is very rare and there are still no early predictors, screening for 
liver problems in heavy drinkers should primarily focus on the screening for 
fibrosis [7].

In hepatology, liver biopsy is still essential in establishing the definite diagnosis 
or in ruling out additional or other causes of the disease. However, liver biopsy is an 
invasive procedure, with significant complications in up to 7% [10] and, with regard 
to fibrosis assessment, a sampling error of up to 30% [11–15]. Complications can 
encompass mild (pain and small bleedings in 6%) or severe (0.1%) complications 
and rarely fatal perforations and bleedings [16, 17]. In addition, and the context of 
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ALD, heavy drinkers are typically less likely to see doctors and to undergo invasive 
diagnostic procedures. For instance, it has been estimated that less than 1% of 
patients with suspected ASH1/AH are biopsied although required according to 
international guidelines [18].

With respect to fibrosis assessment, all imaging techniques must rely on so- 
called “sure morphological signs of cirrhosis” such as nodular aspect of the liver or 
recanalization of the umbilical vein while splenomegaly or ascites are not specific. 
These imaging signs are only available in about half of ALD patients with manifest 
cirrhosis [7]. Serum markers have been long thought to allow for easy fibrosis 
screening [7, 19]. In ALD, however, a previous study clearly showed superiority of 
TE with regard to various serum markers [20]. Moreover, this was achieved without 
sophisticated algorithms. Although this will not be the discussed in detail here, 
serum markers have important advantages (see Appendix Table A.1) when e.g., 
looking for affordable screening tools to be applied worldwide, especially in third 
world countries.

 Elastographic Assessment of Fibrosis in ALD

Several studies have been performed to directly compare the performance of TE 
with ARFI or 2D-SWE, however, no robust data are available on ALD. Therefore, 
this chapter focuses on TE. In contrast to popular liver diseases such as viral hepa-
titis, the performance of LS in ALD was assessed rather late. The major biopsy- 
proven studies on LS in patients with ALD are listed in Table 11.1. Early direct 
comparison with serum fibrosis markers showed a better performance of TE in 
patients with ALD [20] and AUROCs are typically >0.9 to detect F4 cirrhosis. 
Although an excellent performance could be shown in all studies, they differ quite 
drastically regarding the cutoff values ranging from 11.5 to 25.8 kPa. This is primar-
ily related to the presence of inflammation as assessed by transaminase levels [21]. 
In this study, it was shown that LS decreases in patients with ALD during alcohol 
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withdrawal [21]. For more details see also the Chap. “Clinical Cases: Application 
and Interpretation of Liver Stiffness” in book part VII “How to Use LS in Clinical 
Practice.”

Table 11.2 summarizes the data on alcohol withdrawal/relapse and 
LS. Absolute alcohol withdrawal leads to ca. 20% decrease of LS within 1 week 
of alcohol detoxification which improves fibrosis stages in 27% (see Fig. 11.3). 

Table 11.1 Liver stiffness and fibrosis stages in ALD (biopsy-proven studies)

Reference Number of patients (n) Correlation AUROC F4 Cutoff F4

Nahon et al. [39] 174 0.70, P < 0.0001 0.87 22.6
Nguyen-Khac et al. [20] 103 0.72, P < 0.014 0.92 19.5
Kim et al. [40] 45 0.97 25.8
Boursier et al. [41] 217 0.87, P < 0.02 0.91 17.3
Mueller et al. [21] 101 0.72, P < 0.001 0.92 11.5
Janssens et al. [42] 49 0.86 21.1
Fernandez et al. [43] 15 0.93 18.0
Thiele et al. [44] 199 0.94 16.9
Voican et al. [45] 217 0.73, P < 0.0001 0.93 20.8

Table 11.2 Liver stiffness in response to alcohol detoxification and in relapsers

Ref.

Year/mean 
alcohol 
consumed/day

Patient number/
intervention

LS decrease 
before and after 
abstinence

Mean LS 
decrease (%)

Time of 
abstinence/
relapse

Mueller 
[33]

2010 50/detoxification Mean LS
20.1–16.5 kPa

– 17% 5.3 days

Gelsi 
et al. [24]

2011 23/abstinence 
relapse

– 27%/D7 
– 20% D8–D60 
abst.
+ 32% D8–D60 
relapsers

7 days
9 weeks
9 weeks

2012/150 g/day 137/abstinence Median LS 
7.2–6.1 kPa

7 days

Mueller 
et al. [22]

2019/98 g/day Reduction of 
45 g/day total 
alcohol 
consumption 
during 12 weeks 
treatment with 
Selincro 
(Nalmefene) 

Mean
LS 10.5–8.7 kPa
Median LS
6.0–5.4 kPa

– 13%  12 weeks

Mueller 
[34]

2019/181 g/day 23/complete 
abstinence

Mean LS
20.5–10.5 kPa

– 48% 5.7 years

Mueller 
[34]

2019/194 g/day 23/continued 
drinking

Mean LS
14.8–18.1 kPa

+ 22% increase 5.3 years

D7 = day 7 of alcohol detoxification
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Even a 2 months reduction of alcohol consumption by 40% significantly reduced 
LS by 17% as shown recently using Selincro (Nalmefene) [22]. In another study, 
LS decreased significantly in 62 patients (45.3%) after complete alcohol detoxi-
fication, and there was a reduction in the estimated stage of fibrosis in 32 
(23.3%). In contrast, an increase of LS was observed in 11.7% [23]. The propor-
tion of patients with a significant decrease of LS after alcohol withdrawal 
increased from 41.7% to 66.7% with the duration of abstinence from 1 week to 
9 weeks [24]. There are preliminary observations that long-term abstinence is 
even more beneficial as LS decreased by 50% if abstained from alcohol for 
5 years [25].

As shown in Appendix Fig. A.7, AST levels show the best correlation with LS 
among other hepatitis markers both in patients with HCV and ALD for different 
fibrosis stages [26]. Why AST has this special impact on LS, is still not completely 
clear and may also be related to extrahepatic conditions as AST also occurs in mus-
cle cells and erythrocytes. In the absence of elevated transaminases, cutoff values 
were almost identical between HCV and ALD for F1-2, F3 and F4 (HCV: 5.1, 9.0 
and 11.9 kPa vs ALD: 4.9, 8.1 and 10.5 kPa). These cutoff values increase exponen-
tially as a function of median AST level. The impact of AST on LS is higher in 
lobular-pronounced ALD as compared to portal tract-localized HCV (see Table 11.3, 
Fig. 11.5a and Appendix Fig. A.3).

In ALD, AST levels are typically higher as compared to ALT and in ca. 70% of 
patients the AST/ALT ratio is higher than two [27]. However, AST levels higher 
than 300 IU/L are rarely detected. In cirrhotic stages, transaminases may normalize 
while AST levels may be continuously increased despite the absence of alcohol 
consumption [26]. Appendix Fig. A.7 shows three-dimensionally the dependence of 
LS upon AST levels and fibrosis stage.

Other important confounders of elevated LS in heavy drinkers are signs of bal-
looning as assessed by caspase 3-cleaved cytokeratin 18 fragments (M30) levels 
and bilirubin levels at more advanced stages [28, 29]. Notably, M30/65 levels are 
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more sensitive as compared to transaminases and more specifically detect apop-
totic cell death [28]. In contrast to M65 and AST levels, M30 levels significantly 
increase during alcohol withdrawal which highlights the specific role of apoptosis 
in ALD [28]. Table 11.4 provides cutoff values and AUROCS to detect important 
histological activity markers such as ballooning or steatohepatitis for M30 
and M65.

Finally, in the above mentioned actual meta-analysis [29] using more than 
1000 patients, AST but also bilirubin concentrations had a significant effect on 
LS. The presence of histological features of asymptomatic and non-severe alco-
holic hepatitis was associated with increased LS (P < 0.0001). In a multivariate 
analysis, AST (P < 0.0001) and bilirubin (P = 0.0002) concentrations, and pro-
thrombin activity (P = 0.01), were independently associated with the presence of 
histological features of asymptomatic and non-severe alcoholic hepatitis. It 
remains to be confirmed whether bilirubin levels really improve the overall per-
formance of LS-based fibrosis scoring, since ALD patients develop jaundice 
in end-stage cirrhosis where LS  normally is higher than 30 kPa and the status of 
cirrhosis remains undoubted. In contrast, the so-called clinical alcoholic hepatitis 
(AH, ASH1) may develop high levels of bilirubin in the absence of drastic LS 
elevation.

Table 11.3 Exponential equations to define AST-adapted cutoff values for various fibrosis stages 
in patients with ALD or HCV.  Note that equations correspond to Fig.  11.5a and also allow 
automated fibrosis scoring e.g. in Excel sheets or through web pages

Fibrosis stage
ALD HCV
AST-adapted LS cutoff value (kPa) AST-adapted LS cutoff value (kPa)

F0 vs F1-2 4.9 × exp (0.0022 × AST) 5.1 × exp (0.0018 × AST)
F1-2 vs F3 8.1 × exp (0.0046 × AST) 9.0 × exp (0.0023 × AST)
F3 vs F4 0.5 × exp (0.0069 × AST) 11.9 × exp (0.0035 × AST)

Example of how to use equations e.g., for  individual calculations or in databases  with  multi-
ple patients: (a) determine AST-adapted cutoff values (F0 vs F1-2, F1-2 vs F3, F3 vs F4) using all 
three formulas. (b) Score fibrosis stage by comparing the original LS with the GOT-adapted cut 
of values

Table 11.4 AUROCs and cutoff values of M30 and M65 for various important histological 
parameters

Histological parameter
M30 M65
Cutoff (U/L) AUROC Cutoff (U/L) AUROC

Ballooning 1 334 0.787 926 0.789
Ballooning 2 426 0.795 972 0.786
Steatohepatitis 1 291 0.850 720 0.828
Steatohepatitis 2 334 0.776 926 0.784

All P < 0.05
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 Clinical Practice with Available Ultrasound: Fibrosis 
Assessment in ALD Using LS

The findings above have been implemented in clinical algorithms to easily and accu-
rately screen for fibrosis/cirrhosis in drinkers. Figure 11.4 shows a typical interpreta-
tion of LS if ultrasound and laboratory testing is available. After suspicion of ALD 
either by patients reporting, clinical, or laboratory signs, TE is performed directly 
after the abdominal ultrasound and routine blood tests. A minimum time of 5 min in 
horizontal position should be allowed for stable hemodynamics. During the ultra-
sound, liver size, spleen size, morphology, abnormalities such as congestion, cholesta-
sis, morphological signs of cirrhosis, the presence of ascites, and the diameter of the 
inferior vena cava are assessed. TE is then performed either with the M probe or in 
cases of M probe failure, obvious obesity or ascites with the XL probe [30, 31]. Ascites 
is no contraindication for the XL probe and performs well [30]. If LS is elevated and 
patients have AST >100  U/ml, alcohol withdrawal for at least 2  weeks (optimal 
4 weeks) is recommended followed by a second LS measurement. In patients with LS 
>30 kPa, the diagnosis of cirrhosis is settled despite steatohepatitis as measured by 
elevated transaminase levels. At these levels, the development of ascites is very likely.

This approach allows definitive noninvasive assessment of fibrosis stage in ca. 
95%. Compared to conventional routine ultrasound, TE identifies twice as many 
patients with advanced fibrosis/cirrhosis (S. Mueller, unpublished) and has a smaller 

No liver fibrosis

Liver stiffness

< 6 kPa Ultrasound
(congestion, tumor,

cholestasis?)

Laboratory
Elevated AST?

> 6 kPa

> 8 kPa = F3 fibrosis
> 12.5 kPa = F4 cirrhosis, screen for HCC

> 20 kPa–check for varices 

Consider intervention
(alcohol withdrawal) or

use AST-adapted cutoffs if
alcohol withdrawal is not

feasible.

Not measurable

Consider serum
markers (FT, ELF,

hyaluronate)

Fig. 11.4 Practical 
algorithm to assess fibrosis 
stage in patient with 
excessive alcohol 
consumption. AST-adapted 
cutoff values can be 
obtained from Fig. 11.5b 
or using the equations 
given in Table 11.3
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sample error as compared to histology (3–5% versus 20–50%). In a recent French 
elastography screening study on more than 1000 apparently healthy people older than 
45 years, 7.5% had a pathologically increased liver stiffness >8 kPa with 36% of them 
eventually being due to ALD [32]. Therefore, it is anticipated that these novel nonin-
vasive screening tools will improve the early recognition and follow-up of patients 
with ALD, the most common and unfortunately too often underestimated liver disease.

 Fibrosis Assessment with TE Using Inflammation Adapted 
Cutoff Values

We have recently developed an algorithm to avoid repetitive reassessment of LS in 
ALD patients with elevated AST levels (Fig. 11.5). In this multicenter study with 
more than 2000 biopsy-proven patients with ALD and HCV, cutoff values for fibro-
sis increased exponentially as a function of median AST level. The impact of AST 
on LS was higher in lobular-pronounced ALD as compared to portal tract-localized 
HCV. Most notably, Cohen's weighted Kappa displayed an improved agreement of 
the novel AST-dependent cutoff values with histological fibrosis stage both for HCV 
(0.68 vs 0.65) and ALD (0.80 vs 0.76) [26]. While AST-adapted cutoff values allow 
an immediate assessment of fibrosis stage even in patients with pronounced steato-
hepatitis and avoid overestimation of fibrosis stages, it remains unclear why AST is 

F4

F3

0

20

40

60

80

0 100 200 300 400

Li
ve

r 
st

iff
ne

ss
 (

K
P

a)

AST (U/l)

F1 - 2

F0 0.6

0.8

1.0b

a

0 50 100 150 200 250 300

A
U

R
O

C

AST (U/L)

AUROCS  F4 vs = <F3

Fig. 11.5 (a) AST-adapted cutoff values for LS in patients with ALD and (b) corresponding 
AUROC’s to discriminate between F3 and F4 fibrosis. Note that cutoff values increase with AST 
elevation. Up to AST = 150–200, AST-adaptation shows improved diagnostic accuracy. Note that 
AST-adapted cutoff values can be also calculated using equations from Table 11.3 

S. Mueller



149

intensively correlated with LS since AST may not only be derived from hepatocytes 
but also myocytes and erythrocytes. It also remains to be studied whether indeed all 
patients with elevated AST levels will necessarily develop LS elevation.

 LS Follow-Up in Patients with ALD

LS measurement allows to monitor drinking activity and ALD progression since LS 
encompasses the sum of all pathological features from inflammation, ballooning to 
fibrosis. LS improved shortly after alcohol withdrawal in more than 80% [33]. As 
shown in Table 11.2, first unpublished preliminary data indicate that LS continues 
to decrease after further abstaining from alcohol up to 5 years. Thus, in 23 heavy 
drinkers who were followed-up for 5.5  years, LS decreased by almost 50%. 
Preliminary unpublished mortality data from a 10-year survey shows that LS seems 
to be the best univariate predictor of death in heavy drinkers [34]. A preliminary 
Kaplan Meier curve is shown in Appendix Fig. A.7. Accordingly, LS predict mortal-
ity independently from bilirubin and INR. A LS >12.5 is associated with 64% sur-
vival after 5 years.

 CAP and Steatosis in ALD

Controlled attenuation parameter (CAP) is a novel tool to noninvasively assess liver 
steatosis, which measures ultrasound attenuation when travelling through fatty liver 
tissue, compared to normal liver [35]. More details are provided in part VI of this 
book. In an individual data meta-analysis, CAP technology was shown to diagnose 
moderate and severe steatosis with diagnostic accuracies between 0.85 and 0.90 in 
2735 patients with mixed liver disease etiologies (mainly viral hepatitis and NAFLD) 
[36]. In a recent European multicenter prospective study including 562 ALD patients 
who underwent CAP, regular US and liver biopsy [37], CAP diagnosed mild, mod-
erate, and severe steatosis with AUC of 0.77, 0.78, and 0.82, respectively. A CAP 
value above 290 dB/m ruled in any steatosis with 88% specificity. Moreover, CAP 
was shown to be superior to regular US to diagnose steatosis in ALD patients. CAP 
technology appears therefore as an interesting tool to diagnose steatosis: the proce-
dure is noninvasive, non-ionizing, easy to perform, and provides immediate results. 
In addition, CAP can be performed simultaneously to liver stiffness measurement, 
allowing for simultaneous evaluation of both fibrosis and steatosis [38]. However, 
diagnostic accuracy appears to be poorer at low steatosis stages and seems lower 
in ALD compared to other liver disease etiologies. Moreover, optimal cutoffs to 
rule in, rule out and stage steatosis are varying in the different studies performed. 
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One reason of this variation of CAP within multicenter studies seems to be the rapid 
response of CAP to drinking dynamics [37]. In case of sequential measurements of 
CAP in the same cohort, much better accuracy has been observed. It is therefore 
assumed that the specific challenges inherent of ALD studies have also contributed 
to the rather poor performance of CAP in ALD as compared to NAFLD.
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Chapter 12
Liver and Spleen Stiffness 
in Schistosomiasis

Zulane da Silva Tavares Veiga, Cristiane Alves Vilella Nogueira, 
and Flavia Ferreira Fernandes

 Introduction

Schistosomiasis is a neglected tropical disease prevalent in low-to-middle income 
countries. Its transmission has been reported from 78 countries and the World 
Health Organization (WHO) estimates that more than 206 million individuals 
required preventive treatment worldwide in 2016 [1]. There are six species of 
Schistosoma in the world—Schistosoma mansoni, Shistosoma haematobium, 
Schistosoma japonicum, Schistosoma intercalatum, Shistosoma mekongi, and 
Schistosoma malayensis. Schistosoma mansoni is the most widespread and preva-
lent species. It is endemic in 52 countries and territories of South America, Africa, 
Caribbean, and Eastern Mediterranean [2]. Schistosomiasis is a disease typically 
associated with poverty and lack of adequate sanitation which forces people to con-
tact unprotected natural freshwater sources where transmission occurs [1]. The 
socioeconomic impact generated by this disease should not be underestimated since 
it affects productive young adults and school-age children, which may hamper 
growth and development [1, 2]. Despite advances in control and substantial 
decreases in morbidity and mortality, schistosomiasis continues to be an important 
public health issue in endemic countries.

The transmission occurs when schistosome cercariae—released into water by 
intermediate host snails—penetrates human skin during contact with contaminated 
water [1]. In the body, cercariae develop into adult schistosomes, which mate, 
migrate to the mesenteric veins, and release eggs. These eggs, which are trapped in 
the tissues, deflagrate immunogenic inflammatory, granulomatous and fibrotic reac-
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tions that cause intestinal, hepatosplenic, or urinary disease which may evolve over 
many years [3].

Schistosomiasis presents as a large spectrum of manifestations since asymptom-
atic to acute and chronic disease. Up to 10% of infected individuals develop the 
severe form of the disease known as hepatosplenic schistosomiasis (HES) which is 
characterized by portal hypertension and hepatic periportal fibrosis [2]. The most 
serious complication is bleeding from esophageal varices, a condition that may be 
life-threatening.

 Diagnosis

Diagnosis can be made by direct methods (parasitological examination of feces, 
rectal biopsy, hepatic or other sites, fecal PCR) or indirect methods (serological 
tests, screening of circulating antigens). The diagnosis of active Schistosoma infec-
tion is based on the demonstration of egg excretion by parasitological methods such 
as Kato-Katz [4]. This technique is low-cost, easy to perform and allows visualiza-
tion and counting of eggs per gram of feces, providing a reliable indicator of para-
site load, infection intensity, and treatment efficacy [4]. However, in low endemicity 
areas or in patients with low parasite load, sometimes it is not possible to detect eggs 
by this technique. New diagnostic methods such as DNA detection assays and sero-
logical tests have been developed and proposed as complementary or in substitution 
to K-K in these scenarios [5].

 Hepatosplenic Schistosomiasis

Schistosomal hepatopathy is a peculiar form of chronic liver disease where the main 
feature is periportal fibrosis in the absence of significant hepatocellular injury [4]. 
In contrast to cirrhotic portal hypertension, the liver parenchyma usually preserves 
its normal architecture [3, 4]. In clinical practice, it is sometimes difficult to distin-
guish portal hypertension due to cirrhosis from that related to hepatosplenic 
schistosomiasis.

Historically, liver biopsy has been considered the reference for staging hepatic 
fibrosis. However, this invasive method has been challenged by poor acceptance by 
patients, potential complications, and low quality of specimen [6, 7]. In HES, the 
gold standard method to evaluate schistosomal hepatic fibrosis is wedge liver 
biopsy, taken during abdominal surgery for portal hypertension, but not justified in 
nonsurgical patients. Percutaneous liver biopsy has low sensitivity because it 
retrieves insufficient and fragmented tissue samples with few portal tracts [6]. 
Besides, most patients with HES are thrombocytopenic which implies an additional 
risk of bleeding. Considering these limitations, most attention has been focused on 
whether noninvasive methods can detect clinically significant fibrosis or cirrhosis.
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Abdominal ultrasound (US) has become the most consolidated tool for the evalu-
ation of liver fibrosis in HES because of its availability and sensitivity [8, 9]. US has 
been widely used in population studies and in the evaluation of patients with the 
disease since the 80s [9]. Studies have demonstrated that the sensitivity and speci-
ficity of ultrasonography in the recognition of schistosomiasis-related liver fibro-
sis—also known as Symmers fibrosis—is closely related to histological examination 
[10]. Among the ultrasound findings, periportal fibrous thickening is the most fre-
quent and characteristic alteration of the disease, being evidenced as an area of 
periportal hyperechogenicity [11]. In order to standardize and quantify periportal 
fibrosis in schistosomiasis patients, ultrasound criteria were developed for the eval-
uation of periportal fibrosis by the World Health Organization (WHO) at Cairo in 
1990, revised at Niamey in 1996 [12]. The criteria used are both of qualitative and 
quantitative nature. Qualitative criteria take into account the hepatic texture while 
quantitative measures include the wall thickness of branches of the portal vein. 
According to this protocol, periportal fibrosis can be classified as absent (pattern A), 
mild (B, C, D and Dc), moderate (E and Ec), or intense (F). Despite being a nonin-
vasive, safe, and low-cost diagnostic method, US presents some limitations such as 
interobserver variation and operator’s expertise to apply the WHO protocol for US 
assessment [13].

 Liver Elastography in Schistosomiasis

In HES, the applicability of liver elastography is still not well established. Periportal 
fibrosis induced by schistosomiasis has been evaluated by a few studies so far [14–
20]. Recently our group compared liver and spleen stiffness among HES and HCV- 
cirrhotic patients with control patients using TE [14]. Our data showed lower LS 
values in HES patients when compared with HCV-cirrhotics (9.7 vs 27.0 kPa) as 
shown in Fig. 12.1. In the HES group, only 30% of individuals presented high val-
ues above 12.5 kPa on TE. The low LS values observed in most of the patients in the 
HES group are of high relevance in clinical practice as patients with portal hyper-
tension and low values of LS may be distinguished from cirrhotic patients through 
a noninvasive, easy-to-perform, and reproducible tool. Thus, in the scenario of por-
tal hypertension (PH) our results are very valuable in distinguishing between sinu-
soidal and presinusoidal etiologies of portal hypertension. We concluded that TE 
may be a useful tool to differentiate cirrhosis from HES. In this study, we found no 
association between liver stiffness and dopplerfluxometric parameters of portal 
hypertension. Similarly, no association was identified with grading of periportal 
fibrosis by US (Niamey), possibly because dopplerfluxometric parameters are 
related to portal hypertension and not liver fibrosis.

In a study on 30 HES patients, Shiha et al. [15] also found most LS values below of 
cirrhotic threshold in the majority of patients with a mean value of 9.4 kPa. In this study 
the main aim was to compare TE results in patients with and without esophageal vari-
ces and splenomegaly. They concluded that TE would not be useful to diagnose liver 
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fibrosis and esophageal varices in patients with pure schistosomiasis. Recently, Shengd 
Wu [16] et al. assessed diagnostic performance of TE for evaluating fibrosis stages in 
73 patients with biopsy-confirmed advanced schistosomiasis japonica. Significant dif-
ferences were found for LS for the different stages of fibrosis. The optimal cutoff LS 
values were 8.0 kPa, 9.5 kPa, and 18.0 kPa for significant fibrosis, advanced fibrosis, 
and cirrhosis, respectively. They concluded that LS is a reliable parameter for assessing 
the risk of liver fibrosis in patients with advanced schistosomiasis japonica.

Ramzy et al. [17] aimed to evaluate effectiveness of TE for staging hepatic fibro-
sis in 358 chronic HCV—schistosomiasis co-infected patients enrolled in three 
groups: Group 1: chronic HCV without antischistosomal antibody (122 patients), 
Group 2: chronic HCV with positive antischistosomal antibodies and without peri-
portal tract thickening (122 patients), Group 3: chronic HCV with positive anti-
schistosomal antibodies and ultrasonographic picture of periportal tract thickening 
(108 patients). They found that schistosomal antigen, antischistosomal antibody, 
and periportal tract thickening did not have significant impact on the agreement 
between biopsy and FibroScan and that only higher antischistosomal antibody titers 
may impair this agreement. They concluded that TE is a reliable and noninvasive 
tool for staging hepatic fibrosis in HES regardless of periportal tract thickening.
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Fig. 12.1 Boxplot shows liver stiffness values for controls, HES patients, and HCV patients with 
cirrhosis. The length of the boxes represents the interquartile range where 50% of values occur. 
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Similarly, Esmat et al. [18] assessed liver elastography by TE in 231 patients 
HCV patients out of which 29% with positive schistosomal serology. Positive schis-
tosomal serology status was significantly associated with the disagreement between 
the results of liver biopsy (Metavir) and the LS results. They concluded that although 
the sensitivity for the detection of intermediate fibrosis stages (F2 and F3) was 
impaired in patients with positive schistosomal serology, fibrosis stages (F0-F1 and 
F4) were the most independent factors associated with the agreement between 
FibroScan and liver biopsy.

Point shear wave (pSWE) using acoustic radiation force imaging, also has been 
applied to assess liver fibrosis in schistosomiasis [19]. Santos et al. [20] evaluated 
the performance of pSWE for predicting significant periportal fibrosis (PPF) in 358 
patients with schistosomiasis. The pSWE measurements were compared to the US 
patterns of periportal fibrosis, as gold standard, according to the Niamey classifica-
tion. Eighty-six patients were classified as having mild PPF and 272 patients as 
having significant PPF. The median pSWE of the significant fibrosis group was 
higher (1.40 m/s) than that of mild fibrosis group (1.14 m/s, P < 0.001). They found 
1.11 m/s as the best cutoff value for excluding significant PPF and 1.39 m/s as the 
best cutoff value for confirming significant PPF. They concluded that pSWE was 
able to differentiate significant from mild PPF and therefore, was a potential tool 
for noninvasive assessment of disease severity in patients with schistosomiasis 
mansoni.

 Spleen Elastography in Schistosomiasis

Noninvasive assessment of portal hypertension has become an issue of interest over 
the past few years. Recently, spleen stiffness was identified as a potential surrogate 
marker of portal hypertension in cirrhotic patients. Some studies have shown that 
spleen stiffness measurement by transient elastography can predict the presence and 
size of esophageal varices as well as clinical complications in compensated cirrho-
sis [21–24].

Our study [14] compared spleen stiffness measurement (SSM) among HES, 
HCV-cirrhotic patients, and controls. We found similar median values of SSM in 
both HES and cirrhotic patients (Fig. 12.2), suggesting that this parameter is not 
useful to differentiate cirrhotic from non-cirrhotic portal hypertension. When com-
pared to several US dopplerfluxometric variables, high SSM was associated with 
right liver lobe diameter, higher values of the splenic artery resistance index, portal 
vein diameter, portal vein area, portal vein congestion index, splenic vein diameter, 
and spleen longitudinal diameter.

We concluded that, differently from LSM, the association of high SSM with 
several US Doppler parameters suggests that SSM may be considered a potential 
surrogate marker of portal hypertension in this population.

In conclusion, LSM may be a reliable parameter for assessing liver fibrosis in 
HES patients. The low values of LSM observed in most of studies indicate that it 
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may help to differentiate cirrhosis from HES. The association of high SS with sev-
eral US Doppler parameters suggests that SS may be a potential surrogate marker of 
portal hypertension in patients with HES.
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Chapter 13
Screening for Cystic Fibrosis Using Liver 
Stiffness Measurements

Elke Roeb

 Introduction to Hepatic Involvement in Cystic Fibrosis

CFLD is a manifestation of cystic fibrosis with increasing frequency [1]. Patients 
also increasingly suffer from the complications of cystic fibrosis-associated hepa-
topathy. Transient elastography (TE) has been tested in some studies, however, is 
not yet the subject of a current guideline for the diagnosis of CFLD. Up to now 
(May 2019) 36 papers were published in PubMed when searching for “Cystic 
Fibrosis AND elastography.” Eight of them are dealing with the method ARFI and 
21 papers with CFLD, the cystic fibrosis liver disease. Since 2009 when the first 
reports were published, various longitudinal studies were conducted and TE has 
been combined with several methods to enhance its diagnostic value and relevance.

In addition, there is still no ubiquitous cutoff value, that could be used to diag-
nose CFLD or to rule it out. So far there is no serum marker, which is determined 
by default on suspicion of CFLD.  Especially in children, it must be considered 
whether any ursodesoxycholic acid (UDCA) therapy including all complications 
and risks offers more advantages than disadvantages. Children are generally bur-
dened with the chronic disease and must take numerous medications. It is desirable 
to find the optimal time to start therapy with UDCA to avoid premature drug admin-
istration. The therapy should begin at an early stage to prevent the progression to 
manifest fibrosis. This point emphasizes once again the urgency of having a regular, 
and in the best case noninvasive, diagnostic approach to monitor patients, as there 
are no established therapies for advanced hepatopathy yet.
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 Transient Elastography in Cystic Fibrosis/CFLD

Our group prospectively studied 145 CF patients (75 children, 70 adults) of our CF 
unit by TE and several biomarkers [2]. CFLD was diagnosed according to the guide-
lines from 2012. In addition, serum concentrations of YKL-40, HA, PIIIP, MMP-9, 
TIMP-1, and TIMP-2 were determined by ELISA. In this study, TE was increased 
in adults and children with CFLD compared to those without and exhibited a high 
diagnostic accuracy [2] (see Fig. 13.1). In adults with portal hypertension, LS was 
further elevated. Diagnostic sensitivities were increased when elastography and 
respective biomarkers were combined for the detection of CF hepatopathy and por-
tal hypertension. In another study, TE was performed in 66 CF patients. Age-specific 
cutoff values were determined in a control population (n = 59). The measurements 
were correlated with clinical data, biyearly biochemistry and ultrasound. Here, 
Fibroscan was easy to perform in this patient population. There were 14 patients 
(21%) with abnormal LSM. LS was significantly increased in patients with clinical 
CFLD (11.2 vs. 5.1 kPa), biochemical CFLD (7.4 vs. 5.4 kPa), or ultrasonographi-
cal CFLD (8.2 vs. 4.3 kPa) (P < 0.02 for all). The authors concluded that TE is an 
objective measure and is easy to perform in CF patients, even in children, and could 
provide a valuable tool to detect and quantify CFLD.

A total of 134 consecutive patients with documented CF were prospectively 
studied by Menten et al. in order to compare TE and transabdominal US scanning in 
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children and adults attending a CF clinic. In that study median elasticity in CF 
patients was significantly higher in males (4.7  kPa) than in females (3.9  kPa) 
(P = 0.0013) [3]. Both values however were rather low and within normal ranges.

Karlas et  al. examined ARFI, TE, and laboratory-based fibrosis indices in 55 
adult CF patients of whom 15 met CFLD criteria. ARFI, TE, and serum markers 
correlated with each other and detected CFLD related liver cirrhosis in these adult 
CF patients. CF specific cutoff TE values for cirrhosis in adults were lower than in 
non-cirrhotic patients (TE: 7.9 vs. 4.2 kPa; P = 0.02) [4].

An Australian study measured LS using TE in 50 adult patients with and without 
CFLD.  Median LS values were higher in those with CFLD (8.1 vs. 5.0  kPa 
P < 0.001). In addition, LS was the only variable associated with CFLD (OR 2.74, 
95% CI 1.53–4.89; P = 0.001). AUROC for LS predicting CFLD was 0.87 (95% CI 
0.77–0.98) and a LS ≥ 6.8 kPa predicted CFLD with 76.0% sensitivity and 92.0% 
specificity. Median LS was higher in case of portal hypertension (15.7 kPa (IQR 
9.2–17.2) vs. 5.4 kPa (IQR 4.3–6.8); P < 0.001) [5]. In a similar Canadian study at 
a threshold of >5.2 kPa, the sensitivity, specificity, positive, and negative predictive 
values of LSM for detecting CFLD were 67%, 83%, 40%, and 94%, respectively 
[6]. In this study, the definition of CFLD relied on noninvasive criteria (i.e., abnor-
mal liver biochemistry and ultrasonography), rather than on liver biopsy. However, 
there was no universally accepted definition of what constitutes CFLD.

A retrospective study from Belgium (2007–2013) aimed to detect CFLD using 
consecutive LSM by TE. The median LS value in CFLD was 14 kPa (8.7–32.2) 
compared with 5.3 (4.9–5.7) in cystic fibrosis patients without liver disease 
(CFnoLD; P = 0.0001). In CFnoLD, LS was correlated with age (P = 0.031) [7]. In 
their retrospective study, patients with developing CFLD had progressively increas-
ing consecutive LSM [7]. A LS >6.8 kPa had a sensitivity of 91.5% and a specificity 
of 91.7% in predicting CFLD. Again, this study confirmed rather low values for 
CFLD. LS values in patients with CFLD were significantly higher than in those 
without CFLD despite both groups having relatively low median LS values as 
already mentioned before by Sadler (6.4 vs. 3.9 kPa) [6].

We recently aimed to identify new experimental biomarkers for the detection of 
CFLD [8]. Fourty-five CF patients were included in the study and received 
TE. Differential regulation of 220 different serum proteins was assessed in a sub-
group of patients with and without CFLD. Most interesting candidate proteins were 
further quantified and validated by ELISA in the whole patient cohort.

Fourty-three serum proteins differed at least twofold in patients with CFLD com-
pared to those without liver disease as identified in proteome profiling. In ELISA 
quantifications, TIMP-4 and Endoglin were significantly upregulated in patients with 
CFLD as diagnosed by clinical guidelines or increased liver stiffness. Serum TIMP-4 
and Endoglin showed highest values in HCV patients with liver cirrhosis compared to 
those with fibrosis but without cirrhosis. At a cutoff value of 6.3 kPa, TE compassed 
a very high diagnostic accuracy and specificity for the detection of CFLD. Among the 
biomarkers, TIMP-4 and Endoglin exhibited a high diagnostic accuracy for 
CFLD. Diagnostic sensitivities and negative predictive values were increased when 
TE and TIMP-4 and Endoglin were combined for the detection of CFLD. As shown 
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in Table 13.1, we concluded that determination of TIMP-4 and Endoglin together 
with TE can increase the sensitivity for the noninvasive diagnosis of CFLD [8].

 Long-Term Follow-Up of CF Patients by TE

Cystic fibrosis associated liver disease (CFLD) is a relatively frequent and early 
complication of CF developing in 5–10% of children within the first life decade and 
with a high incidence of cirrhosis. The early diagnosis of CFLD is urgently needed 
since patients suffering from early stage liver disease are more likely to benefit from 
therapy. Our recent study from 2017 presented prospective data showing that tran-
sient elastography (TE) is a sensitive diagnostic tool for the identification of patients 
at risk for progressing CFLD [9]. Within this study we aimed to prospectively iden-
tify patients at risk for development of CFLD by longitudinal analysis of liver stiff-
ness and fibrosis scores in a 5-year follow-up. Thirty-six pediatric and 16 adult 
patients with initial liver stiffness below the cutoff value indicative of CFLD 
(6.3 kPa) were examined by transient elastography for 4–5 years. TE, APRI-, and 
FIB-4-scores were assessed and compared by Kruskal–Wallis test and receiver 
operating characteristic (ROC)-analysis. Among the 36 patients participating in this 
study, a subgroup of 9 patients developed liver stiffness >6.3 kPa after 4–5 years 
with an annual LS increase of >0.38 kPa. For the first time it was shown that the 
noninvasive longitudinal assessment of TE allows identification of patients with 
progression of CFLD in a subgroup of juvenile but not in adult CF patients. 
Comparing TE to conventional fibrosis-scores underlined the strength of the con-
tinuous assessment of liver stiffness for the exact diagnosis of progressive CFLD 
(see Fig. 13.1). One year later our data were confirmed by Gomion et al. The aim of 
her retrospective study was to assess the progression of liver stiffness measurement 
(LSM) in pediatric patients with CF expressed as kPa/year and %/year, measured by 
(Fibroscan®) in 82 children with CF (median age: 6.8 ± 5.8 years), the mean time 
interval between the two LSM was 3.5 years. Median initial liver stiffness was 
3.7 ± 1.3 kPa, and then progressed by 0.23 kPa/year, that is, 6%/year. The study 
demonstrated that the slope of worsening of liver stiffness was greater in patients 
who will develop CFLD [10]. These authors also, suggest that annual transient elas-
tography may be useful to detect risk of severe liver disease, that is CFLD, at an 
earlier stage (Table 13.2).

Table 13.1 Diagnostic performance of TE and serum fibrosis markers for detection of cystic 
fibrosis liver disease

Elastography Cutoff Sensitivity Specificity PPW NPW

TE 5.5 kPa 53.3 
(34.6–71.2)

77.8 
(62.5–88.3)

61.5 
(40.7–79.1)

71.4 
(56.5–83)

TIMP-4 139 pg/mL 72.7 
(39.3–92.7)

72.2 
(46.4–89.3)

61.5 
(32.3–84.9)

81.3 
(53.7–95)

TE + TIMP-4 5.5 kPa/139 pg/mL 95.2 
(74.1–99.8)

47.8 
(27.4–68.9)

62.5 
(43.7–78.3)

91.7 
(59.8–96)
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 Transient Elastography in Other Organs

For patients with cystic fibrosis, the imaging of the pancreas is crucial for the early 
detection of replacement by fibrofatty tissue and lipomatous hypertrophy up to dif-
ferent forms of cystic transformation. A comparative study between magnetic reso-
nance imaging (MRI) and sonographic pancreas sonography was presented recently 
[12]. They showed that ultrasound was superior to MRI in case of complete fibro- 
fatty transformation of the parenchyma and for evaluation of the pancreatic duct. 
Point shear wave elastography, however, did not correlate directly with measured 
intensities of pancreatic parenchyma in MRI, neither in the whole CF collective nor 
in subgroups of fatty transformation of the parenchyma. The study was planned as 
a single center study and a total of 19 patients were only included [12].

 CAP and CF

Controlled attenuation parameter (CAP) measurement during transient elastogra-
phy (TE) semi-quantifies liver steatosis. The relationship between CAP and CFLD 
severity, clinical factors and liver stiffness measurements was evaluated in 129 CF 
patients [13]. In conclusion there was no CAP difference between subjects with no 
CFLD and those with CFLD and portal hypertension. Thus, the semi-quantification 
of liver steatosis does not improve the diagnosis of CFLD [13].
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Chapter 14
Role of Liver Stiffness in Hematological 
Disorders: Assessment of Sinusoidal 
Obstruction Syndrome, Budd–Chiari 
Syndrome, and Treatment Complications

Thomas Karlas

 Considerations on Liver Stiffness in Hematology

Liver stiffness measurement (LSM) is often solely regarded as a noninvasive fibro-
sis surrogate marker while the role of other clinical confounders such as liver perfu-
sion and inflammation are underestimated [1]. For more details see also book Part 
IV “Important (Patho)physiological Confounders of LS.” Moreover, diffuse malig-
nant infiltration and deposition of proteins such as amyloid in the hepatic tissue can 
significantly modulate LS [2, 3].

Hematological malignancies and proliferative disorders are systemic diseases 
that frequently affect liver function. In addition, several of these etiologies are asso-
ciated with liver complications such as liver vein outflow obstruction and porto- 
sinusoidal disease. These liver disorders potentially represent major targets for a 
LSM-based diagnostic workup [4], which shall not only focus on the initial diagno-
sis but may also play an important role in monitoring and guiding therapeutic deci-
sions (Fig. 14.1). The scientific evidence on LSM applications in hematology is still 
limited, but recent publications support the further evaluation of elastography tech-
niques in this field. This chapter gives an overview on current developments and 
future trends.
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 Liver Stiffness Measurement in Budd–Chiari Syndrome

Budd–Chiari syndrome (BCS) is a rare disorder caused by obstruction of hepatic 
venous outflow. It is often associated with myeloproliferative neoplasms but may 
also occur in patients with congenital venous malformation or even without further 
predisposing risk factors. Clinical symptoms are dominated by portal hypertension 
and cirrhosis including increased risk of hepatocellular carcinoma [5]. Diagnosis of 
BCS can be challenging, especially in cases with incomplete venous obstruction 
where advanced imaging modalities are required. Early diagnosis is crucial for opti-
mal treatment which usually comprises of anticoagulation and recanalization 
including placement of a transjugular portosystemic stent shunt (TIPS) [5].

Recent case series and monocentric studies provide first evidence of liver stiff-
ness modulation in BCS: Manifestation of hepatic venous outflow obstruction is 
regularly accompanied by a strong increase of LS values [6] that decrease rapidly 
after successful recanalization [7, 8]. Both transient elastography and shear-wave- 
based methods seem appropriate for assessment or BCS [7, 8] and can already be 
used to complement the diagnostic assessment and monitoring of affected patients. 
However, considering the low incidence and the individual characteristics of BCS, 
it is unlikely that dedicated LS cutoff values for diagnosis will be established in the 
near future. Moreover, and in line with right heart failure patients [9], venous out-
flow obstruction can easily reach LS higher than 50 kPa. In a recent study using 
2D-SWE, LS was measured in patients with BCS 2 days before angioplasty and 
2 days, 3, and 6 months after angioplasty. Mean LS values for these time points 
were 35.1 ± 10.6, 20.1 ± 5.5, 15.4 ± 4.3, and 15.7 ± 5.6 kPa. While LS decreased 
significantly in the first 3 months after angioplasty, there was no further change 
between month 3 and 6. Unfortunately, these stable LS values were in the cirrhotic 
range [8]. For another case (case no. 20), see also the Chap. 53 on clinical cases in 
this book.

Diagnosis Therapy Complications Follow-Up

Course of hematological disorders

Liver infiltration?

(Severity of)
Vascular liver
disease?

Evaluation of liver
disease before initiation
of chemotherapy

Risk prediction for
allogeneic stem cell
transplantation

(Early) detection of
•  Graft-versus-host
    disease of the liver
•  drug-induced liver injury
•  Sinusoidal obstruction
   syndrom

Monitoring of chronic GvHD

Disease relapse:
•  Liver involvement?
•  Risk prediction for rescue
    therapy  / stem cell
    transplantation

Fig. 14.1 Current and potential future diagnostic utility of liver stiffness measurement in 
hematology
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Taken together, LS elevation in patients with BCS is an important and early sign. 
It also responds rapidly to recanalization and, therefore, is a promising noninvasive 
follow-up parameter in these patients. Since LS correlates highly with the venous 
pressure in BCS patients, the sustained LS elevation after 3 months of angioplasty 
indicates that this time period is critical. Longer pressure elevation seems to cause 
permanent collagen deposition in line with the sinusoidal pressure hypothesis [1]. 
For more details see also book Part VIII “Molecular Basis of Liver Stiffness and 
Cell Biology.”

 Liver Stiffness as a Diagnostic Parameter in the Stem Cell 
Transplantation Setting

Allogeneic stem cell transplantation (alloSCT) is the treatment of choice for a vari-
ety of hematological etiologies including rescue-approaches after failure of previ-
ous treatment strategies [10]. Due to the high risk of severe and potentially 
life-threatening side effects, indications for alloSCT are usually restricted to 
younger patients with poor prognosis at conventional therapy [10–12]. However, 
modified alloSCT regimens also provide new opportunities as first line approach 
and to elderly patients [11, 12].

Complications of alloSCT comprise of infections, toxic side effects of the condi-
tioning chemotherapy and various manifestation of graft-versus-host reactions. 
Liver-related complications contribute significantly to morbidity and mortality, 
especially in the early course after alloSCT [13]. Notably, drug-induced liver injury 
(DILI), acute graft-versus-host disease (GvHD) of the liver, and sinusoidal obstruc-
tion syndrome (SOS, also veno-occlusive disease/VOD) are frequently observed 
during the first 3 months after alloSCT.  Although these etiologies show distinct 
histological patterns, diagnosis is usually established by clinical symptoms and liver 
function tests. Therefore, differential diagnosis can be challenging due to overlap-
ping clinical definitions of DILI, liver GvHD, and SOS [11, 13–15]. Because these 
liver complications can alter liver stiffness by inflammatory processes and modula-
tion of liver perfusion, LSM is potentially helpful for diagnosis and monitoring. 
However, due to the restricted number of patients undergoing alloSCT, current 
knowledge is still limited to single center experiences, and derives from data of dif-
ferent elastography methods with restricted comparability [16].

 Diagnosis of Sinusoidal Obstruction Syndrome 
in the Transplant Setting

So far, only few studies have analyzed the diagnostic potential of LSM for detection 
of various liver-related complications e.g. [3, 17], whereas the majority of published 
data specifically focus on sinusoidal obstruction syndrome (SOS), which is com-
monly caused by condition therapy-related damage of the sinusoids in central areas 
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[18]. Given its potentially fatal course and the possibility of a specific pharmaco-
logical intervention, this disorder is of special interest in the care of transplanted 
patients [11].

Data from animal models have been able to recapitulate LS elevation in animal 
models of SOS [19, 20]. It is usually accompanied by a rapid and intense increase 
of previously normal liver stiffness, which can precede clinical symptoms by sev-
eral days. When treatment is successfully performed, liver stiffness declines quite 
fast and may normalize within 2–3 weeks. Table 14.1 gives an overview of the cur-
rent stand on LSM for SOS characterization.

Table 14.1 Overview of studies evaluating liver stiffness measurement (LSM) for the diagnosis 
and management of sinusoidal obstruction syndrome (SOS)

Author/
year Study type Method(s) Cohort size

Main 
finding(s)

Further 
commentary

Fontanilla 
et al. 
(2011) 
[25]

Case series Point-shear wave 
elastography 
(pSWE), serial 
measurements

Two adult 
patients with 
SOS

Increased 
shear wave 
velocities at 
diagnosis 
normalized 
after 
successful 
treatment

Comprehensive 
diagnostic 
workup 
including 
contrast 
enhanced and 
Doppler 
ultrasound

Colecchia 
et al. 2016 
[26]

Interim 
analysis of a 
monocentric 
prospective 
study with 
systematic 
follow-up for 
30 days after 
allogeneic 
(SCT)

LSM assessed with 
transient 
elastography (TE) 
prior HCT and on 
days +7–10, 
+17–20 and 
+27–30

22 pediatric 
patients; four 
patients 
developed 
SOS

A sudden 
increase of 
LSM was note 
in SOS 
patients before 
the appearance 
of SOS

Reddivalla 
et al. 2018 
[27]

Monocentric 
prospective 
study with 
systematic 
follow-up for 
24 days after 
allogeneic 
SCT

2D-Shearwave 
elastography 
(SWE) was 
performed at three 
predefined time 
points

25 pediatric 
patients; five 
patients 
developed 
SOS

SOS patients 
had a marked 
increase of 
LSM between 
day 10 and 20 
after SCT

LSM changes 
occurred prior 
to further 
observations in 
imaging and 
laboratory tests

Colecchia 
et al. 2019 
[28]

Monocentric 
prospective 
study with 
systematic 
follow-up for 
24 days after 
allogeneic 
SCT

LSM assessed with 
transient 
elastography (TE) 
prior HCT and on 
days +9/10, 
+15/17 and +23/24

Total 
cohort = 78 
patient; four 
developed 
SOS

A sudden 
increase of 
LSM was 
observed in all 
SOS patients 
2–12 days 
prior to the 
onset of 
clinical 
symptoms

LSM increase 
was only 
observed in 
SOS cases, but 
not in other 
types of 
hepatobiliary 
complications
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Table 14.1 (continued)

Author/
year Study type Method(s) Cohort size

Main 
finding(s)

Further 
commentary

Karlas 
et al. 2019 
[3]

Monocentric 
prospective 
study with 
systematic 
follow-up for 
3 months

LSM assessed with 
TE and pSWE 
including 
spleen- 
pSWE. Evaluation 
before allogeneic 
SCT and at the 
onset of hepatic 
symptoms

Total 
cohort = 106; 
nine 
developed 
SOS

Patients with 
confirmed 
SOS and/or 
severe other 
hepatic 
complications 
had elevated 
LSM 
compared to 
those without 
confirmed 
liver event

No specific 
stratification 
between liver 
GvHD, 
drug-induced 
liver injury, and 
SOS

Lazzari 
et al. 2019 
[29]

Case report TE and 2D-SWE 
at SOS diagnosis, 
serial LSM during 
treatment

Adult patient Maximum 
LSM values 
were 
measured at 
SOS diagnosis

Normalized 
LSM values 
within 100 days 
after SCT

Zama 
et al. 2019 
[30]

Case series Serial 
measurements 
with TE and 
2D-SWE

Three 
pediatric 
patients

SOS was 
associated 
with a major 
increase of 
LSM.

LSM 
normalized 
within 2 weeks 
after successful 
treatment

 Predictive Value of Liver Stiffness

The risk of liver-related complications of alloSCT is difficult to predict in individual 
patients, but is usually enhanced in cases with preexisting chronic liver disease [18, 
21]. LSM reliably identifies patients with advanced chronic liver disease, but can 
also indicate overall prognosis in critically ill patients at intensive care units [22]. 
Auberger et al. described in an early pilot study the potential of LSM to predict the 
occurrence of liver morbidity in patients undergoing alloSCT [23]. This idea has 
been followed by Karlas et al. who assessed the predictive value of LSM in a large 
monocentric cohort [3]. The data show that LSM assessed with either pSWE or 
transient elastography predicts short-term liver-related and overall morbidity and 
mortality. Notably, increased baseline LSM was predictive of 1-year survival, espe-
cially when combined with liver function tests.

 Future Perspectives and Open Questions

The above-mentioned data identify two major fields where LSM can guide thera-
peutic decisions in alloSCT: First, LSM can be included in the diagnostic workup 
for preparation of patients undergoing alloSCT and may complement the risk strat-
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ification [15]. Today, the decision to perform alloSCT in a patient with highly ele-
vated LSM should be carefully taken. Further studies have to verify the results 
from monocentric cohorts [3] and need to provide reasonable, specific cutoff val-
ues. Second, the observations of very early LSM dynamics in the onset of SOS 
indicate that LSM-guided treatment with defibrotide may be beneficial for affected 
patients (Table 14.1). However, the low incidence of SOS poses considerable chal-
lenges for the design of interventional trials of such kind. Moreover, SOS patients 
frequently need reverse isolation and intensive care treatment, which impair the 
access to conventional ultrasound units. In the future, portable elastography device 
may help to overcome such limitations.

In addition to these important questions, diagnosis and monitoring of liver GvHD 
may be complemented by LSM in the early phase [3, 17] and the long-term course 
after alloSCT [24], but further data is needed before any recommendation can be 
given. Considering the complexity of alloSCT treatment [10, 12] and the technical 
background of LSM as a new diagnostic modality, the further development of LSM 
application in hematology will require a close collaboration of experts in hematol-
ogy, hepatology, and ultrasound.
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Chapter 15
Liver and Spleen Stiffness in Patients 
with Portal Vein Thrombosis

Praveen Sharma

 Introduction

Besides cirrhosis, portal vein thrombosis (PVT) is the second most common cause 
of portal hypertension (PH) both in developing and developed countries [1, 2]. Non- 
tumoral thrombosis of the portal vein (PV) and associated splanchnic vein can occur 
from a variety of reasons which includes portal hypertension due to cirrhosis, hyper-
coagulable state, and vascular endothelial injury. Anatomically, PVT can occur in 
the intra- or extrahepatic tract and/or involve the superior mesenteric vein and/or the 
spleen vein [3]. It is important in clinical practice to distinguish between the com-
mon cirrhosis-related PVT and the uncommon non-cirrhotic-related PVT. This dis-
tinction is critical, as the evaluation, prognosis, and treatment are different. 
Extrahepatic portal vein obstruction (EHPVO) is a vascular disorder of the liver 
defined by obstruction of the extrahepatic portal vein with or without involvement 
of the intrahepatic portal veins or spleen or superior mesenteric vein [3]. Patients 
with PVT can present in variable forms and range from asymptomatic incidental 
findings of splenomegaly to severe complications of portal hypertension like vari-
ceal bleeding. Normally, imaging like abdominal ultrasound with Doppler study of 
splenoportal axis clinches the diagnosis of EHPVO and is considered as modality of 
choice for diagnosis [3–5]. However, in the long-term, the liver contours change in 
patients with PVT and most radiologists often cannot differentiate between portal 
vein thrombosis due to cirrhosis or EHPVO.
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 Liver and Spleen Stiffness in Patients with Portal Vein 
Thrombosis

There are limited studies evaluating LS and SS in patients with PVT. Moreover, it is 
not known how PVT will affect LS and SS in patients with cirrhosis. Sharma et al. 
[5] evaluated 65 patients with EHPVO (with bleeding, n = 45; without bleeding, 
n = 20; mean age, 25.4 ± 10.7 years; 29 men, 36 women) were enrolled. Twenty-two 
(34%) had splenomegaly. LS and SS were significantly higher in patients with 
EHPVO (6.7  ±  2.3 and 51.7  ±  21.5  kPa, respectively) than in control subjects 
(4.6 ± 0.7 and 16.0 ± 3.0 kPa, respectively). Patients with events of bleeding had 
higher SS than those without bleeding (60.4 ± 5.4 vs. 30.3 ± 14.2 kPa, P = 0.01). 
There was no significant difference in age and median duration of disease in patients 
with bleeding versus those without. With a cutoff value of 5.9 kPa for LS, sensitivity 
and specificity for detection of a variceal bleeding were 67% and 75%, respectively. 
A SS cutoff of 42.8  kPa yielded a sensitivity and specificity of 88% and 94%, 
respectively. It was concluded that SSM measurement is a useful tool for predicting 
esophageal varices.

Another study by Madhusudhan KS [6] evaluated SS using 2D-SWE in 52 
patients with EHPVO with a mean age of 22.3 years. Here, the mean SS was 
44.9  ±  12.3  kPa. There was no significant difference between the mean SS of 
patients with high-grade varices (44.3 kPa; n = 25) and those with low-grade vari-
ces (46.9 kPa; n = 20). The analysis showed a poor area under the curve (AUROC) 
of 0.477 for the prediction of high-grade varices by SS.  In addition, SS did not 
show any significant correlation with other ultrasonography parameters except 
spleen size. They concluded that the SS measured by 2D-SWE is not an accurate 
predictor of variceal grade and bleeding in patients of EHPVO. Same author also 
studied LS in 50 patients of EHPVO and 25 healthy volunteers by 2D-SWE. LS did 
not differ significantly between patients with EHPVO and healthy volunteers (5.9 
vs. 5.5 kPa, P = 0.093). There was no significant correlation between LS with dura-
tion of symptoms, hematemesis, esophageal varices, total bilirubin, serum alkaline 
phosphatase, and AST levels in the EHPVO group [7]. Hence, it seems that LS 
remains normal or near normal in patients with portal hypertension and extrahe-
patic portal vein obstruction [7, 8].

 Elevated Liver Stiffness in Patients with PVT

However, a case report of a patient with PVT found high LS by TE in the presence 
of normal or near normal liver biopsy. It was hypothesized that the hepatic arterial 
buffer response (HABR) accounted for LS elevation by a compensatory increase of 
arterial perfusion [9].

In a study by Sutton et al. [10] 15 children with a median age of 10 years under-
went TE measurements. Median SS and LS in PVT were 4.7 (2–65.2) kPa and 57.5 
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(11–75) kPa. SS was significantly different between patients with clinical  significant 
varices versus those with no clinical significant varices (62.8 vs. 13.2 kPa). No dif-
ference was found in LSM (19.4 vs. 8.7 kPa). In this study, children with PVT had 
LS values which ranged from 2 to 65.2 kPa. However, no details about histology 
were provided. In another study in patients with non-cirrhotic portal hypertension 
by Vuppalanchi et al. [11], 13 cases had portal hypertension secondary to PVT. Here, 
mean LS was 8.4 ± 5.4 kPa with a range from 3.6 to 18.8 kPa. LS > 6.5 kPa was seen 
in 31%. Eleven patients underwent portal pressure measurements and 45% had ele-
vated LS.  In those with abnormal LS, the free hepatic vein pressure was signifi-
cantly higher with 11 ± 3 vs. 6 ± 4 mmHg (P = 0.033). No differences were found 
with regard to right atrial pressure, wedge hepatic vein pressure, and hepatic vein 
pressure gradient between PVT patients with normal and abnormal LS.  They 
assumed that the elevated LS is likely due to an elevated free hepatic vein pressure 
(FHVP). Increased FHVP may be possibly related to hyperdynamic circulation due 
to development of collateral vessels and altered hepatic artery blood flow as it is 
inversely related to portal vein flow. Moreover, compression by choledochal or peri-
portal varices of the extrahepatic biliary tree from chronic PVT may be associated 
with increased biliary pressure.

Seijo et al. [12] retrospectively studied 39 cases of idiopathic portal hypertension 
patients. For other chapters on portal hypertension, see also book Part V “LS and 
Important Clinical Endpoints.” Hepatic vein catheterization and LSM were com-
pared to matched patients with either cirrhosis-related portal hypertension or non- 
cirrhotic portal vein thrombosis. Mean LS in idiopathic portal hypertension was 
with 8.4 ± 3.3 kPa significantly higher than in non-cirrhotic portal vein thrombosis 
(6.4 ± 2.2 kPa, P = 0.009), but lower than in cirrhosis (40.9 ± 20.5 kPa, P = 0.005). 
FHVP was 7.5 ± 3.0 mmHg which was not significantly different between patients 
with cirrhosis and idiopathic portal hypertension. In conclusion, it still remains 
poorly understood why LS increases in patients with PVT but normal biopsy. One 
explanation could be learnt from animal models [13]. In this study, portal vein liga-
tion resulted in liver fibrosis. According to the sinusoidal pressure hypothesis [14], 
portal vein ligation causes a compensatory elevated arterial flow via the hepatic 
arterial buffer response that exposes the sinusoidal bed permanently to high pres-
sure. It is evident that LS may not be able to discriminate between PVT and onset 
cirrhosis by other etiologies. For more details see also book Part VIII “Molecular 
Basis of Liver Stiffness and Cell Biology.”
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Chapter 16
Liver Stiffness in Autoimmune Hepatitis

Johannes Hartl

 Introduction

Autoimmune hepatitis (AIH) is a chronic non-resolving disorder of the immune 
system characterized by loss of immunological tolerance against hepatocytes which 
induces chronic inflammation [1]. Today, immunosuppression is the cornerstone for 
disease control or cure. The prognosis of treated AIH is generally good; however, 
insufficient treatment or too late diagnosis harbors a significant risk of fibrosis pro-
gression and adverse outcome [2–4]. Therefore, patients with AIH require close, 
life-long monitoring. Hence, there is a need for noninvasive surrogate markers for 
disease progression in AIH, and monitoring liver stiffness (LS) seems to be a prom-
ising tool for early screening and follow-up.

 Liver Stiffness Is a Reliable Surrogate Marker for Fibrosis 
Staging in AIH Patients Under Immunosuppression

Since autoimmune hepatitis is a relatively rare disease, the diagnostic accuracy of 
LSM as a surrogate for liver fibrosis has been assessed in a limited number of stud-
ies [5–11]. In a first study with 45 included patients with AIH we have observed an 
excellent accuracy for the detection of significant (F > 1 according to Desmet and 
Scheuer, see Appendix) and severe liver fibrosis (F > 2) by transient elastography 
(TE) with an AUROC of 0.89 and 0.93, respectively [7]. Subsequent studies have 
consistently confirmed these results [6, 8–10].
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Hence, the diagnostic accuracy of fibrosis staging by TE seems to be comparable 
to other more extensively studied liver diseases, such as viral hepatitis C [5]. Besides 
the more established TE, new ultrasound-based techniques such as 2D-SWE and 
pSWE are emerging as novel methods to noninvasively assess liver fibrosis. Unlike 
TE, 2D-SWE and pSWE provide a conventional B-mode image without any extra 
equipment. Therefore, hepatic parenchyma and hepatic fibrosis can be assessed 
simultaneously. Both, 2D-SWE and pSWE, have been relatively well studied in 
other chronic liver diseases, in which a comparable diagnostic performance to TE 
was found [12, 13]. In AIH, limited but promising data on these novel ultrasound- 
based methods are available: A study by Sun et al. compromising 112 AIH patients 
reported an AUROC of 0.91 for the detection of significant fibrosis [F  >  1] by 
2D-SWE [10], and LS assessed by pSWE (ARFI) strongly correlated with the his-
tological fibrosis stage in a small cohort of 31 AIH patients [9]. Unfortunately, nei-
ther techniques have been directly compared with TE or with each other in 
AIH. Cutoff values for TE are given in Table 16.1.

 Impact of Hepatic Inflammation on Liver Stiffness in AIH

It is well-known that hepatic inflammation can increase liver stiffness independent 
of fibrosis stage [5, 14–17] and that LS decreases after resolution of inflammation 
[17]. AIH was also suggested to be particularly prone to potential bias introduced by 
hepatic inflammation. Some patients with AIH show considerable inflammatory 
disease activity on histological assessment, even without markedly elevated liver 
enzymes [3]. Moreover, it has been demonstrated that histological resolution of 
disease activity may lack behind by several months after normalization of serum 
aminotransferases [18].

Accordingly, we found that LS assessed by TE correlated better with histological 
grading than with staging within the first weeks after initiation of immunosuppres-
sion [7]. Along the same line, a sharp decrease of LS is paralleled by a decrease of 
serum aminotransferases within the first weeks under immunosuppression [7]. 
However, after a time interval of 6 months under immunosuppression, LS  correlated 
most reliably with histological fibrosis stage but not with grading. Most  importantly, 

Table 16.1 Cutoff values for TE and SWE for fibrosis staging in AIH from [7]

Histological staging
Liver stiffness by TE [n = 94]∗

F > 1 F > 2 F = 4

Optimal cutoff 5.80 10.40 16.00
AUROC 0.87 0.93 0.96
Sensitivity 0.90 0.83 0.88
Specificity 0.72 0.98 1.00

A subsequent study found a comparable diagnostic performance of TE, but slightly lower cutoff 
values for the detection of liver cirrhosis [1]
∗ Correlation between histological staging and liver stiffness: ρ = 0.777, P <0.0001
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there was no difference in the diagnostic performance of TE between patients in 
complete biochemical remission and those with moderately elevated liver enzymes 
(serum transaminases <4× upper limit of normal). Hepatic inflammation usually 
resolves in patients under immunosuppression for at least 6 months and without a 
severe disease flare. Similar findings have been reported by Xu et al. in patients with 
AIH [11]. For other liver diseases such as alcoholic hepatitis and viral hepatitis, it has 
been reported that hepatic inflammation has little impact on liver stiffness in patients 
with ALT < 100 U/L [17]. Table 16.2 displays the association between LS and histo-
logical grading and staging depending on the duration of immunosuppressive treat-
ment [7]. For other inflammatory liver diseases, such as viral hepatitis C and alcoholic 
hepatitis, it has been shown that inflammation- adapted liver stiffness cutoffs based 
on serum transaminases can correct for a bias introduced by hepatic inflammation 
[19]. Similar data are so far missing for AIH. However, the vast majority of treated 
AIH patients have normal or only moderately elevated serum transaminases, and the 
diagnostic performance of fibrosis staging by LS is excellent in these patients.

 LS an Excellent Parameter to Predict Disease  
Progression in AIH

In the view of the reliable diagnostic performance of LSM, we consider yearly fol-
low- up measurements as sufficient for disease monitoring in most patients, espe-
cially to assure a lack of disease progression.

Table 16.2 Correlation of liver stiffness assessed by TE with histological grading and staging 
depending on the time interval between initiation of immunosuppression and liver stiffness 
measurement [7]

Parameters

Time interval between TE and initiation of 
immunosuppression
<3 months 
[n = 34]
Group 1

6–18 months 
[n = 25]
Group 2

>4 years [n = 27]
Group 3

ALT, U/L∗ 70 ± 51 [8–191] 37 ± 43 [15–108] 38 ± 47 [15–94]
IgG, g/L 15.7 ± 2.9 

[10–21]
13.4 ± 4.7 [9–27] 13.0 ± 5.3 

[9.6–23]
Grading, according to Desmet and 
Scheuer∗∗

2.8 [3] 1.8 [2] 1.7 [2]

Correlation TE and grading, 
Spearman coefficient

ρ = 0.558, 
P = 0.001

ρ = 0.404, 
P = 0.062

ρ = 0.422, 
P = 0.045

Correlation TE and staging, 
Spearman coefficient

ρ = 0.399, 
P = 0.19

ρ = 0.809, 
P < 0.0001

ρ = 0.850, 
P < 0.0001

∗ The difference between group 1 vs. group 2 and group 1 vs. group 3 was significant (P = 0.016 
and P = 0.014, respectively)
∗∗ The difference between group 1 vs. group 2 and group 1 vs. group 3 was significant (P = 0.024 
and P <0.0001, respectively)
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In clinical practice, treatment monitoring in AIH is principally guided by bio-
chemical markers for hepatic inflammation. Besides serum aminotransferases, it 
has been shown that elevated immunoglobulin G (IgG) levels and gamma-globulins 
are also associated with ongoing inflammatory disease activity [3, 11, 20]. Therefore, 
most current treatment guidelines define complete biochemical remission as repeat-
edly normal serum aminotransferases and IgG levels as a main treatment goal in 
AIH [21]. In our experience, this definition of complete biochemical remission is a 
reliable surrogate of low histological disease activity [8].

Nevertheless, AIH is characterized by a fluctuating disease course and disease 
progression might be missed if biochemical parameters are assessed infrequently 
[21]. We therefore believe that yearly liver stiffness measurements in addition to 
biochemical remission help to exclude disease progression, thereby reducing the 
need of follow-up liver biopsies. In addition, we have reported that AIH patients 
in complete biochemical remission have a high chance of fibrosis regression, 
which can be documented by a decrease of LS [8]. This can be a very motivating 
finding for patients, especially when the initial diagnosis of AIH had been estab-
lished at an advanced fibrosis stage. First data on the long-term prognosis of LS 
in other liver diseases are promising and suggest a similar performance for 
AIH [22].

In other patients, complete biochemical remission is difficult to achieve, and the 
risk of disease progression needs to be weighed against potential side effects of 
intensified immunosuppressed treatment. Moreover, some treatment regimens may 
cause drug-induced liver injury (DILI). In these patients, follow-up liver biopsies 
are usually required at some point to guide the intensity of immunosuppressive 
treatment. Follow-up liver stiffness measurement might be helpful in order to find 
the right timing for follow-up liver biopsies. Figure 16.1 depicts the change of LS 
over time in AIH depending on the fibrosis stage at baseline and whether patients 
are in stable biochemical remission [8].

In summary, LS can reliably detect fibrosis in AIH and annual follow-up LSM 
provides helpful information in order to exclude disease progression, thereby mini-
mizing the need of follow-up liver biopsies. During the first weeks after initiation of 
immunosuppression, liver stiffness should be interpreted with caution in terms of 
fibrosis stage, since hepatic inflammation can lead to an increase of LS. Besides TE, 
novel ultrasound-based techniques such as 2D-SWE and pSWE seem to have a reli-
able diagnostic accuracy, albeit limited data is available in AIH.
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Chapter 17
Liver Fibrosis Assessment in Adults 
with Alpha1-Antitrypsin Deficiency

Vítor Magno Pereira, Karim Hamesch, and Pavel Strnad

Abbreviations

AAT Alpha1-antitrypsin
AATD Alpha1-antitrypsin deficiency
CAP Controlled attenuation parameter
LSM Liver stiffness measurements
Pi∗M Normal AAT allele
Pi∗MM Normal AAT genotype
Pi∗MZ AAT genotype with heterozygosity for the Pi∗Z variant
Pi∗S/Pi∗Z Mutant AAT allele variants
TE Transient elastography (FibroScan(R))

 Introduction

Alpha1-antitrypsin (AAT) is an important inhibitor of multiple serine proteases 
including neutrophil elastase and proteinase 3 and protects the tissues from proteo-
lytic damage [1]. Genetic variants in AAT often lead to its retention in the endoplas-
mic reticulum of hepatocytes, thereby causing decreased levels in the systemic 
circulation [1, 2]. Because of the latter, the resulting disorder was termed AAT 
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 deficiency (AATD) and constitutes one of the most common, potentially fatal 
genetic diseases [1, 2].

Every tenth Caucasian carries an AAT mutation and, up to date, more than 100 
variants in the AAT gene have been described [3]. Among them, Pi∗Z (a substitution 
of lysine for glutamic acid at codon 342; rs28929474) and Pi∗S (a substitution of 
valine for glutamic acid at codon 264; rs17580) variants are the most clinically rel-
evant ones, while the wild-type allele is termed Pi∗M. Pi∗S and Pi∗Z display a dif-
fering geographic distribution. Pi∗Z is more common in Northern (prevalence up to 
8%) and Pi∗S in the Southern Europe (prevalence up to 20%; [4]). Pi∗Z is the more 
deleterious variant and accordingly, Pi∗ZZ (i.e. the homozygous presence of Pi∗Z 
allele) is the classic cause of severe AATD and has a prevalence of 1:2000 to 
1:4000 in Caucasians [2, 3]. Pi∗ZZ carriers regularly display the histological hall-
mark of the disease—the presence of accumulated AAT that can be recognized as 
roundish, intracellular aggregates in periodic-acid-Schiff-diastase staining [5]. On 
the other hand, Pi∗SZ (compound heterozygosity; i.e. a simultaneous presence of 
both variants) is even more common but, at least with regard to the lung phenotype, 
seems to be less damaging [6]. In line with that, Pi∗SS (i.e. the homozygous pres-
ence of Pi∗S allele) is considered to result in only a mild lung phenotype [7].

Loss of AAT is particularly apparent in the lungs, where it predisposes to the 
development of lung emphysema and chronic obstructive pulmonary disease 
(COPD). Notably, the lung involvement represents the major cause of death in 
AATD [1, 3]. In contrast, the accumulation of misfolded protein in the liver leads 
to a “gain-of-function” toxicity and promotes the development of liver cirrhosis as 
well as hepatocellular carcinoma [8, 9]. Additionally, AAT constitutes an impor-
tant immunomodulatory protein and individuals carrying AAT variants are at 
higher risk to develop immune-related disorders such as ANCA-positive vasculitis 
or panniculitis [3].

 Liver Disease in AATD

Liver involvement constitutes the second most common cause of death in AATD and 
has been particularly well studied in Pi∗ZZ carriers [8]. It may become apparent 
already in neonates, in that some Pi∗ZZ babies suffer a prolonged neonatal cholesta-
sis. While it typically resolves within months, up to 5% of children may progress to 
end-stage liver disease and require a liver transplantation during a preschool or early 
school age [8, 10]. Accordingly, severe AATD accounts for 3.5% of paediatric liver 
transplantations [11]. Children who survive this critical period typically improve 
and during adolescence, most Pi∗ZZ individuals display normal liver function [12]. 
However, some Pi∗ZZ individuals develop liver disease during adulthood, often 
after 50 years of age. To that end, two large cross-sectional studies demonstrated the 
presence of significant liver fibrosis in 20–36% of Pi∗ZZ carriers [5, 13] and 
advanced liver fibrosis was 9–20 times more frequent in Pi∗ZZ individuals com-
pared to subjects not carrying any AAT mutation (termed Pi∗MM) (Fig. 17.1; [13]). 
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In line with that, Pi∗ZZ individuals are 20 times more likely to require liver trans-
plantation than noncarriers [14]. Notably, Pi∗ZZ-related liver disease is highly het-
erogeneous and the majority of Pi∗ZZ carriers never develop a clinically relevant 
liver disease (Fig. 17.1). While the exact factors contributing to disease progression 
remain unknown, male sex, age ≥ 50 years, obesity, and presence of diabetes/meta-
bolic syndrome seem to play an important role [5, 13, 15] (Fig. 17.1). Despite the 
recent efforts and the above described studies, AATD-associated liver disease 
remains greatly understudied, which is particularly striking given that it is more 
prevalent than several more established liver disorders such as autoimmune hepatitis 
or primary sclerosing cholangitis [13]. In that respect, individuals with a heterozy-
gous Pi*Z mutation (genotype Pi*MZ) need to be also taken into the account, since 
they constitute 2–4% of Caucasian population and are susceptible to development of 
advanced liver fibrosis/liver cirrhosis after a second hit (Fig. 17.2).

 Noninvasive Methods to Assess Liver Fibrosis in Patients 
with Alpha1-Antitrypsin Deficiency

Blood tests and various elastography methods have been developed to noninvasively 
estimate the amount of liver fibrosis. As shown in Table 17.1, Clark et al. systemati-
cally evaluated 94 non-cirrhotic Pi∗ZZ adults from North America and demonstrated 
clinically significant liver fibrosis (i.e. fibrosis stage of at least 2 on a 0–4 METAVIR 
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Fig. 17.1 Liver phenotype in individuals with a severe, homozygous alpha1-antitrypsin mutation 
(Pi∗ZZ genotype). “?%” indicates that the exact rate of the development of the described event is 
not known
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Table 17.1 Overview of published studies using noninvasive methods to evaluate liver fibrosis in 
alpha1-antitrypsin-related liver disease

Reference
Number of 
patients Main findings Limitations

Kim et al. 2016 
[17]

11 Pi∗ZZ 
adults

MRE ≥3.0 kPa is useful to predict 
existence of histologically proven liver 
fibrosis (F ≥ 1): 89% accuracy, 80% 
sensitivity and 100% specificity, 
AUROC 0.9

Small sample size

Clark et al. 
2018 [5]

94 Pi∗ZZ 
adults

Comparison of noninvasive liver 
fibrosis assessment methods with 
liver histology. TE > 5.45 kPa 
AUROC for F ≥ 2: 0.70; 
TE > 8.45 kPa AUROC for F ≥ 3: 
0.92. F ≥ 2 associates with metabolic 
syndrome

Only 6 patients with 
F3 fibrosis, no 
cirrhotic patients

Janciauskiene 
et al. 2011 [28]

52 Pi∗ZZ 
adults with 
34 years of age, 
81 Pi∗MM

Analysis of serum fibrosis test [29] 
and hepatocellular injury markers 
(M30 and M65)

No histology, small 
sample size, 
restricted age

81% correct classification of Pi∗ZZ 
and Pi∗MM cases (73% of sensitivity 
and 86% specificity)

Pi*MZ (2-4% of Caucasians) Liver transplantation
(~10% of transplant recipients)

Quicker decompensation of
end-stage liver disease

Strongest genetic risk factor
for developing cirrhosis
(‘disease modifier’)

No significant
liver disease

Cirrhosis

Hepatocellular
carcinoma (HCC)

NAFLD

No risk factors

rare

Cystic fibrosis
Other liver
diseases?

Alcohol

Fig. 17.2 Heterozygous carriage of the Pi∗Z variant in alpha1-antitrypsin (Pi∗MZ genotype) as a 
risk factor for liver disease development
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scale) in 35% of them [5]. This cross-sectional study also tested several noninvasive 
parameters. Here, gamma-glutamyl transferase (GGT) was the best one to detect 
significant fibrosis (i.e. F ≥ 2) with an AUROC of 0.77, while liver stiffness by TE 
and AST-to-platelet ratio indices (APRI) were less well suited (AUROC 0.69–0.7). 
On the other hand, LS constituted the best parameter to distinguish advanced liver 
fibrosis i.e. F ≥ 3 versus F ≤ 2 with an AUROC of 0.92. This is not surprising since 
LSM is known to be useful to detect advanced liver fibrosis but is less well able to 
demarcate mild or significant liver fibrosis stages (i.e. F ≤ 2) [16].

Table 17.1 (continued)

Reference
Number of 
patients Main findings Limitations

Mostafavi et al. 
2017 [19]

32 Pi∗ZZ, 15 
Pi∗SZ adults

Noninvasive liver fibrosis assessment 
via ARFI elastography in a population- 
based cohort; liver stiffness 
significantly higher in Pi∗ZZ men and 
Pi∗SZ men compared with Pi∗MM 
men.

Small sample size, 
patient age 
37–40 years, no liver 
histology

Mandorfer 
et al. 2018 [20]

31 Pi∗ZZ/SZ, 
11 Pi∗MZ/MS 
adults

Analysis of liver fibrosis/steatosis via 
TE/CAP, measurement of 
HVPG. Liver stiffness was higher in 
Pi∗ZZ men and Pi∗SZ men compared 
with Pi∗MM men.

Small sample size, 
no histology.

Reiter et al. 
2018 [26]

11 Pi∗ZZ, 4 
Pi∗MZ, 16 
Pi∗MM adults

Parallel evaluation of MRE, ARFI and 
2D-SWE, strong correlation between 
the methods.

No histology, small 
sample size.

Diaz et al. 
2018 [25]

29 Pi∗ZZ Noninvasive liver fibrosis assessment 
via ARFI elastography. No significant 
difference in ARFI values between the 
Pi∗ZZ carriers and noncarriers.

No histology, small 
sample size and 
restricted age

12 Pi∗SZ
42 Pi∗MM 
adults, 
37–40 years old

Guillaud et al. 
2019 [21]

29 Pi∗ZZ 
adults

Noninvasive liver fibrosis assessment 
via TE, 18% with TE > 7.2 kPa 
(suggesting significant fibrosis)

No histology, small 
sample size

7% with TE > 14 kPa (suggesting 
advanced fibrosis)

Karim 
Hamesch et al. 
2019 [13]

554 Pi∗ZZ, 234 
Pi∗MM adults

Noninvasive liver fibrosis assessment 
via TE, APRI and HepaScore. 
Significant fibrosis 20–36% of Pi∗ZZ, 
advanced fibrosis: 9–20× more 
common in Pi∗ZZ vs. Pi∗MM. Severe 
steatosis (CAP-based) 39% of Pi∗ZZ

No histology (but 
extensive cross- 
validation between 
different noninvasive 
methods)

Abbreviations: 2D-SWE two-dimensional shear wave elastography, APRI AST-to-platelet ratio 
index, CAP controlled attenuation parameter (Fibroscan-based), ELF Enhanced Liver Fibrosis Test 
(serum-based noninvasive assessment of liver fibrosis), HVPG hepatic venous pressure gradient, 
MRE magnetic resonance elastography, Pi∗MM non-mutated alpha1-antitrypsin genotype, Pi∗SZ 
compound heterozygous alpha1-antitrypsin deficiency genotype, Pi∗ZZ classic severe alpha1- 
antitrypsin deficiency genotype, TE transient elastography (Fibroscan-based)
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Kim et al. assessed the usefulness of magnetic resonance elastography (MRE) 
in 11 Pi∗ZZ adults and demonstrated that MRE might be suitable to exclude the 
presence of liver fibrosis [17]. Unfortunately, the described studies are the only 
ones that directly compared noninvasive methods with liver biopsies. Notably, the 
cutoffs used for detection of the corresponding fibrosis stages were rather low 
compared to other etiologies [5, 16]; thereby suggesting that use of LSM with 
commonly recommended etiology-unspecific cutoffs may under-rather than over-
estimate the amount of liver fibrosis in Pi∗ZZ individuals. In fact, Clark et al. sug-
gested the cutoff of 5.45 kPa for discriminating significant liver fibrosis (i.e. F ≥ 2 
compared to F < 2; AUROC 0.69), however, this cutoff does not seem to be useful 
for clinical routine as values >5.45 kPa are seen in >50% of Pi∗ZZ individuals [13].

Two large studies [18, 19] demonstrated, that normal serum liver enzyme activi-
ties are not sufficient to exclude advanced liver fibrosis and should be combined 
with other, ideally noninvasive methods. The largest body of evidence is available 
for LSM, that was assessed in three studies totalling >670 Pi∗ZZ individuals [5, 13, 
20]. The largest of them included 554 Pi∗ZZ adults without known liver disease 
from 9 European countries, that were compared against 234 adults not carrying any 
AAT mutation. Significant fibrosis was defined as LSM ≥7.1 kPa and was present 
in 24% of Pi∗ZZ carriers. Advanced liver fibrosis, defined as LSM ≥10.0 kPa, was 
seen in 14% of Pi∗ZZ individuals and was 9–20 times more common in Pi∗ZZ 
subjects compared to noncarriers [13]. Two other smaller studies revealed similar 
amount of Pi∗ZZ carriers (i.e. 15–25%) with LSM suggestive of significant liver 
fibrosis, but only <10% of individuals were estimated to have advanced fibrosis [20, 
21]. While these data are not sufficient to clearly determine the amount of liver 
fibrosis in individual subjects, it allows to stratify patients into low-, intermediate-, 
and high-risk groups. This stratification should be then put into a clinical context 
including age, sex, presence of comorbidities, etc. to decide, what patients would 
benefit from a histological evaluation and what individuals will be further moni-
tored noninvasively.

The above described, large international study also evaluated APRI and revealed 
that it displays a moderate correlation with LSM [13]. However, since Clark et al. 
demonstrated that APRI displays an inferior correlation with histological fibrosis 
scores compared to LS, we suggest using it only as a supplemental evaluation 
method. For example, it might be a useful adjunct criterium for patients with inter-
mediate LSM values (i.e. 5–7  kPa). A similar conclusion can be drawn for 
HepaScore, that consists of age, sex, alpha2-macroglobulin, hyaluronic acid, biliru-
bin, and gamma-glutamyl transferase [22]. While HepaScore has also been system-
atically assessed in the hitherto largest study [13], it displayed only a moderate 
correlation with LSM and was never directly compared with liver biopsies in AATD 
patients [13]. Therefore, further studies are needed to determine its usefulness in 
Pi∗ZZ individuals. In contrast, FIB-4 (i.e. score consisting of AST, ALT, age, and 
platelet count) was assessed in a biopsy-controlled study but was equal to or inferior 
to all other analyzed markers [5].

A small study used pSWE [23] to estimate liver fibrosis in 37 individuals from 
the Swedish national neonatal A1AT screening program. While this analysis took 
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advantage of the only population-based cohort of AATD individuals, it included 
only 47 subjects (32 Pi∗ZZ and 15 Pi∗SZ). The authors found an increased liver 
stiffness among Pi∗ZZ men in comparison with Pi∗MM men, but no significant dif-
ferences were found in females [19]. Moreover, two important limitations need to 
be stressed out: (1) pSWE [23] is less widely available than TE [24] and was never 
directly compared to liver biopsies in AATD; (2) the analysed patients were rela-
tively young since significant liver fibrosis often develops in adults >50 years old 
[13]. Another small report from a similar cohort of young adults did not detect a 
difference in pSWE [23] values between Pi∗ZZ carriers and noncarriers [25]. 
Notably, a small study found a strong correlation between different elastography 
methods including MRE, pSWE and 2D-SWE [26].

 Noninvasive Screening for Steatosis in Patients  
with Alpha1- Antitrypsin Deficiency

Ca. 44% Pi∗ZZ carriers display histological liver steatosis [5]. Similar data were 
found using transient elastography-based controlled attenuation parameter (CAP) 
as a surrogate of liver steatosis [27]. In particular, CAP ≥280 dB/m, suggesting 
severe steatosis, were detected in 39% of Pi∗ZZ carriers vs. 31% of noncarriers 
while CAP ≥248 dB/m suggesting the presence of steatosis grade ≥ 1 were present 
in 61% of Pi∗ZZ subjects [13]. Another small study using CAP detected steatosis 
grade ≥ 1  in 65% of Pi∗ZZ/Pi∗SZ patients and grade ≥ 2  in 52% of individuals 
[20]. However, it needs to be pointed out, that the accuracy of CAP for predicting 
histological steatosis has not been validated in AATD. As a potential underlying 
mechanism, Pi∗ZZ individuals displayed lower serum triglyceride, VLDL, and 
LDL cholesterol concentrations than noncarriers which raised the suspicion that 
they may experience impaired hepatic lipid secretion. These findings were strength-
ened by the observations in transgenic mice overexpressing the Pi∗Z mutation, that 
also harboured mild liver steatosis [13].
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Chapter 18
Fibrosis and Prognosis Assessment Using 
Liver Stiffness in Patients with PBC 
and PSC

Christophe Corpechot

 Introduction

Primary biliary cholangitis and primary sclerosing cholangitis (PSC) are the two 
most prevalent cholestatic liver diseases in adults. Both are chronic cholangiopa-
thies that naturally progress toward liver fibrosis and cirrhosis as a main result of 
defective bile secretion (cholestasis). In both diseases, severe fibrosis and cho-
lestasis are predictive of poor prognosis. Histological evaluation of liver biopsy 
remains the gold standard procedure of fibrosis assessment in PBC/PSC. Besides 
the poor acceptability of this invasive and potentially risky method, the heteroge-
neous distribution of fibrotic scars within the liver, a typical histopathological fea-
ture of cholangiopathies, is a significant source of sampling errors and of low 
reproducibility of fibrosis measurements. In the last 20 years, several non-invasive 
methods of fibrosis assessment have been developed, among which elastography-
based methods, using liver stiffness measurement (LSM) as a surrogate marker of 
fibrosis, have shown acceptable to high performance in determining fibrosis stage 
in a broader range of chronic liver diseases. In this chapter, we will address specifi-
cally the utility and limitations of these methods in PBC/PSC and will describe 
how cholestasis, a characteristic feature of these diseases, can alter liver stiffness 
irrespective of fibrosis extent.
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 Influence of Cholestasis on Liver Stiffness

Cholestasis, defined as a defect in bile secretion, can result from different mecha-
nisms, including the obstruction of the common bile duct by gallstones, tumors, or 
strictures (extrahepatic cholestasis) and broader hepatocellular and/or small bile 
duct injuries within the liver (intrahepatic cholestasis). Both mechanisms lead to the 
accumulation of toxic bile acids in the liver that generates cell apoptosis, necro- 
inflammatory reaction, and ductular proliferation that eventually promote fibrosis 
development if cholestasis is not cured. PBC is typically associated with intrahepatic 
cholestasis while PSC can be associated with intra- or extrahepatic cholestasis.

There is now clear evidence that extrahepatic cholestasis increases liver stiffness 
(LS) per se, regardless of the assessment method used [1–5]. This effect, which is 
strongly correlated with serum levels of total bilirubin, most likely results from the 
increased hydrostatic pressure into the liver since the increase in LSM is quickly 
and fully reversible after biliary drainage [1]. These findings have important impli-
cations for the interpretation of elevated LSM, particularly in patients with PSC and 
elevated total bilirubin level in whom liver imaging must absolutely be performed 
prior to assessing LSM to exclude a dominant stricture of the common bile duct [6].

Intrahepatic cholestasis may also contribute to increased liver stiffness irrespec-
tive of any other hepatic conditions like fibrosis or inflammation, explaining the 
especially high cut-off values of 17.3 kPa for cirrhosis observed in patients with 
PBC or PSC [7]. Interestingly, liver stiffness has recently been shown to be increased 
in pregnant women with intrahepatic cholestasis of pregnancy, a transient condition 
characterized by pure, estrogen-induced, and reversible hepatocellular cholestasis, 
as compared to healthy pregnancies with similar gestation time [8]. This observa-
tion strongly supports that bile acid overload in hepatocytes and related hepatocel-
lular changes (cell ballooning and clarification, Mallory bodies, etc.) may be 
sufficient to increase LS without requiring other superimposed factors. On the other 
side, pregnancy itself is able to increase LS which is highly associated with intrahe-
patic cholestasis of pregnancy (ICP), preeclampsia, and most likely related to pres-
sure/perfusion changes than inflammation [9]. However, in patients with 
non-elevated serum bilirubin level, the effect of cholestasis on LS does not seem to 
compete significantly with fibrosis extent [7].

 Liver Stiffness Measurement in PBC: Evaluation of Fibrosis

Since 2006, a dozen of studies including 564 patients with histologically assessed 
fibrosis stage, have been conducted to assess the performance of elastography-based 
techniques in assessing liver fibrosis in PBC (Table 18.1). Most of these studies used 
vibration-controlled transient elastography (VCTE) as the main method, including 
two cohorts of >100 patients each [10–15]. Alternative methods,  including acoustic 
radiation force impulse elastography, real-time tissue elastography (RTE), and point 
shear wave elastography (pSWE), involved less than 170 patients [14, 16–18]. In all 
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studies but one [17], LSM strongly correlated with histological fibrosis stage 
(Fig. 18.1) and showed high performance (AUROC > 0.95) for the diagnosis of cir-
rhosis, and very good performance (AUROC  >  0.85) for the diagnosis of severe 
fibrosis (i.e., septal fibrosis, Ludwig’s stage 3, or METAVIR fibrosis stage F3). 
However, the rates of failure or of unreliable results vary across studies from 5 to 
22% [12, 13]. In addition, inconsistent results regarding diagnostic VCTE thresholds 

Table 18.1 Performance of elastography-based techniques for the diagnosis of histologically 
proven severe fibrosis and cirrhosis in PBC

Reference Technique Patients
Severe fibrosis  
AUROC (cut-off)

Cirrhosis AUROC 
(cut-off)

Gomez, 2008 [10] VCTE 55 0.86 (14.7 kPa) 0.96 (15.6 kPa)
Friedrich, 2010 [11] VCTE 45 N/A (N/A) 0.95 (N/A)
Floreani, 2011 [12] VCTE 120 0.88 (7.6 kPa) 0.99 (11.4 kPa)
Corpechot, 2012 [13] VCTE 103 0.95 (10.7 kPa) 0.99 (16.9 kPa)
Zhang, 2014 [16] ARFI 61 0.93 (1.79 m/s) 0.91 (2.01 m/s)
Koizumi, 2017 [14] VCTE 44 0.91 (N/A) 0.91 (N/A)
Koizumi, 2017 [14] RTE 44 0.95 (N/A) 0.97 (N/A)
Wu, 2018 [15] VCTE 70 0.91 (10.5 kPa) 0.97 (14.5 kPa)
Goertz, 2019 [17] ARFI 26 N/A (N/A) N/A (N/A)
Park, 2019 [18] pSWE 41 0.91 (6.04 kPa) N/A (N/A)

VCTE vibration-controlled transient elastography, ARFI acoustic radiation force impulse elastog-
raphy, RTE real-time tissue elastography, pSWE point shear wave elastography, AUROC area under 
the ROC curve
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Fig. 18.1 Distribution of liver stiffness measurement across METAVIR fibrosis stages in 
PBC. Box plot of liver stiffness measured by VCTE (logarithm scale) depending on biopsy fibrosis 
stage. The bottom and top of the boxes are the first and third quartiles, and the band inside the 
boxes is the median. The ends of the whiskers are the minimum and maximum of the data. 
(Adapted from Corpechot C et al. [13]; with permission)
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may reflect discrepancies in populations studied and histological scoring systems. 
However, >15 and >10 kPa are reasonable thresholds for the diagnosis of cirrhosis 
and of severe fibrosis, respectively, in keeping with VCTE thresholds reported in 
other chronic liver diseases. Finally, intra- and interobserver reproducibility of LSM 
in patients with PBC remains unestablished. Since the use of liver biopsy for PBC 
diagnosis is no longer mandatory, large series of biopsy- elastography couples are 
very unlikely to be conducted in the future. A meta-analysis based on individual data 
from previously published studies may help in better assessing VCTE thresholds in 
PBC. Alternative methods like ARFI elastography seem to have similar diagnostic 
performance for assessing fibrosis in PBC but data currently available are too limited 
to draw any recommendations regarding these techniques.

Elastography (mainly VCTE) was compared to a number of serum fibrosis mark-
ers, including AST-to-platelet ratio index (APRI), FIB-4, FibroTest, Forns score, 
hyaluronic acid, AST/ALT ratio, and GGT-to-platelet ratio, for the non-invasive 
assessment of fibrosis in PBC [11–15, 18]. In all studies, AUROCs of liver stiffness 
for the diagnosis of severe fibrosis and cirrhosis were higher than those of serum 
markers, showing that elastography-based techniques have higher performance in 
detecting advanced-stage PBC than serum fibrosis markers alone. LSM and 
enhanced liver fibrosis (ELF) score, the only serum fibrosis marker so far validated 
in PBC, have never been compared.

Measures of splenic stiffness (SS) in patients with PBC have been reported in only 
one small-sized study using both VCTE and RTE [14]. SS seems to associate with clini-
cally significant fibrosis stages, but these data need to be confirmed in larger studies.

 Liver Stiffness and Prognosis in Patients with PBC

Until now, the prognostic value of LSM has been assessed in only two retrospective 
studies [13, 14]. In the former one, 150 patients, all treated with ursodeoxycholic 
acid (UDCA), had been followed-up for up to 5 years after last LSM [13]. Baseline 
LS was significantly associated with an increased risk of liver-related complications 
or death with an optimal predictive threshold of >9.6 kPa (hazard ratio 5.1, 95% CI: 
1.5–15.9), thus identifying patients with severe fibrosis as at high risk of poor out-
comes (Fig.  18.2). All disease stages and adequate-vs.-inadequate response to 
UDCA taken together, LS was increasing over time (0.48 ± 0.21 kPa/year, P = 0.02), 
this increase being related to a high progression rate (4.06  ±  0.73  kPa/year, 
P < 0.001) of LS in cirrhotic patients while, in contrast, LSM remained stable in 
non-cirrhotic patients. The progression rate of LSM was a major independent pre-
dictive factor of adverse clinical outcomes, suggesting that LSM could be used as a 
clinically relevant surrogate marker of PBC progression. These findings, however, 
deserve validation in prospective studies. In the second study, 36 asymptomatic 
PBC patients were followed-up for an average of 16 months (up to 32 months) and 
the incident rate of liver-related symptoms was studied in connection with liver and 
splenic stiffness assessed by VCTE and RTE [14]. Spleen stiffness as assessed by 
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RTE was the only independent predictive factor of symptom development in this 
small-sized study.

Recently, the measure of liver stiffness was used as a secondary endpoint in the 
BEZURSO trial, a placebo-controlled, phase-3 study of bezafibrate therapy (lipid- 
lowering agent) in combination with UDCA in PBC patients who had an inadequate 
biochemical response to UDCA alone [19]. At the end of study, there was a signifi-
cant difference in the progression rate of LS (assessed with VCTE) between the two 
groups, with a 15% reduction from baseline in the bezafibrate group and a 22% 
increase in the placebo group (difference, −36%; 95% CI, −64 to −8%) (Fig. 18.3). 
This observation was consistent with the result of the primary outcome (increased 
rate of complete biochemical response in the bezafibrate group as compared to the 
placebo group) and confirmed that LS can be used as a surrogate endpoint in clinical 
trials with adequately selected PBC patients.

 Liver Stiffness Measurement in PSC: Evaluation of Fibrosis

Studies that aimed to assess the performance of elastography-based techniques for the 
diagnosis of histological fibrosis stage in patients with PSC are still scarce and of 
limited size (Table 18.2). A positive correlation between histological fibrosis stage 
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Table 18.2 Performance of elastography-based techniques for the diagnosis of histologically 
proven severe fibrosis and cirrhosis in PSC

Reference Technique Patients
Severe fibrosis  
AUROC (cut-off)

Cirrhosis AUROC 
(cut-off)

Corpechot, 2014 [20] VCTE 73 0.93 (9.6 kPa) 0.95 (14.4 kPa)
Ehlken, 2016 [21] VCTE 62 0.95 (9.6 kPa) 0.98 (14.1 kPa)
Eaton, 2016 [22] MRE 20 0.97 (3.26 kPa) 0.99 (4.93 kPa)
Krawczyk, 2017 [23] VCTE 30 N/A (N/A) 0.90 (13.7 kPa)
Goertz, 2019 [17] ARFI 19 N/A (N/A) N/A (N/A)

VCTE vibration-controlled transient elastography, MRE magnetic resonance elastography, ARFI 
acoustic radiation force impulse elastography, AUROC area under the ROC curve
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and LSM was shown in all of them (Fig. 18.4). VCTE is the main method used in 
these studies, followed by ARFI elastography and magnetic resonance elastography 
(MRE) [17, 20–23]. Two studies were of acceptable size (n > 50) to assess the ability 
of LSM in distinguishing between histological fibrosis stages [20, 21]. In both studies, 
LS assessed by VCTE has shown high performance (AUROC > 0.90) for the diagno-
sis of severe fibrosis and cirrhosis, with optimal cut-offs close to 10 kPa and 14 kPa, 
respectively, in accordance with thresholds found in other chronic liver diseases. 
Failure or unreliable results of VCTE have been reported in 8% of patients [20]. 
Interobserver reproducibility and concordance of VCTE results between adjacent 
measurement sites have been reported to be excellent (intra-class correlation ≥0.90). 
In one study, the performance of LS, as assessed by VCTE, was superior to APRI and 
FIB-4 score in differentiating patients with significant or severe fibrosis from those 
without [20]. Since fibrosis is patchily distributed in the liver of PSC patients, MRE 
may appear as a more adequate method than VCTE to assess the severity of fibrosis 
on the whole liver (Fig. 18.5) [22, 24–26]. So far, however, there is no face-to-face 
comparison in PSC although superiority of MRE in assessing liver fibrosis has been 
shown from a variety of other etiologies [27, 28]. The comparison of VCTE and MRE 
performance with non-elastography-based techniques like diffusion-weighted MR 
imaging, MR spectroscopy, or validated serum markers (ELF score) deserves consid-
eration. Finally, there are very few data on SS in patients with PSC [29]. These limited 
data did not show statistical differences between patients and healthy controls.

 Liver Stiffness and Prognosis in Patients with PSC

The prognostic value of LSM in PSC has been evaluated in three retrospective stud-
ies, two based on VCTE as a reference technique and one on MRE [20–22]. In 168 
patients followed-up for a mean period of 4 years (range, 1–7 years), baseline LS 
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assessed by VCTE strongly associated with the risk of developing adverse out-
comes, including death, liver transplantation, cirrhotic decompensation, or primary 
liver cancer [20]. In this study, LS and total bilirubin were the only two independent 
prognostic factors at baseline. The optimal LS threshold for predicting poor out-
comes was >18.5 kPa (HR, 11.9; 95% CI, 5.2–27.4). Thresholds as low as >6.5 kPa 
continued to split the patients into distinct prognostic groups despite lower predic-
tive performance. This strong association between baseline LS and long-term prog-
nosis in PSC has been confirmed in an independent cohort of 130 PSC patients 
followed-up for an average of 3.6 years [21]. In this cohort, the optimal predictive 
threshold of baseline LS for the risk of adverse outcomes was >12.4 kPa. In parallel, 
LS assessed by MRE was shown to associate with the development of decompen-
sated liver disease in 266 patients with PSC followed-up for a median of 2 years 
(HR, 1.55; 95% CI, 1.41–1.70) [22]. In this study, both MRE-LSM and Mayo risk 
score had independent prognostic values at baseline. The optimal LS thresholds that 
stratified patients at a low, medium, and high risk for hepatic decompensation were 
<4.5 kPa, 4.5–6.0 kPa, and >6.0 kPa, respectively. Taken together, these three stud-
ies provide consistent data supporting the prognostic value of LSM in PSC. The 
results of the ongoing international prospective FICUS study, specifically designed 
to assess the prognostic value of LS in PSC, are still awaited.

Changes in LSM have been assessed in PSC in a longitudinal retrospective 
study of 142 patients monitored with VCTE for a mean period of 4 years [20]. 
These changes varied as a function of initial LS values and corresponding fibrosis 
stage. The progression rates of LS estimated from F0, F1, F2, F3, and F4 stages 
(as diagnosed by VCTE) were 0.47 ± 0.45 kPa/year (P = NS), 0.25 ± 0.67 kPa/
year (P  =  NS), 1.64  ±  0.78  kPa/year (P  =  0.0368), 3.40  ±  0.89  kPa/year 
(P = 0.0002), and 4.37 ± 0.76 kPa/year (P = 0.0001), respectively, thus indicating 
an exponential increase (acceleration) in LSM over time from F2 to F4 and 
beyond (Fig.  18.6). The progression rate of LS was an independent predictive 
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factor of adverse outcomes with an optimal predictive threshold at 1.3 kPa/year 
(HR, 10.4; 95% CI, 3.0–36.5). These data suggest that in PSC repeated measures 
of LS can be used as a surrogate marker of disease progression and a predictor of 
long-term outcomes.

 Conclusion

Irrespective of used technique, elastography-based assessment of LS has high per-
formance in both diagnosing severe fibrosis or cirrhosis and predicting long-term 
outcomes in PBC and PSC.  These techniques should therefore be considered in 
clinical practice to assess the severity of the disease and its progression [30]. They 
may be considered as well for risk stratification and definition of surrogate end-
points in clinical trials.

Acknowledgment Conflict of Interest: None.
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Chapter 19
Liver Stiffness in Patients with  
Hereditary Hemochromatosis 
and Secondary Iron Overload

Agustín Castiella and Eva Zapata

 Introduction

Hereditary hemochromatosis (HH) is an autosomal recessive genetic disease mostly 
due to mutations in the HFE gene with (C282Y) being the most frequent [1, 2]. 
Clinical penetration of the mutation can be as low as 10% and strongly depends on 
innate factors (sex and other mutations involved in iron metabolism) and acquired 
factors (alcohol, metabolic syndrome, and viruses) [1, 3]. Major target organ for 
iron accumulation is the liver, with the development of chronic liver disease and 
cirrhosis if treatment is delayed, and with an increased risk of hepatocellular carci-
noma [1]. Liver biopsy with histopathological assessment and liver iron concentra-
tion quantification by spectrophotometry have long been the gold standard for the 
diagnosis and prognosis of hemochromatosis [4, 5]. Other techniques such as super-
conducting quantum interference device (SQUID) or room temperature susceptom-
etry (RTS) have also been successfully explored for non-invasive detection of 
hepatic iron [6, 7]. Our understanding of the molecular basis in iron overload dis-
eases has drastically improved in the last 20 years, especially with the discovery of 
the HFE gene and the mutation (C282Y/C282Y) responsible for hereditary hemo-
chromatosis. Magnetic resonance imaging (MRI) for the study of liver iron concen-
tration and non-invasive liver fibrosis prediction with laboratory tests [2, 8, 9] have 
considerably diminished the role of hepatic biopsies for the diagnosis of hemochro-
matosis, and it is more commonly used for prognosis purposes only [10]. However, 
quantitative MRI platforms are still not readily available in many countries, and the 
technique is still too expensive for population screening. The development of liver 
cirrhosis is a key factor for hemochromatosis patients, since it significantly deterio-
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rates prognosis, the management of the disease and constitutes and additional risk 
for cancer [11]. However, liver biopsy is invasive and harbours a relative mortality 
of around 1/1000 to 1/10,000 [12, 13]. Moreover, biopsies show a rather high sam-
pling error. About 10–30% of patients will be incorrectly classified for fibrosis by at 
least one stage in 20–30% [11–14]. Concerns about complications and sampling 
errors have resulted in the research for non-invasive tests for cirrhosis [8].

Today, most hemochromatosis cases are identified through laboratory screening, 
normally by an elevated serum ferritin level or transferrin saturation. Figure 19.1 
gives an overview about all diagnostic aspects of the so-called hyperferritinaemia. 
It underlines the many diverse aetiologies that can account for elevated ferritin lev-
els ranging from the rare hereditary hyperferritinaemia cataract syndrome [15] to 
the most common liver diseases such as alcoholic and non-alcoholic fatty liver dis-
ease [16]. For these and many other reasons, the introduction of elastography has 
drastically improved fibrosis screening in hepatology including patients with iron 
overload (Table 19.1). At present, transient elastography (TE) is available in many 
hospitals and worldwide the most commonly used technique. We here review the 
elastography data for fibrosis screening in the context of iron overload and heredi-
tary hemochromatosis.

Liver tests, CRP, Transferrin saturation, Blood count

Hyperferritinemia

HHCSAcoeruloplasminemia

genetic
Hemochromatosis

Hyperferritinemia with or without iron
overload

Hyperferritinemia
and additional pathological lab tests/imaging

Tumor
Inflammation
ALD, NAFLD

Secondary iron overload

other mutations
HAMP, HJV, TRF2
Ferroportin disease

Normal transferrin saturation

No iron overloadIron overload
No coeruloplasmin

HFE Mutation
(ca. 95%)

High transferrin saturation
Iron overload

Fig. 19.1 Differential diagnosis of elevated serum ferritin levels (hyperferritinaemia). Today, most 
hemochromatosis cases are identified through laboratory screening, normally by an elevated serum 
ferritin level or transferrin saturation. Many diverse aetiologies can account for elevated ferritin 
levels ranging from the rare hereditary hyperferritinaemia cataract syndrome (HHCS) to the most 
common liver diseases such as alcoholic and non-alcoholic fatty liver disease (ALD and NAFLD)
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 Transient Elastography (FibroScan) in Hereditary 
Hemochromatosis

So far, no LS cut-off values in biopsy-proven studies have been published due to the 
limited number of patients, and LSM is still not taken up by guidelines [1]. However, 
there is clear evidence that LS is elevated in patients with HH and that it decreases 
in response to phlebotomy.

In 2008 Adhoute et al. [17] published the first prospective study on FibroScan 
(EchoSens, Paris, France) in patients with hereditary hemochromatosis. During the 
study period from 2004 to 2006, 57 patients with hereditary hemochromatosis were 
included, all with the homozygous C282Y mutation. In addition, 46 controls were 
used. The study included ten recently diagnosed patients before initiating phlebot-
omy treatment and a group of iron-depleted patients that had been treated with 
phlebotomies for months or years. LS could be determined during follow-up of their 
disease. The control group consisted of patients with elevated transaminase levels 
(ALT) that had no fibrosis on liver biopsy. In addition, they were all negative for 
HIV, HCV, and HBV, alcohol abuse, and other causes of chronic liver disease. In 
this study, an LS >7.1 kPa was considered as the cut-off for significant fibrosis. 
Median LS was similar in both hemochromatosis and controls with 5.2 kPa (range 
2.3–7.5) vs. 4.9 kPa (range 2.6–7.0), respectively. No differences with respect to 
biochemical markers were observed between hemochromatosis patients and 
controls.

Four patients in the hemochromatosis group (7%) and none in the control group 
were excluded because of LSM failure. A strong correlation was found between LS 
and biomarkers such as Fibrotest, GUCI, Hepascore, and Forns score, but not with 
APRI, FIB-4, or Lok score. Serum ferritin levels did not correlate with LS values. 
In 22.8% (n = 13) of the hemochromatosis patients, LS values were higher than 
7.1 kPa while none of the controls showed elevated LS (P < 0.0001). Presence of 
diabetes and a serum ferritin value greater than 150 ng/mL were the two factors 

Table 19.1 Liver stiffness in patients with hereditary hemochromatosis (HH)

Parameters Adhoute [17] Legros [18]

No. of patients with HH 57 61
Controls 46 No
Biopsy No Yes
Median LS value (kPa) 5.20
LS cut-off value (kPa) for significant fibrosis >7.1 >13.9
Sex (men) 58% 71.4%
Age (mean) 54.3 ± 13.7 50
BMI 25.0 ± 3.5 26
Recent diagnosis HH 17.5% 100%
Iron-depleted HH 82.5% 0%
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associated with LS elevation in the hemochromatosis group. Notably, 44 hemochro-
matosis patients were annually followed-up for up to 2 years (7 recent diagnoses 
and 37 iron-depleted). In the group of patients with a recent diagnosis, five had 
initial values of less than 6 kPa without changes after 1–2 years. LS decreased from 
8.8 to 4.9 kPa in one patient after 1 year. The only patient with an initially very high 
LS of 21.1 kPa, had 21.3 kPa after 1 year and 8.8 kPa after 2 years. In the iron- 
depleted group, LS values did not differ significantly in the follow-up period.

In 2015 Legros et al. [18] studied prospectively LS by TE between 2005 and 
2013  in 77 C282Y homozygous patients that underwent a liver biopsy based on 
elevated serum ferritin levels >1000 ng/mL and raised transaminases (according to 
the guidelines). Patients previously treated with phlebotomies or with chronic hepa-
titis B or C were excluded. All of them had clinical and biological evaluation, 
including hyaluronic acid measurement in 52 cases. From the 77 patients with liver 
biopsy and LSM, 49 (63.6%) were overweight (BMI ≥ 25 kg/m2) and 11 (14.3%) 
were obese (BMI ≥ 30 kg/m2). Eight patients had excessive alcohol consumption. 
Fibrosis stage of hemochromatosis patients was F0 in 11 (14.3%), F1 in 33 (42.9%), 
F2 in 18 (23.4%), F3 in 2 (2.5%), and F4 in 13 (16.9%). A total of 19.5% of the 
patients had F3–F4 severe fibrosis. Hyaluronic acid was higher in patients with 
severe fibrosis but did not accurately predict severe fibrosis. Transient elastography 
was successful in 90.9% of the patients (70/77) due to obesity. Nine patients had no 
valid LSM with an IQR >30%. Therefore, valid LS values were available from 61 
patients (79.2%).

Transient elastography was significantly higher in patients with severe fibrosis 
(17.2 vs. 4.9 kPa; P < 0.05). In 38 patients (62.3%), LS was <6.4 kPa. None of them 
had severe liver fibrosis. Nine patients (14.8%) had a LS ≥ 13.9 kPa. All of them 
had severe liver fibrosis on histology. Fourteen patients (22.9%) had an LS between 
6.4 and 13.9  kPa, and the prevalence of histological severe fibrosis was 5/14 
(35.7%). Thus, using these two cut-off values, TE was able to accurately predict 
fibrosis stage in 77%. Efficient assessment of severe fibrosis was not possible in 
patients with intermediate values.

Consequently, this algorithm, based on the use of serum ferritin >1000 ng/mL 
and LS > 13.9 kPa, accurately classifies severe fibrosis in 61% of patients.

 Transient Elastography in Secondary Hemochromatosis

Transient elastography has also been explored in patients with secondary iron over-
load due to blood transfusions [19–21]. In addition, two publications have reported 
in histological fibrosis determination in patients with liver iron overload of second-
ary origin [20, 21].

Mirault et al. [20] studied 15 chronically transfused patients (13 beta-thalassemia 
major; 1 sickle cell disease, 1 myelodysplastic syndrome) and compared the results 
obtained by transient elastography with those of liver biopsy (METAVIR). Mean LS 
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values significantly differed in patients with severe fibrosis (F3/F4) from those with 
mild or no fibrosis (F0–F2) (9.4 ± 3.7 kPa vs. 5.9 ± 1.8 kPa). LS >6.25 kPa identi-
fied patients at risk for severe fibrosis (NPP 88%; PPV 57%). They concluded that 
TE is a reliable tool for liver fibrosis evaluation in post-transfusion iron overload. 
Fraquelli et al. [21] studied 115 patients with beta-thalassemia major or intermedia. 
Histological data were available in only 14 cases. In these patients, a significant cor-
relation was observed between LS and histological fibrosis stage. Severe fibrosis 
was diagnosed with a sensitivity of 60% and a specificity of 89%. Cirrhosis was 
detected with 100% sensitivity and 92% specificity.

 Real-Time Elastography

In 2013, Paparo et al. [19] published a prospective monocentric study to determine 
the value of real-time elastography (RTE) for the assessment of liver fibrosis in 
patients with iron overload, using transient elastography as a reference standard. 
The study included 67 patients with iron overload determined by MRI. Transient 
elastography and RTE were performed on the same day. Seven patients were 
excluded because of invalid transient elastography or RTE.  The remaining 60 
patients encompassed 37 homozygous beta-thalassaemic patients, 13 with beta- 
thalassemia intermedia, six with hereditary hemochromatosis, and four with myelo-
dysplastic syndromes. They concluded that RTE allows the discrimination between 
F0/F1 and F3–F4 with reasonable diagnostic accuracy in patients with iron overload 
determined by MRI.

 ARFI Elastography

In 2013, Muniz et al. [22] studied two cases of patients with hemochromatosis with 
ultrasound, Doppler and liver elastography virtual touch (ARFI), and they com-
mented that ARFI could collaborate in monitoring patients with hemochromatosis.

 MR Elastography (MRE)

MRE is a promising technique, but with limitations due to costs and availability 
[23]. It requires patient collaboration because MRE is a breath-hold procedure, sim-
ilar to other MRI-related liver sequences [24]. In patients that suffer from moderate 
or high liver iron overload (hemosiderosis-hemochromatosis), the MRI liver signal 
may be very low, and waves cannot be visualised with a gradient-echo-based MRE 
sequence. This is an important clinical problem because iron deposition is a coexis-
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tent condition in different diseases, such as hemochromatosis, thalassemia but also 
metabolic liver diseases [25]. Moreover, low MRI signal intensity in the liver is the 
major reason for measurement failures (approximately 70%). Advanced MRE in 
patients with mild or moderate liver iron overload [26], implementing alternative 
pulse sequences with shorter echo times such as spin-echo (SE), echo-planar imag-
ing (EPI)-based MRE. However, no studies in HH patients have been published so far.

 Conclusion

LSM in combination with serum ferritin levels provide a highly accurate diagnosis of 
fibrosis in an important number of hereditary hemochromatosis patients, reducing the 
need of liver biopsy for prognosis evaluation. Figure 19.2 provides an actual working 
scheme and algorithm for the diagnosis of iron overload disease with liver stiffness 
being a central parameter for therapeutic guidance. More prospective studies are needed, 
but elastography should become an essential part of next guideline recommendations 
[1]. Other techniques, such as MR elastography, will provide unique opportunities in the 
future, namely in combination with iron detection by MRI. The first single patient obser-
vations demonstrate LS resolution after consequent initiation of phlebotomy.

Serum iron parameters
Transferrin saturation >45% 
Ferritin >300/1000 ng / ml 

Gene analysisC282Y, H63D, S65C

Liver biopsyQuantitative iron measurement mg/g dry weight >2
Liver iron index (Liver iron [µmol/g] / age) >1.9  

Non-invasive iron detection

Transaminases

Liver stiffness (TE)

ALT>AST

>6 kPa
>13.9 kPa

MRI, Susceptometry
(RTS), SQUID 

Clinics und history

arthralgia, diabetes,
alcohol abuse etc.

Suspicion of hemochromatosis

normal AST, ALT

platelets > 200.000

<6 kPa

NO YES

Ferritin < 1000/300 µg/L 

Iron distribution etc.

Fig. 19.2 Actual proposed diagnostic algorithm and central role of liver stiffness for the diagnosis 
of iron overload disease. Hemochromatosis should be suspected in the presence of high ferritin 
levels in combination with signs of liver injury (elevated transaminase levels) and within the clini-
cal context. LS values >6 kPa are a clear indication for a more intense search for iron overload. 
This can include non-invasive techniques such as MRI or RTS, if available, or genetic screening 
for common mutations. Today, liver biopsy is only performed in cases of doubt or to exclude the 
co-existence of other pathologies
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Chapter 20
Liver Stiffness in Patients with  
Wilson’s Disease

Thomas Karlas

 Introduction to Wilson’s Disease

The homeostasis of copper, an essential micronutrient, is regulated by biliary excre-
tion. Wilson’s disease (WD) is a rare genetic disorder caused by mutations in the 
ATP7B gene, which plays a crucial role in copper-transporting in hepatocytes. The 
ATP7B defect results in copper accumulation in the brain and the liver [1]. The 
clinical presentation may vary, but neurological symptoms and/or hepatitis in 
younger patients in combination with eye involvement (Kayser–Fleischer ring) or 
hemolysis are typical for WD (Fig. 20.1). A minor proportion of patients presents 
with acute onset of liver failure, which may require emergent liver transplantation. 
The diagnosis is established by a scoring system (Leipzig score, see Appendix Table 
A.25) that combines presence of typical clinical symptoms, assessment of urinary 
copper excretion, serum ceruloplasmin levels, and tests of Coombs-negative hemo-
lytic anemia. In doubtful cases, the measurement of liver copper content from a 
biopsy sample can confirm the diagnosis [1–4].

Improvement of copper excretion is the basis of therapy in WD.  Chelating 
agents (d-penicillamine, triethylenetetramine) and inhibition of intestinal copper 
absorption by zinc formulations are recommended regimens for WD. A life-long 
adherence to medical therapy is essential to avoid complications of WD. Liver 
function regularly improves in treated patients and may completely normalize, 
whereas neurological symptoms frequently persist to some degree under treat-
ment [3]. Therefore, early diagnosis is crucial to prevent chronic neurological 
impairment [1–4].
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 Considerations on the Use of Liver Stiffness Measurement 
in Wilson’s Disease

Excess copper accumulates over a long period in the lysosomes of hepatocytes and 
is eventually released to the cytoplasm after disintegration of the lysosomal com-
partments [5]. This induces cell injury and death, probably due to the formation of 
free radicals. Depending on the rate of cell disintegration, this pathophysiological 
process may either result in life-threatening fulminant liver failure or present as 
chronic hepatitis. If untreated the latter usually progresses to fibrosis and ultimately 
cirrhosis with portal hypertension [1, 5].

Both acute liver failure, which histologically appears as necroinflammation, and 
fibrosis are major modulators of liver stiffness [2, 6–8]. There are three rationales 
for applying LSM in WD: (a) better discriminate between pure neurological mani-
festation and concomitant liver involvement; (b) detect advanced fibrosis and cir-
rhosis for assessing disease severity and prognosis, and (c) monitor the response to 
treatment in both acute and chronic liver diseases (Fig. 20.1).

Due to the low prevalence of symptomatic WD, which is estimated to be 
1:~30.000, it is almost impossible to perform large biopsy-controlled studies [9, 
10]. Within the last decade, only three pilot studies assessed the diagnostic proper-
ties of LSM in WD:

 1. Sini et al. evaluated the transient elastography in 35 adult patients and compared 
the LSM results with liver histology [11]. This study proves the concept of a 

Copper accumulation due to
ATP7B mutation

Neurological manifestation

Potential role of liver stiffness measurement in
Wilson’s Disease

– Detection / exclusion of advanced liver disease in 
 patients with dominating neurological manifestation

– Estimation of fibrosis stage / cirrhosis in liver manifestation

– Monitoring of liver disease under treatment

Liver manifestation

• behavioral and psychiatric
 disorders
• tremor and akinetic-rigid
 syndrome
• ataxia and dystonia

• acute hepatitis & liver failure
• chronic liver disease
• cirrhosis and portal
 hypertension

Liver involvment is frequently 
associated with hemolytic
anemia.

Fig. 20.1 Clinical features 
and potential applications 
of liver stiffness 
measurement in WD
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positive correlation of LSM with the stage of fibrosis in WD, but the data are 
impaired by the small cohort size and technical limitations.

 2. Karlas et  al. evaluated both transient elastography and the ARFI-based point- 
shear wave elastography (pSWE) in a cohort of 50 adult patients with established 
diagnosis of WD [6]. The LSM results were compared with the clinical manifes-
tation and correlated with the disease severity according to the Leipzig score. 
LSM values of both applied methods were lower in patients with dominant neu-
rological involvement. Further, a correlation with disease severity was observed, 
although only advanced stages (i.e., cirrhosis) could be well discriminated with 
transient elastography. The main limitation of this study is the lack of a histologi-
cal reference standard. In addition, the majority of patients had long-term therapy 
with chelating agents, which may explain the rather low cut-offs for cirrhosis [3].

 3. Stefanescu et al. performed a long-term follow-up with transient elastography in 
nine pediatric patients with de novo diagnosis of WD [12]. They observed a 
continuous decline of LSM associated with improved urinary copper excretion 
in patients receiving either zinc or chelating agents.

These three reports prove the above-mentioned hypothesizes on the diagnostic 
use of LSM in WD (Fig. 20.1) but are insufficient to provide any standardized clini-
cal recommendation. If available, LSM may compliment the diagnostic work-up of 
affected patients and may help to guide and monitor treatment decisions on an indi-
vidual basis.

 Case Presentation

Considering the low prevalence of Wilson’s disease, reports of individual cases are 
helpful to highlight the usefulness of LSM in this disorder. The following case gives 
an example of LSM as monitoring tool:

A 30-year-old man without any prior disease was diagnosed with liver cirrhosis 
and referred to a liver center for further diagnostics. Laboratory tests, imaging and 
further clinical evaluation revealed a compensated liver function (Child–Pugh A) with 
signs of portal hypertension (small esophageal varices). Further diagnostic work-up 
established the diagnosis of WD, and treatment with d-penicillamine was initiated.

The patient presented regularly for follow-up visits. Treatment was well toler-
ated, and no complications were observed within a period of 7 years. Liver function 
tests remained unchanged. Liver stiffness, which was highly elevated at the time of 
diagnosis (38.5  kPa), showed a continuous decline to a final value of 14.1  kPa. 
Notably, the sonographic appearance of the liver (irregular margins, coarse nodular-
ity, rarefication of peripheral portal, and liver veins) did not change over time 
(Fig. 20.2).

Increased LS values correlated with overall and liver-related mortality in patients 
with chronic liver disease [13]. In the present case, the decline of LS indicates a con-
tinuous reduction of mortality risk and, thus, proves the efficacy of treatment. 
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Sonography and liver function tests were not capable to monitor this risk reduction. 
Hence, LSM is a promising technique for monitoring the treatment efficacy in patients 
with WD. For another interesting case of first-time diagnosis of WD in young male 
patients (case no. 19), see also book Part VII “How to Use LS in Clinical Practice” in 
the Chap. 53 “Clinical Cases” [14]. Here, an elevated LS was the first sign to insist on 
further diagnosis and LS normalized after 3 months of copper-chelation treatment.

Course of liver stiffness in a patient with Wilson’s Disease
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Fig. 20.2 Course of liver stiffness measurement (upper panel) and conventional ultrasound (lower 
panel) in a patient with Wilson’s disease and compensated cirrhosis under treatment with 
d-penicillamine
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Chapter 21
Introduction to Confounders of Elevated 
Liver Stiffness

Sebastian Mueller

 Introduction to Confounders of Elevated LS Irrespective 
of Cirrhosis

Since the introduction of TE, it has been rapidly learned that LS can be strongly 
affected by many (patho)physiological conditions irrespective of fibrosis stage (see 
Fig. 21.1) [1]. Some of the important confounders are separately discussed in detail 
in this book section (book Part IV). Initially, this has caused quite some confusion 
since many clinicians associate LS solely with fibrosis. However, common sense 
observation quickly reminds us that tissue stiffness such as skin stiffness is not only 
caused by induration due to deposited matrix proteins but also in response to inflam-
mation (e.g., a bee sting). Major confounders of LS elevation encompass hepatic 
necroinflammation as found in acute hepatitis [2, 3], congestion [4], and mechanic 
cholestasis [5]. Namely the response of LS to liver congestion as seen in patients 
with right heart failure is quite impressive. Figure 21.2 demonstrates in an isolated 
pig liver that a 36 cm water pressure in the hepatic veins suffices to increase LS to 
75 kPa, the detection limit of the FibroScan device [4]. Meanwhile, many other 
confounders have been identified (see a list in Table 21.1). Both Table 21.1 and 
Fig. 21.3 show the extent to which these confounders can increase LS in a non- 
cirrhotic liver. Of course, the awareness of these confounders is highly important for 
the interpretation of LS in daily clinical practice.
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Table 21.1 Maximum levels of liver stiffness reached by confounders irrespective of fibrosis

Confounder
LS elevation irrespective of fibrosis 
stage References

Inflammation 30 kPa in acute hepatitis A [6–8]
Mechanic cholestasis 25 kPa [5]
Central venous pressure, congestion 75 kPa [4]
Arterial pressure 8 kPa [9]
Portal pressure 8 kPa [10]
Mast cell infiltration 75 kPa [11]
Alcohol consumption 25 kPa [1]
Food intake 75 kPa [12]
Water retention 75 kPa [4]
Ballooning 30 kPa [13]
Hepatic mast cell infiltration 75 kPa [11]
Valsalva and orthostatic maneuvers 75 kPa [14]
Amyloidosis 75 kPa [15]

 Confounders of Elevated LS by Categories

Table 21.2 provides an overview of the various confounder categories ranging from 
pressure-related to histological and even intracellular factors. Pressure, namely the 
pressure within the hepatic sinus (sinusoidal pressure) has been a key feature in bet-
ter understanding the molecular basis of LS. For more details see also book Part 
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Table 21.2 Confounders of elevated liver stiffness

Confounders Examples

Matrix-associated • Collagen
• Amyloid

Hemodynamic • Arterial pressure
• Portal pressure
• Central venous pressure

Histological • Ballooning
• Inflammation
• Intracellular inclusions

VIII “Molecular Basis of Liver Stiffness and Cell Biology.” Figure 21.4 provides a 
simplified sketch how sinusoidal pressure stretches the perisinusoidal or perivascu-
lar wall structure, exposing aligning cells to stretch forces. Figure 21.5 provides a 
more complete scheme of the various matrix- and pressure-related confounders. 
Note that conditions such as alcohol [1] or food intake [16] but also inflammation 
are rather complex and relate to more than one molecular pathway (e.g., perfusion 
change, osmotic change, and infiltration of inflammatory cells in the case of hepa-
titis). The red arrow in Fig. 21.5 indicates that all these LS-elevating confounders 
are potentially unfavorable for the liver and can ultimately cause fibrosis. This has 
led to the introduction of pressure as important key component for fibrosis 
progression.
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 The Inflow/Outflow Model to Explain Pressure-Related 
Confounders

Figure 21.6 eventually shows a simplified hemodynamic model of the liver to 
explain the role of various pressures on LS (inflow/outflow model) [17]. Accordingly, 
the hepatic outflow (bile flow, hepatic veins) and inflow (hepatic artery and portal 
vein) are important determinants of the sinusoidal pressure ultimately underlying 
LS. Pharmacological modulation with vasoactive substances in rodent models of 
cirrhosis has provided detailed insights into the complex interplay of inflow/outflow 
components depending not only on central venous, arterial, and portal pressure but 
also the heart rate [18]. Figure 21.7 schematically illustrates the integration of the 
liver in the systemic circulation which is often overlooked. It highlights the special 
vascular situation of the liver which is mainly (80%) supplied via low pressure 
(<6 mmHg) through the portal vein. This blood supply reverses in patients with liver 
cirrhosis where the hepatic artery will supply the liver with 80% of the blood at high 
pressure (120 mmHg). It also shows the specific position of the liver between right 
and left ventricle.
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Fig. 21.6 Hemodynamic scheme of liver vascularization to explain the inflow/outflow compo-
nents that affect liver stiffness. Namely the role of shunts is still insufficiently understood. 
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Taken together, liver hemodynamics is best understood when looking at it within 
one systemic circulation of two sequentially adjusted pumps (right and left ventri-
cle). Figure 21.8 focuses both on liver and spleen stiffness and its dependence on 
various hemodynamic conditions. More details will be discussed in this book 
 section. It will also explain why spleen stiffness is better reflecting portal hyperten-
sion as compared to liver stiffness.
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through the portal vein 
while the hepatic artery 
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also Part VIII) . Liver 
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While cardiac circulation is tightly connected to these components via the 
dynamic pressure, a static pressure component is also strongly affecting LS 
through water retention via hormonal, osmotic, or albumin-related conditions 
[17]. Finally, although not all subcellular factors (mitochondria, peroxisomes, 
etc.) associated with LS have been clarified yet, it is well established that histo-
logical features such as fibrosis, ballooning, and inflammation are associated with 
LS elevation [13, 19]. Controversies still continue about the role of fat that has 
been shown to lower LS in the absence of inflammation [19]. Why the molecular 
basis of LS-elevating confounders is still far from being understood, the consider-
ation of these factors is highly important for the interpretation of LS in the clinical 
context.
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Chapter 22
Histological Confounders of Liver Stiffness

Sebastian Mueller and Carolin Lackner

 Introduction to Histological Confounders of Liver Stiffness

Liver histology still provides an important diagnostic information that cannot be 
fully replaced by noninvasive means [1, 2]. In the daily clinical routine, however, 
liver biopsy is often limited due to technical requirements (cylinder size smaller 
than 15 mm), interobserver variability and sampling errors with regard to fibrosis 
staging which can reach 30% [3–7] or mild (pain and small bleedings in 6%) or 
severe complications (fatal perforations and bleedings in 0.1% [8, 9].

Because of newly introduced elastographic techniques such as transient elastog-
raphy (TE), liver biopsy should no longer be regularly performed to quantitate fibro-
sis stage or steatosis except in complex cases or cases with more than a single 
etiology of liver disease.

One striking advantage of TE in comparison to biopsy cohorts is the fact that 
more if not all patients can be classified for fibrosis stage. Thus, an almost complete 
distribution of fibrosis stages for the whole population can be obtained as shown in 
Fig. 22.1 (ALD cohort from Heidelberg) [11]. In the biopsy-proven group (n = 102), 
ca. 54% were F3–4 while almost no one was F0 (5.2%). In patients staged by tran-
sient elastography (n = 675) 42% were classified as F0 and 30% were F3–4. These 
data indicate that biopsy-proven studies are naturally biased missing especially 
many patients with normal livers.

In this chapter, we will briefly summarize the rather limited and complex data on 
LS and histology. To facilitate the understanding, we start with original data taken 
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from the over 10 year ongoing Heidelberg cohort of heavy drinkers [10–15] since 
alcoholic liver disease (ALD) shows a diverse range of histologic features. 
These elementary histological features in ALD include steatosis, with macro- and 
micro-vesicles, hepatocellular ballooning, inflammatory infiltrates (neutrophils) 
that predominate in the lobules and variable degrees of fibrosis including pericel-
lular fibrosis and lobular distortion perhaps progressing to cirrhosis [16]. We will 
finally discuss still inconclusive data on LS and histology.

 Correlation of Histological Parameters with Liver Stiffness: 
Correlation Data from Heavy Drinkers

To date, there are not many data available that study in detail histological features 
and liver stiffness. Therefore, we first present raw original data from patients with 
ALD of the above mentioned ongoing ALD cohort from Heidelberg (see also 
Fig.  22.1). As mentioned above, ALD is especially suited for understanding the 
association of LS with histology, since it shows all features ranging from steatosis, 
steatohepatitis, and fibrosis (see Fig. 22.2). In addition, important intracellular fea-
tures can be demonstrated such as Mallory–Denk bodies, megamitochondria or 
deposits such as glycogen or iron. Despite heavy drinking (ca. 200 g alcohol per day 
over 15 years), more than 40% did not develop even early signs of fibrosis (see 
Fig. 22.1). The prevalence of the histological features is given in Table 22.1. Almost 
70% showed steatosis, 75.3% steatohepatitis, 39% lobular inflammation, and ca. 
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Fig. 22.1 Histologically characterized patient cohorts have significantly more diseased patients 
and almost no patients without fibrosis. Left panel shows the elastographically characterized 
cohort with n = 675 using TE with GOT-adapted cutoff values [10]. The right panel shows the 
n = 102 (15.1%) patients that have been scored by liver biopsy
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15% portal inflammation and ballooning. Steatosis is also an early sign in ALD and 
is most frequently seen in injured livers [17]. Nevertheless, it is still not clear 
whether simple steatosis is a benign condition, a prerequisite for further progression 
toward steatohepatitis or even a compensatory protective reaction. Alcoholic steato-
hepatitis (ASH) is characterized by steatosis in combination with hepatocyte bal-
looning, hepatocellular damage, and tissue inflammation represented by infiltrates 
of polymorphonuclear cells [18]. Among ASH, steatosis, and the extent of fibrosis, 
ASH demonstrated the highest risk for cirrhosis development in at least 40% of 
cases [19–23].

Table 22.2 shows the Spearman correlation of these histological features with 
LS. Clearly, features of fibrosis show the closest association with LS ranging from 

Table 22.1 Relative distribution of histological features in ALD patients

Kleiner score (range) considered elevated Percentage

Kleiner steatosis 0–3 >1 69.4
Lobular inflammation 0–3 >1 38.8
Portal inflammation 0–1 >0 15.3
Ballooning 0–2 >1 15.3
Megamitochondria 0–1 >0 1.6
Mallory hyaline 0–1 >0 25.9
Classification steatohepatitis 0–2 >0 75.3

Preliminary data from Salem Medical Center (n = 102)

100 µm 30 µm

a b

Fig. 22.2 Histological confounders of elevated liver stiffness. (a) Sirius red to stain collagen 
fibers. A micronodular cirrhosis is shown with small modules that are surrounded by connective 
tissue. Additional pericellular fibrosis is also visible. Fibrosis is the histological marker that cor-
relates best with LS (r typically >0.8). (b) Hematoxiline Eosine stain. Liver section of a patient 
with alcoholic steatohepatitis is shown with all three key histologic findings: steatosis (>5%), 
Inflammation, and hepatocyte injury. Macro-steatosis is obvious and two ballooned hepatocytes 
are shown containing Mallory–Denk bodies (top and bottom arrows). The arrowhead shows hepa-
tocellular inflammation. Correlation of these features with LS is more complex. While steatohepa-
titis and ballooning are positively correlated with stiffness, steatosis does not show any or 
sometimes even negative correlation
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0.7 to 0.8. These fibrosis features include width and number of septa or the known 
Kleiner fibrosis and Chevalier scores [24, 25]. Fibrosis features are followed by 
signs of ballooning which, among other features, is characterized by accumulation 
of undergraded material such as Mallory’s hyaline in the now called Mallory–Denk 
bodies that are largely stuffed with CK18 cytokeratin filaments. Since ballooned 
hepatocytes represent apoptotic, damaged but still living enlarged cells, it is con-
ceivable that the cellular volume increase contributes to elevated LS. Features of 
ballooning are followed by signs of inflammation such as infiltrates of neutrophils 
or other inflammatory cells. In the context of inflammation, it is highly plausible 
that both recruitment of more cells and more perfusion (pressure) will cause a LS 
elevation. Inflammation is followed by other histological features that are still posi-
tively and significantly associated with LS: microgranulomas, acidophil bodies, 
megamitochondria, glycogenated nuclei, and large lipogranulomas. These mostly 
intracellular histological parameters are all features of apoptotic cell damage or 
death. Notably, steatosis itself such as lipid droplets are not significantly correlated 
with LS, in some cohorts even slightly negatively. These findings are better visual-
ized in Fig. 22.2a, b and schematically shown in Fig. 22.3a, b. For more details see 
also book Part VI “Assessment of Hepatic Steatosis Using CAP.”

Table 22.2 Correlation of LS with various histological parameters from the Kleiner score [24] 
and Chevallier score [25] from a large biopsy group (n = 242)

Histological parameter (scores)

Spearman rho with liver stiffness 
(n = 242)

pr

Chevallier score 0.785 1.1E-40
Septa number 0.777 1.6E-39
Width of septa 0.727 2.4E-32
Kleiner fibrosis score 0–4 0.727 5.3E-41
Mallory–Denk body 0–1 0.392 3.5E-10
Ballooning 0–2 0.371 3.6E-09
Lobular inflammation 0–3 0.345 5.2E-08
Classification steatohepatitis 0–2 0.303 4.0E-06
NAFLD activity Score (NAS) 0.279 1.3E-05
Portal inflammation 0–1 0.252 8.6E-05
Microgranulomas 0–1 0.198 2.1E-03
Acidophil bodies 0–1 0.183 4.6E-03
Megamitochondria 0–1 0.182 4.9E-03
CLV 0.151 3.8E-02
Glycogenated nuclei 0–1 0.131 4.3E-02
Large lipogranulomas 0–1 0.127 5.0E-02
Microvesicular steatosis 0–1 0.054 4.1E-01
Kleiner steatosis score 0–3 0.020 7.5E-01
Pigmented macrophages 0–1 −0.011 8.6E-01

About 70% represent patients with ALD, the rest has other etiologies
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 Liver Stiffness and Steatosis

The presence of macro vesicular fat in hepatocytes is a very frequent finding in liver 
biopsy. Therefore, the question to what extent—if at all—liver stiffness may be 
modulated by steatosis besides fibrosis stage is clinically very relevant for noninva-
sive staging of any liver disease. As briefly discussed above, a negative association 
between LS and steatosis is seen in heavy drinkers. However, a search of the litera-
ture shows a more complex and partially controversial picture. Recently, it has been 
suggested that higher steatosis values assessed by CAP leads to overestimation of 
fibrosis staging by LS [26]. Boursier et al. used digital image analysis (morphome-
try) to assess steatosis, inflammation, and fibrosis in histological sections and inves-
tigated their impact on LS in 650 HCV patients also showing an overestimation of 
fibrosis stage due to steatosis [27]. However, another prospective study by Eddowes 
et al. with 450 NAFLD patients found no effect of steatosis on the fibrosis stage 
assessed by TE in multivariate analysis and after adjustment for histological stage 
[28]. The conflicting data may be partly explained by other coexisting confounders 
such as ballooning or inflammation [28–30]. For more details see also book Part VI 
“Assessment of Hepatic Steatosis Using CAP.”

An explanation for the controversy could be the fact that association studies are 
never causal but show a mere association not being able to clearly dissect which 
confounder is responsible for elevated LS. As mentioned above, steatosis is so com-
mon that a positive association could be simply due to coexisting inflammation. 
There are observations in individual patients with follow-up and treatment interven-
tions that clearly suggest a negative impact of steatosis on LS.

For instance, in patients without inflammation but increased steatosis on follow-
 up, a decrease of LS has been observed (see Fig. 22.3). Moreover, small unpub-
lished case observations suggest that a decrease of steatosis can lead to LS elevation. 
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Fig. 22.3 Change of LS and CAP in patients with simple steatosis (without inflammation) after 
alcohol withdrawal. First group (N = 13) showed significant decrease of LS and increase of CAP 
after alcohol withdrawal. However, the opposite happened in the second group (N = 18) where LS 
increased and CAP decreased after alcohol withdrawal. (a) shows the change in LS (kPa) in both 
groups while (b) shows the change in CAP (dB/m)
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To better understand the role of steatosis, prospective follow-up studies are needed 
with a careful characterization of steatosis, fibrosis, ballooning, and inflammation. 
Even better, the mere role of steatosis in noninflammatory liver should be studied.

 Liver Stiffness and Inflammation

As already mentioned in the introduction to book Part IV, “Important (Patho)
Physiological Confounders of LS,” inflammation either by infiltration with inflam-
matory cells or increased blood flow as well as edematous tissue reactions are asso-
ciated with increased LS. Moreover, therapeutic interventions to cure inflammation 
such as antiviral treatment, alcohol detoxification etc. cause a rapid decrease of LS 
which is related to viral load, transaminase levels, and LS at baseline before treat-
ment [31, 32].

Among fatty liver diseases, liver stiffness in NAFLD seems to be influenced by 
inflammation to a lesser degree [29, 30] as compared to ALD [12]. As in viral hepa-
titis, the use of adapted LS cutoff has also been proposed for noninvasive staging of 
patients with ALD and elevated transaminases [33]. The utility of adapted cutoffs 
for noninvasive staging in settings of inflammation should be evaluated in further 
studies.

 Role of Fibrosis Type on Liver Stiffness

In contrast to most other chronic liver diseases which are associated by dense septa 
extending from the on histology (portal-based dense fibrous septa), the fibrosis type 
in ALD as well as NAFLD is characterized by a predominantly centrilobular and 
pericellular distribution. In early stages of fatty liver disease (FLD) so-called peri-
cellular fibrosis (PCF) develops around the central veins involving single or small 
groups of hepatocytes presumably as a consequence of steatohepatitis-associated 
hepatocellular injury (i.e., ballooning) and inflammation [34, 35]. Therefore, PCF is 
a parenchymal feature and in progressive disease septal structures consisting of 
areas with PCF (“septal pericellular fibrosis”) may form and link central and/or 
portal vascular structures. Septal pericellular fibrosis is different from the dense 
fibrous septa which extend from portal areas in viral, autoimmune, and toxic hepa-
titis as well as biliary liver diseases [35, 36]. Particularly in ALD, PCF can be a very 
prominent feature and may contribute to LS to a greater degree than portal-based 
septal fibrosis [10, 37, 38]. The implications of PCF on the clinical course of FLD 
are not known. However, the impact of PCF and septal fibrosis types on survival of 
patients with ALD may differ. Recently published data indicate that patients with 
alcohol related steatohepatitis or decompensated ALD and severe PCF may enjoy 
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better outcome than patients with bridging fibrosis or cirrhosis [39, 40]. The cause 
for these observations is unknown but extensive PCF may represent an earlier stage 
in the progression to a more advanced fibrosis stage characterized by abundant 
dense fibrous septa. The relative contribution of PCF and septal fibrosis types to LS 
and their prognostic potential remains to be studied. 

 Other Morphological Factors

Other morphological factors associated with an increased tension within the Glisson 
capsule are cholestasis and congestion. Extrahepatic cholestasis may contribute to 
liver stiffness via increased hydrostatic and intracellular pressure, inflammation, 
and edema [41]. Elevated bilirubin levels are highly correlated to total serum biliru-
bin and decrease as an effect of biliary drainage [41, 42]. Congestion due to left- or 
right-sided heart failure and acute decompensated heart failure have been shown to 
contribute to elevated LS obscuring and overestimating the histological fibrosis 
stage due to increased intrahepatic pressure [43–45]. In diseases associated with 
hepatic congestion, LS values decrease with successful treatment [43]. Studies in 
patients with acute liver failure (ALF) suggest that hepatic stellate cell activation is 
correlated with LS [46] and that LS is increased as a combination of hepatocyte 
edema, bilirubin elevation, and intrahepatic collagen deposition. In these ALF 
patients, LS was significantly increased compared to healthy controls. A significant 
correlation was found after 7 days in patients with TIMP-1, MMP-2, hyaluronic 
acid, and M65. Interestingly the MMP-1 expression on admission was negatively 
correlated with LS. This could indicate an early influence of MMP-1 expression on 
recovery from fibrosis.

 Conclusions

Taken together, a mechanic explanation seems to be justified when trying to 
understand our present knowledge of LS and histology (see Fig. 22.4a, b). Volume 
expansion by inflammation and ballooning but also deposition of collagen or 
amyloid [47, 48] will all stiffen the organ. It remains unclear, however, why fat is 
not more positively associated since oil is incompressible like water. The findings 
on fat may point to a special interaction of its hydrophobic parts with water that 
may allow special viscoelastic properties and fluidity. As discussed in book Part 
II on physical aspects of stiffness, the viscoelastic properties and their effect of 
stiffness is still largely unexplored and should be targeted in future studies. It is 
also highly attractive to envision novel targeted therapies to lower stiffness in 
tissues.
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Chapter 23
Liver Stiffness Elevation in Patients 
with Heart Failure and Liver Congestion

Gunda Millonig

 Introduction

Heart failure (HF) manifests in many forms, ranging from overt left ventricular (LV) 
systolic dysfunction (low output failure) to isolated right ventricular (RV) diastolic 
dysfunction. Clinical correlation comprises a wide range of symptoms from edema 
of the lower extremities due to chronic fluid retention to acute multiorgan failure 
and death. The RV functions as low-pressure, high-volume pump compared to the 
LV which may be defined as a high-pressure, high-volume pump [1]. Its importance 
on circulation has long been overlooked because most research as well as clinical 
studies focused on LV failure. The RV was considered a dispensable chamber, rather 
a “passive partner” to the actively pumping LV, and with no relevance to the patient’s 
prognosis.

As diagnostic technologies advanced, an improved understanding developed 
regarding RV function in heart diseases. Determining RV systolic and diastolic 
function is important in the management of many cardiac conditions, including 
acute decompensated heart failure, chronic heart failure especially in the setting of 
ventricular dys-synchrony, pulmonary hypertension, heart transplantation, and con-
genital heart disease [2].

 Function of the RV and Ventricular Interdependence

While the anatomy of the RV is different from that of the LV, they act as mechani-
cally interdependent units [1]. The shape of the RV is of a more complex geometry 
being best described as crescent-shaped while the LV may be described concentric. 
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During intrauterine development, the RV acts as the systemic ventricle. At birth 
with the transition from fetal to postnatal circulation, the RV adapts to a low resis-
tance circulation becoming a thin-walled ventricle that is able to perform the same 
cardiac output as the LV at 20% of energy expenditure [3]. The entire heart is 
wrapped into the pericardium, a capsule of little elasticity, increasing the inextrica-
bly intertwined action of the two ventricles to a closed functional unit. Therefore, in 
this relatively “closed” system, acute cardiac alterations in volume or pressure in 
either ventricle can affect the other ventricle. It was proven in animal experiments 
early on that hypertrophy or dilatation of the LV leads to compression of the RV and 
thus to a secondary RV dysfunction [4, 5]. The most striking examples of acute 
ventricular interaction occur in the setting of acute pulmonary embolus, implanta-
tion of an LVAD (left ventricular assist device), acute RV failure after cardiac trans-
plantation, or RV myocardial infarction. In each case, the cause of low cardiac 
output is RV distension in the stiff pericardium, resulting in decreased LV pre-
load [1].

 RV Function and Prognosis

Numerous studies have underlined the importance of RV function. It has been 
shown that RV dysfunction is an important predictor of overall survival and morbid-
ity in various clinical settings [2, 6, 7]. Despite low clinical consideration, the inci-
dence of RV failure is similar to LV failure [8–10]. A reduced RV ejection fraction 
can predict prognosis: In patients with advanced systolic heart failure, a right ven-
tricular ejection fraction (RVEF) less than 20% independently of LVEF predicts an 
increased risk of hospitalization and death [11]. Perioperative mortality is higher in 
RV failure than in left ventricular failure [8–10]. RV failure is an underdiagnosed 
entity in the noncardiac surgery perioperative setting [8–10] due to the lack of 
awareness and the difficulties in diagnosis.

 Diagnostic Approaches to RV Function

Echocardiography is the diagnostic approach of choice in patients with suspected 
HF since it is readily available, relatively cheap, noninvasive, and works with no 
radiation. The recognition of the importance of the RV on prognosis of patients with 
HF has increased the need of specialized RV evaluation regarding size and function. 
Two-dimensional echocardiography was the first step toward improved RV imaging 
and allowed standardized follow-up of RV size and function over time [12].

Standardized RV parameters in routine echocardiography focus on RV size and 
wall thickness as static parameters. RV function is represented by the TAPSE, mea-
suring the distance of tricuspid annular movement between end-diastole to end- 
systole. In addition, the velocity of this movement can be measured with tissue 
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Doppler imaging resulting in the S′-value. While RVEF in 2D-echocardiography is 
unreliable, measurements in 3D-echocardiography are more reliable but not readily 
available in routine echocardiography. Detailed RV measurements and its pros and 
cons are given in Table 23.1. Echocardiographic evaluation of the RV has several 
impediments: the retrosternal position of the RV preventing good accessibility in 
some patients, the complex shape of the RV that cannot be fitted into a mathematical 
model to calculate RV volume and function and the strong trabecularization that 
makes it difficult to trace the endocardial border [15].

Other imaging approaches comprise the radionuclide ventriculography using 
99m-Tc with calculation of the RVEF. While CT scans play an important role in 
diagnostic of pulmonary embolism, evaluation of the RV function is limited because 
of the high amount of radiocontrast agent and radiation dose. Cardiac magnetic 
imaging (MRI) is an important tool in RV evaluation and currently considered the 
gold standard in RV assessment since it can assess RV function as well as changes 
in the wall e.g., fatty deposits, myocarditis, or fibrosis [16]. Its drawbacks are the 
relatively high costs, reduced availability, and the fact that patients with medical 
devices (e.g., cardiac pacemaker) are unable to undergo MRI.

Cardiac catheterization is the invasive test of choice. Besides evaluation of RV 
function, it also allows to determine hemodynamic parameters or to perform pulmo-
nary angiography at the same time and, thus, is considered the gold standard. Given 
the availability of other imaging techniques and the risk of an invasive procedure 
with significant iodinated contrast load, RV angiography is rarely used in routine 
evaluation of the RV size and function.

Early diagnosis of RV failure is paramount in improving patient outcomes. 
However, most imaging findings of RV failure, particularly those associated with 
poor outcomes, identify only end-stage disease. For example, in patients with pul-
monary hypertension, the echocardiographic finding of TAPSE of <1.8 cm predicts 

Table 23.1 Echocardiography parameters in RV evaluation (adapted from Rudski [13] and 
Pleister [14])

Method of RV function Abnormal Limitations

RVEF on 2D <44% Unreliable
Fractional area change 
(FAC)

<35% Endocardial border needs to be accurately traced

TAPSE <1.6 cm Load and angle dependent
RIMP Pulsed 

>0.40
Tissue 
>0.55

Not reliable in elevated right atrium pressures of 
irregular heart rates (atrial fibrillation)

Isovolumetric 
Acceleration (IVA)

Not defined Load and angle dependent, varies with age and heart 
rate

S′ (pulsed) <10 cm/s Angle dependent, limited data in elderly
RVEF on 3D <44% Not readily available

RFEF RV ejection fraction, TAPSE tricuspid annular plane systolic excursion, RIMP right ven-
tricular index of myocardial performance, S′ myocardial systolic velocity
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a 1-year survival of just 60% [17]. Similarly, RV end-diastolic volume index 
≥84 mL/m2 on MRI predicts a 3-year survival of approximately 60% in patients 
with pulmonary arterial hypertension [18].

 Pathophysiology of the Liver Lobule During Congestion 
and Liver Enzyme Patterns

The liver lobule is the physiological liver unit. It consists of a central vein and the 
portal tracts containing the liver triad (portal vein, bile canaliculus, and hepatic 
artery) (Fig. 23.1a). The functional unit of the liver is the liver acinus which is sub-
divided into three zones depending on their distance from the portal triad and thus 
differing in oxygen supply. Zone 3 is the furthest zone located around the central 
vein with the lowest oxygen supply and thus the most sensitive to hypoxia [19]. 
Increased pressure in the RV translates to increased pressure in the hepatic veins and 
the central veins leading to dilatation of the sinusoids in zone 3 and compression of 
the hepatocytes in combination with hypoxia. This mechanism is responsible for 
liver swelling followed by atrophy, centrilobular necrosis in case of acute HF and 
fibrotic changes in case of chronic HF [20].

Functional changes in the local circulation are present in acute decompensated 
or advanced HF.  Hepatic microvasculature contains adrenergic receptors: 
Sympathetic activation causes portal vasoconstriction, splanchnic congestion, and 

Chronic Heart
Failure

Chronic Passive
Congestion

Cholestatic
Enzyme Pattern

Acute
Event

Hypoxic
Hepatitis

3 2 1 1 
2  3

Hepatic triad 
Central vein 
Zone 1,2,3

a b

Fig. 23.1 (a) Schematic representation of the liver lobule with the central vein surrounded by the 
portal triads. Functionally, the lobule can be divided into three zones, based upon oxygen supply. 
Zone 1 encircles the portal tracts where the oxygenated blood from hepatic arteries enters. Zone 3 
is located around central veins, where oxygenation is poor. Zone 2 is located in between. Zone 3 is 
the zone at risk for damage in congestive heart disease. (b) Chronic passive congestions leads to 
elevation of the cholestatic liver enzymes (GGT, AP, and bilirubin). Hypoxic hepatitis is precipi-
tated by acute forward failure with low cardiac output and hypoperfusion
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further deteriorating liver ischemia leading finally to centrilobular necrosis, the 
pathological correlate of liver disease in acute HF.  If HF worsens, the necrosis 
spreads further into zone 2.

Chronic severe hepatic congestion leads to bridging fibrosis called cardiac cir-
rhosis. The gross pathological appearance of a chronically congested liver reminds 
of a grated nutmeg thus called “nutmeg liver.” The elevated systemic pressures are 
transmitted directly to the hepatic veins and venules and proportionally backward to 
the portal vein, resulting in normal hepatic venous pressure gradient (HVPG) [21]. 
This implies that in contrast to primary liver diseases (e.g., chronic hepatitis or alco-
holic liver damage), there is no portal hypertension (splenomegaly, oesophageal 
varices) until the very final stage of congestive liver disease with irreversible cardiac 
cirrhosis [22].

Interestingly enough, chronic congestion with a change in microcirculation of 
the liver sinusoids has also been suggested in several patho-mechanisms character-
istic for advanced HF e.g., a decreased clearance of endotoxin thus tipping the bal-
ance to a more proinflammatory change but also a change in e.g., in iron metabolism 
leading to HF-associated anemia and cardiac cachexia [23].

Liver damage in HF has been described in the 1930s for the first time. Jolliffe 
reported that 80% of patients with congestive HF had elevated levels of bilirubin, 
and more than 90% had an impaired hepatic function [20]. Recent publications 
with a modern diagnostic approach to HF show that among patients with chronic 
HF, bilirubin was increased in 13% and transaminases were increased in 3.1% of 
the patients. Hypoalbuminemia was detected in 18.3% of the patients [24]. Other 
authors published similar results showing that a cholestatic profile (i.e., at least 
two cholestatic enzymes elevated) was found in 19.2% of patients whereas trans-
aminases were elevated in 8.3%. A mixed profile of elevated liver enzyme counts 
was observed in 3.5% of patients [25]. In contrast to the typical mild cholestatic 
pattern in congestive liver disease, additional acute forward failure with low car-
diac output leading to hypoperfusion leads to hypoxic hepatitis with a predomi-
nant transaminase elevation in the magnitude of 1000–5000 IU/mL (Fig. 23.1b, 
Table 23.2).

Table 23.2 Changes in blood tests depending on type of heart failure

Laboratory parameter Congestion (increased CVP) Hypoperfusion (low cardiac output)

AST 0/↑ ↑↑↑
ALT 0/↑ ↑↑
Total bilirubin ↑ ↑/↑↑
Direct bilirubin ↑/↑↑ ↑
GGT ↑↑ 0/↑
AP ↑/↑↑ 0/↑
LDH ↑ ↑↑

23 Liver Stiffness Elevation in Patients with Heart Failure and Liver Congestion



248

 Liver Stiffness in Patients with Liver Congestion and Cardiac 
Recompensation

When transient elastography (TE) was introduced in hepatological diagnostics it 
was first noted by Lebray and colleagues that LS was not a reliable parameter for 
fibrosis quantification in patients with congestive heart disease [26]. Since then, LS 
developed from being a confounder in fibrosis assessment to being used as addi-
tional parameter in patients with congestive HF.

The first study to systematically address interaction of LS and HF was our own 
where we showed in animal data that there is an almost linear correlation between 
central venous pressure (CVP) in the inferior caval vein and LS (Fig. 23.2a) [27]. 
LS elevation was drastic reaching the detection limit of the Fibroscan device of 
75 kPa at a central venous pressure of 36 cm water column. In addition, LS eleva-
tion was reversible and rapidly normalized within 30 min (Fig. 23.2b).

The study by Deorsola et al. in patients undergoing Fontan surgery is a recapitu-
lation of the animal data. Fontan surgery is performed in children with univentricu-
lar hearts. Surgical palliation comprises a diversion of arriving blood from the 
inferior caval vein directly to the pulmonary arteries without passing through a right 
atrium and ventricle. The single ventricle is saved for systemic circulation doing the 
pumping work for both ventricles. It is known that after live saving surgery these 
children develop liver congestion and finally cardiac cirrhosis at an early age. 
Before Fontan procedure mean LS was 6.2 kPa in these patients. Already at 4 month 
post- surgery, LS was increased to a mean value of 11.2 kPa [28]. The authors attrib-
uted that increase to a change in pressure only since a slow process such as 
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Fig. 23.2 (a) Liver stiffness almost linearly increases with increased central venous pressure in 
pig liver. The liver was isolated in situ by clamping inferior caval vein, portal vein, and hepatic 
artery and the pressure increased stepwise by infusing isotonic saline. (b) Acute liver congestion 
leads to a significant increase in liver stiffness that is reversible. Hepatic congestion was mimicked 
in narcotized pigs by clamping the inferior caval vein and reopening the drainage to the right 
atrium after 5 min
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noninflammation- driven fibrogenesis is unlikely to take place within 4 months 
(especially since transaminase were slightly but not dramatically altered after the 
procedure).

Patients with acute HF have significantly elevated LS values at the time of 
decompensation [27]. Following up these patients when recompensated with weight 
loss and disappearance of edema showed a decreased LS in all patients. This showed 
the effect of cardiac recompensation on liver congestion. However, in our study all 
patients but one still had significantly elevated LS values at the time of recompensa-
tion, leaving the question unanswered whether this was due to persisting elevated 
RV filling pressure or already established cardiac cirrhosis [27]. These data were 
independently reproduced by other groups and independent elastography tech-
niques (vibration controlled elastography, shear wave elastography) [29, 30].

 Correlation of LS with Parameters of RV Function

A thorough cardiological approach to LS measurements and its correlation to echo-
cardiographic parameters was presented by Saito and colleagues [31]. They showed 
in their study with 105 patients that as expected high LS values correlated signifi-
cantly with several RV function parameters, among them low level of TAPSE, 
increased caval vein diameter, larger RV diastolic diameter, and higher estimated 
right atrial pressure as well as higher prevalence of tricuspid regurgitation [31, 32]. 
The same results were shown by Hopper et al. who showed that stable LV failure 
has a much lower impact on LS compared to stable RV failure [32].

Taniguchi et al. have been able to correlate LS with estimated RV filling pressure 
and showed that a LS of 5.6 kPa was equivalent to an estimated RV filling pressure 
of 5.7 mmHg [33]. These numbers fit nicely to the previously published numbers of 
change in LS depending on central venous pressure in porcine livers [27]. These 
data were corroborated by simultaneous determination of invasive CVP- 
measurements by right heart catheterization and shear wave elastography in chil-
dren with congenital heart diseases [34, 35]. In one of the two studies, pre- and 
post-volume-loading during catheterization was additionally performed. The results 
showed identical slopes to studies with animal data and those with echocardio-
graphically estimated pressures stating that the optimal cutoff to detect 
CVP > 10 mmHg was an LS of 10.8 kPa [34]. Inferior vena cava diameter, pulsed- 
Doppler profile of hepatic veins, and N-terminal pro-B-type natriuretic peptide 
were less robust than LS to estimate CVP [34]. Taniguchi et al. found to the identi-
cal cutoff value for RAP (right atrial pressure) (10.6 kPa for CVP > 10mmHg) [36], 
emphasizing the reproducibility of these results. They showed in addition that LS 
correlates even stronger with RAP than echocardiography [36], pointing out the fact 
that although echocardiography is the technique of choice to assess RV due to avail-
ability, it is not the gold standard for the determination of RV function and is associ-
ated with inaccuracies is to be kept in mind (Table 23.3).
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 Liver Stiffness and Outcome

Since it has been recognized that RV failure has a relevant impact on clinical out-
come, the question was if LS could predict prognosis in RV failure. Saito showed 
that in two cohorts of HF patients LS values at the time of admission had a prognos-
tic relevance in regard to cardiac death (24% in the high LS-group versus 11% in the 
low LS-group) as well as in regard to readmission rates for HF (37% in the high 
LS-group versus 21% in the low LS-group). The significant association of high 
LS ≥ 8.8 kPa with the incidence of death from cardiovascular disease and readmis-
sion for HF persisted in models adjusted for age, sex, and indices related to organ 
congestion (NT-proBNP, urea, glomerular filtration rate, total bilirubin, GGT, and 
estimated right atrial pressure) [31].

Another publication by Omote and colleagues showed the same results: During 
a median follow-up period of 272 days, adverse events (death or worsening of 
HF) occurred in 37% of patients. Based on ROC analysis, the optimal cutoff 
value of LS for the development of adverse events was 1.50 m/s (equivalent to 
7.1 kPa). At this cutoff value, the sensitivity and specificity for predicting cardiac 
events were 81% and 70%, respectively. Kaplan–Meier analysis revealed that 
composite adverse occurred events more frequently in patients with high LS 
(≥1.50 m/s, i.e., 7.1 kPa) compared to those with low LS (<1.50 m/s i.e., 7.1 kPa). 
Multivariable Cox regression analyses showed that higher LS was associated 
independently of all other parameters with increased subsequent risk of adverse 
events [37].

A significant correlation between LS and overall mortality has not only been 
described in critically ill patients with HF but also in unselected patients in the ICU 
(intensive care unit) with various conditions [38]. In their study, Koch and col-
leagues showed that LS at the time of admission predicted mortality. In contrast to 
the selected HF patient cohorts, the cutoff value to discriminate survivors from non- 
survivors in the ICU study was much higher (18 kPa compared to around 7 kPa in 
the studies with only HF patients). This remained valid even after exclusion of cir-
rhotic patients. Neither subsequent LS measurements at days 3 and 7 during ICU 

Table 23.3 Overview of cardiac parameters correlating with LS

Parameters correlated with LS Parameters didn’t correlate with LS

Central venous pressure (CVP) LVEF
Caval vein diameter NT-proBNP
RV diastolic diameter
Right atrial pressure
RV filling pressure (estimated)
Tricuspid regurgitation
TAPSE (negative correlation)
Mortality (cardiac events, all-cause 
mortality)
Readmission for HF-worsening
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treatment nor individual changes of LS within the first week of ICU treatment were 
indicative of prognosis. The reason for the discrepancy of the cutoff values in this 
study remains unanswered, but most likely attributable to a mix of volume overload 
and positive-pressure ventilation leading to an increased CVP [38].

A Danish study performed in the emergency room also showed a prognostic 
value of LS.  Among 212 patients admitted to the hospital the authors found an 
increased LS value (>8 kPa) in 22.6%. The 30-day mortality among patients with 
LS values >8 kPa was 20.8% compared to patients with LS values <8 kPa 3.7%, and 
LS values >8 kPa were an independent predictor of death [39].

 Liver Stiffness and Cardiac Surgery

An interesting study of Chon and colleagues demonstrated that patients undergoing 
successful valvular repair surgery had a decrease in LS in the long-term follow-up 
examination postoperatively (8.4 kPa shortly after surgery to 6.0 kPa 3 month later) 
while two patients that died despite heart transplantation remained at elevated lev-
els [40].

Another cardiosurgical pilot study explored the usefulness of LS in the periop-
erative assessment during VAD implantation (ventricular assist device). Nishi et al. 
have studied LS in HF patients and concluded that no patient with LS <7 kPa needed 
a RVAD, thus demonstrating that a LS <7 kPa precludes RV failure. In contrast, 
those patients with high LS (around 35 kPa) required a biventricular VAD due to 
concurrent RV failure. Perioperative morbidity and mortality was also closely 
related to an increased LS > 12.5 kPa [41].

Kashiyama and colleagues have also studied LS after implantation of LVAD. In 
this procedure one of the dreaded complications is secondary RV failure which 
occurs in 5–44% of patients [42]. Predicting RV failure is difficult before and after 
LVAD implantation, but right-sided filling pressure measurements such as the CVP/
pulmonary capillary wedge pressure ratio are important predictive factors of RVF 
after LVAD implantation [43]. In their pilot study the authors showed that LS was 
significantly elevated in patients with RV failure after LVAD compared to those 
without RV failure [44]. In this cohort, patients who had RV failure or needed RVAD 
support following LVAD implantation were characterized by significantly higher 
LS. Because LS is immediately influenced by changes in CVP, serial assessments of 
LS would contribute to perioperative optimization of right-sided filling pressure 
without a pulmonary catheter study. Interestingly, the cases with higher LS than 
expected from preoperative CVP tended to undergo RVF or RVAD implantation 
after LVAD implantation, which implies that LS may indicate not only CVP but also 
other factors such as chronicity of RV failure or RV compliance. In patients with 
greater LS, there may be a more negative effect by an increase in preload rather than 
a positive effect by a decrease in afterload on the RV by LVAD support, suggesting 
that RV with impaired compliance may increase RV filling pressure easily by ele-
vating preload by LVAD flow [44].
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 Conclusion

Liver stiffness has made an evolution from being identified as an annoying interfer-
ence in liver fibrosis assessment to a recognized parameter in evaluating RV func-
tion. LS elevation is of course nonspecific and other confounders such as primary 
liver diseases [45], cholestasis [46], and acute hepatitis [47]) have to be excluded 
before attributing LS to liver congestion. Once this is done, however, LS assessment 
opens a new window to functional assessment of the RV function without the need 
for invasive hemodynamic monitoring. This in turn might allow a close follow-up in 
RV hemodynamics during pharmacological intervention as well as surgical inter-
ventions but also a risk assessment in patients prior to cardio-surgery. It is interest-
ing to note that the cutoff values in HF resemble very much those in liver fibrosis 
assessment:

• LS < 7 kPa: normal RV filling pressure and exclusion of RV failure
• LS 7–8 kPa: “grey zone”
• LS 8–12.5 kPa: increased risk for morbidity and mortality due to HF or cardiac 

death; in case of LVAD-implantation increased risk for RV failure
• LS > 35 kPa: BiVAD needed due to RV failure

So far, all published studies were pilot studies with only a small number of 
patients included. Close collaboration between hepatologists, cardiologists, and 
cardio-surgeons as well as larger numbers of patients and prospective study designs 
are needed to proceed from appreciating LS as a relevant parameter in RV investiga-
tion in a close circle of elastography adepts to LS as an integral part of RV evaluation.
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Chapter 24
Modulation of Liver Stiffness by Arterial 
and Portal Pressure

Felix Piecha and Sebastian Mueller

 Introduction

The liver is—apart from the hypophysis—the only organ with both an arterial and a 
venous blood supply. Under physiological conditions, about 80% of the hepatic 
blood flow is transported to the liver via the portal vein, whereas the arterial perfu-
sion contributes about 20% [1]. Both perfusion systems merge within the hepatic 
sinusoids and the blood then flows toward the central vein and further on to the 
heart. Additionally, the dual hepatic perfusion is physiologically maintained at a 
constant level by an autoregulatory mechanism called the hepatic arterial buffer 
response (HABR) [2]. This means that changes in the portal venous perfusion are 
buffered by counterwise changes of the hepatic arterial perfusion [3, 4]. However, 
HABR functions in a unidirectional way so that changes in the arterial perfusion do 
not provoke changes in the portal venous blood flow [5].

Liver cirrhosis is characterized by structural changes of the liver architecture. 
During fibrosis progression, extracellular matrix is deposited by predominantly 
hepatic stellate cells (HSCs), and liver sinus endothelial cells (LSECs) lose their 
fenestration, thus undergoing a process called capillarization [6, 7]. As a conse-
quence, the liver becomes stiffer which in turn affects the hepatic and ultimately the 
systemic blood circulation [8, 9]. At this stage, complications of portal hypertension 
may become apparent such as ascites and formation of collaterals like esophageal 
varices [10]. During fibrosis progression, due to stiffening and elevated vascular 

F. Piecha (*) 
I. Department of Medicine, University Medical Center Hamburg-Eppendorf,  
Hamburg, Germany
e-mail: f.piecha@uke.de 

S. Mueller 
Department of Medicine and Center for Alcohol Research and Liver Diseases, Salem Medical 
Center, University of Heidelberg, Heidelberg, Germany
e-mail: sebastian.mueller@urz.uni-heidelberg.de

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-40542-7_24&domain=pdf
mailto:f.piecha@uke.de
mailto:sebastian.mueller@urz.uni-heidelberg.de


258

resistance, hepatic blood supply is increasingly taken over by the hepatic artery, a 
process called arterialization [1] leading ultimately to a predominant arterially per-
fused liver. In some cases, a so-called hepatofugal portal blood flow may even be 
observed where the hepatic artery accounts for the total hepatic blood supply while 
blood leaves the liver through both hepatic veins and the portal vein [11]. However, 
even in patients with end-stage liver disease, the autoregulatory mechanisms of 
hepatic perfusion remain intact [12]. Arterialization eventually exposes the liver to 
high pressure values, which seems to be a key factor for the self-perpetuation of 
cirrhosis. For more details see also book Part VIII “Molecular Basis of Liver 
Stiffness and Cell Biology.”

Due to the tight pathophysiological relationship between fibrosis development 
and hepatic perfusion, liver stiffness (LS) has early been evaluated as a non-invasive 
screening tool for the presence of esophageal varices [13] and portal hypertension 
[14]. These studies found a positive correlation between LS values and portal hyper-
tension as measured by the hepatic venous pressure gradient (HVPG), but the 
impact of changes in the arterial and portal perfusion pressures on LS remained 
uncertain. In addition, several studies reporting an LS elevation after a meal intake 
hypothesized an influence of changes in the hepatic arterial blood flow [15]. 
Table 24.1 provides an overview of the present data on portal and arterial pressure 
modulation and the response to LS.

Table 24.1 LS changes in response to pressure modulation

Intervention
LS 
change Species Explanations References

Epinephrine ↑ Rat Elevated arterial pressure [16]
Variceal ligation ↑ Human Increased portal pressure [17]
TIPS insertion ↓ Human Decreased portal pressure, which is not 

completely compensated by HABR
[17, 18]

Norepinephrine ↑ Rat Elevated arterial pressure [16]
Losartan ↓/↓↓ Rat Decrease in both arterial and portal 

pressure
[16]

Gylceroltrinitrate 
(NO)

↓ Rat

Propranolol → Rat Decrease in heart rate, whereas arterial 
and portal pressure as well as LS remain 
stable

[16]

Propranolol ↓ Human Decrease in arterial pressure and heart 
rate, followed by a decrease in portal 
pressure

[19, 20]
Carvedilol ↓↓ Rat [21]
Metoprolol ↓ Rat [21]
Enalapril ↓↓ Rat [21]
Udenafil ↓ Rat Decrease in both arterial and portal 

pressure
[21]

Terlipressin → Rat Decrease in portal pressure, but most 
likely compensated by the HABR

[21]
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 Arterial Pressure and LS

As perfusion changes and invasive pressure measurements in the liver-relevant 
compartments cannot be monitored in humans, we recently performed a set of 
experiments in rats to further clarify the role of arterial and portal pressure on LS 
[16, 17, 19]. First, we administered the adrenergic agents epinephrine, norepineph-
rine, and dobutamine as well as 1 mL saline solution as a control in healthy Wistar 
rats under continuous monitoring of the central venous, portal, and systemic arterial 
pressure as well as LS [16]. Figure 24.1 shows a representative real-time experiment 
of LS and other parameters in response to administration of epinephrine. While 
volume did not change the assessed parameters to a statistically significant extent, 
epinephrine injection immediately and drastically increased arterial pressure and 
LS.  Importantly, both central venous and portal pressure remained unchanged, 
pointing to solely arterial pressure as the reason for the LS increase. This finding 
was further confirmed by the administration of norepinephrine, as LS and arterial 
pressure concomitantly increased, while portal pressure increased with a relevant 
delay of several seconds. Dobutamine, on the other hand, had the strongest effect on 
heart rate, but neither the arterial pressure nor LS changed to a statistically signifi-
cant extent. This important finding showed that, first, an increase in heart rate alone 
does not seem to suffice to increase LS and that, second, direct hepatocellular mech-
anisms of the administered adrenergic agents [22] are unlikely to explain the 
observed changes in LS.
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Fig. 24.1 Real-time measurements of LS and pressures for epinephrine (modified from [16]). 
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portal pressure follows with a delay of several seconds. Vertical lines assist to better see the delay 
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In a second step, epinephrine was also administered in rats that had previously 
undergone fibrosis induction via thioacetamide (TAA). Under these circumstances, 
epinephrine evoked a comparable increase in systemic arterial pressure while portal 
pressure again remained stable. However, the increase in LS observed in the dis-
eased organ was more prominent as compared to healthy livers (169% vs. 100%). 
This more pronounced increase in LS can be explained by the overall higher grade 
of arterialization in the diseased liver and is in line with reports on a stronger 
response of LS to food intake [23] or inflammation [24] in patients with advanced 
liver disease.

Importantly, these results of an LS increase due to an increase in arterial pressure 
were confirmed in a translational way [16]. In healthy male volunteers with normal 
baseline LS values, LS increased in a stepwise fashion while undergoing continuous 
exercise at 100 and 200 W on an ergometer, also returning to baseline values after a 
recovery phase of 10 min (see Fig. 24.2). Under these circumstances, LS correlated 
best with the systolic blood pressure (r = 0.527, p-value < 0.01), and 4/11 (36%) of 
the volunteers even surpassed 7.5 kPa and therefore the cut-off value for F2 fibrosis. 
Importantly, these results have been reproduced by a second work group using a 
different elastography technique [25]. Additionally, the systolic blood pressure at 
examination time was confirmed as an important confounder of LS values in appar-
ently healthy individuals in a recent large meta-analysis comprising over 16,000 
individuals [26]. Therefore, the systolic blood pressure should be taken into consid-
eration when interpreting LS results and patients should undergo LS measurement 
after an adequate resting phase. Notably, this association of LS with arterial pres-
sure cannot be observed in patients with arterial hypertension {Mueller, 2019 
#26852, unpublished observation}.
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 Portal Pressure and LS

Due to the dual perfusion system of the liver, it is difficult to assess the sole impact 
of changes in portal pressure on LS.  However, a multimodal approach both in 
humans and in animals helped to clarify the role of portal pressure changes on LS 
[17]. A transjugular intrahepatic portosystemic shunt (TIPS) is an elegant treatment 
option in patients with end-stage liver disease suffering from complications of por-
tal hypertension and it is used to treat patients with bleeding from esophageal vari-
ces, refractory ascites or hepato-renal syndrome. By creating a shunt between the 
portal and the hepatic vein, a TIPS diverts blood flow to bypass the liver, resulting 
in an immediate and sustained decrease of portal pressure. Endoscopic band ligation 
of esophageal varices, on the other hand, diverts collateral blood flow back to the 
portal venous system with a consecutive increase in portal pressure [27]. Therefore, 
these interventions seemed feasible options for the assessment of the impact of por-
tal pressure changes on LS.

Consequently, as shown in Fig. 24.3, LS was measured in patients undergoing 
variceal endoscopic band ligation (Fig. 24.3a) or TIPS implantation (Fig. 24.3b) 
directly before and 5 min after the procedure under otherwise stable hemodynamic 
conditions [17]. In this set-up, most patients (12/14, 85%) receiving a TIPS showed 
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Fig. 24.3 Change of LS in response to portal pressure modulation. (a) Immediate increase of LS after 
variceal ligation. Mean values of all patients receiving variceal ligation with the corresponding stan-
dard deviation. ∗∗p-value < 0.01 (Student’s T-Test). (b) LS significantly and immediately decreases 
after TIPS placement. Mean values with the corresponding standard deviation. ∗p-value  <  0.05 
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an immediate LS decrease, whereas all 11 patients undergoing variceal band liga-
tion showed an increase in LS values. Importantly, LS and portal pressure were 
positively correlated (r = 0.558) in patients receiving a TIPS, thus underlining the 
association between both parameters. The reason why LS increased in 2/14 (15%) 
of patients after TIPS-placement remains unclear, but both a higher grade of hepatic 
congestion [28] due to an increase in right atrial pressure as well as an increase in 
the hepatic arterial perfusion due to the HABR [12] are possible explanations.

The effect of portal pressure changes on LS was further confirmed in a set of 
experiments in non-cirrhotic rats undergoing single liver lobe ligation. This experi-
mental procedure provokes similar hemodynamic changes as a variceal band liga-
tion, as portal venous blood flow is diverted to the remaining perfused liver lobes. 
Under these conditions, both portal pressure as well as LS significantly increased in 
the remaining perfused lobes [17], and these data also parallel a recent report of an 
LS increase after a partial hepatectomy in humans [29]. Importantly, the direct 
impact of portal pressure changes on LS in patients receiving a TIPS have been 
reproduced by other authors [18, 30] and also in a different animal model [31].

 LS Changes in Response to Portal-Pressure Lowering Drugs

Both changes in solely arterial and portal pressure have a direct impact on 
LS. Consequently, conditions provoking a change both in arterial and portal pres-
sure also directly influence LS, as demonstrated in TAA treated rats with advanced 
liver fibrosis undergoing a pharmacological pressure modulation [19]: In a set of 
experiments of acute injection of the vasodilating drugs gylceroltrinitrate (NO) or 
losartan, both arterial and portal pressure decreased with a concomitant decrease in 
LS. Controversially, an acute administration or propranolol only decreased heart 
rate, whereas arterial and portal pressure as well as LS remained stable. However, 
this observation is analogous to the above-mentioned dobutamine experiments, in 
which an increase in heart rate alone was not able to increase LS. Lately, these data 
have been confirmed in humans undergoing serial LS measurements after the initia-
tion on a non-selective betablocker (NSBB) treatment [19, 20], and a decrease in LS 
upon pressure-lowering interventions may even be prognostically relevant for 
patients [18, 19].

 Conclusion

LS is strongly modulated by both arterial and portal pressure. Therefore, the sys-
temic arterial pressure at the time of LS assessment as well as interventions like 
variceal ligation, TIPS-placement, or the beginning of an NSBB treatment need to 
be considered for the correct interpretation of LS values.
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Chapter 25
Liver Stiffness and Cholestasis

Sebastian Mueller

 Influence of Cholestasis on Liver Stiffness

Cholestasis is defined as a defect in bile secretion. First, it can result from various 
mechanisms that include the mechanic obstruction of the common bile duct by gall-
stones, tumors, or strictures (extrahepatic or mechanic cholestasis). Second, hepato-
cellular and/or small bile duct injuries within the liver can result in cholestasis 
(intrahepatic cholestasis). Both mechanisms cause accumulation of toxic bile acids 
and other compounds in the liver eventually leading to cell apoptosis, necro- 
inflammatory reactions, and ductular proliferation. These events will ultimately 
promote fibrosis development or cancer if cholestasis is not cured. PBC is typically 
associated with intrahepatic cholestasis while PSC can be associated with intra- or 
extrahepatic cholestasis. For more details on PBC/PSC sees also the respective 
Chap. 18 in book Part III “Liver Stiffness and Various Etiologies of Liver Diseases.”

It was first noted in 2008 that cholestasis could elevate liver stiffness independent 
of fibrosis [1]. In this study, 15 patients with extrahepatic cholestasis mostly due to 
neoplastic invasion of the biliary tree (pancreas carcinoma, Klatskin tumor, liver 
metastases, and GIST) were analyzed. All patients underwent LSM by TE prior to 
and after successful biliary drainage by ERCP. Initial LS values above 12.5 kPa, 
which are otherwise suggestive of liver cirrhosis, were measured in four patients 
(26.6%) although none of these patients showed any signs of liver cirrhosis (clinical 
setting, liver imaging). With two exceptions, LS decreased in all patients after suc-
cessful biliary drainage or stone extraction. As shown in Table 25.1, LS correlated 
significantly with a decrease in bilirubin but not with GGT, AP, AST, or ALT. The 
two patients in whom liver stiffness did not fall despite successful biliary drainage 
had both other causes that explained the persistently increased LS. One patient had 
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Table 25.1 Spearman rho correlation of liver stiffness and routine laboratory parameters in 
patients with mechanic, extrahepatic choletasis

Spearman’s rho
Fibroscan Bilirubin GOT GPT GGT AP

Fibroscan 1.00 0.67 −0.02 −0.13 0.57 0.35
bilirubin 0.67 1.00 0.07 0.13 0.22 −0.03
GOT −0.02 0.07 1.00 0.38 0.23 0.40
GPT −0.13 0.13 0.38 1.00 −0.08 0.22
GGT 0.57 0.22 0.23 −0.08 1.00 0.30
AP 0.35 −0.03 0.40 0.22 0.30 1.00

LS only and highly correlates with direct bilirubin
bold = correlation is significant at the 0.05 level (2-tailed)
n = 10
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Fig. 25.1 Liver stiffness in 
response to bile duct 
ligation in German 
landrace pigs. (Modified 
from [1])

progressed alcoholic liver cirrhosis and the other had multiple liver metastasis due 
to colon carcinoma.

The effect of extrahepatic cholestasis on LS was proven by clamping experi-
ments of the common bile duct in animal studies [1]. Bile duct ligation for 120 min 
was performed on pigs and compared the change in LS with sham operated animals. 
The ligation period of 120 min led to a significant swelling of the liver and a tightly 
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palpable gall bladder as compared to humans. LS values doubled during bile duct 
ligation and reached values suggesting F3 fibrosis (see Fig. 25.1). After removal of 
the bile duct ligation and a recovery period of 30 min, LS returned to almost normal 
values around 6.1 kPa.

This study confirmed that bile duct obstruction interferes with the determination 
of liver fibrosis by LSM in patients with extrahepatic cholestasis and may errone-
ously suggest the presence of liver cirrhosis. Meanwhile, it has been confirmed by 
other studies regardless of the assessment method used [2–5]. This effect, which is 
strongly correlated with serum levels of total bilirubin, likely results from the 
increased hydrostatic pressure into the liver since the increase in LS is quickly and 
fully reversible after biliary drainage.

 Cholestasis-Mediated Elevation of Liver Stiffness in Other 
Liver Diseases

There are also strong indications that cholestasis contributes at least in part to LS 
elevation in other liver diseases. Particularly in patients with PSC and elevated total 
bilirubin level, liver imaging must absolutely be performed prior to assessing LS to 
exclude a dominant stricture of the common bile duct [6]. Interestingly, liver stiff-
ness has recently been shown to be increased in pregnant women with intrahepatic 
cholestasis of pregnancy, a transient condition characterized by pure, estrogen- 
induced, and reversible hepatocellular cholestasis, as compared to healthy pregnan-
cies with similar gestation time [7]. This observation strongly supports that bile acid 
overload in hepatocytes and related hepatocellular changes (cell ballooning and 
clarification, Mallory bodies, etc.) may be sufficient to increase liver stiffness with-
out requiring other superimposed factors.

In addition, intrahepatic cholestasis has been shown to correlate strongly with 
liver stiffness in patients with acute hepatitis [8]. Moreover, although AST levels are 
most important modulating parameter in patients with alcoholic liver disease (ALD), 
bilirubin elevation has been demonstrated as additional confounder of elevated LS 
[9]. Since ALD patients typically have elevated direct (conjugated) bilirubin this 
could provide a first hint toward more a mechanic cholestasis in these patients most 
likely associated with the obstructed bile canaliculi due to hepatocyte ballooning.

 Conclusions and Clinical Implications

Mechanic cholestasis is an established important clinical and independent con-
founder of LS elevation. As rule of thumb, during mechanic cholestasis, an eleva-
tion of bilirubin by 1  mg/dL corresponds to an increase of LS by 1  kPa. This 
information can be very helpful when looking at patients with a combination of 
established liver cirrhosis and additional bile stone.

25 Liver Stiffness and Cholestasis
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Due to the elevated LS, imaging studies will not show dilatation of the bile ducts 
in patients with fibrosis/cirrhosis. Here, comparison of bilirubin with LS can help to 
dissect cirrhosis from mechanic cholestasis.

Figure 25.2 shows a simplified scheme of bile/bilirubin flow and corresponding 
diseases/pathologies and liver stiffness. Notably, severe hemolysis should not 
increase LS in the acute setting. However, since hemolysis will later cause hepato-
cellular damage, it will ultimately lead to LS elevation. Although data of rare genetic 
cholestatic diseases are scarce (e.g., Alagille syndrome) all disease with impaired 
bile and bilirubin excretion are expected to show elevated LS including DILI (drug 
induced liver injury) of the cholestatic type. In contrast, conjugation problems such 
as the rather common Gilbert–Meulengracht syndrome are not causing LS eleva-
tion. Mechanic cholestasis even of the small canaliculi also contributes to LS eleva-
tion in more common etiologies such as PSC/PBC but also alcoholic liver disease.
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Chapter 26
Liver Stiffness and Nutrition

Sebastian Mueller, Felix Piecha, and Omar Elshaarawy

 Nutritional Intake, LS Elevation, and Potential Mechanisms

Several studies have evaluated the effect of meal intake on elastography results. Most 
of these studies are based on transient elastography and show an LS increase after 
meal intake in approximately half of the patients [1]. Generally, an increase of 2–3 kPa 
was observed with a peak increase time of 30 min [1–6]. LS required 2–3 h to normal-
ize after. More details about other elastographic techniques are provided in Table 41.1 
in the Chap. 41 “Quality criteria for LS measurements,” book Part VII. Generally, LS 
increases 17–40% of the baseline value after meal intake [2, 3, 5, 7].

The portal blood flow increases after eating [3–5, 7, 8]; however, conflicting data 
have been obtained between both portal blood flow and liver stiffness variations 
[3–5, 7, 8]. However, according to the hepatic arterial buffer response (HABR) [9], 
arterial hepatic blood flow is physiologically decreased in response to increased 
portal blood flow after a meal (adenosine wash out hypothesis). In a study con-
ducted in 19 cirrhotic patients, the increase in liver stiffness was more pronounced 
in patients lacking this post-prandial buffer response, suggesting it is an important 
factor modulating post-prandial changes in liver stiffness [3]. Increased LS values 
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after meal intake can lead to fibrosis stage overestimation and 11% of healthy vol-
unteers with normal liver stiffness shift to >6.0 kPa [1, 10] after food intake. In 
addition, fibrosis stage is also overestimated in patients with chronic liver disease in 
~30% after meal intake [1, 7]. Guidelines therefore recommend fasting for at least 
2 h prior to LSM [11, 12]. Figure 26.1 shows the short-term response of LS after 
intake of 200–400 kcal cream cake over 15 and 30 min in five healthy volunteers 
[13]. LS increased by 1.5 kPa within 30 min. As demonstrated in Fig. 26.2a, LS did 
not change significantly after a short-term intake of high percentage alcohol 
for 30 min.

 CAP and Nutritional Intake

The controlled attenuation parameter (CAP) included in the FibroScan device eval-
uates liver steatosis through quantification of the ultrasound attenuation during tran-
sient elastography examination [14, 15]. The data available about CAP evolution 
after meal intake remain conflicting with some works having shown a significant 
decrease [6], while others demonstrated a significant increase [7] or no modification 
[16, 17]. Interestingly and as shown in Fig. 26.1b, CAP significantly decreased in 
all five volunteers in response to short-term high caloric intake. Thus, CAP mea-
surement could be affected by other physiological changes of the ingesting liver 
requiring some time to balance out. Interestingly and in line with high-caloric 
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response in Fig.  26.1b, CAP decreased in response to alcohol within 30  min 
(Fig. 26.2b). In contrast, alcohol withdrawal in heavy drinkers causes not only a 
robust and consistent decrease of LS [18–21] but CAP also significantly decreases 
in 78% of the patients by ~30 dB/m within 1 week [22]. Taken together, CAP better 
reflects hepatic steatosis as compared to bright echo pattern in conventional ultra-
sound. However, the underlying molecular mechanisms of short-term responses of 
CAP are poorly understood, and fasting state for 2 h is recommended for reliable 
measurement.

 LS and SS in Response to Various Nutrients in Preliminary 
Animal Models

Using the μFibroScan device (see also book Part II) [23–26], we have been able to 
collect first preliminary data on invasive pressure changes, LS and SS in response to 
direct injection of nutrients into the portal vein including glucose and alcohol. Male 
Wistar rats were narcotized, and pressure sensors were placed as described recently 
[24–26]. LS and SS were recorded using the μFibroScan (Echosens, Paris, France) 
according to recently established conditions [24–27]. After injection of 1 mL 40% 
glucose, LS and portal pressure values increased (see Fig. 26.3). Correlation con-
firmed a significant association between LS and portal pressure. However, whether 
this short-term effect of glucose is due to osmolarity changes, transient hepatocyte 
swelling, or metabolic consequences remains to be studied. In another set of experi-
ments, the direct effect on LS, SS, portal vein pressure (PVP), and mean arterial 
pressure (MAP) was studied following injection of 1 mL of 20% ethanol into the 
portal vein. As shown in Fig. 26.4, all parameters increased although this elevation 
was not significant for MAP. No change was observed for the heart rate (not shown). 
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Taken together, isolated portal injection of glucose and ethanol causes rapid eleva-
tion of LS within minutes. These rapid responses rather suggest that metabolic or 
osmotic effects are most likely increasing hepatic vascular resistance, eventually 
leading to LS and SS elevation. Therefore, these preliminary animal studies provide 
a first metabolic rational for the commonly observed LS elevation after intake of 
meal or alcohol.
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Chapter 27
Genetic Confounders of Liver Stiffness 
and Controlled Attenuation Parameter

Vanessa Rausch, Johannes Mueller, and Sebastian Mueller

 Genetic Determinants of Liver Stiffness

Hepatic fibrosis, a hallmark of all chronic liver disease including non-alcoholic fatty 
liver disease (NAFLD), alcoholic fatty liver disease (ALD), as well as viral hepati-
tis, is characterized by excessive collagen deposition in the liver [1, 2]. Irrespective 
of the etiology, only ~15% develop end-stage cirrhosis underlining the importance 
of genetic determinants for disease progression [3, 4]. Genome-wide association 
studies (GWAS) allow to analyze the relationship between a given phenotype/dis-
ease and millions of small nucleotide polymorphisms (SNPs) in thousands of differ-
ent individuals [5]. Using this hypothesis-free approach, an association between 
patatin-like phospholipase domain containing 3 (PNPLA3/adiponutrin) and steato-
sis, enhanced transaminase levels, fibrosis as well as HCC development has been 
recently identified in patients with NAFLD and ALD [6]. Other polymorphisms 
associated with alcoholic cirrhosis and alcoholic hepatitis are membrane-bound 
O-acyltransferase domain-containing protein 7 (MBOAT7) and transmembrane 6 
superfamily 2 (TM6SF2) [7]. More recently, hydroxysteroid 17-beta dehydroge-
nase 13 (HSD17B13) was found to be associated with cirrhosis and hepatocellular 
cancer [8, 9]. The majority of these studies aiming to define the genetic background 
of fibrosis were based on biopsies and thus hampered by a small study size [10, 11]. 
Although liver biopsy represents the “gold standard” for staging liver fibrosis, it has 
limitations such as procedure-related complications, e.g., bleeding, sampling error, 
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observer variability, and costs [12, 13], which renders recruiting large cohorts for 
well-powered genetic analyses troublesome. With the development of non-invasive 
methods to measure liver stiffness (LS) such as transient elastography (TE, 
FibroScan), larger patient cohorts can be analyzed in genetic studies. However, 
important confounders need to be considered when interpreting an elevated LS such 
as inflammation, ballooning, or congestion [14]. For more details, see also book 
Part IV “Important (Patho)Physiological Confounders of LS.” In addition, appropri-
ate algorithms should be applied to optimally translate LS values in histological 
fibrosis stages. In the following, we summarize and discuss genetic determinants of 
elevated LS.

 Function and Regulation of Adiponutrin/PNPLA3

So far, the physiological function of PNPLA3 and the effect of the I148M amino 
acid substitution are controversially discussed [15], and the molecular mechanisms 
leading to steatosis and inflammation remain largely unexplained. All studies men-
tioned above establish the PNPLA3 p.I148M variant as a common determinant of 
chronic liver injury leading to steatosis and progressive fibrosis [16]. Furthermore, 
recent in vitro studies point towards an important role for PNPLA3 in regulating 
lipolysis by repressing the lipolytic activity of PNPLA2 (ATGL) in a lipid droplet 
(perilipin-5) associated manner. This is most likely mediated by a disruption of 
active PNPLA2 complexes, thereby increasing the accumulation of toxic lipids [17]. 
Inactivation or overexpression of the wild-type protein in mice does not lead to ste-
atosis [18]. In contrast, overexpression of a catalytically inactive form of PNPLA3 
(I148M) induces the accumulation of both PNPLA3 and TGs on hepatic lipid drop-
lets in sucrose-fed mice leading to steatosis [19, 20]. This is contrary to earlier find-
ings by Kumari et al. who suggested that PNPLA3 p.I148M is a “gain-of-function” 
variant, resulting in higher lysophosphatidic acid acyltransferase activity and 
increased hepatic diacylglycerol synthesis [21]. Moreover, further genetic studies as 
well as our own work associated the p.I148M variant with some metabolic traits, in 
particular related to lipid metabolism [22–26]. A very basic scheme of the functions 
of some of the most important genes is shown in Fig. 27.1.

Of note and as mentioned above, PNPLA3 expression is changed in altered met-
abolic status, such as obesity, and its expression is regulated by nutritional intake, in 
both hepatocytes and adipocytes [15]. For example, in hepatocytes, PNPLA3 
expression is highly induced by carbohydrate feeding and insulin treatment. Detailed 
mouse PNPLA3 promoter studies revealed two specific consensus sites for the car-
bohydrate responsive-element binding protein (ChREBP) and the sterol regulatory 
element-binding protein 1c (SREBP-1c). SREBP-1c is a member of a transcription 
factor family regulating lipid and cholesterol metabolism and the major isoform 
expressed in the liver [27]. It is likewise highly regulated by fasting and re-feeding 
regimen [28]. SREBP-1c is involved in fatty acid synthesis by activating several 
genes in the biosynthetic pathway. Insulin enhances SREBP-1c gene expression 
and its protein cleavage, therefore favoring its binding to sterol-response element in 
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the promoter of target genes [15]. PNPLA3 mRNA levels were increased in 
SREBP-1c transgenic mice with an expression pattern resembling that of fatty acid 
synthase (FAS) [29]. The induction of SREBP-1c by carbohydrate feeding is medi-
ated by liver X receptor (LXR), and it was discovered that LXR agonist treatment 
(T0901317) increased PNPLA3 mRNA expression. Furthermore, experiments indi-
cated that SREBP-1c interacts directly with a response element in the PNPLA3 
gene and that overexpression of SREBP-1c in mouse hepatocytes led to an increase 
in PNPLA3 gene expression [30]. All this data suggests a close interaction of 
SREBP-1c with PNPLA3 for its regulation.

 Impact of Adiponutrin/PNPLA3 on Liver Stiffness in Patients 
with ALD/NAFLD

The PNPLA3 rs738409 polymorphism was identified in a GWAS with 2111 multi-
ethnic participants (Dallas Heart study), showing that carriers of the risk allele are 
prone to steatosis development (triglyceride levels, P = 5.9 × 10−10) and hepatic 
inflammation (P  =  3.7  ×  10−4). The risk allele was most common in Hispanics,  
the ethnic group with highest susceptibility to NAFLD [31]. The association was 

TM6SF2

VLDL

Lipid
droplet

PNPLA3

SREBP-1c

Fatty acids

MBOAT7 ArA

Neutrophils

Fig. 27.1 Simplified scheme of known and potential functions of PNPLA3, MBOAT7, and 
TM6SF2. PNPLA3 is regulated by SREBP-1c, located at the surface of lipid droplets and contrib-
utes to the hydrolysis of triglycerides. MBOAT7 regulates the transfer of polyunsaturated fatty 
acids such as arachidonic acid (ArA), while TM6SF2 is involved in the secretion of very low 
density lipoproteins (VLDL)
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replicated and confirmed in additional population-based studies around the world in 
different ethnicities [32] and also extended to ALD [33–35]. In addition, Sookoian 
et  al. showed that carrying the risk allele predisposes towards all stages of liver 
damage starting from simple steatosis to steatohepatitis resulting in progressive 
fibrosis in patients with NAFLD [36]. Finally, patients with advanced fibrosis/cir-
rhosis with different underlying liver disease carrying the PNPLA3 risk allele are at 
increased risk of hepatocellular carcinoma (HCC) [37–41]. In patients suffering 
from HCC, this variant is also associated with poor prognosis [42].

Krawczyk et al. first studied in nearly 900 patients with different chronic liver 
diseases the impact of PNPLA3 p.I148M variant on the development of severe 
forms of NAFLD and ALD based on non-invasive liver stiffness measurements (LS) 
by TE (Fibroscan). This study demonstrated that distinct p.I148M PNPLA3 geno-
types show significantly different LS values (P = 0.017, ANOVA) and that carriers 
of the G allele are at higher risk to develop liver cirrhosis defined by LS values 
>13.0 kPa (OR = 1.56; P = 0.005) [16].

 Impact of SREBP1c on Liver Stiffness

Dubuquoy et  al. showed that SREBP-1c is also the master regulator of hepatic 
PNPLA3 expression in humans [30]. In addition, previous studies suggested a con-
tribution of two SREBP-1c variants, namely rs2297508 and rs11868035, on altera-
tions in glucose and lipid metabolism in humans [43]. By using a candidate-gene 
approach, Krawczyk et al. showed that the SREBP-1c rs11868035 variant is associ-
ated with LS in 899 patients with chronic liver disease especially in patients with 
low TE levels (5.0–8.0 kPa) [43]. Moreover, carriers of both SREBP1c and PNPLA3 
polymorphisms displayed significantly (P = 0.005) higher median LS, as compared 
to patients carrying none of these variants. The authors suggested that the SREBP-1c 
variant may affect early stages of liver fibrosis (LS < 8 kPa) and a combined effect 
of SREBP-1c-PNPLA3-specific pathway on liver stiffness and hepatic fibrogenesis. 
Additional studies are needed to assess the association between SREBP-1c variant 
and liver disease progression in a prospective manner and to confirm its proposed 
role in hepatic steatosis development.

 Impact of MBOAT7 on Liver Stiffness

Membrane-bound O-acyltransferase domain containing 7 (MBOAT7, also known as 
LPIAT1) is a protein involved in the acyl chain remodeling of phospholipids via the 
Lands’ cycle. It has been shown that MBOAT7 is associated with membranes. A recent 
study by Caddeo et al. revealed that MBOAT7 is a six-transmembrane protein and 
remodels the acyl chain composition of endo-membranes [44]. In addition, MBOAT7 
was identified as a susceptibility risk gene for the development and progression of 
NAFLD and ALD as well as HCV. Mancina et al. found that the genotype rs641738 at 
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the MBOAT7-TMC4 locus was associated with increased hepatic fat content, with 
more severe liver damage and increased histological fibrosis in European NAFLD 
patients [45]. Furthermore, the MBOAT7 rs641738 T allele was associated with lower 
hepatic protein expression and changes in phosphatidylinositol species detected in the 
plasma consistent with decreased MBAOT7 enzyme function [45]. This may favor 
hepatic steatosis and the production of inflammatory mediators [45]. These findings 
were expanded towards an approximately 80% increased risk of MBOAT7 rs641738 
T allele carriers to develop HCC, especially in non-cirrhotic NAFLD patients (histo-
logical fibrosis stage ≤F2 or in n = 3 cases LS measurements ≤8.4 kPa) (OR = 1.65; 
95% CI  =  1.08–2.55; P  <  0.001) [46]. Krawczyk et  al. analyzed in a multicenter 
biopsy-based study cohort of n = 515 patients the impact of MBOAT7 rs641738 vari-
ant on NAFLD severity and found that MBAOT7 variant was solely associated with 
increased fibrosis (P = 0.046) [47]. Buch et al. was the first who identified in a two-
stage GWAS that MBOAT7 is also a significant risk locus for alcohol-related cirrhosis 
(P = 1.03 × 10−9) as defined by histological fibrosis score (Ishak fibrosis stage 5 or 6) 
and clinical or laboratory evidence for the presence of cirrhosis. A meta-analysis iden-
tified a cluster of variants in high linkage disequilibrium covering the 5′-regions of the 
neighboring TMC4 and MBOAT7 loci. Here, the top MBOAT7 variant identified 
through fine mapping, rs641738, is in high linkage disequilibrium with rs626283 
(r2 = 0.98).

Finally, Donati and colleagues also showed in a combined cohort of non- cirrhotic 
patients with ALD or HCV (n = 1121) that the MBOAT7 T allele was independently 
associated with HCC risk (OR = 1.93; 95% CI = 1.07–3.58; P < 0.028) [46].

 Impact of TM6SF2 on Liver Stiffness

Like MBOAT7, the transmembrane 6 superfamily 2 gene (TM6SF2) is located on 
chromosome 19. The exact function of TM6SF2 is still not completely known. In an 
exome-wide association study, TM6SF2 rs58542926 C/T was identified together with 
PNPLA3 to be associated with NAFLD, especially with increased hepatic fat content, 
elevated transaminase levels, and lower serum lipoprotein levels [48]. It is suggested 
that the E167K amino acid substitution encodes a loss-of-function protein and predis-
poses to progressive NAFLD (steatohepatitis and fibrogenesis) by impairing the secre-
tion of low-density lipoproteins (VLDLs) such as apolipoprotein B by hepatocytes 
[49, 50]. Indeed, the mutation is associated with a reduced fasting circulating lipopro-
tein concentration [48]. In a multicenter biopsy proofed study on NAFLD severity 
[47], TM6SF2 was associated with steatosis and elevated transaminase levels but not 
fibrosis as detected by histological analysis. In 2018, Petta et al. was the first who 
studied the effect of TM6SF2 on TE in 890 NAFLD patients. They found that the 
TM6SF2 T variant was independently associated with advanced fibrosis as deter-
mined by LS > 9.6 kPa with an odds ratio of 3.06 (95% CI = 1.08–8.65; P < 0.05) [51].

Table 27.1 summarizes all studies on non-invasive fibrosis determination based 
on liver stiffness measurements and the association with the most relevant genetic 
variants. The genetic variants identified as risk factors for NAFLD overlap with 
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ALD indicating similar or shared pathological mechanisms. They may serve as 
therapeutic targets in the future in both liver diseases.

 Genetic Determinants of Liver Stiffness in the Context 
of Chronic Hepatitis C

In addition, recent studies also analyzed the association of different SNPs and the 
progression of liver fibrosis by non-invasive techniques in patients infected with 
hepatitis C virus (HCV). Recently, GWAS studies have revealed that SNPs in prox-
imity of the interleukin (IL)28-B gene might predict spontaneous clearance of the 
HCV infection as well as outcome following interferon and ribavirin therapy among 
genotype 1-infected patients [52, 53]. In addition, the rs12979860 C/T polymor-
phism in the IL28-B gene has been linked to progression towards cirrhosis in mono-
infected HCV patients. Lundbo et  al. investigated in detail the relation between 
HCV genotypes and IL28-B and the development of liver fibrosis assessed by TE 
[54]. They found that infection with HCV genotype 3 was associated with cirrhosis 
(simplified cut- off value for cirrhosis was 17.1 kPa). Interestingly, the IL28-B geno-
type was not an independent predictor of fibrosis development in their study. Next, 
Lutz et al. investigated in a cross-sectional study the impact of rs12979860 T allele 
in the IL28-B gene on fibrosis progression in HIV/HCV co-infected patients mea-
sured by TE, since co-infection is characterized by accelerated progression of liver 
disease. The authors found that although the progression of liver fibrosis was low 
under highly active antiretroviral therapy (HAART) in the patient cohort, the pro-
gression was more pronounced in HIV/HCV genotype 1 co-infected patients with 
the T allele (P = 0.047) [55]. Another study evaluated in over 770 HCV-infected 
patients in a real-life trial the impact of rs12979860 variability in the IL28-B gene 
on LS measurements and HCV genotype [56]. The authors found that the CC variant 
of rs12979860 was more common among HCV genotype 2- and 3-infected patients 
and is associated with higher LS values among HCV genotype 3-infected patients. 
In summary, rs12979860 CC seems to be associated with more pronounced liver 
pathology in patients with HCV genotype 3 as compared to genotype 1, suggesting 
that the IL28-B variant differently regulates HCV infection across HCV genotypes.

IL-7 and its receptor play an important role in the homeostasis and development 
of T cells, and this interaction is critical for T-cell mediated antiviral responses. 
HCV clearance is related to the early expression of IL-7RA on T cells during acute 
phase of infection. IL-7RA polymorphisms have been related to homeostasis and 
development of T cells, thereby eventually having an impact on the immune system. 
Therefore, Jimenez-Sousa et  al. analyzed the relationship between IL-7RA 
polymorphisms rs6897932, rs987106, and rs3194051 and the progression of liver 
fibrosis in 187 patients infected with HCV with repeated LS measurements [57]. 
They found that baseline LS values did not show significant statistical differences 
for IL-7RA genotypes (P > 0.05). In univariate analysis, the rs6897932 T allele was 
associated with increased LS (P = 0.001), progression to advanced fibrosis (F ≥ 3, 
9.5–12.4 kPa) (OR = 2.51; 95% CI = 1.29–4.88; P = 0.006) and progression to cir-
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rhosis (F4 ≥ 12.5 kPa) (OR = 2.71; 95% CI = 0.94–5.03; P = 0.069). In multivariate 
analysis, the rs6897932 T allele was also related to a higher increase of LS values 
during follow-up and higher odds of progression to advanced fibrosis (adjusted 
OR = 4.46; 95% CI = 1.87–10.62; P = 0.001), and progression to cirrhosis (adjusted 
OR = 3.92; 95% CI = 1.30–11.77; P = 0.015). Regarding IL-7RA rs987106 and 
rs3194051 polymorphisms, the authors did not find significant results except for the 
relationship between IL-7RA rs987106 and the increase in LS (adjusted OR = 1.12; 
95% CI = 1.02–1.23; P = 0.015). To conclude, the IL-7RA rs6897932 polymor-
phism seems to be associated with increased risk of liver fibrosis progression in 
HCV-infected patients detected by LS.

Since contradictory data about the impact of PNPLA3 rs738409 polymor-
phism on liver fibrosis progression in HIV/HCV co-infected patients have been 
reported, a recent study was undertaken to test whether PNPLA3 rs738409 and 
other polymorphisms previously related to fatty liver disease in HIV-infected 
patients linked to SAMM50 or LPPR4 genes influence liver fibrosis progression 
in HIV/HCV co- infected individuals [58]. The study included 323 patients from 
four Spanish study sites and was conducted between 2011 and 2013. The authors 
also analyzed the progression of LS in 171 individuals with two available LS 
determinations without anti-HCV treatment between the measurements. The 
study revealed that rs738409 was associated with cirrhosis in 29.6% of G allele 
carriers, whereas 20.0% of CC carriers showed cirrhosis (adjusted OR = 1.98; 
95% CI = 1.12–3.50; P = 0.018). Also, 30.4% of G carriers versus only 15.7% 
of CC carriers showed significant liver stiffness progression (adjusted OR = 2.89; 
95% CI = 1.23–6.83; P = 0.015). These results suggest that the rs738409 poly-
morphism in PNPLA3 is also associated with liver fibrosis progression in HIV/
HCV co-infected patients.

 Genetic Determinants of Steatosis Determined by CAP

Early steatosis screening can be carried out by various methods including ultraso-
nography (US), computed tomography (CT), and magnetic resonance imaging 
(MRI) [59]. Among those, hepatic steatosis assessment via US is well-established 
and a lower-cost imaging technique for the diagnosis of hepatic steatosis. However, 
in patients with mild steatosis, it has limited analytical sensitivity and specificity 
and is highly operator dependent. CT has also poor sensitivity to detect mild steato-
sis as well as small changes in fat content and presents a potential radiation hazard. 
Nowadays, MRI and MR spectroscopy are the imaging tools of choice allowing the 
most accurate quantitative methods for measuring hepatic steatosis in clinical prac-
tice, especially for follow-up studies, but limited by the lack of established stan-
dardization of sequence characteristics and their high cost [60, 61]. Recently, 
controlled attenuation parameter (CAP) has been introduced to measure steatosis. 
For more details, see also book Part VI “Assessment of Hepatic Steatosis Using CAP.”

CAP is obtained on the FibroScan platform, highly reproducible and quantitative 
with an AUROC up to 90% for fatty liver [62].
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 Genetic Determinants of Steatosis Determined by CAP 
in Patients with ALD/NAFLD: Impact of PNPLA3, 
MBOAT7, and TM6SF2

As mentioned before, the PNPLA3 p.I148M variant has been identified as common 
genetic modifier of hepatic steatosis and consecutive inflammation in humans con-
suming western diets. Therefore, researcher started to evaluate the impact of 
PNPLA3 p.I148M on non-invasively quantified hepatic fat content assessed by 
CAP.  Arslanow and colleagues showed in an observational study including 174 
patients with chronic liver disease 70.7% diagnosed with NAFLD, 21.8% presented 
with cryptogenic chronic liver disease (CLD), and 7.5% with ALD that PNPLA3 
genotype is associated with increased hepatic CAP measurements using thresholds 
between 190 and 340 dB/m (P < 0.05) [63]. Furthermore, the p.148 M risk allele 
increased the odds of developing liver steatosis (OR = 2.39, P = 0.023). In multi-
variate models, BMI and PNPLA3 mutations were both independently associated 
with CAP values (P < 0.001 and P = 0.007, respectively). In addition, the authors 
analyzed the newly detected genetic risk factor TM6SF2 for NAFLD but clearly 
showed that carriage of the TM6SF2-risk allele did not affect CAP values.

 Impact of Variants in Genes Controlling Vitamin D 
Metabolism and APOC3 on CAP

Vitamin D and its active form 1a-25-dihydroxyvtamin D [1,25(OH)2D] is a steroid 
hormone and has been suggested to play an important role in the pathogenesis of 
fatty liver disease especially in immune modulation and inflammatory responses 
[64]. Serum 1,25(OH)2D concentrations have been shown to be negatively corre-
lated with hepatic steatosis. Therefore, Jamka and colleagues analyzed in 241 
patients (median BMI 29.4 kg/m2) with CLD the impact of three SNPs in the vita-
min D-binding group-specific component (GC rs7041), 7-dehydrocholesterol 
reductase (DHCR7 rs12785878), and cytochrome P450 family 2 subfamily R mem-
ber 1 genes (CYP2R1 rs10741657) on CAP and 1,25(OH)2D concentrations [65]. 
The researcher claimed that patients with advanced steatosis (CAP≥280 dB/m) had 
significantly lower 1,25(OH)2D levels as compared to patients with CAP<280 dB/m 
(P = 0.033). Moreover, the T allele in GC rs7041 was significantly associated with 
higher 1,25(OH)2D levels in patients with CAP<280 dB/m (P = 0.018). The authors 
suggest that higher CAP values are associated with low serum 1,25(OH)2D concen-
trations but not with common vitamin D gene variants. Another study analyzed the 
controversial discussed association between apolipoprotein C3 SNPs and NAFLD 
[66]. Here, the authors studied in 59 patients and 72 healthy controls the impact of 
the rs2070666 variant and found that after adjusting for sex, age, serum triglycer-
ides, total cholesterol, BMI, and the PNPLA3 rs738409 polymorphism, the APOC3 
rs2070666 A allele was an independent risk factor for NAFLD (OR = 3.683; 95% 
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CI = 1.037–13.084). Furthermore, the APOC3 rs2070666 A allele was linked to the 
fourth quartile of CAP values (OR = 2.769; 95% CI = 1.002–7.651) in 131 individu-
als, but not to hepatic fibrosis as detected by LS measurements and histology. They 
conclude that APOC3 rs2070666 variant might contribute to increased liver fat con-
tent in Chinese Han population. These results should be confirmed in lager studies 
and evaluated in various populations in future.

 Preliminary Data on PNPLA3, MBOAT7, and TM6SF2 
in Heavy Alcohol Drinkers from the Heidelberg Cohort

Here, we show some preliminary data of the effect of genes and alcohol withdrawal 
on LS and CAP in 516 Caucasian heavy alcohol drinkers who were hospitalized for 
alcohol withdrawal at Salem Medical Center in Heidelberg. Parts of the data on 
PNPLA3 were already published in 2016 [6]. The patients were genotyped for 
PNPLA3 rs738409, TM6SF2 rs58542926, and MBOAT7 rs626283. All patients had 
LS, CAP, and routine laboratory before and after alcohol withdrawal. The minor 
allele frequencies were 0.31, 0.45, and 0.08 for PNPLA3, MBOAT7, and TM6SF2, 
respectively. Median age of the total cohort was 52 years, median alcohol intake 
was 163  g per day, and mean duration of alcohol withdrawal was 6.3  days. For 
parameters at the day of admission, no difference was observed for age, BMI, alco-
hol intake, and transaminase levels between the genotypes of the three genes. LS 
differed significantly between PNPLA3 genotypes (P  =  0.019, ANOVA) and 
MBOAT7 genotypes (P  =  0.004, ANOVA) while CAP values were only signifi-
cantly different in PNPLA3 (P  =  0.039, ANOVA). The percentage of risk-allele 
carriers for PNPLA3 and MBOAT7 (G for PNPLA3 and C for MBOAT7) with 
respect to LS value ranges can be seen in Fig. 27.2. This figure shows that the preva-
lence of the risk alleles increases with increasing LS for both PNPLA3 and 
MBOAT7. No differences between TM6SF2 genotypes regarding LS and CAP 
could be observed. Alcohol withdrawal revealed interesting differences between 
PNPLA3 and MBOAT7. In PNPLA3, after alcohol withdrawal, LS was signifi-
cantly decreased in the CC and CG genotype while LS did not significantly decrease 
in the GG genotype (see Fig. 27.3a). This could be an effect of the low number of 
patients with this genotype; however, AST levels were significantly elevated after 
alcohol withdrawal in the GG genotype with respect to the CC type (P < 0.001) (see 
Fig. 27.3b). M30 levels were also increased after withdrawal (not shown). This is an 
indication of prolonged inflammation and inflammation-associated LS increase in 
the GG type [67] instead of a direct influence on fibrosis development. For MBOAT7 
on the other hand, LS decreased in all genotypes significantly after withdrawal but 
in the CC type LS stayed significantly elevated (P < 0.001) (see Fig. 27.4a). AST 
levels also decreased in all MBOAT7 genotypes, and no difference could be 
observed before or after withdrawal (see Fig. 27.4b). Since here no differences in 
inflammation associated parameters could be observed, the difference in LS values 
before and after withdrawal indicates a direct effect of MBOAT7 on fibrosis devel-
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opment but not on inflammation and liver injury. Steatosis as measured by CAP 
decreased significantly after withdrawal in all PNPLA3, MBOAT7, and TM6SF2 
genotypes, and for MBOAT7 and TM6SF2, no differences between the genotypes 
could be observed. In PNPLA3 however, an increased CAP in GG with respect to 
CC could also be seen after alcohol withdrawal. Furthermore, the decrease in CAP 
was stronger in the GG type with 37 dB/m vs. 32 dB/m in the CC type. Since ste-
atosis seems to have a decreasing effect on LS (see also book Part VI “Assessment 
of Hepatic Steatosis Using CAP”), this could also have an effect on LS and partially 
explain the smaller decrease in LS after withdrawal in the PNPLA3 GG genotype. 
In a multivariate logistic regression model including PNPLA3, MBOAT7, age, gen-
der, BMI, and alcohol consumption, it was found that PNPLA3 is an independent 
risk factor for elevated AST >50  IU/L after withdrawal (OR  =  1.32; 95% 
CI = 1.00–1.74; P = 0.048) and steatosis as measured by CAP >250 dB/m after 
withdrawal (OR  =  1.54; 95% CI  =  1.08–2.17; P  =  0.019). The association with 
elevated LS > 17 kPa disappeared after also correcting for AST values. MBAOT7 on 
the other hand was only an independent risk factor for fibrosis/cirrhosis as expressed 
by LS > 17 kPa. This association stayed significant even after correcting for AST 
levels (OR = 1.70; 95% CI = 1.11–2.60; P = 0.014). This is another proof of the 
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findings above that PNPLA3 is more associated with steatosis development, inflam-
mation and liver injury, which leads to fibrosis later on while MBOAT7 seems to be 
directly associated with fibrosis development without significant effects on liver 
injury, inflammation, or steatosis. This finding is new, and the molecular mechanism 
should be investigated further in the future.

 Conclusion

Different gene variants have been identified as underlying risk factors for the devel-
opment of various liver diseases. The PNPLA3 p.I148M variant represents the most 
important pro-steatotic genetic risk factor. PNPLA3 seems to be mainly involved in 
liver inflammation but shows only a moderate effect on fibrosis development. In 
contrast, MBOAT7 seems to solely effect fibrosis (see Fig. 27.5). The results for 
TM6SF2 are controversially discussed, but mainly suggest an effect on steatosis. 

Healthy liver steatosis cirrhosis HCC
Steato

hepatitis

CAP LS

FibroScan AST

-

+

PNPLA3

Liver injury

Inflammation

FibrosisSteatosis

MBOAT7

a

b

Fig. 27.5 Conclusions from the Heidelberg genotype alcohol withdrawal study using non- invasive 
fibrosis assessment based on LS measurements. Inflammation, steatosis, and fibrosis were studied 
by transaminase levels (AST), CAP, and LS measurements. (a) Note that there are interactions 
between AST, CAP, and LS. While inflammation as measured by AST levels cause LS elevation, 
steatosis (CAP) has a negative impact on LS.  This needs to be considered when interpreting 
LS-based studies. (b) Major lessons learnt from the Heidelberg alcohol withdrawal study (prelimi-
nary data 2020, unpublished): PNPLA3 mainly causes fibrosis by inflammation/apoptosis. 
MBOAT7 seems to have a direct effect on pro-fibrogenic signaling pathways irrespective of 
inflammation

27 Genetic Confounders of Liver Stiffness and Controlled Attenuation Parameter



292

Since most risk variants involved in lipid metabolism and are clinically relevant for 
both NAFLD and ALD, common pathological pathways can be assumed. However, 
the exact underlying molecular mechanisms as well as the effects of the amino acid 
substitutions are not completely understood and require further investigations. To 
conclude, the recent established non-invasive techniques such as liver stiffness and 
CAP measurements are ideal to diagnose and follow up liver disease patients carry-
ing a risk allele.
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Chapter 28
Liver Stiffness and Acute Liver Failure

Aline Gottlieb and Ali Canbay

 Liver Stiffness During Liver Failure

Liver stiffness (LS) has been measured in a few studies during ALF with differing 
results and conclusions. ALF should be clearly separated from entities such as 
acute-on-chronic-liver failure which encompasses acute liver injury in a patient 
with pre-existing liver disease which will be covered at the end of this chapter. 
Other entities such as acute-on- cirrhotic-liver failure, however, will not be covered 
here. It is important to understand the difference between all three entities to take 
appropriate diagnostic/therapeutic actions [1]. The following main questions will be 
addressed:

• Why should LS be measured in patients with ALF?
• What is the underlying cause for elevated LS in ALF?
• What techniques can be used to measure LS in ALF?
• Is there an increase in LS in acute-on-chronic liver failure?
• Future directions?

 Why Should LS Be Measured in Patients with ALF?

ALF is a rare, but severe clinical syndrome associated with high mortality if no 
immediate state-of-the-art intensive care or liver transplantation is performed. The 
etiologies for ALF are very diverse encompassing viral hepatitis, drug toxicity, 
autoimmune, mycotoxicosis, Wilsons disease, Budd–Chiari syndrome and several 
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others (see Table 28.1). ALF can also occur as a side effect of acute heart failure 
where the heart usually determines the prognosis. ALF in its “pure” state is charac-
terized by an acute to sub-acute onset of liver failure, without a pre-existing liver 
disease with the following symptoms: jaundice, hepatic encephalopathy, and hem-
orrhagic diathesis. Typical laboratory and histological characteristics of ALF are 
shown in Tables 28.2 and 28.3. In non-fatal cases of ALF, the liver is able to recover 
completely. Nevertheless, ALF is associated with massive cell death and impaired 
liver function [2, 3]. At the onset of ALF, predicting mortality remains difficult.

Clichy criteria, King’s college criteria (KCC), and MELD are widely recognized 
scoring systems to predict death in ALF patients. Nevertheless, further improve-
ments are urgently needed since the prognosis is highly dependent on quick and 
appropriate treatment initiation. Moreover, identification of patients in need of liver 
transplantation is required, especially in light of organ shortage. First promising 

Table 28.1 Acute liver failure etiologies

Etiology

Virus hepatitis (Southern Europe, Africa, 
Asia ~50%; USA, England, Scandinavia 
~10%; Germany ~20%)

Frequency:
– HAV: 0.2%
– HBV: 1%
– HDV: ~5% (more with co-infection)
–  HEV: up to 3%, in pregnant women up to 20%
–  Rarely double infections with two different 

virus strains
–  Rarely herpesviruses (CMV, EBV, HSV)

Pharmacological-toxic (depending on 
region between 20 and 40%)

–  Medication: acetaminophen- intoxication, 
halothane, phenprocoumon

–  Drugs: ecstasy for example
– Deadly amanita (Amanita phalloides)
– Phytotherapeutics (amber, kava kava, …)
– Chemicals (e.g., carbon tetrachloride)

Other causes (5%) – HELLP syndrome
– Autoimmune hepatitis
– Shock liver
– Wilsons disease
– Budd–Chiari syndrome
– Acute fatty liver in pregnancy

Cryptogenic (up to 20% of cases)

Table 28.2 Typical lab result changes in patients with ALF

Increased Decreased

ASAT, ALAT pH (metabolic 
alkalosis)

Bilirubin Glucose levels
INR Platelets
Ammonium
–  Causing hepatic encephalopathy (HE) ranging from minimal change 

in HE to HE IV
PTT
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data have been obtained with novel markers such as levels of M30 and M65 which 
represent either caspase 3-cleaved or non-cleaved cytokeratine 18 filaments which 
are highly abundant in the liver [4]. M30 seems to predict which patients will not 
undergo spontaneous remission. A higher proliferation rate (measured by ki-67 
expression for example) identifies patients who will have a spontaneous remission 
[5]. Even though mini-laparoscopy is a safe procedure for ALF patients and used in 
some centers to discriminate ALF from AOCLF [6], it is invasive and not all patients 
are eligible for it. Figure 28.1 shows several examples of macroscopic alterations of 
the liver surface as seen by mini-laparoscopy [5]. Liver biopsy should always be a 
consideration in patients with ALF to rapidly confirm the diagnosis or to measure 
levels of iron or copper (see also Table 28.3). However, rapid decline of coagulation 
parameters due to liver failure can be a limiting factor for biopsy despite trans- 
jugular options. Hence, it is necessary to establish other methods that are able to 
predict outcome/likelihood of a spontaneous remission or the need for a liver trans-
plantation, such as measuring LS.

 What Is the Underlying Cause for Elevated LS in ALF?

LS measurement has been explored in a few studies in patients with ALF starting in 
2008 [7, 8], and a summary of the findings is provided in Table 28.4. In chronic liver 
disease, progressive hepatocyte apoptosis will eventually lead to liver fibrosis over 
longer time periods. Hepatic stellate cells (HSC) differentiate into contractile myo-
fibroblasts, which lead to tissue repair alongside regions of cellular collapse [7, 8]. 
Already in these first publications, it was suspected that LS elevation in this setting 
in ALF is rather due to liver edema, inflammatory infiltration, and tissue necrosis 
than fibrosis itself (see Fig. 28.2) [9].

Table 28.3 Histological 
features of ALF

Histological features of ALF
• Confluent hepatocyte loss
•  Terminology: coagulative, eosinophilic, zonal, 

panlobular, multiacinar, massive
• Centro-midlobular with periportal sparing
• Periportal necrosis
• Apoptosis in portal areas
• (Necroptosis, pyroptosis might also play a role)
• Activation of HSCs
• No residual hepatocytes
• Venous outflow block
• Map-like
• Microvesicular steatosis
•  “Giant cell” hepatitis and neonatal 

haemochromatosis
• Geographic/random with viral inclusions
• Malignant infiltration

28 Liver Stiffness and Acute Liver Failure
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In a study [6] conducted at the University Hospital Essen, it was tested if hepa-
tocellular death activates HSCs and fibrogenesis, if an ongoing fibrogenesis is 
 associated with increased LS, and if the remodeling of the extracellular matrix is 
indicative of a positive outcome in ALF.  Twenty-nine (29) ALF patients were 
examined on their day of admission and after 1 week of hospitalization. The tests 
included standard laboratory parameters, fibrogenesis and cell death markers, LS 
measurements using FibroScan®, and liver biopsy in 13 out of 29 patients. The 
study cohort could then be split according to LS development during the first week: 
either decreased or increased LS. Compared to healthy controls, the cytokeratin-18 
(M65) and caspase-cleaved cytokeratin-18 neo-epitope (M30) were significantly 
increased in both groups, indicating massive cell death due to necrosis and apoptosis. 

a

c

e

d

b

Fig. 28.1 Typical macroscopic alterations of the liver surface. Depicted are (a) a healthy liver, (b) 
regeneratory nodules, mild (c) and severe (d) capsular fibrosis, and (e) cholestasis [5]
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After a week, these markers were not elevated significantly anymore in both groups. 
Signs of liver regeneration were evident by testing for interleukin-6 (IL-6) and Fas 
(CD95) and Fas ligand (FasL) being known as well-established parameters of liver 
regeneration [10, 11]. A significant increase of fibrogenic markers such as TIMP-1 
and TIMP-2, MMP-1 and MMP-2 as well as hyaluronic acid was observed. 

Table 28.4 LS and lab parameters

Reference for healthy 
individuals Total

Group 1: increase 
in FibroScan 
(n = 11)

Group 2: decrease 
in FibroScan 
(n = 16)

LS at ALF 
diagnosis (kPa)

Up to 6 (aFoucher 
et al., Gut, 
2006;55:403–408)

25.6 ± 3.0 22.2 ± 4.8 32.4 ± 5.9

LS 7 days after 
diagnosis (kPa)

20.9 ± 3.2 26.3 ± 4.3 12.9 ± 2.1

Bilirubin (mg/
dL)
INR

0.3–1.2
1.0

14.8 ± 8.7
2.7 ± 2.4

20 ± 7.7
3 ± 3.4

10 ± 6.8
2 ± 0.6

AST (IU/L)
ALT (IU/L)

0–34
0–34

4169 ± 5083
3372 ± 3201

4043 ± 3637
3589 ± 2383

4273 ± 6065
3196 ± 1679

γGT (IU/L)
AP (IU/L)

0–34
25–100

264 ± 258
224 ± 202

312 ± 250
348 ± 271

225 ± 267
223 ± 252

Creatinine 
(mg/dL)

0.6–1.1 1.8 ± 1.9 2.0 ± 2.7 1.0 ± 0.7

MELD – 25 ± 9 25 ± 11 24 ± 5
HSC activation 
score

– – 6.4 (3.94–8.93)a 2.1 (0.96–8.9)a

Data are presented as means of peak values and standard deviations, Dechene et al. [6]
aP = 0.04 (independent t-test)

Liver injury
(alcohol, virus, autoimmune, drug induced, mycotoxicosis unknown)

hepatocyte apoptosis
and necrosis ( ↑M30
and M65 cytokeratin
levels)
® ALF

•  ↑ MMPs (especially
   MMP1)
•  HCS proliferation
•  Formation of
   extracellular matrix
•  ↑ Hyaluronic acid
•  ↑ TIMPs  

•  MMP2
•  NK cells

Death receptors

Diffe
re

nt
iat

ion
 in

to

myo
fib

ro
bla

sts

Quiescent HSC

activated HSC

↑ LS
•  hyperbilirubinemia
•  hepatic edema
• ↑ collagen
   production

Apoptosis and inactivation of HSCs

↓ Fibrotic tissues •  ↓TIMP1
•  ↑ liver regeneration:
   →↑ FasL and Il-6   

↓ LS

Fig. 28.2 Pathomechanism in acute liver failure. Shown are fibrotic mechanisms/serum marker 
changes during ALF (black arrows) and restoration after ALF (green arrow)
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Histological analysis showed collagen fibers around apoptotic/necrotic regions as 
well as an abundant HSC activation in areas of liver tissues with widespread cell 
death. Notably, HSC activation was correlated with LS. A schematic overview of 
serum marker changes in ALF is shown in Fig. 28.2.

LS seems to be increased as a combination of hepatocyte edema, bilirubin eleva-
tion, and intrahepatic collagen deposition. In both groups, the LS was significantly 
increased compared to healthy controls. Interestingly, the increased LS was mea-
sured in those patients who also showed higher cell death levels and TIMP-1 values.

A significant correlation was found after 7 days in patients with TIMP-1, MMP-2, 
hyaluronic acid, and M65. Additionally, the MMP-1 expression on admission was 
negatively correlated with LS. This could indicate an early influence of MMP-1 
expression on recovery from fibrosis.

This study shows at several levels that fibrogenesis is a part of ALF and can contrib-
ute to increased LS. The fibrosis might serve as a wound-healing process by transiently 
conserving the organ’s structure until the defective tissue areas are replaced by func-
tional hepatocytes and accessory cells. The resolution of fibrosis is linked to apoptosis 
of activated HSCs [12]. This in return seems possible because of natural killer cells, 
which eliminate TIMP-1 [13]. Another finding of this study is that LS was decreasing 
in patients being compromised through a short-term liver damage such as toxicity or 
mycotoxicosis. The LS increased in patients with a continuous liver injury through viral 
hepatitis or heart failure. Meanwhile, these results could be confirmed by others [14].

 What Techniques Can Be Used to Measure Liver 
Stiffness in ALF?

So far, transient elastography (FibroScan®) and acoustic radiation force impulse 
elastography (ARFI elastography, pSWE) have been explored in the setting of 
ALF. A challenge with LS measurement is the fact that it is affected by other con-
founders that may be relevant in patients with ALF. For example, cardiac failure 
[15], portal hypertension [16], and acute inflammatory infiltrates can also increase 
the LS [17, 18]. For more details see also book Part IV “Important (Patho)
Physiological Confounders of LS.” Nevertheless, caution should be taken to judge a 
patient’s liver function solely based on LS.

 Is There an Increase in Liver Stiffness in Acute-on-Chronic 
Liver Failure?

Several studies have shown [19, 20] that LS increases in patients with AOCLF. How-
ever, since LS will decrease again to their basal LS after the acute injury has 
stopped or has been treated, its prognostic power remains unclear. AOCLF can 
occur due to an infection, relapse of alcohol consumption, or non-compliance 
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regarding medication (for instance stopping HBV/HCV medication). Pathophysio-
logically, an increased LS in these cases could be due to an acute (aminotransfer-
ase) flare or due to necro-inflammatory activity [21]. For more details, see also 
book Part IV “Important (Patho)Physiological Confounders of LS.”

 Future Directions

Measuring LS in patients with ALF can be used as a precise and an early biomarker 
of fulminant hepatitis in combination with total bilirubin, hepatocyte growth factor, 
and platelet count [22, 23]. It correlates with ALT [24] and an increase in total bili-
rubin in acute hepatitis is also associated with LS elevation [25]. By measuring LS 
at two time points (for example, day 0 and 7 of hospital admission), a better prog-
nosis estimation can be achieved. Interestingly, different etiologies of ALF can be 
grouped into different behaviors of LS development. This could also be a potential 
tool to estimate prognosis. LS can also be used as a discriminatory tool to decide 
which patients need to undergo liver biopsy. However, further studies are necessary 
to decide on a stiffness threshold [26]. Quite established, LS can be used as a mea-
surement of treatment success in patients with ALF. One challenge especially of 
transient elastography is the poor performance in severely obese individuals. The 
incidence of obese patients with ALF will most likely be an increasing problem in 
the future.

 Conclusion

 1. ALF is associated with fibrogenesis, which is probably necessary for liver 
regeneration.

 2. LS correlates with the severity of ALF cases.
 3. LS development over the course of a week allows to estimate the prognostic 

outcome.
 4. It is important to differ between ALF and AOCLF patients.
 5. Prognosis in ALF should be made through a multi-methodological approach: 

serum markers, LS measurement.
 6. LS measurement is not feasible in AOCLF cases.
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Chapter 29
Liver Stiffness and Pregnancy

Omar Elshaarawy, Johannes Mueller, and Sebastian Mueller

 Introduction

Although complications during pregnancy have been significantly decreased over 
the decades, problematic pregnancies still occur and lead to death in 1 per 4000 
pregnancies in developed countries [1]. Besides postpartum bleeding and embolic 
complications, liver-related complications are observed in ~3% of all pregnancies 
and can lead to high maternal and perinatal mortality [2–4]. Most pregnancy com-
plications, besides hyperemesis gravidarum, occur usually in the last 3 months of 
pregnancy, for example, intrahepatic cholestasis (ICP) and HELLP syndrome. 
These complications can be accompanied by increased portal pressure. Management 
of these complications can be challenging since treatment decisions need to con-
sider both the health of the mother and the fetus, and it becomes even more compli-
cated if the pregnant woman has an already existing liver disease.

Screening for these liver-related complications involves normally lab testing of 
liver transaminases and gGT, only if abnormalities are found and liver sonography 
is performed. However, the usefulness of these parameters for the prediction of 
severe complications during pregnancy is limited [5]. So far, no screening test is 
established for the early prediction of these pregnancy complications since liver 
tests can be elevated during normal pregnancy [6, 7].
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In chronic liver disease, apart from pregnancy, measurement of liver stiffness 
(LS) has become the parameter of choice to assess liver fibrosis in a non-invasive 
manner [8–10]. The advantages are that it is easy to learn and does not require a 
dedicated ultrasound device [11]. Furthermore, it is non-invasive, has a lower sam-
pling error and better interobserver reliability as compared to liver biopsy, which 
ideally render it for follow-up measurements [8, 12].

 Spectrum of Liver Diseases During Pregnancy

Liver disease during pregnancy is a challenging clinical issue that includes pregnancy- 
specific liver diseases in addition to any liver disease that could affect a pregnant 
woman. Pregnancy-specific liver diseases are listed in Table 29.1 and include:

 1. Hyperemesis gravidarum which is defined as nausea and intractable vomiting 
resulting in dehydration, ketosis, and weight loss of more than 5% [13];

 2. Intrahepatic cholestasis of pregnancy (ICP) which typically presents in the last 
two trimesters and is characterized by persistent pruritus, typically in the palms 
and soles, and more severe overnight [14];

 3. Acute fatty liver of pregnancy which is rare but highly threatening hepatic dis-
ease occurring during the last trimester of pregnancy [15]. This pathology is 
characterized by micro-vesicular steatosis in the hepatocytes of zone 3 (centri-
lobular), rapid loss of liver function, jaundice, and coagulopathy requiring 
maternal supportive care;

 4. Preeclampsia that is a pregnancy-specific systemic disorder characterized by 
new onset hypertension (systolic blood pressure 140 mmHg or diastolic blood 
pressure 90 mmHg) and proteinuria (300 mg/d) after 20 weeks of gestation [16];

 5. The HELLP syndrome which is considered to be a complication of preeclampsia 
and occurs in approximately 10% of women with severe preeclampsia. This syn-
drome is characterized by hemolytic anemia, increased liver enzyme levels, and 
low platelet count [17].

 LS in Uncomplicated Pregnancy

So far, two studies exist which investigated the development of LS during normal 
pregnancy and the feasibility for the prediction of liver-related complications [18, 
19]. These studies did not observe any complications due to elastography-related 
energy transfer. Thus, pregnancy should not be considered a contraindication for 
transient elastography. Whether ARFI or SSI is applicable in pregnant women needs 
to be clarified since higher ultrasound energy can be applied locally. In a large study 
from our center, 537 pregnant women were investigated with TE. About 91% of the 
women could be measured with the M probe and in 9% the XL probe had to be used. 
Using both probes, LSM could be obtained in all women. This study showed that LS 
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increases with gestational age in normal uncomplicated pregnancies and can be 
elevated above the 6 kPa limit, which is usually considered as normal LS cut-off 
value (see Fig. 29.1). 25% of all women and ~40% of women in the final trimester 
showed an LS higher than 6 kPa. In detail, median LS in the first trimester was 
4.3  kPa, in the second trimester 4.5  kPa, and in the third trimester, it raised to 
5.4 kPa. The highest value observed was 20.7 kPa. Notably, LS rapidly normalized 
in all women within 24 h after delivery (Fig. 29.2). Thus, LS can be elevated during 
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Fig. 29.1 Liver stiffness during uncomplicated pregnancy. In the third trimester, liver stiffness 
exceeds 6 kPa in 41% of pregnancies. Mean LS is given per gestational week. (Modified from [1])

***
10

9

8

7

6

5

4

3

2

1

0

Li
ve

r 
st

iff
ne

ss
 (

kP
a)

before delivery after delivery
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delivery (n=26).  
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standard deviation. 
(Modified from [1])
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normal pregnancy which should not be mistaken for a manifest liver disorder 
(Fig. 29.3).

The cause for the LS elevation, however, could not be identified in the study. 
Correlations were seen with increased body weight and BMI, weak correlations 
with spleen size, and nulliparous state. In multivariate analysis, gestational age and 
fetus weight were independent predictors for a LS increase beyond 6 kPa. One can 
only speculate about the reason for the increase in LS. Earlier studies showed that a 
mere increase in intraabdominal pressure per se does not lead to increased LS [20]. 
This rapid decrease of LS after delivery points towards a mechanical cause such as 
hemodynamic changes since liver inflammation or apoptosis usually do not resolve 
within 1 day. The weak correlation of LS with spleen size is highly suggestive of 
increased portal pressure [21, 22]. LS association of nulliparous state, typically a 
condition that favors pregnancy complications, further points towards potential 
mechanic issues encountered during the pregnancy. It is well known that uncompli-
cated pregnancies lower the risk for complications in following pregnancies, and it 
could point towards a “training” effect. Although not confirmed in this study, an 
impaired hepatic venous outflow could be another explanation causing liver conges-
tion and LS elevation [23]. Finally, no elevation of controlled attenuation parameter 
(CAP) as surrogate marker for hepatic steatosis was observed in this large study.

In a recent study, Stinberg Riobero et al. could confirm the above findings in a 
much smaller cohort [19]. In this study from Denmark, 24 healthy women with 
normal pregnancies were prospectively followed up. All women underwent tran-
sient elastography at gestational week 18–20, week 26–28, and week 36–38, as 
well as after a minimum of 8  weeks postpartum. Mean age at baseline was 
30.6 years, mean BMI was 22.3 kg/m2, and 14 women (58%) were nulliparous. 
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Fig. 29.3 Comparison of 
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preeclampsia and 
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from the third trimester 
only. (Modified from [1])
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Pregnancy outcome was normal, and no cases of preeclampsia or gestational dia-
betes were observed. Mean LS increased from 3.8 kPa during the second trimester 
to 5.9  kPa during the third trimester. In the third trimester, LS increased in two 
women to more than 7.9 kPa. In confirmation of the earlier report, LS had normal-
ized in 8 weeks after delivery. In contrast to the German study, CAP increased from 
186 dB/m in the second trimester to 215 dB/m in the third trimester.

 LS as a Predictor for Pregnancy Complications

In the German study, two subgroups with complications were analyzed encompass-
ing preeclampsia (n = 22) and ICP (n = 40). Both groups had an increased LS as 
compared to normal pregnancies in the third trimester with a mean LS of 17.9 kPa 
for preeclampsia and 6.9 kPa for ICP (AUROC 0.82). In the multivariate model, LS 
together with leucocytes were independent predictors of preeclampsia. Women with 
LS greater than 8 kPa had a twice higher risk to develop preeclampsia. In contrast, 
pruritus and ALT levels were significant predictors for ICP but not LS. Although LS 
also decreased in women with preeclampsia, it did not resolve to normal levels 
below 6 kPa.

 Conclusion

LS increases during pregnancy in 25% of all women, almost exclusively in the third 
trimester and rapidly normalizes within 24 h after delivery. Therefore, an elevated 
LS during pregnancy should not be mistaken as liver fibrosis or disease. On the 
other side, LS is significantly associated with complications of pregnancy such as 
preeclampsia or ICP.
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Chapter 30
Liver Stiffness and Important Clinical 
Endpoints

Sebastian Mueller

 Introduction

Liver cirrhosis is among the top leading causes of death worldwide. As shown in 
Fig. 30.1, it has two clinically-defined conditions consisting of compensated and 
decompensated cirrhosis [1]. Decompensation is defined as the onset of severe clin-
ical symptoms including ascites, bleeding, hepatic encephalopathy, hepatorenal 
syndrome, or jaundice that are all associated with unfavorable prognosis [2–4]. The 
management of cirrhotic patients depends on the liver function reservoir and the 
presence of these liver cirrhosis-related events. The progression toward decompen-
sation is the leading cause of morbidity and mortality among those cirrhotic patients 
[5]. Hepatic decompensation is considered to be an impairment of blood flow 
through the portal vein and increased portal pressure [6]. In this book section, vari-
ous chapters will cover these major endpoints including decompensation (bleeding, 
encephalopathy, ascites, liver failure), HCC, liver- related death, or all-cause 
related death.

 LS Cutoff Values and Clinical Endpoints

Although several studies have explored these endpoints, still more studies are 
required for definite answers. A summary of important cutoff values taken from 
various studies of the following chapters are depicted in Fig. 30.2. While a LS of 
6–8  kPa almost excludes hepatic complications (exception e.g., HBV-related 
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liver cancer), it becomes increasingly clear that a LS > 12.5 kPa not only defines 
the onset of clinically significant portal hypertension but also above-mentioned 
complications and all-cause mortality. At LS values >30  kPa, liver cirrhosis 
becomes usually clinically apparent, ascites will be omnipresent and serum mark-
ers are better predictors of death within the 12 months range. Therefore, these LS 
values represent important screening cutoff values. The additional assessment of 
spleen stiffness (SS) further increases the prediction of portal hypertension while 
further studies on survival and outcome are required. It should be also noted that 
LS is good predictor of HCC and could be helpful to optimize patient selection in 
the liver transplant setting. Here, novel data are of high interest that show HCC 
incidence already at lower LS values (12 kPa range). Whether this is related to 
portal versus lobular inflammation and can be elucidated e.g., by the SS/LS ratio, 
remains to be studied [7, 8].

 Pathology of Liver Diseases and Relation to LS, SS, 
and the LS/SS Ratio

Liver cirrhosis encompasses a huge variety of different dysfunctions and better stan-
dardized classifications are required to categorize the various subtypes of cirrhosis 
[9]. For instance, cirrhosis can present clinically either as liver failure (synthesis 
impairment) or with complications of portal hypertension (see Fig. 30.3). Both con-
ditions can occur independently and determine individual prognosis. These chains 
of thoughts suggest that novel subgroups of liver cirrhosis should be defined in 
order to better predict distinct complications in individual patients. For instance, the 
degree of synthesis impairment and portal hypertension should be evaluated sepa-
rately to better determine the natural course, prognosis, potential complications, and 
therapeutic interventions. In practice, patients can be seen with normal synthesis 
parameters but pronounced portal hypertension. Despite normal INR and albumin 
levels, they can develop massive ascites and may later die from spontaneous bacte-
rial peritonitis or variceal bleeding. Such patients have a stiff liver and show vast 
matrix deposition in the biopsy. In contrast, other patients show rather early signs of 
jaundice and impaired coagulation tests, but portal hypertension is less pronounced.

More research needs to be done to better understand genetic determinants of 
these individual natural courses. As shown in Fig. 30.3, this may explain why con-
ventional laboratory-based scores rather detect cirrhotic patients with impaired syn-
thetic functions but overlook patients with portal hypertension. By contrast, 
elastographic techniques are highly sensitive to identify patients with portal hyper-
tension as also suggested in a recent Korean study by Hong et al. [10]. The combina-
tion of LS [1, 11, 12] and SS [13–18] is an excellent predictor of portal hypertension, 
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esophageal varices, and even variceal bleeding. For more details see also the chapter 
entitled “Liver and spleen stiffness to predict portal hypertension and its complica-
tions.” While the additional assessment of spleen stiffness (SS) further increases the 
prediction of portal hypertension, the ratio of SS/LS seems also to provide informa-
tion about disease etiology and likeliness of disease-specific complications [8].

A simplified perfusion scheme of the liver is shown in Fig. 30.4. It shows the 
different effects of posthepatic versus prehepatic (e.g., heart failure versus portal 
vein thrombosis) and lobular versus portal diseases (e.g., ALD versus HCV) on 
LS, SS and the SS/LS ratio. For more details see also Appendix Figs. A.8 and A.9. 
More work is necessary to better understand the role and  pharmacological man-
agement of the so-called hepatic arterial buffer response (HABR) that steers 
hepatic arterial flow though portal flow in an autonomous manner [19].
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Fig. 30.3 Liver cirrhosis encompasses a huge variety of different dysfunctions and better stan-
dardized classifications are required to categorize the various subtypes of cirrhosis. For instance, 
cirrhosis can present clinically either as liver failure (synthesis impairment) or complications of 
portal hypertension. Both conditions can occur independently in cirrhotic patients and determine 
individual prognosis. While synthesis is easily assessed by lab tests, elastographic techniques are 
the future method of choice to identify patients with portal hypertension. Both extra- and intrahe-
patic shunts (red arrow) not only lower portal hypertension but also the functional hepatic capacity. 
Ultimately, shunts lower SS and LS while serum markers of liver function will worsen. 
Abbreviations: HCC hepatocellular cancer, LS liver stiffness, RAAS renin-angiotensin converting 
enzyme system, SBP spontaneous bacterial peritonitis, SS spleen stiffness
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 Role of Hepatic Shunts and Its Relation to Liver Stiffness 
and Fibrosis Progression

Recently, as shown in Fig. 30.5, the development of porto-systemic shunts whether 
of intra- or extrahepatic nature, has been proposed as underlying mechanism to 
explain the two major subtypes of cirrhosis (stiff versus icteric) [9]. For more details, 
see also the chapter on “Sinusoidal pressure hypothesis” in book section VIII 
“Molecular basis of liver stiffness and cell biology.” Although still in a premature 
stage, a first relation between formation of intra- and extrahepatic shunts becomes 
evident: while shunts lower portal pressure (and both LS and SS), they will decrease 
the exposure of blood to hepatocytes and, thus, the functional liver reserve (see also 
Fig. 30.3). In contrast, patients with minimal shunt volume will show soon all com-
plications of portal pressure elevation and pressure-driven fibrosis progression but 
maintain good liver synthesis for a rather long time. Consequently, liver cirrhosis 
could be described as a body’s continued and desperate decision-making between 
pressure-mediated fibrogenesis and shunt-related liver failure, a jump out of the fry-
ing pan into the fire. It seems appropriate to discriminate a so-called “stiff” from an 
“icteric” phenotype of liver cirrhosis. It remains to be studied how an individual 
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profiling of cirrhotic patients by LSM and SSM will help to optimize the therapeutic 
management (e.g., by TIPS or portal pressure lowering drugs) in the future. Finally, 
the underlying molecular mechanisms need to be elucidated further.
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Chapter 31
Liver and Spleen Stiffness to Predict Portal 
Hypertension and Its Complications

Yuly P. Mendoza, Giuseppe Murgia, Susana G. Rodrigues, Maria G. Delgado, 
and Annalisa Berzigotti

 Introduction to Portal Hypertension:  
Definition and Terminology

Portal hypertension (PH) is a frequent clinical syndrome characterized by an 
increase in portal pressure and in the pressure gradient through the liver (i.e., 
between the portal venous system and the inferior vena cava or portal pressure gra-
dient, PPG). From a hemodynamic point of view, pressure in a hydraulic system is 
the result of the interaction of resistance and flow (P = resistance × flow; Ohm’s 
law). PH can occur due to obstacles to portal venous flow occurring at the pre- 
hepatic, intrahepatic, or post-hepatic sites.

From an epidemiological point of view, advanced chronic liver disease consti-
tutes the most prevalent cause of PH in the Western World. Irrespective of its cause, 
PH can cause severe clinical manifestations, such as development and bleeding of 
esophagogastric varices, ascites, hepatorenal syndrome (HRS), and hepatic enceph-
alopathy, which are associated with high morbidity and mortality [1, 2]. The com-
plications of PH are the most common clinical manifestation in patients with 
advanced chronic liver disease (cirrhosis), and define the “decompensated” stage [3].

In the early, compensated phases of cirrhosis, portal hypertension is mostly a 
consequence of an increased intrahepatic resistance to portal blood flow due to the 
architectural distortion and intrahepatic vasoconstriction [4]. Later on, as the dis-
ease advances, portal pressure further increases due to an increase in portal inflow, 
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mediated by a progressive splanchnic vasodilation and by the development of porto- 
systemic collateral circulation.

In cirrhosis, the hepatic venous pressure gradient (HVPG), measured as the 
difference between the “wedged” (or “occluded”) and the “free” hepatic vein pres-
sure [3], is equivalent to PPG, and it is considered the best available method to 
assess the presence and severity of portal hypertension in this scenario [5]. Only 
under specific conditions such as heart failure, HVPG and PH may differ from each 
other. The method is described in detail in the following paragraph.

HVPG is considered normal up to 5  mmHg; subclinical PH is defined by an 
increase in HVPG from 6 to 9 mmHg [6]; and once the HVPG exceeds a critical 
threshold value of 10 mmHg, the patient becomes susceptible to develop esophageal 
varices (EV) [7], clinical decompensation [8, 9], postsurgical decompensation [10], 
and hepatocellular carcinoma (HCC) [11]. Therefore, this HVPG threshold is 
defined “clinically significant portal hypertension (CSPH).” Other HVPG thresh-
olds are relevant from a clinical point of view; an HVPG ≥12 mmHg identifies risk 
of variceal hemorrhage (VH). An HVPG ≥16 mmHg denotes a higher risk of mor-
tality and an HVPG ≥20  mmHg predicts treatment failure in acute VH, early 
rebleeding, and mortality during acute VH [3, 12].

In compensated advanced chronic liver disease (cACLD), which comprises 
early compensated cirrhosis and severe fibrosist [13], the presence of CSPH has a 
major prognostic significance and should be identified early. Among patients with 
CSPH, two further substages with different prognosis can be distinguished accord-
ing to the absence or presence of gastroesophageal varices (GEV) [2, 14, 15]. The 
presence of ascites, and/or the first episode of portal hypertensive bleeding, and/or 
hepatic encephalopathy, marks the transition from the compensated to the decom-
pensated stage, which carries a much higher risk of further progression and mortal-
ity [16]. Obviously, all patients with decompensated disease have CSPH, which 
does not need to be hemodynamically diagnosed in these cases (present in 100% of 
cases). Finally, a stage of late or further decompensation is defined by refractory 
ascites, hepato-renal syndrome (HRS), recurrent/persistent encephalopathy, jaun-
dice, or recurrent variceal bleeding [2].

According to different international clinical practice guidelines, this staging sys-
tem not only is important for prognosis but points out the main pathophysiological 
mechanisms driving progression and complications. Consequently, it is important to 
guide clinical management [2, 17]. Stages of PH in cirrhosis and goals of therapy at 
each stage are shown in Fig. 31.1.

 Reference Standard Method to Assess Portal Hypertension 
in Cirrhosis

As mentioned above, the measurement of HVPG is the reference standard for the 
assessment of portal pressure in chronic liver disease [13]. As stated previously, 
HVPG is the difference between the “wedged” and the “free” hepatic vein pressure 
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(WHVP and FHVP respectively) at hepatic vein catheterization. The venous system 
is accessed most often through the right jugular vein or right femoral vein or right 
antecubital vein under local anesthesia, using the Seldinger technique and a hydro-
philic guidewire. Then, a balloon-tipped catheter is introduced under fluoroscopic 
control into the inferior vena cava and a large hepatic vein [3, 18]. Once the catheter 
is inside the hepatic vein, the balloon at the tip of the catheter is inflated, and a small 
amount of iodine contrast is injected to confirm an appropriate block of the hepatic 
venous flow. Once confirmed that no veno-venous communicant vessels exist, the 
catheter is connected to the pressure measurement system (polygraph similar to that 
used for any other invasive pressure measurement). After reaching the pressure pla-
teau (usually after 1–2 min), the occlusion pressure at the tip of the catheter equals 
that of the hepatic sinusoidal pressure; hence, in the presence of a sinusoidal cause of 
portal hypertension, this pressure equals portal pressure. The FHVP is measured by 
deflating the balloon and measuring the pressure at 2–3 cm from the hepatic vein 
ostium. Its value is generally very close to that of the inferior vena cava pressure [19], 
and this pressure should be used to measure the HVPG [20, 21].

 Need for Non-invasive Tests in the Field of Portal 
Hypertension

Although HVPG is the best method to identify CSPH and to further stratify the risk of 
complications in cACLD, this method is relatively expensive, not available at the bed-
side or non-specialized centers, requires personnel with adequate training, and may be 
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Fig. 31.1 Natural history of chronic liver disease and aim of therapy of portal hypertension. As 
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use of elastography aiming at detecting clinically significant portal hypertension (CSPH) and iden-
tifying patients most likely not at risk for varices needing treatment. cACLD: compensated 
advanced chronic liver disease
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associated with procedural complications [3]. Therefore, reliable, reproducible, and 
easy to perform non-invasive tests [22] are needed to assess PH. Ideally, a quantifica-
tion of HVPG should be provided by the non-invasive diagnostic method. If not fea-
sible, non-invasive tests should at least discriminate between patients having or not 
CSPH, and those with or without varices needing treatment, since these are major 
prognostic determinants, which trigger-specific management actions.

 Pathophysiological Rationale for the Measurement of Liver 
Stiffness as a Surrogate of Portal Pressure in cACLD

Liver fibrosis is the major source of increased intrahepatic vascular resistance in 
cACLD, and portal pressure is mostly due to this increase in the early phases of PH 
development [3]. Liver stiffness (LS) is a physical property of the tissue, mostly 
reflecting liver fibrosis content. In the absence of confounding factors in cACLD, 
liver stiffness measurement (LSM) initially using transient elastography (TE) (and 
more recently using other ultrasound elastography techniques) has been evaluated 
as a possible non-invasive surrogate for portal hypertension. The initial data showed 
an excellent correlation between the HVPG and LS below the threshold of 10 mmHg, 
while for higher values the relationship between the reference standard and LSM 
diverges. This has been attributed to a component of portal pressure depending on 
increased porto-collateral flow, which cannot be properly mirrored by LSM [23]. 
On the other hand, Mueller et al. studied LS in detail in relation to several complex 
non-static components, which include hepatic congestion, necroinflammation, arte-
rial pressure, cholestasis, and food intake, as well as portal pressure pharmacologi-
cal (or mechanical) modulation [24]. Thus, in addition to the structure-dependent 
component of LS due to liver fibrosis, the pressure balance between inflow and 
outflow from the hepatic sinusoidal system influences LSM, creating a dynamic 
component [12, 25, 26]. Importantly, this implies that changes in portal pressure can 
be reflected by changes in LSM. For more details, see also book Part IV “Important 
(patho) physiological confounders of LS.”

 Liver Stiffness Measurement and Clinically Significant Portal 
Hypertension

 Transient Elastography

The reliability of LSM by TE to identify the presence of CSPH has been assessed in 
patients with cACLD due to different etiologies; the vast majority of data relates to 
cACLD due to chronic hepatitis B and C. Table 31.1 provides an overview on LS 
and CSPH as measured by TE. LSM obtained by TE correlates significantly with 
HVPG in patients with cACLD, showing a correlation coefficient ranging between 
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0.55 and 0.82 in the studies published so far [27]. As previously mentioned, the 
correlation between the HVPG and LS is excellent below the threshold of 
10 mmHg, while it decreases in patients with HVPG above the threshold for 
CSPH, likely due to a flow-dependent increase in portal pressure, not mirrored 
by LSM [23]. Given this limitation, LSM does not allow a sufficiently accurate 
estimation of the exact value of HVPG [12, 26]. However, LS is a reliable non-
invasive parameter to accurately identify patients with CSPH, showing an area 
under the receiver operating curve (AUROC) ranging between 0.74 and 0.94 
for this aim [27]. The most recent meta-analysis confirmed the diagnostic capa-
bility of this method, reporting a summary AUROC of 0.93 with a sensitivity of 
87.5% (CI 75.8–93.9%) and a specificity of 85.3% (95% CI 76.9–90.9%). The 
summary correlation coefficient was 0.783 (95% CI 0.737–0.823) [27].

Several LS cut-off values have been proposed to identify the presence of 
CSPH. The cut-off of 21 kPa demonstrated a high specificity (over 90%) for 
HVPG >10 mmHg [18, 23, 28]. According to this data, in 2015 the Baveno VI 
consensus stated that LS >20–25 kPa can be used to identify the presence of 
CSPH in patients with untreated HCV or HBV cACLD [13]. The specificity of 
this cut-off has been shown to be over 90% in the meta-analysis by You et al. 
[27]. In another recent meta-analysis [29] performed exclusively in patients 
with chronic viral hepatitis, it was suggested that two cut-offs can be used, 
namely <13.6 kPa to rule out CSPH (pooled sensitivity 96%; CI 95% 93–97%) 
and >22 kPa to rule in CSPH (pooled specificity 94% (95% CI 86–97%); this 
data confirms the recommendations provided by the Baveno VI consensus [29].

As for patients who underwent antiviral treatment for HCV, it has been 
shown that portal pressure usually decreases after obtaining sustained virologi-
cal response (SVR) and LS quickly and sometimes dramatically decreases as 
well [30–34]. Despite being statistically significant, the correlation between 
the decrease of LS and HVPG was weak in the largest study published on this 
topic so far [33]. Consequently, the previously identified 13.6 kPa cut-off to 
rule out CSPH performed poorly after SVR, since almost half of patients with 
LS <13.6  kPa still showed HVPG ≥10  mmHg. On the other hand, LSM 
>21 kPa accurately rule in CSPH even after SVR [33].

According to all these reported findings, for the aim of confirming the pres-
ence of CSPH, the invasive assessment of HVPG would be avoidable in a fair 
proportion of patients with ACLD due to viral hepatitis, before and after anti-
viral treatment. However, the current data do not clarify which value of LS 
could be used to safely rule out persistence of CSPH, in patients with SVR 
after HCV therapy.

An additional limitation regards the rather limited proportion of non-viral hepa-
titis etiology included in the studies focusing on portal hypertension and LS. Since 
the etiology of the underlying liver disease influences LS, it has been postulated 
that LSM accuracy may be limited in patients with non-viral ACLD [24]. LS dem-
onstrated a good correlation to HVPG in patients with alcoholic liver disease 
(ALD) in a recent retrospective study (correlation coefficient 0.753; AUROC 
0.925) [35]. The cut-off of 30.6 kPa showed the best capacity to rule in CSPH 
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(sensitivity 81%, specificity 94%) [35]. In a recent meta-analysis focused on ALD 
including nine studies, the authors identified a cut-off value of 21.8 kPa for CSPH [36]. 
Despite a good pooled sensitivity (0.89, 95% CI 0.83–0.93), both specificity (0.71, 95% 
CI 0.64–0.78) and positive likelihood ratio (3.1, 95% CI 2.4–4) were modest [36]. 
Therefore, the cut-off value of 21.8 kPa has a good performance in ruling out CSPH, but 
it is not satisfactory in ruling in CSPH (similarly to what has been described for the 
13.6 kPa cut-off in viral ACLD) [29, 36]. According to these data, the cut-off value to be 
used to rule in CSPH in ALD seems to be higher than that for viral ACLD. Data on the 
accuracy of LSM for CSPH in cholestatic liver disease (in which a pre-sinusoidal com-
ponent of PH is invariably present) are currently lacking and require specific studies. 
Recent data suggest that the location of the liver inflammation (portal versus lobular) 
seems to affect the ratio between liver and spleen stiffness [37]. In this paper, patients 
with portal HCV showed not only higher spleen stiffness as compared to ALD but suf-
fered also more from PH-related complications [37].

 Point Shear Wave Elastography (pSWE)

Three studies investigated the use of pSWE (acoustic radiation force impulse imag-
ing, Acuson Siemens 2000, Germany) for diagnosing CSPH.  Similarly to TE, 
pSWE showed a significant correlation with HVPG (r 0.609–0.650) and demon-
strated a good diagnostic accuracy for CSPH (AUROC 0.83–0.93) [38–40]. 
However, the data is currently insufficient to identify an accurate cut-off value to 
rule in and rule out CSPH.  The current cut-offs are highly variable (ranging 
2.17–2.58 m/s), likely due to the heterogeneity of included population. Due to these 
limitations, pSWE cannot yet be recommended for the diagnosis of CSPH [26] 
(Table 31.2).

 Two-Dimensional Shear Wave Elastography (2D-SWE)

2D-SWE has been tested for CSPH in eight studies so far and showed a good dis-
criminative capacity (AUROC 0.80–0.87), with sensitivity and specificity ranging 
between 80 and 90% in most of the studies. In a meta-analysis including published 
studies up to February 2017 on point-SWE and 2D-SWE, Suh et al. [41] confirmed 
the good diagnostic performance of this elastographic method for CSPH (AUROC 
0.88, 95% CI 0.85–0.91). The summary sensitivity and summary specificity were 
85% (95% CI 75–91%) and 85% (95% CI 77–90%), respectively. The correlation 
between LS by 2D-SWE and HVPG was high (summary correlation coefficient 
0.741; 95% CI 0.658–0.825) [41].

In the specific context of HBV-related cACLD, the discriminative ability of this 
method seems to be slightly lower (AUROC 0.72, 95% CI 0.49–0.95), but a cut-off 
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of <13.2 kPa ruled out CSPH with a sensitivity >90% and a cut-off >24.9 kPa ruled 
in CSPH with a specificity >90% [42].

Jansen et  al. developed two algorithms to non-invasively rule in and rule out 
CSPH using 2D-SWE using LSM followed by spleen stiffness measurement (SSM) 
[43, 44]. LS <16 kPa and SS <26.6 were able to rule out CSPH with a sensitivity of 
98.6% [43]. LS >38 kPa correctly ruled in CSPH in all patients. In patients with LS 
<38  kPa, SS >27.9  kPa was able to rule in CSPH with a specificity of 91.4%. 
Combining both algorithms, patients were correctly classified as having or not hav-
ing CSPH in 91.6% of cases with a sensitivity of 98.3% and a specificity of 
96.3% [44].

Unfortunately, the performance of both algorithms was not confirmed by Elkrief 
et al. [45] in a large independent cohort of 191 cirrhotic patients, showing that their 
accuracy was insufficient for the application in clinical practice. Importantly, since 
the study included both compensated and decompensated patients, the performance 
of the algorithms was tested in patients without previous history of decompensation, 
without improvement [45]. Overall, LSM performance using 2D-SWE for CSPH is 
likely consistent with that of TE [27]. However, there is marked heterogeneity of 
cut-offs (2D-SWE 16–38  kPa), possibly underlining a lack of standardization. 
While LSM by 2D-SWE for CSPH is currently unaccepted in clinical practice, the 
method seems promising, and further data is awaited [26] (Table 31.3).

 Liver Stiffness Measurement Alone or Combined with Other 
Noninvasive Methods to Diagnose Gastroesophageal Varices

The risk of esophageal varices (EV) rupture in cirrhosis is closely linked to the size 
of varices [46]. Given this observation, screening endoscopy for EV in patients with 
a diagnosis of ACLD is a crucial part of the management, since it can precisely 
identify varices need treatment (VNT) aimed at reducing the risk of bleeding [47]. 
VNT is defined as (1) small varices with red wale marks or occurring in patients in 
Child–Pugh C class (decompensated patients) or (2) medium or large varices [13]. 
LSM has been amply proven to accurately predict the presence and size of EV. On 
its own, it is the single most valid non-invasive tool to predict the presence of EV 
and VNT in patients with compensated advanced chronic liver disease (cACLD), 
although it is not as accurate as for defining the presence of clinically significant 
portal hypertension (CSPH) [48]. In a recent meta-analysis spanning 18 studies with 
a total of 3644 patients, it was concluded that for EV or VNT, the probability of a 
correct diagnosis following a positive measurement of LS (with variable cut-offs) 
did not exceed 70% [48].

Due to the lack of precision, it is not recommended to rely on LSM as a single 
tool for the prediction of EV/VNT. This left room for improvement, where the com-
bination of other non-invasive markers of portal hypertension such as spleen size 
and platelet count could be used to increase the diagnostic accuracy of LSM. In fact, 
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a previous study using LSM-spleen diameter to platelet ratio score (LSPS) showed 
an increment in diagnostic accuracy to 90% for VNT, clearly outperforming LSM 
alone (AUROC: 0.95 vs. 0.88, P < 0.001) [49]. A recent meta-analysis assessed and 
compared the performance of LSM, SSM, and LSPS for the detection of EV and 
VNT. The authors conclude that for EV detection, LSPS and SSM were superior to 
LSM [50].

Furthermore, in a prospective cohort of patients with cACLD, LSPS correctly 
classified the presence of EV in around 80% of patients [5]. Subsequently, the 
Baveno VI Consensus conference on portal hypertension suggested that a simple 
combination of non-invasive tests, i.e., platelet count >150 g/L and LSM <20 kPa, 
could be applied to identify patients with cACLD but with a very low risk (<5%) of 
VNT, as such, suitable to skip endoscopic screening (unnecessary) [13].

This section will highlight the most recent evidence of use of LSM using TE, 
pSWE, and 2D SWE ± other unrelated parameters in predicting varices and VNT, 
primarily following the publication of the Baveno VI consensus report (Fig. 31.2).

 Transient Elastography ± Other Unrelated Noninvasive Tests

Following the publications of the Baveno VI Consensus report, there was a plethora 
of studies validating the findings in various etiologies. The results of the most rele-
vant studies are summarized in Table 31.4. The “Anticipate” study showed that none 
of the tests identified those with very low risk of all-size varices, but both LSPS and 
a model combining TE and platelet count detect patients with very low risk (<5%) 
of VNT [51]. Another group showed that LS alone at a cut-off of 20 kPa had an AUC 
of 0.686 for EV and LSM (20 kPa) and platelet count (150 G/L) combined increased 
the AUC to 0.746 [52]. A meta-analysis of 15 studies, all except 5 using the Baveno 
VI criteria, concluded that VNT is found in no more than 4% of patients when LS 
<20 kPa and platelet count is normal [53]. Another meta-analysis stated LSM could 
not provide high accuracy for the size of EV due to the various cut-offs and different 
etiologies and that widespread use in clinical practice at the time should be limited 
[54]. Moreover, another study tested earlier non-invasive test-based algorithms and 
Baveno VI and found that EV is misdiagnosed when using platelets in 3.1%, TE in 
3.7%, LSPS in 10%, Variceal risk index (VRI) in 11.3%, Baveno VI in 1.8%, and 
Augustin algorithm in 3.7% of patients. The rate of unnecessary gastroscopies was 
46% for platelet count, 25% for TE, 13% for LSPS, 6% for VRI, 53% for Baveno 
VI 53%, and 39.1% for Augustin algorithm [55].

This data prompted researchers to refine the Baveno VI criteria particularly to 
reduce the number of unnecessary endoscopies. Jangouk et  al. reported a 12% 
increase in spared endoscopies (with no additional VNT missed) by expanding the 
Baveno VI criteria to patients with MELD = 6. Additionally, a stepwise strategy 
using platelet count >150 G/L and MELD = 6 without LSM substantially increased 
the number of endoscopies avoided to 54%, with a very low rate of missing VNT 
[56]. Other authors could not validate these findings without LSM, because it led to 
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an unacceptable high rate of missed VNT [57]. The “Expanded Baveno VI criteria” 
used a platelet count >110 G/L and LSM <25 kPa to rule out the need for endos-
copy. It would potentially spare 40% of endoscopies (21% with Baveno VI criteria) 
with a risk of missing VNT of 1.6% in patients within the criteria and 0.6 in the 
overall 925 patients evaluated [57].

The Baveno VI and expanded criteria were primarily validated in patients with 
viral, namely hepatitis C and/or ALD. NAFLD-related cirrhosis was explored [58] 
and found that expanded criteria worked better than the Baveno VI criteria for ruling 
out VNT, sparing unnecessary procedures. Cholestatic liver diseases (PBC and 
PBC) have a known pre-sinusoidal component of portal hypertension that could 
affect the applicability of Baveno VI criteria. The authors concluded that Baveno VI 
criteria can be applied in these patients, resulting in 30–40% of saved endoscopies. 
Baveno VI criteria had a 0% false-negative rate in PBC and PSC, saving 39% and 
30% of EGDs, respectively. In PSC, the expanded Baveno VI criteria had an ade-
quate performance. Additionally, expanded criteria in PBC would lead to false- 
negative rate >5% [59]. Two Asian studies explored cohorts with hepatitis B as the 
major etiology. Lee et al. found a VNT missed rate of 1.9% with a 25.7% saved 
endoscopy rate with Baveno VI criteria and saved endoscopy rate of 39.1% with a 
VNT missed rate <5% for the expanded criteria [60]. Bae et al. demonstrated that 
expanded criteria could spare more endoscopies (51.7%) than the original criteria 
(27.6%) in predominantly HBV-associated cACLD. Nevertheless, the expanded cri-
teria missed more frequently VNT (6.8%) than the original criteria (3.8%) [61]. 
These last studies suggest that the expanded Baveno VI criteria, in some settings, 
can lead to a missed rate of VNT >5%. A French multicenter cohort study indicated 
that the Baveno VI criteria were valid in patients with HBV- or HCV-associated 
cACLD even after sustained virological response (SVR) to antiviral therapy [62].

 pSWE

pSWE has been widely evaluated for the prediction of EV. Overall, in the last 5 years, 
studies have shown mixed results. A 2014 cohort study reported an AUROC of 0.743 
for the prediction of EV using pSWE (vs. TE with an AUROC of 0.802) [38]. Later, 
a Japanese study showed an AUROC of 0.789 for any varices and an AUROC of 
0.788 for VNT, respectively [40]. A recent, small study detected an AUROC of 0.913 
using pSWE-LSM for EV detection versus pSWE-based SSM with an AUROC of 
0.675, with the drawback that none of the varices were VNT [63]. Currently, evi-
dence is not strong enough to recommend pSWE to rule in or rule out VNT.
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 2D-SWE

Over the last 5 years, there has been data supporting the use of 2D-SWE for EV/
VNT screening. Three studies showed an AUROC around 0.80 for LSM in patients 
with cACLD [64–66]. LSM yielded an AUROC of 0.887 for any EV and 0.880 
(cut- off 16.1 kPa) for VNT [67], which was not confirmed in another study includ-
ing 79 patients revealing no difference between LSM and SSM values (L-2D-SWE 
and by TE) between patients for VNT [68]. Stefanescu et al. demonstrated that with 
a stepwise approach combining LSM at a cut-off <19 kPa with a cut-off of PLT 
>100 G/L, EV were ruled out with 83% accuracy [69]. Another cohort study of 
cACLD patients supported this data [44]. A single-center study reported that LSM 
≥10 kPa or gallbladder wall thickness measured >4 mm measured at the same time 
had a 100% sensitivity for the presence of EV [70].

To conclude, most of the extensive published data on the diagnostic performance 
of elastography-based methods for EV/VNTs are based on TE. In particular after 
the publication of the Baveno VI report, these studies validated the criteria. Overall, 
TE and platelet combined approaches are highly applicable in all major liver disease 
etiologies, and most studies report a fair to good diagnostic capacity for EV/
VNT. Some studies have eliminated LSM in the screening algorithm, relying solely 
upon simple blood-based tests (platelets and MELD score), but further validation is 
warranted. Both pSWE- and 2D-SWE-based LSM have shown encouraging results 
for variceal screening, but large-scale studies are needed to overcome significant 
discrepancies between among reported cut-offs. Currently, there is solid evidence to 
support the use of LSM and platelet count, but future studies aim to implement SSM 
and other non-invasive tests to further enhance EV screening strategies in cACLD.

 Measurement of Spleen Stiffness by Ultrasound Elastography

The spleen has an anatomical connection to the portal system (venous drainage 
through the splenic vein, which is one of the tributary veins of the portal system), and 
diseases leading to an increase in portal pressure influence the spleen structure. 
Splenomegaly is the most common finding in patients with portal hypertension, and 
it is due not only to venous congestion but also to the activation of lymphoid tissue 
and angiogenic and fibrogenic factors [71]. These changes can lead to an increase in 
the stiffness of the organ, providing a rationale for the use of elastography in this field.

Using TE, the normal SS ranges from 13.8 ± 2.9 to 17.3 ± 2.6 kPa [72, 73]. SS is 
not influenced by gender, age, or spleen size [73]. The reproducibility of this method 
is excellent, with an intra-class correlation coefficient of 0.94 for intra-observer 
concordance and 0.87 for inter-observer concordance [64]. SSM by TE using the 
conventional probe has a high measurement failure rate, which has been estimated 
around 20–29% [73]. Recently, a dedicated exam type was developed to perform 
SSM on the Fibroscan platform with improved performance [74]. SSM can be also 
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measured using pSWE with higher success (~95% of cases) [40]. 2D-SWE seems 
to have technical limitations in measuring SS [75].

SSM by TE has been shown to accurately reflect the presence of CSPH [76] and 
to be accurate for EV detection [77, 78]. A cut-off value of SSM <40 kPa ruled out 
CSPH with 98% sensitivity and SSM >52.8 kPa ruled it in with 97% specificity in 
patients with HCV-related cirrhosis [76]. In addition, SS <41.3 kPa is highly sensitive 
to rule out EV, and SS >55 kPa is highly specific to rule in EV [79]. The combina-
tion of SSM (41.3 kPa cut-off) and LSM (27.3 kPa cut-off) increases the diagnostic 
accuracy [80]. A recent meta-analysis showed that the combination of LSM and 
SSM is highly sensitive and specific for the prediction of EV [50]. In the only ran-
domized controlled trial (RCT) published to date in this field, Wong and colleagues 
compared a strategy based on LSM and SSM to guide endoscopic screening of EV 
(patients with LS ≥12.5 kPa or SS ≥41.3 kPa were taken to endoscopy) vs. univer-
sal endoscopic screening, reporting no inferiority in the detection of high-risk vari-
ces [79]. According to this recent clinical trial, LSM-guided strategy spared more 
endoscopies than the Baveno VI criteria, reducing up to 50% of examinations, com-
pared with 33% according to the Baveno VI criteria. Another multicentric, European 
study using a strategy based on both LS and SS (≥46 kPa) revealed again a higher 
proportion of spared endoscopies compared to the Baveno VI strategy [81]. 
Interestingly, in a study performed in children, SS was the best non- invasive marker 
to predict high-risk varices; a cut-off of 38 kPa was clinically meaningful to identify 
this important endpoint [82]. Taken together, all these results suggest that SSM by 
TE could be implemented in clinical practice to refine the selection of patients 
requiring endoscopy for screening of varices. A dedicated probe has entered the 
market in 2019, and studies validating the use of this device for SSM are expected 
soon [74]. For more details, see also book Part II “Techniques to Measure Liver 
Stiffness.”

As for SSM by pSWE, its accuracy for CSPH and varices prediction has been 
assessed in a limited number of studies, apparently with results similar to those 
reported for TE [83]. Different studies have shown that SSM measured by pSWE is 
a good predictor of clinically significant portal hypertension (CSPH), with AUROC 
between 0.80 and 0.90 [39, 40, 84]. Takuma et al. demonstrated that SSM by pSWE 
has a better correlation with HVPG than LSM [40]. A cut-off value of 3.51 cm/s has 
a sensitivity of 94% to exclude esophageal varices with risk of rupture [40].

As for 2D-SWE, few studies focused on SS [43, 68, 85]. Recently, a multicenter 
study showed that a cut-off value ≤21.7 kPa or ≥35.6 kPa of SS-SWE had a sensi-
tivity of 90% and specificity of 91% to exclude or diagnose CSPH [44].

In conclusion, SSM by TE, pSWE and 2D-SWE is a promising and increasingly 
used method to assess the presence of CSPH, EV and VNT in patients with compen-
sated ACLD, and, in the view of the authors of this chapter, it is sufficiently estab-
lished to be included among the standard non-invasive tests to be used in this 
population.
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 Prediction of Clinical Decompensation by Liver and Spleen 
Stiffness Measurement

The prognosis of compensated and decompensated liver cirrhosis is significantly 
different, and the aim of therapy is to prevent clinical decompensation in patients 
with cACLD. To do so, it is essential to recognize those compensated patients at 
higher risk of developing decompensation [16]. As previously discussed, CSPH is a 
key predictor of progressive liver disease and of risk of clinical decompensation [8]. 
Robic et al. [86] measured LS by TE and HVPG in 100 patients with cACLD, and 
followed them up for 2 years. They demonstrated that LS and HVPG were similarly 
accurate in predicting the first episode of decompensation. All of the clinical events 
occurred in patients with LS ≥21.1 kPa, which is currently considered the best cut- 
off value to identify CSPH.

Different studies [86–91] have shown that in patients with cACLD, LS holds 
prognostic value for liver-related events, including not only clinical decompensa-
tion but also onset of HCC, and death. Despite the limitations of these studies such 
as a limited sample size, short follow-up, and heterogeneous rate of events, all coin-
cide in identifying LSM as an independent predictor of prognosis. Recently, this 
was confirmed in a systematic review and meta-analysis [92] of 17 prospective 
cohort studies, including 7058 patients with chronic liver disease. The baseline 
LSM was associated significantly with the risk of hepatic decompensation (relative 
risk, 1.07; 95% confidence interval [CI], 1.03–1.11) and death (relative risk, 1.22; 
95% CI, 1.05–1.43). In another large meta-analysis (35,249 participants), LS dis-
played a nonlinear relationship with the risk of liver-related events [93]. Despite the 
possibility of calibrating LS vs. risk of clinical events factoring other variables (e.g., 
albumin, bilirubin, INR), models for this personalized risk-stratification are still 
lacking and should be object of future research.

LS increase of >1.5 kPa per year seems to add prognostic value to baseline LS in 
patients with PBC [94] and in HCV [95].

As for the combination of LSM with other NITs, LSPS predicted first decompen-
sation in patients with HBV-related cACLD better than LSM alone [96]. Recently, 
our group has shown that in patients with overweight/obesity and NASH as the 
main etiology of liver disease, LSM-spleen diameter to platelet ratio score was 
superior to LSM (using XL probe) and PH risk score to predict the first clinical 
decompensation [97].

SS also predicts clinical decompensation in cACLD due to chronic hepatitis C 
and B. Colecchia et al. [98] showed that SS, alone or combined with MELD, pre-
dicted decompensation in a 2-year follow-up similarly to HVPG and better than 
LS.  The best SS cut-off to predict decompensation was >54  kPa. Subsequently, 
other studies validated the predictive value of SS (either by TE or by pSWE or 
2D-SWE) for liver-related events [65, 99–103].

For the specific aim of predicting the first episode of variceal hemorrhage, SS in 
combination with LS seems to provide the best results [104, 105]. Wong et al. [105] 
showed in 548 patients with cACLD followed-up for 3 years that an LSM/SSM 
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(LSSM) guided screening strategy for varices had a similar low risk of incident vari-
ceal hemorrhage as compared to universal screening. These findings support that the 
use of the LSSM-guide screening might serve at the same time to predict the risk of 
varices requiring treatment and the occurrence of variceal hemorrhage. For instance, 
a cACLD patient with a low risk of clinically significant EV by LSSM would have 
minimal risk (<1% in 3 year) of incident variceal hemorrhage [105].

As far as HCC prediction is concerned, PH is one of the factors involved in HCC 
development and recurrence [11]. A number of prospective studies have identified 
that LSM in patients with viral cirrhosis is associated with the risk of incidence of 
HCC [106–110]. Jung et al. [110] validated a previously described cut-off of LS 
(>8 kPa) in 1130 patients with chronic hepatitis B. Additional larger longitudinal 
prospective studies including diverse etiologies of chronic liver disease are needed 
to assess whether LSM can be used in combination with other variables to better 
stratify the risk of HCC in cACLD.

Finally, LSM [111] and SSM [112] have been investigated in the setting of HCC 
recurrence after effective therapy. Marzano et al. [112] identified SSM (hazard ratio 
1.046, 95% CI 1.020–1.073) as the only independent predictor of late HCC recur-
rence (>24 months) after liver resection.

 Liver and Spleen Stiffness Measurement to Follow-Up 
Patients Treated for PH

While the strength of correlation between LSM and HVPG is improved under non- 
selective beta-blockers (NSBB) [113], likely to a reduced impact of flow-dependent 
factors on LSM [114], LSM changes in patients with PH undergoing therapy with 
NSBB do not correlate with changes in HVPG [113]. Since LS cannot be used to 
monitor PH under NSBB, Kim et al. [115] studied SS for this purpose. They mea-
sured SS by pSWE (Virtual Touch, Siemens, Germany) in 106 patients with cirrho-
sis and high-risk esophageal varices, both before and after titration of NSBB. They 
also assessed the hemodynamic response to NSBB by measuring the HVPG at the 
same time points. ∆SSM (∆SSM [=SSM2 − SSM1]) significantly predicted the 
HVPG response (OR 0.039; 95% CI 0.008–0.135; P < 0.0001) to carvedilol. Based 
on the calculated prediction model (Model  =  0.0490–2.8345∗∆SSM) and using 
0.530 as the cut-off value, the hemodynamic response could be predicted with a 
good performance (AUROC 0.803). In the validation cohort, the model maintained 
a high discriminative ability (AUROC 0.848). If externally validated, SS changes by 
pSWE would be the first non-invasive test able to predict the hemodynamic response 
to NSBB.

In addition, changes in LS and SS after placement of a transjugular intrahepatic 
portosystemic shunt (TIPS) may be used in the follow-up. As for SS, in a prelimi-
nary work, Novelli et al. [116] found that the SS significantly decreases after TIPS; 
however, SS decreased in only 58% of cases, and SS showed no correlation with 
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portal pressure. In contrast, several more recent studies [117–122] have indicated a 
positive correlation between changes in SS and changes in portal venous pressure 
(∆PVP) after TIPS placement (e.g., in the largest: ∆SSM and ∆PVP r = 0.871, 
p ≤ 0.001) [122]. Using pSWE, Ran et al. suggested that the cut-off value ∆SSM 
>0.36 m/s could predict a good TIPS performance (AUC 0.869; sensitivity: 77%; 
specificity: 100%).

As for LSM after TIPS placement, studies showed overall a decrease after TIPS 
[123], but no significant correlation between the decrease in LS and that in portal 
pressure was detected [120, 122, 124, 125]. More recently, it has been postulated 
that LS would decrease after TIPS in only a part of patients; patients with early 
decrease in LS would show a good outcome after TIPS, while patients showing 
increase in LS early after TIPS would have a poor prognosis [125]. LS increase after 
TIPS could be due to inflammatory response, triggering acute on chronic liver fail-
ure and death in this population. Further data is awaited to confirm this prelimi-
nary report.

 LS and SS in Patients with Portal Hypertension of Unknown 
Cause or No Cirrhosis

In patients presenting with clear signs of portal hypertension, the first step is to 
diagnose the primary cause. In Western countries, over 90% of cases of PH are due 
to cACLD/cirrhosis, but nonetheless, other types of PH exist and need to be identi-
fied correctly.

Pre-hepatic PH is frequent in children and in the Asian countries, and it is mostly 
due to thrombosis of the portal vein (extrahepatic portal vein obstruction—EHPVO) 
which can evolve into cavernous transformation. Thrombosis of the hepatic veins/
vena cava inferior (Budd–Chiari syndrome, BCS) is the most common cause of 
post-hepatic PH. These diseases are usually diagnosed by imaging (ultrasound, CT 
scan, and MRI).

Intrahepatic, non-cirrhotic portal hypertension is a heterogeneous group of dis-
eases characterized by the elevation of portal pressure without liver cirrhosis. 
Among the causes of non-cirrhotic portal hypertension, porto-sinusoidal vascular 
disease (PSVD) [126] a new term that encompasses from a clinical perspective: 
idiopathic portal hypertension and non-cirrhotic portal hypertension, and from a 
histological standpoint: idiopathic portal fibrosis, obliterative venopathy, nodular 
regenerative hyperplasia-NRH, non-cirrhotic portal fibrosis, hepatoportal sclerosis, 
and incomplete septal cirrhosis. It is frequent in the Western world; in other geo-
graphical areas, schistosomiasis is a frequent cause of intrahepatic, non-cirrhotic 
PH. The clinical manifestations are similar to those observed in cirrhotic PH and 
include thrombocytopenia due to splenomegaly, onset of varices, and variceal 
bleeding, which is usually better tolerated than in cirrhosis, due to a preserved liver 
function [127]. The diagnosis of intrahepatic non-cirrhotic portal hypertension, and 
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in particular that of PSVD, requires liver biopsy and HVPG measurement, since 
non-cirrhotic portal hypertension can be indistinguishable from cirrhosis on imag-
ing. For more details, see also book Part III “Liver Stiffness and Various Etiologies 
of Liver Diseases.”

Several observations suggest that combined elastography of the liver and of the 
spleen can play a role in improving the differential diagnosis of cirrhosis and 
 intrahepatic non-cirrhotic portal hypertension. Many patients with non-cirrhotic 
portal hypertension have LS values above the threshold usually taken as that for the 
diagnosis of cACLD (10 kPa). In a study comprising pre-hepatic PH, PSVD, and 
post- hepatic- PH, 31% of patients with EHPVO, 50% of patients with NRH, and 
75% of patients with other causes (Budd–Chiari syndrome, sarcoidosis, etc.) showed 
LS >10 kPa. Importantly, 95% of them did not present significant fibrosis on liver 
biopsy, suggesting that LS is increased due to other factors [128]. Another prospec-
tive study that included 30 patients with NRH found LS ≥7.1 kPa (compatible with 
significant fibrosis) in 47% of cases, but no fibrosis on liver biopsy. As expected, LS 
and HVPG show no correlation in these patients [129]. Seijo et al. demonstrated that 
in comparison to patients with cACLD and with similar manifestations of PH (simi-
lar size of varices, etc.), LS values in patients with idiopathic PH are much lower; 
however, LS values are significantly higher in patients with idiopathic PH than in 
patients with EHPVO [130], who more often have completely normal livers. On the 
other hand, SS is increased similarly in all categories of PH, irrespective of the 
cause. Hence, the finding of a disproportionate increase in SS vs. LS in a patient 
with signs of PH and the finding of LS <20 kPa in a patient suspected of cirrhosis 
due to PH should prompt further investigations to rule out PSVD and other causes 
of non-cirrhotic intrahepatic PH. Figure 31.3 summarizes these concepts.

Type of PH Pre-hepatic PH

Stiffness
measurement

patterns

Examples Extrahepatic portal
vein obstruction

PH, portal hypertension; LSM, liver stiffness measurement; SSM, spleen stiffness measurement; cACLD, compensated
advanced chronic liver disease

Liver cirrhosis Budd-Chiari syndrome
Congestive liver (heart)

Noramal
LSM

High
SSM

High
SSM

High
SSM

High
LSM

High
SSM

Hepatic (sinusoidal) PH
(cACLD)

Post-hepatic PH

Fig. 31.3 Liver and spleen stiffness patterns in pre-hepatic, intrahepatic and post-hepatic portal 
hypertension (PH). Please note that contrarily to sinusoidal forms of PH (cirrhosis) pre-sinusoidal 
forms of intrahepatic portal hypertension, such as porto-sinusoidal vascular disease, usually show 
a mild–moderate increase in liver stiffness despite a marked increase in spleen stiffness (similar to 
that observed in cirrhosis)
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In the specific context of patients at risk of developing sinusoidal obstruction 
syndrome (SOS), Colecchia et  al. demonstrated that LS by TE increases signifi-
cantly days before the development of symptoms or signs. In the authors’ view, this 
could be explained by pre-clinical liver congestion due to initial sinusoidal obstruc-
tion, which later on progresses and leads to the classical syndrome. The increase in 
LS was observed between days 2 and 12, and LS had a 75% sensitivity and 98% 
specificity for the diagnosis of SOS [131].

As for pre-hepatic causes of PH, LS is usually normal or minimally increased, 
while SS is very much elevated in patients with EHPVO (who often have normal or 
slightly elevated LSM), and SS by TE was higher in patients who had a previous his-
tory of variceal bleeding [132]. This data suggests that SS might be a prognostic tool 
in EHPVO. However, a study using 2D-SWE to measure SS did not observe differ-
ences between patients experiencing or not experiencing variceal bleeding [133].

As for post-hepatic causes of PH, in patients with BCS, a study on seven cases 
showed that, on presentation, LS and SS were close to the maximum measurable 
values [134]. In a recent case series [134], LS and SS values could stratify the sever-
ity of BCS and in particular SS was more accurate predicting patients who required 
TIPS intervention. Interestingly, two studies (in 7 and in 25 patients, respectively) 
reported a significant decrease in LS after endovascular treatment [134, 135]. These 
differences in LS were not related to changes in the stage of fibrosis measured by 
METAVIR score and suggest that high LS in BCS is primarily due to liver conges-
tion. In a recent study, Wang found similar results using 2D-SWE-based LS, which 
correlated with the decrease in HVPG after endovascular treatment [136].

In conclusion, LS and SS used in combination seem to provide diagnostic and 
prognostic data in patients with non-cirrhotic forms of PH. However, the exact use 
of ultrasound elastography in this context remains to be defined.
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Chapter 32
Liver Stiffness and Hepatic 
Decompensation

Omar Elshaarawy and Sebastian Mueller

 Liver Stiffness and Hepatic Decompensation

Several studies have assessed the relation of LS and hepatic decompensation (see 
Table 32.1), and LS was found to be highly predictive for hepatic decompensation. 
In a cohort study by Gomez-Moreno et al. on 343 patients with chronic liver disease, 
60 patients had liver cirrhosis, for all patients, each incremental unit in the natural 
logarithm (Ln) of LS was associated with 14.7 times higher risk of developing liver-
related events (P < 0.001) [1]. Patients with LS >25 kPa had a greater risk to develop 
decompensation than those with a LS <25  kPa and the hazard ratio was 30.9 
(P < 0.001). Of note, LS performed well in predicting decompensation events with 
an AUROC of 0.876 in all patients while the predictive power of LS decreased when 
only considering patients with cirrhosis (AUROC 0.729). In a similar study by Kim 
et al., LS was found to be an independent predictor of decompensation in a cohort 
of 26 cirrhotic patients [2]. They stratified the patients according to LS into three 
stages: <13 kPa, 13–18 kPa, and >18 kPa. This study concluded that patients with 
LS 13–18 kPa have a hazard ratio (HR) of 4.5 to develop decompensation (P = 0.044) 
while patients with LS >18 kPa have a higher HR of 12.4 in order to progress to liver 
decompensation (P < 0.001). In a systematic review and meta- analysis, Singh et al. 
in 2013 included 17 studies on 7508 patients with chronic liver disease. They con-
cluded that LS was significantly associated with the risk of hepatic decompensation 
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(RR, 1.07; 95% CI, 1.03–1.11) and the development of HCC (9 studies; RR, 1.11; 
95% CI, 1.05–1.18) [3]. Recently, Lee et al. assessed LS by magnetic resonance 
elastography in 217 patients with compensated chronic liver disease. Accordingly, 
each incremental unit in LS is associated with a 1.59 hazard ratio to develop HCC 
and a 2.02 harzard ratio to develop hepatic decompensation [4].

 Spleen Stiffness Can Predict Hepatic Decompensation as Well 
as Variceal Bleeding

Several studies investigated the utility of spleen stiffness (SS) to predict esophageal 
varices or even the incidence of variceal bleeding [5–13]. Accordingly, SS was able 
to predict hepatic decompensation with almost 70% accuracy and AUROCs up to 
0.843 have been reported by e.g. Takuma et  al. [9]. A SS cut-off of 3.25  m/s 
(~31.6  kPa) identified patients with decompensation with a negative predictive 
value of 98.8% and 68.9% accuracy. Moreover, a SS cut-off value of 3.64  m/s 
(~39.7 kPa) is an accurate predictor of esophageal variceal bleeding (EVB) in com-
pensated cirrhotic patients while a cut-off value of 3.75 m/s (~42.2 kPa) in decom-
pensated patients. Noteworthy, SS had better AUROC values in predicting EVB in 
comparison to spleen diameter, platelet count, and LS (0.857, 0.746, 0.720, and 
0.688, respectively) [9]. In a recent study by Wang et al., similar SS cut-off values 
for EVB (SS = 45.5 kPa and AUROC = 0.923 vs. LS = 29.6 kPa and AUROC = 0.860) 
were identified with SS being superior to LS in predicting EVB [13]. In a cohort of 
210 patients, Meister et al. reported an SS cut-off value of 39 kPa for hepatic decom-
pensation. They also reported the utility of SS to differentiate between acute and 
chronic liver damage as SS was significantly higher in patients with chronic liver 
damage than acute ones with the same LS values [14].

Recently, SS/LS ratio has been proposed to determine the histological side of 
inflammation and predict disease-specific complications [15]. It was reported that 
HCV patients have a higher SS/LS ratio than the ALD patients. Of note, 73% of the 
HCV patients had more variceal bleeding as the mode of first decompensation 
while, in contrast, 65% of the ALD patients had hepatocellular jaundice as the mode 
of first decompensation. Taken together, LS and SS both add valuable information 
in predicting disease-specific complications of liver diseased patients, namely vari-
ous forms of hepatic decompensation. Prospective long-term studies are encour-
aged to further validate  the utility of these elastographic parameters and their its 
performance.
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Chapter 33
Spleen Stiffness to Liver Stiffness Ratio 
and Disease Etiology

Omar Elshaarawy, Johannes Mueller, and Sebastian Mueller

 Introduction

Spleen stiffness (SS) is now widely used as novel noninvasive parameter to screen 
for portal hypertension [1, 2]. Moreover, SS has been demonstrated to outscore liver 
stiffness or platelet count in predicting complications of portal hypertension such as 
the presence of esophageal varices and the risk of variceal bleeding [3–9]. A combi-
nation of LS and SS is currently considered the best predictor of portal hypertension 
[1, 10]. Although transient elastography has been originally designed to measure 
LS, it can well be explored to assess SS [1, 11]. Limitations are small normal sized 
spleens and obesity. In addition, since SS is typically higher as LS, the upper detec-
tion limit of the Fibroscan device at 75 kPa is more rapidly reached which has pres-
ently resulted in commercially available technically modified dedicated spleen 
examinations [12]. The presence of clinically significant portal hypertension 
(CSPH) is correlated with worse outcome, liver decompensation, and the presence 
of hepatocellular carcinoma (HCC) [13, 14].

However, less attention has been paid to the relation of SS and disease etiology. 
With regard to LS, it has been rapidly learnt that it clearly depends on disease etiol-
ogy resulting in different cutoff values, e.g., for F4 cirrhosis [15, 16]. While the 
exact identification of LS cutoff values is still an ongoing debate, it has been well 
settled that inflammation is a key modifier of LS for common liver diseases such as 
viral hepatitis or ALD. Moreover, resolution of inflammation has been demonstrated 
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to result in lowered LS both upon viral clearance in HCV patients [17] and alcohol 
detoxification in patients with ALD treatment [18, 19]. In a recent large multicenter 
trial of more than 1500 biopsy proven patients with HCV and ALD, it was shown 
that inflammation had a different impact on LS strongly depending on disease etiol-
ogy. Thus, HCV patients with identical high transaminases and fibrosis stage had 
clearly lower LS values compared to patients with lobular ALD [15]. It has been 
therefore suggested that the localization of inflammation (portal versus lobular) 
could be an additional critical factor that determines LS (see Fig.  33.1). These 
observations have been also taken up and integrated in the recently introduced sinu-
soidal pressure hypothesis that identifies the sinusoidal pressure as a key factor for 
liver stiffness and fibrosis progression [20].

 SS/LS Ratio Significantly Differs in ALD and HCV

Recently, we conducted a study that analyzed and compared SS and LS in patients 
with portal (HCV) and lobular (ALD) chronic liver disease [21]. Our findings 
clearly show that patients with portal HCV have a significantly higher SS and SS/
LS ratio. Figure 33.2 shows LS, SS, and spleen size both for HCV and ALD in 
cohorts matched for LS to rule out cohort-specific differences. Cohorts were also 
matched for age and gender. Although no significant differences were observed with 
regard to LS (19.0 vs. 19.8 kPa, P = 0.63), Fig. 33.2 demonstrates that spleens were 
significantly larger and SS was higher in HCV. Of note, these patients are also sig-
nificantly more likely to develop and to die from complications of portal hyperten-
sion. In contrast, patients with lobular ALD showed more elevated LS and are more 
prone to develop signs of synthetic liver failure such as jaundice. In addition, our 
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Fig. 33.1 Effect of disease etiology and localization of inflammation (lobular versus portal dis-
ease) on liver and spleen stiffness. (Modified from [15])

O. Elshaarawy et al.



371

data indicated that combined use of LS and SS is not only associated with the degree 
of fibrosis or portal hypertension but may also provide useful information about the 
intrahepatic localization of inflammation and, consequently, the likeliness of poten-
tial future complications.

Surprisingly, the SS/LS ratio showed a significant difference in both cohorts 
(ALD and HCV) with 1.7 in ALD versus 3.8 in the HCV cohort (P < 0.001). Also, 
the spleen length to LS ratio reflected the same relation (0.95 vs. 1.46, P < 0.0001). 
These findings suggest that the portal localization of inflammation in HCV could 
explain the higher SS as compared to higher LS in patients with ALD and pro-
nounced lobular disease. Since the side of inflammation is strongly dependent on 
fibrosis stage and will eventually encompass the whole liver in both diseases, it 
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was important to study the effect of fibrosis stages on SS/LS ratio. In both cohorts, 
the ratios declined with the progression of fibrosis being significantly different in 
all stages. Interestingly, all spleen-related parameters were higher for the total LS 
range in HCV patients. Figure 33.3b underlines that even the simple spleen length 
 performs well. Taken together, SS/LS ratio is higher in HCV over all fibrosis 
stages. Also, SS/LS ratio was also significantly higher in HCV than ALD patients 
on stratifying patients according to the SS cutoff values for clinically significant 
portal hypertension (see Table  33.1) and significant decrease in both etiologies 
with the progression of portal hypertension [1]. Consequently, the SS/LS ratio 
provides additional information about the localization of inflammation/fibrosis 
(see also Appendix Figs. A.8 and A.9).

 SS and Spleen Length 

Data  in humans indicate that SS and spleen length are liniearly related to each 
other independent of the underlying liver disease  [21]. In particular,  no differ-
ences were observed between ALD and HCV regarding SS and spleen length. 
Similar data have been demonstrated in animal models with TAA-induced liver 
fibrosis.  This indicates that SS and spleen length seem to be the sole result of 
portal hypertension while additional, e.g., extrahepatic, disease-specific con-
founders are neglectable. In confirmation, spleen length correlated highly with SS 
following a linear function with a coefficient of determination of 0.91 and no 
significant differences between both diseases [21]. Of note, spleen length and 
stiffness, the actual portal pressure (invasively assessed), and portal hypertension-
related complications were always higher or more frequent in HCV patients. Also, 
liver size to LS ratio clearly differs between HCV and ALD. While, during fibrosis 
progression, liver size continuously decreased in patients with HCV, it rather 
increased in patients with ALD up to a LS of 30 kPa and only thereafter started to 
decrease. These findings also emphasize that the liver is the primary side to show 
the differences of SS/LS ratio between HCV and ALD. Notably, these observa-
tions are also in line with an earlier study that demonstrated significantly higher 
LS values for ALD as compared to NAFLD patients (40.4 vs. 25.7 kPa) for the 
detection of large esophageal varices [22]. 

Table 33.1 Differences in the SS/LS ratio in groups stratified according to SS cutoff values for 
clinically significant portal hypertension (Colecchia et al. [1])

Cohorts/SS SS <40 kPa SS ≥40 kPa P value

ALD 1.8 1.34 <0.001
HCV 4.19 3.32 <0.001
P value <0.001 <0.001
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 Future Applications of SS/LS Ratio

Since mean SS/LS ratio did not overlap between ALD and HCV, the SS/LS ratio may be 
also a useful tool to better emphasize the role of alcohol consumption in HCV patients. 
No prospective data are yet available on portal vein thrombosis and other forms of viral 
hepatitis including HBV or even diseases such as schistosomiasis and congestive heart 
failure. However, it is expected that distinct liver diseases will show specific SS/LS 
ratios as shown in Fig. 33.4 but also Appendix Figs. A.8 and A.9. Thus, pre-hepatic 
pathologies such as portal vein thrombosis yield very high SS/LS ratios (17 in individual 
cases) while a post-hepatic pathology such as liver congestion in heart failure will lead 
to SS/LS ration as low as 0.3. Taken together, SS/LS ratios seem to provide additional 
valuable and noninvasive information for the differential diagnosis of liver disease.
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Chapter 34
Prediction of HCC Using Liver Stiffness 
Measurements

Grace Lai-Hung Wong

 Introduction

Liver fibrosis is a pivotal component of all chronic liver diseases. It is the formation 
of scar tissue in response to parenchymal injury secondary to chronic liver disease, 
e.g., chronic hepatitis B and C, non-alcoholic fatty liver disease (NAFLD), or alco-
holism [1]. The continuous and progressive replacement of hepatocytes by extracel-
lular matrix and fibrous tissue leads to liver cirrhosis, which is a key risk factor for 
hepatocellular carcinoma (HCC) [2]. Liver stiffness measurement (LSM) with tran-
sient elastography has been proven to predict various liver-related complications, in 
particular hepatocellular carcinoma (HCC). The LS data on HCC prediction will be 
discussed in detail in this chapter.

 LSM Predicts HCC Occurrence

The dose–response relationship between LSM and incident HCC was first described 
in the end of last decade. In a Japanese cohort of 866 patients with chronic hepatitis 
C (CHC), the hazard ratios (HRs) of incident HCC were 17, 21, 26, and 46 in patients 
with LS at 10.1–15.0 kPa, 15.1–20.0 kPa, 20.1–25.0 kPa, and >25.0 kPa, respec-
tively (LS ≤10.0 kPa as reference) [3]. Subsequently, with slightly lower cutoffs for 
patients with chronic hepatitis B (CHB), the HRs of developing HCC were 3.1, 4.7, 
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5.6, and 6.6 in patients with LSM at 8.1–13.0 kPa, 13.1–18.0 kPa, 18.1–23.0 kPa, 
and >23.0 kPa, respectively (LSM ≤ 8.0 kPa as reference), in a Korean cohort of 
1130 CHB patients (Fig. 34.1) [4]. In patients with CHB-related cirrhosis, patients 
of sub-cirrhotic range of LS (defined as <13.0  kPa) would have more than 50% 
lower risk of HCC development compared to those with cirrhotic range of LS [5].

Apart from patients with chronic viral hepatitis, this relationship was also con-
firmed in the cirrhotic patients of mixed etiologies in a European multicenter study. 
In this retrospective cohort of 432 cirrhosis patients with baseline LSM ≥ 20 kPa, 
there was again a dose–response relationship between LSM and HCC risk: the 
30–40 kPa group had a HR of 3.0; and the >40 kPa group had a HR of 4.8 (LSM 
20–25 kPa as reference) [6].

There is also a diagnostic role of elastography for HCC. Point shear wave elas-
tography (ARFI-pSWE) is used for differentiating benign and malignant liver 
tumors by the assessment of virtual touch tissue imaging (VTI) and virtual touch 
tissue quantification (VTQ), as VTI appears to be stiffer and VTQ is higher in 
malignant lesion than its benign counterpart [7]. For magnetic resonance elastogra-
phy (MRE), a higher loss modulus has been described for malignent tumors as 
compared to benign lesions [8].

 Prediction After Antiviral Therapy

LSM is not just useful to predict HCC at a single time point; it may also facilitate 
the dynamic prediction of HCC at different time points, in particular before and 
after antiviral therapy.
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 Interferon-Based Treatment

In general, a significant LSM reduction was observed in CHC patients who had 
received antiviral therapy [9]. LS ≥ 14.0 kPa, on top of platelet count and lack of 
sustained virologic response (SVR), is an independent risk factor of HCC in CHC 
patients receiving interferon-based treatment [10]. After achieving SVR, a risk-
score system (from 0 to 4) combining advanced fibrosis/cirrhosis, presence of dia-
betes mellitus, and a LS > 12 kPa predicted HCC [11].

 DAA Treatment

In recent years, direct-acting antivirals (DAA) have improved treatment effectiveness 
in CHC patients with cirrhosis, because of the much higher SVR rates and optimal 
drug safety profile, allowing treatment scaling up in patients suffering from advanced 
cirrhosis [12, 13]. However, early reports concerning de novo or recurrent HCC risk 
in patients with cirrhosis treated with DAAs have shown conflicting results; a few 
studies showed a protective SVR effect on incident HCC [14–16]. Hence, this calls 
for a need to predict de novo or recurrent HCC after DAA treatment. In a retrospec-
tive cohort study of 565 CHC patients with cirrhosis, LS together with male gender, 
diabetes mellitus, and FIB-4 score were independent risk factors for de novo HCC 
[17]. Patients with baseline LS > 30 kPa had an estimated incidence rate of 20% de 
novo HCC at 3 years (compared to 5% in LSM < 30 kPa) [17]. Interestingly, CHC 
patients with cirrhosis and HCC showed a larger decrease of LS after DAA treatments 
as compared to those that did not develop HCC (−18.0% vs. −28.9%). A decrease of 
LS more than 30% was an independent risk factor for HCC development [18].

 LSM-Based HCC Risk Prediction Models

Based on the robust relationship between LS and HCC risk, various prediction mod-
els have been developed based on LS and other clinical parameters. Hence, LS has 
become an important part of some HCC risk score.

 LSM-HCC Score

LSM-HCC score [19] is optimized from the CU-HCC score [20] by replacing clini-
cal cirrhosis with LS; this optimization further increases the negative predictive 
value close to 100% for the 3–5-year HCC prediction in CHB patients. The LSM- 
HCC score ranges from 0 to 30. Using LS < 11 kPa as the cutoff value, 706 (68.2%) 
and 329 (31.8%) patients were in the low- and high-risk categories; 4 (0.6%) and 29 
(8.8%) patients developed HCC over 5 years. The areas under the receiver operating 
characteristic curve (AUROCs) of the LSM-HCC score were higher than those of 
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the CU-HCC score (0.83–0.89 vs 0.75–0.81). The sensitivity for identifying HCC 
was 87.9% and the NPV was 99.4% at 5 years [19].

 Korean Model

A Korean study developed a sophisticated prediction model with four parameters, 
namely LS, age, male gender, and baseline serum HBV DNA >20,000 IU/L [21]. The 
formula for a 3-year probability of HCC occurrence is as follows: Probability = 1 − PA 
[A  =  exp (0.05306  ×  age  +  1.106  ×  male gender  +  0.04858  ×  liver stiffness val-
ues + 0.50969 × HBV DNA ≥ 20,000 IU/L)]. In bootstrap analyses, the AUROC 
remained largely unchanged between iterations, with an average value of 0.802 [21].

 Modified REACH-B (mREACH-B) Score

The REACH-B scoring system, which was developed and validated as a simple 
HCC prediction model prior to the era of antiviral therapy, showed suboptimal pre-
dictive performance [22]. Therefore, an alternative predictor of long-term prognosis 
is required particularly in CHB patients who had achieved CVR from antiviral treat-
ment, because levels of HBV DNA are no longer useful at the time of complete viral 
suppression. In the modified REACH-B model (mREACH-B model), the serum 
levels of HBV DNA were substituted by LS, and had better predictive performance 
among patients who achieved complete viral suppression with entecavir [23]. The 
authors reassessed the scores at complete viral suppression, replacing suppressed 
HBV DNA with LS. The AUROC value for risk at the 3-year follow-up was 0.805, 
compared to 0.629 using the original REACH-B scoring system, when 0, 1, and 2 
points were assigned to LS values of <8.0, 8.0–13.0, and >13.0 kPa, respectively, 
and 0.814 (95%CI: 0.709–0.912) when 0, 2, and 4 points were assigned to LS val-
ues of <8.0, 8.0–13.0, and >13.0 kPa, respectively [23]. The mREACH-B score had 
better performance for prediction of HCC development at 3 and 5 years, compared 
to the LSM-HCC, as well as other conventional, non-LSM-based prediction models 
(e.g., GAG-HCC, REACH-B, and CU-HCC) [24, 25]. The mREACH-B score has 
better predictive value for HCC compared to LSM-HCC score, irrespective of fol-
low- up period and baseline ALT levels [26].

 LS Predicts HCC Outcome

 HCC Recurrence

LS is also an important prognostic parameter in patients with confirmed HCC. In 
150 CHC patients who had HCC and underwent different HCC treatments, LS 
increased significantly after transarterial chemoembolization (TACE) but not after 
microwave ablation (MWA); a lower pre-ablation LS predicted complete ablation of 
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tumor [27]. In HCC patients receiving partial hepatectomy or TACE, LS and AST 
to Platelet Ratio Index (APRI) are two independent prognostic factors of survival 
[28–30]. LS is also found useful to predict de novo recurrence after curative treat-
ment, e.g., resection [31] or radiofrequency ablation [32, 33] for HCC.  Another 
study of 133 HCC patients revealed that patients of LS ≥ 13.4 kPa had a nearly 
twofold increase in the risk of HCC late recurrence compared to those with 
LS < 13.4 kPa [34].

In contrast, a recent Italian study found that spleen stiffness measurement (SSM) 
was found to be the only predictor of late HCC recurrence [35]. In this study, a posi-
tive correlation between LS and late HCC recurrence was identified only at univari-
ate analysis, while at multivariate analysis only SSM remained significantly 
correlated which was not measured in the previous Korean study [34]. A possible 
explanation for these different results is the known better accuracy of SSM to pre-
dict portal hypertension, which plays an important role in HCC development and 
recurrence [36]. More information on spleen stiffness and portal hypertension is 
provided in book section V.

 Postoperative Complications in HCC Patients

A prospective study of 105 HCC patients demonstrated that a LS cutoff of 12.0 kPa 
had the sensitivity of 86% and specificity of 72% in predicting major postoperative 
complications [37]. This cutoff may also identify patients with more severe opera-
tive blood loss and higher transfusion rate [37]. In a cohort of 51 patients with early 
HCC undergoing liver resection, LSM had an equally good performance compared 
to hepatic venous pressure gradient (HVPG) in predicting decompensation within 
the next 3 months [38].

 Postoperative Survival

In a study of 263 Chinese patients who underwent curative resection for HBV- 
positive HCC, preoperative LS ≥ 13.2 kPa predicted poorer overall survival (median, 
61.3 vs. 48.2 months) and recurrence-free survival (median, 60.4 vs. 47.0 months) 
when compared to those with a preoperative LS < 13.2 kPa [39]. In the same study, 
LS was correlated with Barcelona Clinic Liver Cancer (BCLC) stage and TNM 
stage, which suggests that patients with higher LS tend to have a more advanced 
tumor [39]. A meta-analysis of 13 (12 prospective and one retrospective) cohort 
studies with a total of 1942 subjects demonstrated that preoperative LS is signifi-
cantly associated with the occurrence of overall postoperative complications (OR 
1.76, 95% CI 1.46 ± 2.11) [40]. The authors further analyzed the LS cutoffs based 
on ethnicities; a weighted mean LS value of 14.2 kPa and 11.3 kPa were suggested 
as the optimal LS cutoffs for predicting overall postoperative complications in 
Asian and European countries, respectively [40].
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 Conclusions

In conclusion, LSM plays an important role before, during, and after HCC treatment 
(Fig. 34.2). LSM-based risk prediction models provide an accurate risk- stratification 
before and after antiviral treatment. LSM also helps in predicting HCC treatment 
outcomes, including HCC recurrence, postoperative complications and survival. 
Hence patients either at risk of HCC or already developed HCC should receive LSM 
on a regular basis.
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Chapter 35
Liver Stiffness as a Predictor for Survival

Sebastian Mueller

 Introduction

Overall survival is the most important clinical endpoint. Other important end-
points in clinical hepatology include liver-related death and death due to spe-
cific complications such as HCC, liver failure, or decompensation. Most initial 
studies focused on the performance of LSM to assess fibrosis in comparison to 
other methods. Nevertheless, it is surprising that the number of prospective 
studies to assess LS and overall survival is still limited. The available data on LS 
and all-cause and liver- related mortality are shown Tables 35.1 and 35.2. In a 
recent meta-analysis that included studies published up to July 1, 2017, and that 
assessed the LS in predicting liver-related events and all-cause mortality among 
subjects with chronic liver disease, 54 observational cohort studies were identi-
fied [1]. Here, for each unit increment of liver stiffness, the summary relative 
ratio ( RR) was 1.06 for all-cause mortality [1]. However, when having a closer 
look at the included 54 studies it rapidly becomes apparent that most studies 
have been performed in patients with viral hepatitis (see Table  35.1), mainly 
HCV/HBV and partly HIV and only a few addressed all-cause and liver-related 
mortality. Surprisingly and despite a major worldwide interest, no long-term 
follow-up data on NAFLD and ALD have been published yet. In a recent abstract 
[2] on 2251 prospectively recruited NAFLD patients, the median follow-up time 
was 27 months [IQR: 25–38]. The study reported that 55 patients died and 3 
patients had liver transplantation. Only 0.9% of patients (21 patients) had liver-
related event (either decompensation or HCC) while 142 (6.3%) developed can-
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cer (excluding HCC) and 151 (6.7%) had a cardiovascular event during 
follow-up. They also reported that the overall survival significantly declined 
with increasing baseline LS. Overall, 21 patients (0.9%) had a liver-related 
event, 142 (6.3%) developed cancer (excluding HCC) and 151 (6.7%) had a 
cardiovascular event during follow-up. On multivariate analysis, independent 
predictors of overall survival were: baseline LS (adjusted HR (aHR)  =  2.85 
[1.65–4.92], P = 0.0002), age (aHR = 1.11[1.08–1.13], P < 0.0001), and male 
sex (aHR  =  2.05 [1.17–3.57], P  =  0.012). Patients with elevated LS showed 
more significant cardiovascular and liver events but no other cancers. The inci-
dence of HCC increased with baseline LS (<12 kPa: 0.32%; 12–18 kPa: 0.58%; 
18–38 kPa 9.26%, and >38 kPa: 13.3%). The authors concluded that prediction 
of survival, cardiovascular and liver complications should be based on initial 
evaluation of LSM [2].

Only some publications contain a few cases of non-viral diseases so that no 
etiology- specific statements can be derived. An exception has been our prospec-
tive 10-year follow-up study in heavy drinkers which has been published recently in 
abstract form [3]. Another challenge is the lack of characterization, standardiza-
tion, information, and many studies use different criteria, cut-offs and look for 
different endpoints.

On the other side, there are interesting first data that suggest LS to be highly 
prognostic in very specific but highly relevant settings, e.g., predicting the 30-day 
overall mortality of patients admitted to the emergency room [4]. These first data 
underscore the many confounders of LS elevation. According to a Danish study, 
major causes of 30-day overall mortality were either related to heart failure or 
liver cirrhosis, mainly alcoholic liver cirrhosis. It should be also mentioned that 
there are first data on LS and heart failure [5] and in the setting of the intensive 
care unit [6]. Very few data have evaluated data on LS dynamics. Accordingly, a 
decreasing LS either after TIPS intervention [7] or treatment with non-selective 
ß-blockers [8] predict a better outcome. Finally, almost no data are available on 
spleen stiffness (SS) that is considered to be a better predictor of portal hyperten-
sion. First data suggest that SS may provide additional information on hepatic 
decompensation and outcome [9, 10].

Taken together, data on overall survival and LS are still very limited and more 
prospective, disease-specific and multicenter studies are required to get a clear pic-
ture. The first available data indicate that LS will be clearly an important predictor 
of short- and long-term survival. There will be differences with regard to disease 
etiology and it will be also necessary to define the role of spleen stiffness and its 
relation to LS for the long-term outcome. In addition, first data suggest that LS 
kinetics may differ between different etiologies and that the response of LS to treat-
ment interventions holds a prognostic value on its own. Finally, important but dif-
ferent clinical settings increasingly emerge where LS and SS assessment will play a 
major role in assessing not only liver-related but also all-cause mortality such as the 
emergency room and intensive care units. In the following, the available data on 
these specific topics will be discussed in more detail.
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 LS and All-Cause Mortality

As mentioned above, 54 observational cohort studies with 35,249 participants were 
included in a recent first meta-analysis on all-cause mortality [1]. Summary relative 
risks (RRs) were calculated using a random-effects model, and a restricted cubic spline 
function was used to model the dose-response association. All-cause mortality was 
increased in subjects with a high LS (RR, 4.15) and for each unit increment of LS, the 
summary RR was 1.06 for all-cause mortality. A positive relationship with a nonlinear 
trend for LS with liver-related events and all-cause mortality was examined by a dose-
response meta-analysis (P < 0.001). When stratified by etiology, a nonlinear associa-
tion was also found in patients infected with hepatitis C virus and those coinfected with 
hepatitis C virus and human immunodeficiency virus. In contrast, there was no evi-
dence of departure from linearity among patients with hepatitis B virus infection 
(P-Nonlinearity = 0.072). However, when having a closer look at the studies, only three 
remain that explicitly and prospectively assess all-cause mortality. They are shown in 
Table 35.1 together with our still unpublished survival study in heavy drinkers. It is 
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interesting to note that LS seems to predict all-cause mortality quite independent of the 
etiology. For both HCV and ALD, a cut-off from 9 to 12.5 kPa has a hazard ratio for 
all-cause mortality of ca. 2 [3, 11]. In heavy drinkers, LS was the best univariate predic-
tor of death and remained an independent variable in multivariate analysis [3]. We 
analyzed LS in terms of predicting mortality in a large prospective cohort (N = 675) of 
heavy alcohol drinkers recruited over an 11-year period. Figure 35.1a shows survival 
curves for patients with LS <6 kPa, between 6 and 12.5 kPa, and equal or greater than 
12.5 kPa. Patients with LS greater than 12.5 kPa had a ca. 5.4 times higher risk for 
death than patients with LS less than 6 kPa. These results are unadjusted. In multivari-
ate analysis, LS was also an independent predictor of all-cause and liver-related mortal-
ity. The risk increase per kPa in the multivariate model was 1.1% for all-cause mortality 
and 2.8% for liver-related mortality. Figure 35.1b shows the relative risk versus the 
average LS in comparison to patients with LS <6 kPa (unadjusted). It can be seen that 
patients with LS >70 kPa have an eight times higher risk for death from any cause. LS 
was also the best predictor of 5-year survival.

As shown in Fig. 35.1a, ca. half of heavy drinkers (ca. 180 g alcohol per day) will 
have passed away after 5 years, if baseline LS was >12.5 kPa [3]. Although the 
hazard ratio for death continuously increases with LS, there seems to be a nonlinear 
relation and at LS >50 kPa, other factors are more likely to predict death [11].

In a recent study [12] on 591 chronic hepatitis C patients, patients were grouped by 
baseline LS: <10, 10–16.9, and 17–75 kPa. Primary outcomes were all-cause mortal-
ity and liver-related mortality using cox regression and competing risk regression 
models, respectively. Median follow-up was 46.1 months. Median LS was 6.8 kPa 
(IQR 5.3–11.6) with 68.4% having a LS <10 kPa, 16.9% with a LS between 10 and 
16.9 kPa, and 14.7% with a LS between 17 and 75 kPa. There were 69 deaths, 27 from 
liver-related disease. The mortality rate in the 17–75 kPa group was 9.7/100 person-
years, compared to 2.2/100 person-years and 1.1/100 person-years in the 10–16.9 kPa 
and <10 kPa groups (P < 0.005). Liver-related mortality increased tenfold for each 
group (P < 0.005). Patients with a LS 17–75 kPa had significantly higher risks of 
death, liver-related death, and complications to cirrhosis if their hyaluronic acid mea-
surement was more than or equal to 200 ng/mL at baseline, with hazard ratios of 3.2 
(95% CI 1.48–7.25), 7.7 (95% CI 2.32–28), and 3.2 (95% CI 1.35–7.4), respectively. 
These data suggest that combination of LS and circulating levels of hyaluronic acid 
significantly improve the  prognostic power, relative to LS alone. Thus,  combined 
LS and sterum markers of liver fibrosis could provide superior risk prediction.

 LS and Mortality in Emergency Room and Intensive Care Unit

One study addressed the question whether an initial LSM by TE in the emergency 
room setting was associated with increased 30-day mortality [4]. Patients ≥18 years 
of age were consecutively examined by TE at admission and outcome measure was 
30-day mortality.

Among 568 patients admitted during 24 days, 289 (50.8%) were included in the 
study, 212 (73.4%) with valid TE measurement. Increased LS defined as >8 kPa was 
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found in 22.6% (48/212). This was independently associated with liver cirrhosis 
(P < 0.001) and congestive heart failure (CHF) (P < 0.001). The estimated preva-
lence of cirrhosis was 7%. The 30-day mortality among patients with TE value 
>8 kPa was 20.8% compared to 3.7% in patients with a LS ≤8 kPa, and LS >8 kPa 
was an independent predictor of death.

Another promising study comes from the intensive care unit (ICU) [6]. 
Hepatic dysfunction is a common finding in critically ill patients on the ICU and 
directly influences survival. Here, LS was prospectively evaluated in 108 con-
secutive critically ill patients at the ICU. LS was measured at admission, Day 3, 
Day 7, and weekly thereafter during the course of ICU treatment. Outcome was 
followed after discharge with a median observation time of 237 days. LS could be 
reliably measured in 71% of ICU patients at admission (65% at Day 3, 63% at 
Day 7). Critically ill patients had significantly increased LS compared to sex- and 
age-matched standard care patients (n = 25). ICU patients with decompensated 
cirrhosis showed highest LS, whereas other critical diseases (for example, sepsis) 
and comorbidities (for example, diabetes, obesity) did not impact LS values. At 
admission to the ICU, LS was closely related to hepatic damage (liver synthesis, 
cholestasis, fibrosis markers). During the course of ICU treatment, fluid overload 
(renal failure, volume therapy) and increased central venous pressure (mechani-
cal ventilation, heart failure) were major factors determining LS.  LS values 
>18  kPa at ICU admission were associated with increased ICU and long-term 
mortality, even in non-cirrhotic patients. In conclusion, both studies from the 
emergency room and the ICU suggest that LSM may be useful to identify liver 
dysfunction and predict mortality. Among the many confounders of elevated LS, 
heart failure and liver disease seem to be the major reasons. One important limita-
tion in these clinical settings is still the rather high percentage (ca. 20–30%) of 
patients with invalid measurements.

 Prognostic Impact of LS Changes After Therapeutic 
Interventions

Interestingly, there are first indications that early response of LS to treat portal 
hypertension such as trans-jugular intrahepatic portosystemic shunt (TIPS) or 
portal- pressure lowering drugs hold prognostic value.

A recent prospective study investigated LS in patients receiving TIPS regardless 
of indication [7]. Of 83 included patients, 16 underwent TE immediately before and 
30 min after TIPS (acute group), while 67 received shear wave elastography of liver 
and spleen 1 day before and 7 days after TIPS (chronic group) and were followed 
further. In 56 patients, LS decreased or remained unchanged (<10%). Importantly, 
spleen stiffness measured by shear wave elastography decreased in all patients 
(chronic group). None of the clinical or laboratory parameters differed between 
patients with increase in LS and those without. Of note, patients with increased LS 
showed higher overall and/or hepatic venous levels of proinflammatory cytokines at 
TIPS and higher incidence of organ failure and worse survival after TIPS. C-reactive 
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protein values and increase of >10% in liver stiffness after TIPS were the only inde-
pendent predictors of mortality in these patients.

In another study, changes of LS and the hepatic venous pressure gradient (HVPG) 
under propranolol therapy were assessed with regard to clinical outcomes in a 
human cohort of n = 38 cirrhotic patients [8]. Most patients (n = 25, 66%) showed 
a LS decrease after propranolol treatment initiation which significantly correlated to 
HVPG (r = 0.518, P < 0.01) but was not accompanied by statistically significant 
changes in transaminases or model of end-stage liver disease (MELD). On multi-
variate analysis, patients with decreasing LS on propranolol had a decreased risk for 
experiencing a transplantation or death than patients with increasing LS irrespective 
of HVPG.

Taken together, a LS decrease in response to interventions such as portal 
pressure- lowering drugs or TIPS may be predictive of improved outcome irre-
spective of MELD scores and may serve as an additional follow-up tool in 
the future.

 Mortality and Spleen Stiffness

In a recent study from Japan, spleen stiffness as measured by ARFI imaging was 
associated with mortality and decompensation in patients with cirrhosis and 
compared with liver stiffness and other markers [9]. Spleen stiffness (SS) was 
measured in 393 patients diagnosed with cirrhosis. Patients underwent bio-
chemical, ARFI, ultrasonography, and endoscopy evaluations every 3 or 6 
months to screen for liver- related complications until their death, liver trans-
plantation, or the end of the study period. The primary outcome was the accu-
racy of spleen stiffness in predicting mortality and decompensation, measured 
by Cox proportional hazards model analysis. During a median follow-up period 
of 44.6 months, 67 patients died and 35 patients developed hepatic decompensa-
tion. In the multivariate analysis, spleen stiffness was an independent parameter 
associated with mortality, after adjustment for levels of alanine aminotransfer-
ase and serum sodium, and the MELD score (P  <  0.001). SS was associated 
independently with decompensation after adjustment for Child-Pugh and MELD 
score. Notably, SS predicted mortality and decompensation with greater accu-
racy than LS. A SS cut-off value of 3.43 m/s identified the death of patients with 
a 95.3% negative predictive value and 75.8% accuracy. A SS cut-off value of 
3.25 m/s identified patients with decompensation with a 98.8% negative predic-
tive value and 68.9% accuracy.

In addition to these emerging data, it could be recently shown that the SS to LS 
ratio depends on disease etiology and is able to predict disease-specific 
complications [10].
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 Conclusion

Both LS and SS are independent predictors of all-cause and liver-related mortality 
in the first few prospective studies.
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NAFLD Non-alcoholic fatty liver disease
PBC Primary biliary cirrhosis
PSC Primary sclerosing cholangitis
p-SWE Point shear wave elastography
SWE Shear wave elastography
TE Transient elastography
ULN Upper limit of normal

 Introduction to Liver Transplantation

In this review, we will briefly summarize liver transplantation (LTX) studies in which 
liver stiffness (LS) has been studied. Liver stiffness measurement (LSM) could virtu-
ally play a role in any context of the transplanted liver graft. This organ is subject both 
to diseases specific to the condition of the transplant and to those of the general popu-
lation. Liver transplantation is the standard of care in patients with end-stage liver 
disease and in those with liver tumors that cannot be treated otherwise [1]. The num-
ber of liver transplants performed worldwide, according to the World Transplant 
Registry [2], has exceeded 30,000/year, and specialists, sonographers, and even radi-
ologists who are not directly involved in the transplantation activity, are increasingly 
seeing patients with LTX. We have divided the process of liver transplantation into 
phases in which the liver has different functional aspects: liver stiffness (LS) has been 
studied before transplantation, from the first days after transplantation until stabiliza-
tion, during long follow-up, and in the particular context of transplantation in pediat-
ric age. The definition of LS and the numerous methods to detect it are described in 
other chapters of this book and in the guidelines of the major scientific societies [3]. 
For more details, see also book Part II “Techniques to Measure Liver Stiffness”. 

The significance of LS evaluation in transplantation has been defined mostly by 
studies conducted with transient elastography (TE), the first and oldest available 
ultrasound-based method. In the real world, LS can now be measured during a liver 
transplant follow-up that last for years and by different methods in different places 
and also with different devices in the same single patient. Therefore, it is always 
better to maintain a certain degree of caution regarding the interchangeability of the 
various systems [4].

 Liver Stiffness in the Pre-transplant Management

 Prognosis of the Patient in the Waiting List

The value of MELD score is well established as prognostic predictor in patients 
with cirrhosis waiting for LTX. Nacif et al. compared [5] the mortality risk of end- 
stage cirrhotic patients with and without HCC on the LTX waiting list with transient 
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elastography. The study highlighted how increased LS is associated with higher 
mortality, just like the well-known MELD score. One hundred and three patients 
were included (without HCC n = 58 (66%); HCC n = 45 (44%)). The mean MELD 
score was 14.7 ± 6.4, the portal hypertension present in 83.9%, and the mean LS 
was 32.7 ± 22.5 kPa. The survival group had a mean LS of 31.6 ± 22.2 kPa vs. 
50.8 ± 20.9 kPa (P = 0.098) and higher MELD scores (P = 0.035). They concluded 
that elastography is an important noninvasive tool for cirrhosis and HCC and for 
predicting mortality although more prospective data are required.

 Evaluation of the Living Donor Liver

Cultural, religious, and social beliefs largely preclude deceased donor transplantation 
in Asia where living donor liver transplantation (LDLT) has become the predominant 
way of transplantation. In North American and European countries, however, due to 
the critical shortage of organs, LDLT is also becoming increasingly widespread. The 
selection of a healthy liver grafts is crucial for the success of transplantation. An ele-
vated LS always seems to indicate an ongoing liver pathology. For more details see 
also book Part IV “Important (Patho)physiological Confounders of LS”. Thus, elas-
tography may be ideal to screen the general population and to identify those who 
require further evaluation and subsequently to select potential candidates for LDLT.

The process of evaluation and selection of living liver donors, who are strictly 
volunteers, is very complex. After the initial full screening on donor’s motivation 
for donation and on social and psychiatric problems, all donors are completely 
examined with biochemical and imaging techniques. An abdominal Doppler ultra-
sonography is the first examination to check liver quality, including evaluation for 
hepatic fibrosis and steatosis. One of the main selection criteria of the quality of a 
liver graft is the degree of steatosis, which will determine the success of the trans-
plantation, because fatty livers are vulnerable to preservation injury that results in a 
higher rate of primary nonfunction, of early allograft dysfunction, and of post- 
transplant vascular and biliary complications [6]. Donors are excluded based on 
ultrasound if there is an indication for severe steatosis or other unfavorable hepatic 
parenchymal, vascular, or biliary morphology prior to the surgery. Nowadays, liver 
donation is permitted if the donor livers have no more than 30% steatosis [6, 7], 
even in light of protective strategies, such as machine-based perfusion used to mini-
mize preservation related injury. Preoperative liver biopsy becomes generally man-
datory in cases of severe fatty liver.

A few small studies have been performed LSM in the preLTX selection of liver 
grafts. A study conducted in an Egyptian population [8] involved 50 individuals 
between 19 and 42 years of age who were candidate donors for LDLT. They passed all 
stages of evaluation for liver donation for their relatives and reached a strict definition 
of healthy condition based on clinical, chemical, radiological, and histological assess-
ment without evidence of fatty liver or fibrosis. LS by TE ranged between 2.6 and 
6.8 kPa, with a median stiffness of 4 kPa. Therefore, these LS values can be considered 
as normal reference values of an Arab population for further clinical applications.
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The degree of fibrosis of a living donor may have clinical consequences after the 
transplant. In a retrospective study in LDLT, Lee et al. [9] have examined the cor-
relation of LS by TE before transplant with perioperative clinical and laboratory 
parameters. They reviewed 48 subjects who underwent LDLT. All donors and recip-
ients underwent TE, abdominal computed tomography (CT), and biochemical tests 
within 1 month before and at 1 week after transplantation. Using a cut-off LSM of 
7.5 kPa, which they arbitrarily assigned to be indicative of significant fibrosis, they 
divided the study population into ≤7.5 kPa (group L; n = 15, 31.3%) vs. >7.5 kPa 
(group H; n = 33, 68.8%). Pre-transplantation serum total bilirubin, international 
normalized ratio, and MELD scores of recipients were significantly higher in group 
H than group L. Regarding the pre-transplantation donor characteristics, the graft–
recipient weight ratio was significantly smaller among those in group H (P = 0.039). 
In addition, the post-transplantation 1-week serum total bilirubin level was signifi-
cantly higher in group H (2.3 mg/dL vs. 1.2 mg/dL, P = 0.015), although neither 
biliary complications nor hepatic congestion was identified by abdominal CT. They 
concluded that a high LS after LDLT suggests intrahepatic cholestasis and portal 
hyper-circulation in the graft, irrespective of liver fibrosis, outflow obstruction, or 
biliary obstruction. In addition, the 1-week post-transplantation serum total biliru-
bin level was significantly higher in group H, although abdominal CT identified 
neither biliary complications nor hepatic congestion. Only total bilirubin positively 
correlated with LSM. The authors suggested that a high LSM in the first period after 
LDLT might advise regeneration, intrahepatic cholestasis, and persistent portal 
hyper-circulation in the graft.

Hong et  al. [10] evaluated the accuracy of controlled attenuation parameter 
(CAP) for detecting hepatic steatosis in potential living donor, who underwent a 
CAP assessment and ultrasonography-guided liver biopsy. For more details, see 
also book Part VI “Assessment of Hepatic Steatosis Using CAP”. According to the 
liver biopsies, 19 patients (34.5%) had steatosis less than 5%, 30 patients (54.5%) 
had steatosis 5–33%, and 6 patients (11.0%) had steatosis 34–66%. The CAP value 
correlated positively with BMI, waist circumference, hip circumference, magnetic 
resonance fat signal fraction, and histologic steatosis grade. The AUROC was good 
with 0.88 for the diagnosis of significant steatosis (≥S2) by CAP. The authors con-
cluded that CAP may be sufficient for identifying, and thus excluding significant 
hepatic steatosis (>33%) in potential liver donors.

 Evaluation of the Deceased Donor Liver

In the case of evaluation of a brain-dead donor, the time available to the expert team 
to assess the quality of liver grafts is limited and one of the difficulties is to be able 
to quickly determine objectively the degree of steatosis. Ideally, procurement teams 
should have access to a reliable, reproducible, noninvasive, simple, and rapid tool to 
objectively identify and quantify liver steatosis and finally to increase the number 
and the quality of liver grafts.
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Mancia et al. [11] evaluated LS and CAP by TE for the assessment of steatosis 
and fibrosis in livers from brain-dead donors to be considered for LTX.  Over a 
period of 10 months, 23 consecutive brain-dead donors screened for liver procure-
ment underwent TE and a liver biopsy. The different predictive models of liver 
retrievability with liver biopsy as gold standard led to the following AUROCs: 
76.6% (95% CI: 48.2–100%) when based solely on CAP, 75.0% (95% CI: 
34.3–100%) when based solely on LS, and 96.7% (95% CI: 88.7–100%) when 
based on both CAP and LS. Consequently, these data suggest a good preoperative 
prediction of the donor quality of a potential liver graft by TE. Another small study 
with n = 16 liver donors [12] was aimed to evaluate the feasibility of TE during the 
liver retrieval procedure. LS values were considered elevated in three donors (19%). 
The correlation with histology was excellent. The remaining 13 liver grafts with 
normal LS showed normal histology.

The accuracy of CAP for the quantitation of steatosis during LDLT was studied by 
Yen et al. [13] in another study on 54 liver donors. This study confirmed a good perfor-
mance of CAP also in this East Asian living liver donors. No steatosis was found in 47 
donors, while the remaining 7 donors showed steatosis ranging from 10 to 30%. The 
AUROC to predict steatosis was 0.96 (95% CI: 0.91–1; P < 0.001) for CAP. The opti-
mal cut-off value for steatosis was 257 dB/m, positive predictive value: 58.3%, and 
negative predictive value: 100%. Among the 42 candidates with CAP <257 dB/m, 
none had steatosis. By contrast, 7 of the 12 candidates with CAP ≥257 dB/m had con-
firmed steatosis. In a multivariate linear regression analyses, body mass index was 
found to be independently associated with CAP in those without steatosis.

Taken together, larger multicenter studies are required to consider TE as an 
objective instrument for the preoperative selection of liver graft. At present, LS 
alone should not be used to describe the suitability for donation of an apparently 
healthy liver.

 Liver Stiffness in the Management of the Early Post-liver 
Transplant Period

The newly transplanted liver is by definition a sufficiently healthy organ in terms of 
its structure and functions, but it is also an inflamed organ mainly due to ischemia/
reperfusion injury, and inflammation is one of the classic states that affect liver stiff-
ness preventing reliable conclusions from being drawn on fibrosis.

 Ischemia/Reperfusion Injury

Ischemia/reperfusion injury (IRI) results from the damage of the liver during pro-
curement, preservation, surgery, and reperfusion. IRI directly depends on the time 
of ischemia during prolonged surgical resection of the liver that uses perfusion 

36 Role of Liver Stiffness in the Management of Liver Transplantation: First…



398

clamping and from the metabolic/immunological changes following reperfusion 
after revascularization. Clinically, IRI manifests with elevated liver enzymes and 
bilirubin just after transplantation. Usually, the liver enzyme levels normalize very 
quickly, typically within a week of LTX. Bilirubin levels follow a similar pattern but 
with some delay. However, if the graft has suffered severe preservation injury, return 
to normality may lag and the overall viability function of the liver requires to be 
carefully monitored because IRI is the pre-requisite for different degrees of func-
tional graft impairment, i.e., poor early graft function up to primary nonfunction. 
TE has been shown to detect dynamic changes of LS in the general population 
associated with acute liver damage regardless of chronic structural changes [14, 15]. 
Thus, TE is hypothesized to be a noninvasive monitoring tool to trace dynamic LS 
changes in post-transplant liver for monitoring of graft function and complications 
in the peri-transplantation period.

Feasibility and usefulness of TE in the perioperative period of LDLT has been 
studied by Inoue et al. [16] in 24 living donors and corresponding recipients after 
LTX.  LS values were the highest in the first postoperative week and slowly 
declined thereafter, remaining high compared with the preoperative values even 1 
month after the transplantation. Recipients with complications had significantly 
higher LS values than those without complications in the fourth, fifth, or later 
postoperative week. All cases of acute cellular rejection had a concomitant sharp 
rise in LS and, in their experience, a rapidly depleted portal flow at Doppler 
ultrasound.

 Acute Cellular Rejection

Acute cellular rejection (ACR) is an inflammatory process directed at endothe-
lial and biliary epithelial cells, and ACR is typically diagnosed through liver 
biopsy. It occurs in approximately 30% of liver transplant recipients and 
requires prompt treatment. It takes place most often within the first week of 
transplantation and its incidence decreases as a function of time within the first 
year of liver transplantation. Late episodes, i.e., those occurring after the first 
year, are suspicious of insufficient immunosuppressive therapy. Some reports 
[17] showed elevated LS by TE in ACR patients, and cut-off values of >7.9 kPa 
have been proposed to define graft damage while LS <5.3 kPa excluded graft 
damage (AUROC 0.93; P < 0.001). In a prospective study [18] on 27 patients 
with ACR, LS cut-off values >8.5 kPa predicted moderate to severe ACR (speci-
ficity 100%, AUROC 0.924), while LS <4.2  kPa excluded any ACR.  LS 
improved in 7%, 21%, and 64% of patients with moderate/severe rejection at 
day 7, 30, and 90.

In another small study [19], attenuation measuring ultrasound shear wave 
elastography (AMUSE) was used to measure shear wave velocity and attenuation 
in 15 transplanted livers in patients with potential ACR, and the results were 
compared with the biopsy findings. The study showed excellent agreement and 
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suggests that AMUSE can be used to separate transplanted livers with acute 
rejection from livers with no rejection. According to these results, LSM should 
be used to monitor ACR.

 Liver Stiffness in the Management of Liver Transplant 
Follow-Up

LTX has become an established treatment option for end-stage liver diseases and 
survival outcomes have dramatically improved over the years. The challenge of 
managing thousands of liver transplant survivors, an ever-increasing number, is 
common in all developed countries.

Management of liver transplant patients aims to prevent and treat any graft dis-
ease as well as to improve the quality of patient’s life. During post-transplant fol-
low- up, transplant hepatologists routinely carry out a large variety of laboratory and 
instrumental controls to identify graft damage. Morbidity and mortality are closely 
related to liver fibrosis development, the common element of progression for all 
chronic liver diseases from any cause during the process that finally leads to cirrho-
sis and end-stage liver disease. Liver biopsy still plays a central role in the context 
of liver transplantation, mainly because, in addition to assessing fibrosis, it allows 
to exclude a phase of rejection and identify different etiologies of liver damage [1, 
20]. However, liver biopsy has substantial limitations, including sampling error, 
intra- and inter-observer variability, infrequent but potentially severe complications, 
significant costs, and is hardly repeatable [3]. Thus, alternative noninvasive tools are 
necessary for the detection of graft fibrosis also in the liver transplant setting.

After LSM by TE has been shown to accurately predict liver fibrosis in patients 
with a variety of clinical conditions, LSM is now part of official guidelines with an 
explicit role in the evaluation of transplanted livers [1, 20].

TE introduction has partly coincided the specific challenge of patients suffering from 
chronic HCV infection. HCV was the first cause of diseases leading to transplantation. 
Unfortunately, these patients had the worst survival rate due to universal recurrence of 
HCV after liver transplant [21]. In fact, fibrosis progression of recurrent hepatitis C is 
accelerated in liver transplant recipients, as shown by studies with per protocol or on-
demand liver biopsy [22]. Thus, 20%–54% of liver transplant recipients developed 
bridging fibrosis-cirrhosis within the first 5 years after LTX [23]. Consequently, early 
recognition and treatment of recipients with rapidly evolving recurrent hepatitis C fol-
lowing liver transplant is the only strategy to improve outcome of these patients.

Thanks to the availability of direct acting antivirals (DAAs) in the field of liver 
transplantation, the problem of recurrence of the C virus after liver transplant has 
been virtually solved [24]. Today, liver transplant recipients with HCV recurrence 
are no longer considered a difficult-to-treat population, and discussions are restricted 
to whether to eradicate the virus before transplantation or immediately after trans-
plantation [25]. The survival after LTX in patients with HCV has become the same 
as for other causes of LTX [26].
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 Comparison of Liver Stiffness Measurement and Liver Histology

Several studies showed that TE is accurate in identifying patients with significant 
[27–29] and advanced fibrosis [27, 30, 31], in predicting the fibrosis progression 
both in HCV and non-HCV transplanted liver diseases [32–35] and in formulating 
prognosis of graft survival [36]. In these reports with TE, the optimal LS cut-off 
value varied between 7.0 and 12.3 for defining Metavir scores ≥F2 (significant 
fibrosis) and 12.6–17.6 for Metavir score F4 (cirrhosis).

LS was able to identify best candidates for antiviral therapy [37] and to predict 
long-term outcomes of mild hepatitis C [38]. Now, DAAs have become standard for 
the treatment of HCV recurrent hepatitis after liver transplant starting around 2014. 
To prevent overuse of initially expensive sofosbuvir for the treatment of recurrent 
hepatitis C [39] significant fibrosis (Metavir >F2) was defined as an indispensable 
inclusion criterion even in those liver transplant patients without liver biopsy. Italian 
guidelines at that time [40] suggested minimum LS cut-off values at 10 and 12 kPa 
to identify patients with significant (F3) fibrosis and cirrhosis, respectively.

 Role of Serial Liver Stiffness Measurements

One of the advantages of TE compared to liver biopsy is that it can easily be repeated 
over time, as a routine or an on-demand procedure, offering repeated “dynamic” LS 
values. The procedure resulted of paramount importance in the management of 
hepatitis C recurrent after liver transplant.

Repeated LSM allowed to discriminate at 1-year after liver transplant between 
low and rapid “fibrosers” [35, 37]. The discrimination between patients with slow 
and rapid fibrosis progression avoided unnecessary antiviral therapy in patients with 
an expected good long-term survival, while urging early treatment in those at high 
risk of disease progression. After therapy, LS decreased over time in those with a 
sustained virologic response [33, 41] and increased in patients without a response 
[41, 42]. In a study on 162 transplanted patients, 80 with recurrent hepatitis C, 
Rinaldi et al. [43] were able to define a so-called trend over time parameter based 
on serial LSM in one patient (increase, stability, or decrease). Significant changes in 
serial LSM were related to the development of clinically relevant outcomes of the 
transplanted liver: all cases with a 20% increase in kPa values in at least three con-
trols 3-months apart resulted in the detection of hepatic damage in the liver biopsy 
or in a clear clinical expression of cirrhosis development. The same has been 
described in the general population [44, 45]. LS decrease was observed in cases 
with fibrosis and necroinflammation regression after successful HCV therapy [46] 
and in the general population [47].

It is well known that LSM, however, is influenced by several frequent condi-
tions in addition to fibrosis, including hepatitis-associated necro-inflammatory 
activity, cholestasis and vascular congestion [40], steatosis [48], measurements 
in post- prandial status [49], and extrahepatic obstructive cholestasis [50, 51]. 
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All these factors can lead to overestimation of fibrosis stage. In our experience 
and with regard to LTX management, however, the noninvasiveness and high 
sensitivity of TE certainly outweigh a decreased specificity as an elevated LS is 
always suggestive for a liver pathology and should prompt follow-up measure-
ments. For more details, see also book Part IV “Important (Patho)physiological 
Confounders of LS”.

A continuous increase of LS over time should prompt other diagnostic proce-
dures such as liver biopsy. Biopsy can identify the cause of graft liver damage [43], 
e.g., re-infection by HCV, overlapping diseases such as unexpected cirrhosis, chol-
angitis, acute and chronic rejection, NASH, and alcohol abuse. In two cases, 
increased over time LSM suggested a liver injury despite normal or trivial results of 
biochemical tests, and a liver biopsy showed severe fibrosis. In one case with a 
baseline LSM suggestive of F4 fibrosis and an increasing over time LSM, the liver 
biopsy showed a F2 fibrosis. This patient, however, developed ascites during the 
follow-up, confirming the LSM result and underlining the quite high sampling error 
of liver biopsy up to 30%. One patient, with recurrent cholangitis episodes that were 
sometimes clinically severe, showed a gradual significant increase of baseline LS 
(6 kPa vs. 8.7 kPa); imaging did not diagnose a definite pathology of extra-hepatic 
ducts, and a liver biopsy showed severe chronic rejection. Thus, the information 
from serial LSM is quite different and cannot be substituted by a liver biopsy; the 
two methods are not competing with each other but should be considered 
complementary.

The potential limitation of TE to be influenced by factors other than fibrosis 
appears to be its strength in the context of surveillance, where it is necessary to eas-
ily detect early alarm signs. In conclusion, serial LSM is common in use to effi-
ciently support clinical decisions, being an appropriate noninvasive procedure to 
sequentially assess the progression of liver fibrosis in patients after liver transplant 
[41] and to avoid protocol liver biopsy in patients with improved or stable LSM 
values during follow-up [35].

 Liver Steatosis After Transplantation

Liver steatosis is becoming more and more important because cirrhosis due to 
NASH is currently the second indication for liver transplantation in the United 
States. On the other hand, the high mortality on the liver transplant waitlist and the 
organ shortage has forced transplant centers to consider suboptimal grafts, such as 
steatotic livers for transplantation. Liver transplanted patients frequently present 
NAFLD, recurrent after pre-transplant NASH-cirrhosis or de novo after liver trans-
plantation. NAFLD is due to metabolic imbalance for weight gain and immunosup-
pressant drugs, favoring hyperglycemia, arterial hypertension, and hyperlipidemia. 
The largest part of patients who have undergone transplantation fulfill the criteria of 
metabolic syndrome [52]. Great attention is currently paid to know its clinical 
course after liver transplant [53] providing an important role for elastography.
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Bhati et al. [54] retrospectively described disease recurrence and clinical course 
after liver transplant for NASH-cirrhosis, evaluating fibrosis by TE and steatosis by 
liver biopsy. Steatosis was detected in 49 (87.5%) patients who had a TE and were 
defined to have recurrent NAFLD. Most patients had LS values consistent with no 
fibrosis (42.9%) or F1-F2 fibrosis (30.4%). Advanced fibrosis was noted in 26.8%, 
whereas 5.4% had cirrhosis but were clinically compensated. In patients with liver 
biopsy, 88.2% had recurrent NAFLD, whereas 41.2% had recurrent NASH. Bridging 
fibrosis was noted in 20.6% of patients, but no patients had cirrhosis. Within the 
cohort, 32 patients died with cancer as leading cause of mortality (25%), infectious 
complications (25%), and cardiovascular disease (21.9%). Only 9% of deaths were 
attributable to graft cirrhosis. They concluded that recurrent NAFLD is common in 
the post-liver transplant setting, occurring in nearly 88% of all patients and nearly a 
quarter of patients have advanced fibrosis.

LS and controlled attenuation parameter (CAP) are nowadays recognized to be 
accurate in assessing fibrosis and steatosis in general patients with suspected 
NAFLD [55]. Karlas et  al. [56] evaluated 204 liver transplant recipients (pre- 
transplant disease: n = 102 nonalcoholic liver cirrhosis; n = 102 alcoholic liver dis-
ease) by TE for liver graft fibrosis and CAP for steatosis. Results were correlated 
with clinical, ultrasound, and genetic risk factors (PNPLA3). Increased hepatic 
echogenicity at ultrasound was observed in 36% of patients, CAP values >252 and 
>300 dB/m indicated steatosis, and advanced steatosis in 44% and 24% of individu-
als. Advanced fibrosis (TE >7.9 kPa) was associated with increased CAP results 
(266 vs. 229 dB/m, P = 0.012). PNPLA3 G allele carriers had increased CAP values 
(257 vs. 222 dB/m, P = 0.032), higher liver stiffness (TE 6.4 vs. 5.5 kPa, P = 0.005), 
and prevalence of diabetes mellitus (40% vs. 22%, P = 0.016). In conclusion, non-
invasive liver graft assessment methods frequently detect hepatic steatosis, both 
alcoholic and non-alcoholic, which is associated with graft fibrosis, components of 
the metabolic syndrome, and recipient PNPLA3 rs738409 genotype, especially in 
alcoholic liver disease patients. Finally, LSM by TE showed a higher accuracy in 
identifying patients with post-transplant HCV significant (≥F2) fibrosis or cirrhosis 
than noninvasive clinical and serological indices in several studies [28, 30, 57].

 pSWE (ARFI) in LTX Setting

TE has become the gold standard for novel elastographic techniques such as alterna-
tive SWE techniques [58]. Indeed, the concordance between most elastography 
machines and TE has been defined moderate in a study [59] or even good to  excellent 
in another study [60]. Thus, TE cut-off values should not be automatically trans-
ferred to other techniques. For more details, see also book Part III “Liver Stiffness 
and Various Etiologies of Liver Diseases”. With this limitation in mind, several 
reports have been published on the role of pSWE (ARFI) after liver transplant that, 
globally, reproduce the results obtained with TE. First, in a study by Crespo et al. 
[61], pSWE was shown to provide higher technical success rate than TE. Significant 
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fibrosis (F≥2) was diagnosed as accurate as TE both in transplanted patients 
(AUROCs 0.867 and 0.902, respectively) and non-transplanted patients (AUROCs 
0.897 and 0.890, respectively). According to Hong et al. [10], 2D-SWE technique 
has the potential to reliably detect rejection or recurrent hepatitis early after LTX (4 
week), in both HCV and non-HCV patients. Haberal et al. [62] evaluated the diag-
nostic efficiency of pSWE in assessing of fibrosis in 28 liver transplant patients. 
Fibrosis scores of 4 biopsies were evaluated as F0 (14.3%), 16 as F1 (57.1%), 4 as 
F2 (14.3%), and 4 as F3 (14.3%). Mean results of pSWE LSM 1.4 ± 0.07 m/s in F0, 
1.74 ± 0.57 in F1, 2.19 ± 0.7 in F2, and 2.18 ± 0.35 in F3. There was no significant 
correlations of mean LS values between the F0 vs. F1 and F0 vs. F2 stages. A sta-
tistically significant correlation of mean LS values was found between the F0 and 
F3 fibrosis stages. They concluded that pSWE is a promising screening test for 
detecting significant liver fibrosis in liver transplant recipients. Other studies indi-
cated that pSWE is reliable in significant fibrosis [62, 63] and is able to identify 
patients with a benign course of HCV recurrence [64].

Perry et al. [65] prospectively evaluated pSWE for the assessment of liver fibro-
sis and to determine the usefulness and optimal location for obtaining LSMs in 
native and transplanted livers from 100 consecutive patients presenting for percuta-
neous liver biopsy. Measurements were acquired within both the superior right 
hepatic lobe (segments VII/VIII) via an intercostal approach and the inferior right 
hepatic lobe (segments V/VI) via a subcostal approach: LSMs can be combined or 
taken separately from either the superior or inferior right hepatic lobe. The presence 
of hepatic steatosis did not affect the accuracy of pSWE, while it accurately differ-
entiated between patients with no-to-mild hepatic fibrosis (F0–F1) and moderate- 
to- severe hepatic fibrosis (≥F2) with sensitivity of 72% and specificity of 69%. 
However, pSWE values in patients with body mass index higher than 40  kg/m2 
should be interpreted with caution.

A recent study [66] showed the utility of real-time 2D-SWE to differentiate low 
from advanced liver fibrosis in patients with recurrent hepatitis C virus infection after 
liver transplant. Valente et al. [67] compared pSWE to TE for liver fibrosis staging 
and evaluation in a cohort of 196 patients with liver transplant. Both methods showed 
100% feasibility and reliability and concordance in 93% of cases to categorize a 
patient in the same fibrosis stage. The correlation between the LSM obtained with 
pSWE and TE was so strong that the minimal detected percentage of difference does 
not seem to have any practical clinical significance. To have an idea of the inter-
changeability of results between two techniques seems important because in the real-
world situation it can happen that, during a follow-up which last for years, the controls 
are practiced with different devices and in different places. Nonetheless, the authors 
advise that it is better to maintain a certain degree of  caution on the interchangeability 
of the systems, because, how large the overlapping of results of the two different 
techniques may be, it is never full [68]. In conclusion, all studies indicate that pSWE 
and 2D-SWE techniques can be used as a noninvasive method to assess liver stiffness 
in the practical clinical context of follow-up of liver transplant recipients. For more 
details, see also book Part II “Techniques to Measure Liver Stiffness”. See also Table 
A.4 for different LS cut-off values using different elastography techniques.
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 Magnetic Resonance Elastography and Liver Transplant

The utility of magnetic resonance elastography (MRE) to detect significant fibrosis 
after liver transplant was first shown by Lee [69] and the examination performed 
better than FIBROSpect II (an algorithm of serum a2M, PIIINP, and TIMP-1), 
APRI, and AST:ALT ratio. Singh et al. [70] studied the diagnostic accuracy of MRE 
to detect fibrosis stage in liver transplant recipients using liver biopsy as gold stan-
dard. The study reported data on 141 liver transplant recipients (mean age, 57 years; 
75.2% male; mean BMI, 27.1 kg/m2). Fibrosis distribution in stages 0, 1, 2, 3, or 4 
was 37.6%, 23.4%, 24.8%, 12%, and 2.2%, respectively. Mean AUROC values for 
diagnosis of any (≥stage 1) significant advanced fibrosis and cirrhosis were 0.73 
(0.66–0.81), 0.69 (0.62–0.74), 0.83 (0.61–0.88), and 0.96 (0.93–0.98), respectively. 
Similar diagnostic performance was observed in stratified analysis based on sex, 
obesity, and inflammation grade. They concluded that MRE has high diagnostic 
accuracy for the detection of advanced fibrosis in liver transplant recipients, inde-
pendent of BMI, and degree of inflammation.

 Liver Stiffness in Pediatric Liver Transplantation

Outcome of liver disease in children is mainly determined by severity and progres-
sion of liver fibrosis. Graft fibrosis is present in two thirds of children 5–10 years 
after transplantation [71, 72] and usually develops silently in the presence of normal 
liver function tests and may lead to eventual graft loss. Protocol liver biopsy is the 
accepted standard for evaluating fibrosis, but biopsy should be repeated as time 
from transplant increases, and it is problematic because of the need for sedation in 
children, sampling error, and risks including bleeding. In 2013 Fitzpatrick et al. [73] 
compared TE with biopsy score for noninvasive assessment of liver fibrosis in a 
pediatric cohort including a subgroup of 16 post-transplant children with complex 
graft pathology (cases of acute cellular rejection, nonspecific hepatitis, de novo 
autoimmune hepatitis, post-transplant lymphoproliferative disease, late hepatic 
artery thrombosis, biliary stricture, hepatic arterial-portal vein fistula, and off immu-
nosuppression at the time of biopsy). The median interval from transplant to biopsy/
TE was 10.2 years (IQR 5.1–11.4 years). TE failed in 3 (19%), mainly because of 
the position of the graft (left lateral segment). TE was a good discriminator of sig-
nificant fibrosis (≥F2) (P < 0.001), severe fibrosis (≥F3) (P < 0.001), and cirrhosis 
(F4) (P = 0.003). TE showed good performance for the prediction of ≥F2, ≥F3, and 
F4 fibrosis stages (AUROC curves 0.78, 0.79, and 0.96, respectively).

In one study [74], TE was compared to serum noninvasive markers (FT, fibrotest; 
ELF, enhanced liver fibrosis) to diagnose liver allograft fibrosis in children. TE cor-
related best with histological degree of fibrosis. Liver stiffness values for trans-
planted children without fibrosis were significantly higher than those of healthy 
controls. Presence of rejection was a potent confounder for the performance of 
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TE. Both TE and FT reflected clinical changes (acute rejection, cholestasis, increas-
ing fibrosis) in a total of 16 patients who underwent serial measurements. TE cor-
related better with histological degree of fibrosis in liver-transplanted children than 
FT or ELF, but an individual baseline value needed to be determined for each 
patient. In their experience, normal or cut-off values for pathological degrees of 
fibrosis cannot be transferred from non-transplanted children.

Vinciguerra et al. [75] evaluated the reliability of TE in children after liver trans-
plant and compared both the TE and the APRI index results with the histological 
scores of fibrosis on liver biopsies. A total of 36 pediatric transplant recipients were 
studied. There was a statistically significant correlation between LS values by TE 
and Metavir scores (P = 0.005). The diagnostic accuracy of TE for the diagnosis of 
significant fibrosis (F ≥  2) demonstrated a good diagnostic performance, while 
APRI was not so accurate in assessing graft fibrosis when compared to Metavir. A 
LS cut-off value of 5.6 kPa was identified as the best predictor for a significant graft 
fibrosis on liver biopsy, with 75% sensitivity, 95.8% specificity, 90% positive pre-
dictive value, and 88.5% negative predictive value.

Taken together, these data suggest that TE represents a noninvasive, reliable tool 
for the assessment of graft fibrosis also in the setting of pediatric liver transplant, in 
the follow-up of transplanted children, alerting the clinicians to the indication for a 
liver biopsy, with the aim of reducing the number of protocol liver biopsies.

 Conclusions

To date, there is enough evidence to support that LSM by elastography is a useful 
way to monitor the transplanted liver, especially during the life-long follow-up. 
Moreover, the method has already become part of the usual clinical practice as an 
easy and easily repeatable monitoring tool. Serial LSM have been proven useful in 
identifying liver pathologies early on.
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Chapter 37
Steatosis Assessment by Controlled 
Attenuation Parameter (CAP™)

Magali Sasso and Laurent Sandrin

 Introduction

Hepatic steatosis is a common histological feature, characterized by an accumula-
tion of lipids—mainly triglycerides—in the hepatocytes. Steatosis is considered 
pathological when the hepatic fat content exceeds 5% of the liver weight and more 
practically when more than 5% of hepatocytes contain fatty droplets. Steatosis can 
be induced by several causes such as alcohol abuse, viral infection, or metabolic 
factors (obesity, type 2 diabetes, hyperglycemia, hypertriglyceridemia) [1]. Its prev-
alence is increasing with the worldwide epidemic of non-alcoholic fatty liver dis-
ease (NAFLD) [2]. The prevalence of NAFLD in the general population is estimated 
to be around 25% with worldwide heterogeneities, from a lower prevalence of 13% 
in Africa up to a prevalence of 32% in Middle East [2, 3]. In at risk population, the 
prevalence of steatosis can reach 46% in heavy drinkers [4], 50% in patients with 
chronic hepatitis C (CHC) [5, 6], 50–80% in obese population [7], and 86–96% in 
severely obese patients [8, 9].

Isolated steatosis is considered as a benign and reversible condition. However, 
recent studies have shown that the presence of steatosis is independently associated 
with fibrosis progression [10–12], a lower response rate to antiviral treatment [13, 
14], or even the occurrence of hepatocellular carcinoma [15, 16]. For all these rea-
sons, the identification and quantification of steatosis have an increasing clinical 
relevance for routine patient care but also in clinical studies [17].

Liver biopsy (LB) is considered the gold standard for steatosis assessment but it 
suffers from many drawbacks [18]. LB has potential sampling error [19], is an inva-
sive and often painful procedure and can result in severe complications [20]. 
Furthermore, it can only be applied in selected subjects and not readily repeated to 
assess the follow-up of patients.
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Alternative non-invasive methods, mainly conventional imaging, have been pro-
posed to detect steatosis, since fat accumulation alters the physical properties of the 
liver. B-mode ultrasound (US) is the most common liver-imaging technique because 
of its safety, accessibility, and low cost and is often used as first-line assessment for 
screening of fatty liver [21, 22]. However, US has limited sensitivity, does not reli-
ably detect mild steatosis [21, 22] and is highly operator and machine dependent 
[21], and it has a limited applicability in case of morbid obesity. Conventional unen-
hanced computed tomography (CT) can be used to detect moderate to severe steato-
sis but is inaccurate at diagnosing mild steatosis and involves the use of radiation 
[23]. Magnetic resonance (MR) based techniques assess triglyceride specific signal 
intensity and is considered the most sensitive and specific technique for assessing 
steatosis [23–25]. Magnetic resonance spectroscopy (MRS) has been widely 
accepted as the non-invasive reference standard for steatosis evaluation [23] but 
requires complex post-processing by radiologists with specific expertise. MR imag-
ing (MRI)-proton density fat fraction (PDFF) offers the possibility to cover the 
entire liver volume since the images needed for PDFF measurements can be acquired 
very quickly (in a single or two breath-holds) [23]. In addition, key confounders 
such as iron overload can be corrected using advanced sequences [23]. Despite the 
superior diagnostic performance of MRI-based techniques, they are not suitable as 
point-of-care methods due to high cost and lack of standardization among the dif-
ferent MR techniques [17, 21]. The software packages needed to process PDFF may 
not be available in all centers due to cost or hardware constraints [23]. Eventually, 
patient’s factors such as claustrophobia, discomfort, implanted devices, or high 
body mass index (BMI) may limit its applicability [23].

More recently, a non-invasive parameter named CAP™ for controlled attenua-
tion parameter, based on Vibration-Controlled Transient Elastography (VCTE™), 
has been developed to assess liver steatosis using the FibroScan® device [26]. CAP 
is a promising technique that may overcome most of the limitations of the liver 
steatosis imaging techniques [17, 27]. In particular, CAP may be suitable for point- 
of- care diagnostic assessment [17]. CAP is recommended by the Asia-Pacific 2017 
NAFLD guidelines as accurate alternative to abdominal ultrasonography for the 
detection of steatosis [28]. The American Association for the Study of Liver 
Diseases (AASLD) 2018 guidelines on the diagnosis and management of NAFLD 
mention CAP as a promising tool for quantifying hepatic fat in an ambulatory set-
ting [29]. In its latest guidelines on liver ultrasound elastography, the World 
Federation for Ultrasound in Medicine and Biology (WFUMB) has recommended 
CAP as a point-of-care, standardized and reproducible technique, promising for the 
detection of liver steatosis [30].

This chapter is organized as follows. First, the CAP measurement principle and 
rationale will be explained. CAP performance will be given in detail for various 
chronic liver disease (CLD). Its performance comparison with non-invasive mark-
ers of steatosis will be summarized together with CAP results in monitoring or 
follow- up. Eventually, CAP reproducibility and factors influencing CAP will be 
discussed.
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 CAP Principle

 Ultrasound Attenuation for the Evaluation of Liver Steatosis

CAP is a measure of ultrasound attenuation which has been developed to assess 
liver steatosis using FibroScan®. Measuring the ultrasound attenuation in biological 
tissues is of great interest because it may be related to the composition of tissues, 
reflecting a pathological state [31]. Ultrasound attenuation is a physical property of 
the medium of propagation which corresponds to the loss of energy as ultrasound 
propagates through this medium. Due to attenuation, the intensity of emitted ultra-
sound I0 decreases exponentially with depth z:

 I Iz o
f z= − ( )

exp
α

 (37.1)

where Iz is the ultrasound intensity at depth z and α is the frequency (f) dependent 
attenuation coefficient. Ultrasound attenuation depends principally on the ultra-
sound frequency and the properties of the medium of propagation. At a given fre-
quency, the ultrasound attenuation coefficient α can be expressed in dB/m. Typical 
values of ultrasound attenuation at 3.5 MHz in a few human tissue are [32]: fat 
~175–630  dB/m, liver ~140–245  dB/m, tendon ~315–385  dB/m, soft tissue 
~105–280 dB/m.

Fat is known to be an attenuating medium and therefore many researchers have 
tried to implement quantitative attenuation parameters to characterize fatty liver 
in vivo, from the beginning of the 1980s [33, 34]. In particular, many studies have 
shown that ultrasound attenuation could be used to diagnose steatosis on human 
liver in vivo [35–40]. In most of the studies, the investigators have calibrated their 
measurement from reference material to consider effects such as beam diffraction, 
transducer focusing, and effect of gain.

 CAP Measurement Principle

The Controlled Attenuation Parameter (CAP) is a measure of ultrasound attenuation 
coefficient which is based on VCTE and implemented on the FibroScan device [26]. 
For more details on VCTE, see also book part II “Techniques to Measure Liver 
Stiffness.” This ultrasonic attenuation coefficient is an estimate of the total ultra-
sonic attenuation (go-and-return path) at 3.5 MHz—the center frequency of the M 
probe—and is expressed in dB/m. CAP is evaluated using the same radio-frequency 
data and in the same region of interest than the ones used for Liver Stiffness 
Measurement (LSM) and is only appraised if the acquisition is “valid.” CAP is 
therefore guided by VCTE, ensuring the operator to obtain an ultrasonic attenuation 
value of the liver automatically.
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CAP has been first developed on the M probe of the FibroScan [26]. More 
recently, CAP has been developed on the XL probe of the FibroScan [41]. Since the 
center frequency of the XL probe is 2.5 MHz, CAP had to be adapted to be able to 
measure ultrasound attenuation at 3.5 MHz as it is done with the M probe and there-
fore have comparable values whatever the probe used is. Details of this adaptation 
are provided in Section “Development and Validation of CAP on the XL Probe”.

 Validation of CAP as an Estimate of Ultrasound Attenuation

 Results on Simulations

The validity of CAP to estimate the attenuation coefficient at 3.5 MHz was initially 
appraised using ultrasonic Field II simulations [42] in homogeneous medium with 
attenuation varying from 100 dB/m to 350 dB/m [43]. CAP values were very close 
to the reference values set in the simulations. The root mean square error was very 
low (<2 dB/m which is lesser than 2% of the reference attenuation).

 Results on Tissue-Mimicking Phantoms

The validity of CAP to estimate the attenuation coefficient at 3.5 MHz was further 
assessed on tissue-mimicking phantoms manufactured by CIRS (CIRS Inc., 
Norfolk, VA) [26]. Two types of phantoms were used. The first one is a custom- 
made elasticity phantom whose ultrasonic attenuation is equal to 0.48 dB/cm/MHz 
according to CIRS. The second one is the multi-purpose multi-tissue ultrasound 
phantom (model 040) with two different attenuation layers (0.50  ±  0.05  dB/cm/
MHz and 0.70 ± 0.07 dB/cm/MHz). In this phantom, the homogeneous zone of each 
layer was used. Acquisitions were performed using the FibroScan probe held fixed 
by a grip. To be able to compare CAP values with the attenuation values provided 
by the manufacturer, CAP was converted into dB/cm/MHz by dividing the CAP 
values by 3.5 MHz, using the hypothesis of an ultrasonic attenuation varying lin-
early with frequency and a null intercept. CAP measured in tissue-mimicking phan-
toms was 0.56 dB/cm/MHz for the custom-made phantom with reference attenuation 
of 0.48 dB/cm/MHz. CAP was 0.60 and 0.79 dB/cm/MHz in the bi-layer attenua-
tion phantom with reference attenuation of 0.50 and 0.70 dB/cm/MHz, respectively. 
CAP values were slightly higher but in the same order of magnitude than the refer-
ence values given by the manufacturer. The slight difference can be explained by 
different experimental conditions which might influence the measured attenuation, 
e.g., the temperature, the transducer used (5 MHz center frequency transducer used 
by CIRS to characterize their phantoms), or even the approximation of an ultrasonic 
attenuation varying linearly with frequency with null intercept.
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 Development and Validation of CAP on the XL Probe

Initially, CAP had been developed on the M probe of the FibroScan only [26]. 
However, in some studies dealing with overweight and obese patients measured 
with the M probe only, it has been shown that CAP performance was impaired by 
an increased body mass index (BMI) [44, 45]. This phenomenon is attributed to the 
fact that overweight or obese patients have an increased skin-to-capsule distance 
(SCD) resulting from a high subcutaneous fat thickness. In these cases, the region 
of interest for CAP on the M probe will contain not only liver parenchyma but also 
a portion of the subcutaneous fat layer, which causes an overestimation of CAP, as 
it was illustrated on tissue-mimicking phantoms [41].

Since a dedicated probe for overweight and obese patients was developed and 
commercialized by Echosens [46], CAP was then adapted to be measured on XL 
probe [41]. For more details, see also book part II “Techniques to Measure Liver 
Stiffness.” Since the center frequency of the XL probe is 2.5 MHz, the tricky part 
of the development was to get CAP values around 3.5 MHz using the XL probe. 
This was necessary to obtain comparable CAP values between the M and XL 
probes and, thus, to enable physicians to have the same range of CAP values for 
interpretation and diagnostic purposes. This is particularly important from a clini-
cal point of view to prevent any misdiagnosis. Indeed, attenuation values measured 
on the same medium using a 2.5 or 3.5 MHz center frequency do not differ greatly; 
therefore, if the physicians had to read off CAP values from different scales using 
the M and the XL probes, they might easily confuse the CAP values. The new 
development of CAP on signals acquired with the XL probe requires three 
steps [41]:

 1. Evaluation of the raw attenuation around 2.5 MHz, the center frequency of the 
XL probe, using the same proprietary algorithm used on signals acquired on the 
M probe.

 2. Evaluation of the frequency dependence of attenuation using a method similar to 
that described in Wear (2003) [47].

 3. Estimation of CAP around 3.5 MHz using frequency dependent attenuation as a 
correction factor. In this step, attenuation was assumed to be linearly dependent 
with frequency.

As for the M probe, CAP on the XL probe was validated as an estimate of ultra-
sound attenuation on both simulated data and tissue-mimicking phantoms [41]. On 
Field II simulation, several simulations were performed on homogeneous attenuat-
ing media with attenuation values at 3.5 MHz set from 100 to 400 dB/m in 20 dB/m 
steps. The root mean square error for attenuation estimation at 3.5 MHz, using the 
M and XL probes, was 2.1 and 5.6 dB/m, respectively. On tissue-mimicking phan-
toms, the intra-class correlation coefficient (ICC) of variation was equal to 1 for 
both M and XL probes, showing perfect agreement [41].
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 Steatosis Assessment Using CAP

 Princeps Study

Performance of CAP was first assessed in a precept study performed retrospectively 
on 115 patients with chronic liver disease from various causes [26]. In this study, 
steatosis was graded as follows: S0 ≤10%, S1: 11–33%, S2: 34–66%, S3 ≥67% of 
hepatocytes with fatty accumulation. CAP was shown to be significantly correlated 
to steatosis grade (Spearman ρ = 0.81; P < 10−16). In addition, CAP was shown to be 
independent of fibrosis stage. Satisfactory performance was obtained to detect ste-
atosis using CAP with area under the receiver operating curve (AUROC) of: 0.91 
(95% CI 0.86–0.97), 0.95 (95% CI 0.91–1), and 0.89 (95% CI 0.75–1) for the diag-
nostic of steatosis (S) ≥S1, S ≥ S2, and S = S3, respectively.

 CAP Diagnostic Accuracy Taking Liver Biopsy as Reference

Many studies using LB as reference have confirmed the results from princeps study. 
A summary of the study that has assessed the diagnostic performance using AUROC 
is provided in Table 37.1. In CLD, good to excellent performance was found for the 
diagnostic of steatosis. In viral hepatitis, mixed results were found with some stud-
ies confirming the good performance of the princeps study [43, 48–50] and others 
showing more moderate results [51–53]. In NAFLD, except for Runge et al. [54] 
and Siddiqui et al. [55], good to excellent performance was also found for the diag-
nostic of steatosis. In particular, Eddowes et al. [56] have reported, according to the 
standard for reporting of diagnostic accuracy (STARD) guidelines, good perfor-
mance of CAP for the detection of steatosis in NAFLD. Only one study in ALD [57] 
has assessed the performance of CAP showing moderate results for the detection of 
steatosis (S ≥ S1 and S ≥ S2) but satisfactory results for the detection of massive 
steatosis. It can generally be observed from Table 37.1 that even if results were good 
for the detection of steatosis, they were generally lower for the detection of massive 
steatosis (S = S3) showing a poor to moderate accuracy for the differentiation 
between moderate and massive steatosis.

Results could however be impaired by a large SCD (or BMI) in patient measured 
with the M probe as shown in Shen et al. [58]. Other factors may also impact the 
results such as a small cohort size [54], a large time interval between the FibroScan 
and the LB [59], the LB reading, or operator experience. Naveau et al. [60] have 
also shown in a study on morbidly obese patients that the quality of the FibroScan 
examination could have a significant impact on CAP performance. Indeed, a set of 
patients had been measured retrospectively (CAP was reprocessing on raw exami-
nation files when CAP on the XL probe was not yet commercially available of the 
device) showing moderate results for the diagnostic of steatosis and higher steatosis 
grades. When the patients with similar characteristics were measured prospectively 
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on a FibroScan device with the liver-targeting tool that allows the operator to per-
form CAP examination in a homogenous zone of the liver, performance was higher 
for the detection of each steatosis grade. Those results show the importance of per-
forming the FibroScan examination properly in a liver parenchyma zone free of 
blood vessels or liver heterogeneities. Eventually, global performance of CAP was 
assessed in a few meta-analyses, robust cutoffs for the diagnostic of steatosis, and 
higher steatosis grades.

 CAP Accuracy and Cutoffs from Meta-Analyses

Four meta-analyses have been published on the diagnostic accuracy of CAP for eval-
uating liver steatosis. Three were aggregated data meta-analyses [61–63] and one 
was an individual patient data meta-analysis [27]. Table 37.2 summarizes the diag-
nostic accuracy from the meta-analyses. While the first three meta-analyses were 
performed on patients with various CLD, the recent meta-analysis by Pu et al. [63] 
was focused only on NAFLD. The three meta-analyses in various CLD gave consis-
tent results with good to excellent AUROC ranging from 0.82 to 0.85 for the diagnos-
tic of S ≥ S1, 0.87–0.88 for S ≥ S2, and 0.87–0.94 for S = S3. Cutoffs were not 
exactly the same in the three studies but rather consistent. The individual patient’s 
data meta-analysis provided the following cutoffs: 248 dB/m for the diagnostic of S 
≥ S1, 268 dB/m for S ≥ S2, and 280 dB/m for S = S3. Unfortunately, the meta-
analysis on NAFLD patients did not provide any cutoffs. In NAFLD, diagnostic 
accuracy was excellent for S ≥ S1, good for S ≥ S2, and moderate for S = S3 
(AUROCs equal to 0.96, 0.82, and 0.70, respectively).

 Comparison Study with CAP

 Comparison of CAP on M and XL Probes

Three studies have compared CAP on M and CAP on XL probe. In the first valida-
tion study of CAP on the XL probe, 59 patients with CLD were assessed with both 
probes and their diagnostic performance was compared using MRI-PDFF as a refer-
ence (41). Diagnostic performance was similar with both probes (P > 0.50) with 
good to excellent AUROCs (ranging between 0.84 (95% CI 0.73–0.94) and 0.92 
(95% CI 0.84–0.99)) for the diagnostic of 1%, 5%, 10%, or 30% of fat fraction [41]. 
In addition, cutoffs were similar on both probes in this study.

Three other studies, using LB as reference, have compared CAP on the M and on 
the XL probes. The first one has been performed on 237 patients with CLD and a 
mean BMI of 24 ± 6 kg.m−2 [64]. The second one was performed on 57 NAFLD 
patients + 22 controls with a higher mean BMI of 30 ± 5  kg.m−2 [65]. CAP 

37 Steatosis Assessment by Controlled Attenuation Parameter (CAP™)



424

Ta
bl

e 
37

.2
 

D
ia

gn
os

tic
 a

cc
ur

ac
y 

of
 C

A
P 

fo
r 

th
e 

ev
al

ua
tio

n 
of

 h
ep

at
ic

 s
te

at
os

is
 a

nd
 C

A
P 

cu
to

ff
s,

 r
es

ul
ts

 f
ro

m
 m

et
a-

an
al

ys
es

R
ef

er
en

ce

Ty
pe

 o
f 

m
et

a-
 

an
al

ys
is

N
um

be
r 

of
 

st
ud

ie
s 

in
cl

ud
ed

To
ta

l 
nu

m
be

r 
of

 
pa

tie
nt

s

M
ai

n 
liv

er
 

di
se

as
es

D
ia

gn
os

tic
 a

cc
ur

ac
y

St
ea

to
si

s 
gr

ad
ea

A
U

R
O

C
  

(9
5%

 C
I)

C
A

P 
cu

to
ff

 
(d

B
/m

)
Su

m
m

ar
y 

se
ns

iti
vi

ty
Su

m
m

ar
y 

sp
ec

ifi
ci

ty

[6
1]

A
gg

re
ga

te
 

da
ta

 
m

et
a-

an
al

ys
is

9
17

71
C

H
B

, 
C

H
C

, 
A

L
D

, 
N

A
FL

D

S 
≥

 S
1

0.
85

 (
0.

81
–0

.8
8)

23
2.

5
0.

78
 (

0.
69

–0
.8

4)
0.

79
 (

0.
68

–0
.8

6)
S 
≥

 S
2

0.
88

 (
0.

85
–0

.9
1)

25
5

0.
85

 (
0.

74
–0

.9
2)

0.
79

 (
0.

71
–0

.8
5)

=
S3

0.
87

 (
0.

84
–0

.9
0)

29
0

0.
83

 (
0.

76
–0

.8
9)

0.
79

 (
0.

68
–0

.8
7)

[6
2]

A
gg

re
ga

te
 

da
ta

 
m

et
a-

an
al

ys
is

11
20

76
C

H
B

, 
C

H
C

, 
A

L
D

, 
N

A
FL

D

S 
≥

 S
1

0.
86

 (
0.

82
–0

.8
8)

24
4

0.
78

 (
0.

71
–0

.8
4)

0.
79

 (
0.

70
–0

.8
6)

S 
≥

 S
2

0.
88

 (
0.

85
–0

.9
0)

26
1

0.
82

 (
0.

74
–0

.8
8)

0.
79

 (
0.

73
–0

.8
5)

S 
=

 S
3

0.
94

 (
0.

91
–0

.9
6)

28
7

0.
86

 (
0.

82
–0

.8
9)

0.
89

 (
0.

86
–0

.9
2)

[2
7]

In
di

vi
du

al
 

pa
tie

nt
s 

da
ta

 
m

et
a-

an
al

ys
is

19
27

35
C

H
B

, 
C

H
C

, 
N

A
FL

D

S 
≥

 S
1

0.
82

 (
0.

81
–0

.8
4)

24
8

0.
69

 (
0.

60
–0

.7
5)

0.
82

 (
0.

76
–0

.9
0)

S 
≥

 S
2

0.
87

 (
0.

85
–0

.8
8)

26
8

0.
77

 (
0.

69
–0

.8
4)

0.
81

 (
0.

75
–0

.8
8)

S 
=

 S
3

0.
88

 (
0.

86
–0

.9
1)

28
0

0.
88

 (
0.

77
–0

.9
6)

0.
78

 (
0.

72
–0

.8
2)

[6
3]

A
gg

re
ga

te
 

da
ta

 
m

et
a-

an
al

ys
is

9
12

97
N

A
FL

D
S 
≥

 S
1

0.
96

 (
0.

93
–0

.9
9)

–
0.

87
 (

0.
84

–0
.9

0)
0.

91
 (

0.
85

–0
.9

6)
S 
≥

 S
2

0.
82

 (
0.

76
–0

.8
8)

0.
85

 (
0.

82
–0

.8
8)

0.
74

 (
0.

69
–0

.7
8)

S 
=

 S
3

0.
70

 (
0.

65
–0

.7
5)

0.
76

 (
0.

71
–0

.8
0)

0.
58

 (
0.

55
–0

.6
1)

A
L

D
 a

lc
oh

ol
ic

 l
iv

er
 d

is
ea

se
, A

U
R

O
C

 a
re

a 
un

de
r 

th
e 

re
ce

iv
er

 o
pe

ra
tin

g 
cu

rv
e,

 C
A

P
 c

on
tr

ol
le

d 
at

te
nu

at
io

n 
pa

ra
m

et
er

, C
H

B
 c

hr
on

ic
 h

ep
at

iti
s 

B
, C

H
C

 c
hr

on
ic

 
he

pa
tit

is
 C

, C
I 

co
nfi

de
nc

e 
in

te
rv

al
, C

L
D

 c
hr

on
ic

 li
ve

r 
di

se
as

e,
 N

A
F

L
D

 n
on

-a
lc

oh
ol

ic
 f

at
ty

 li
ve

r 
di

se
as

e,
 S

 s
te

at
os

is
a S

te
at

os
is

 g
ra

de
s 

co
rr

es
po

nd
 to

: S
1:

 1
1–

33
%

, S
2:

 3
4–

66
%

, S
3 
≥

67
%

 o
f 

he
pa

to
cy

te
s 

w
ith

 f
at

ty
 in

fil
tr

at
io

n

M. Sasso and L. Sandrin



425

diagnostic accuracy was similar with both probes for the diagnostic of S ≥ S1, S ≥ 
S2, and S = S3. de Ledinghen et al. have found similar cutoff values on both probe 
[64]. Chan et al. found marginally higher cutoffs for each of the steatosis grades 
when using the XL probe [65]. However, this cohort is quite small and determination 
of cutoffs in such a small cohort is not optimal. In addition, patients measured in this 
cohort had a higher BMI than in de Ledinghen et al. [64]. In most of those patients, 
the M probe may not be adapted to an increased skin capsular distance and in that 
case CAP with the M probe would have been overestimated as it is shown in [41].

Eventually, one study aimed to determine if the same cutoffs could be used on 
the M and the XL probes for diagnosis of steatosis using CAP [66]. In this study, 
180 patients with a mean BMI of 30 ± 5 kg m−2 were measured using both M and 
XL probes. Cutoffs determined for the M probe in the Karlas et al. meta-analysis 
[27] were applied on all patients measured with each probe. For each cutoff and the 
diagnostic of S ≥ S1, S ≥ S2, S = S3, the sensibility, specificity, positive and nega-
tive predictive values were either identical or similar, showing that the same cutoff 
values for CAP may be used for either the M or the XL probe for the diagnosis of 
hepatic steatosis grades.

 Comparison with Steatosis Evaluation on US

A few studies have performed a head-to-head comparison of CAP with the evalua-
tion of steatosis using B-mode ultrasound using liver biopsy as a reference. de 
Ledinghen et al. [67] compared the accuracy of CAP and steatosis evaluation by 
ultrasound in 71 patients with CLD. Xu et al. [68] compared CAP and US on 137 
chronic hepatitis B (CHB) patients. Both studies found that CAP was significantly 
better than US for the evaluation and grading of liver steatosis. Jun et al. [69] have 
compared CAP and US for diagnostic of steatosis in 79 patients with CLD, showing 
higher AUROC for CAP (0.90 (95% CI 0.83–0.97) vs 0.86 (95% CI 0.78–0.94), 
respectively). Thiele et al. [57] have compared CAP with US in a large cohort of 269 
patients with alcoholic liver disease (ALD). CAP diagnosed steatosis with signifi-
cantly higher diagnostic accuracies than US for higher stages of steatosis and at the 
limit of statistical significance for any steatosis (P = 0.051).

Eventually, Ferraioli et al. have performed two studies using the imperfect gold 
standard methodology as reference (Bayesian latent class models). The first one was 
726 subjects, 589 with chronic viral hepatitis, and 137 with no hepatitis [70]. In 
patients with chronic viral hepatitis, CAP performed better than US, whereas in 
patients with no hepatitis, US showed the best performance. In the second study on 
305 overweight or obese children, CAP showed superior performance to US [71].

More recently, Fujiwara et  al. [72] have compared CAP with the ultrasound-
guided attenuation parameter (UGAP) which is a measure of an ultrasound coeffi-
cient which requires a calibration on an ultrasound tissue-mimicking phantom. 
AUROCs of UGAP were significantly higher than those of CAP for the identifica-
tion of S ≥ S2 and S = S3 only.
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 Comparison with Steatosis Evaluation on MRI-Based  
Techniques

CAP was shown to be outperformed by MRI-PDFF in studies using liver biopsy 
as reference, although it provides a rapid and inexpensive bedside assessment of 
liver steatosis. Imajo et al. [73] compared CAP to MRI-PDFF in a cohort of 127 
NAFLD and 10 control. They showed that MRI-PDFF outperformed CAP for the 
diagnostic of steatosis (AUROC = 0.96 (95% CI 0.92–1.00) vs 0.88 (95% CI 
0.80–0.95); P = 0.048) and for moderate and severe steatosis as well (P < 0.001 
and P = 0.01, respectively). Park et  al. [74] have shown similar results on 104 
NAFLD patients with an AUROC for the detection of any steatosis of 0.99 (95% 
CI 0.98–1.00), which was significantly higher than that of CAP (0.85 (95% CI, 
0.75–0.96)). Runge et al. [54] found consistent results on 55 NAFLD for the detec-
tion of steatosis where MRI-PDFF outperformed CAP (AUROC = 0.99 vs 0.77, 
respectively; P = 0.03). Recently, CAP has also been compared with MRI-PDFF 
in a cohort of HIV-mono-infected patient at risk of NAFLD. In this cohort, patients 
with suspected significant fibrosis (LSM by VCTE ≥7.1  kPa and/or FibroTest 
≥0.49) were sent to LB (N = 140). MRI-PDFF had excellent and CAP good per-
formances with AUROCs at 0.98 (95% CI 0.96–1.00) and 0.88 (95% CI 0.76–0.99), 
respectively.

Eventually one study compared CAP to 1H-magnetic resonance spectroscopy 
magnetic resonance spectroscopy (1H-MRS) on 50 NAFLD patients and 15 con-
trols, suggesting comparable diagnostic value for both method for hepatic steatosis 
quantification [75]. Another study compared CAP and 1H-MRS in morbidly obese 
patients [76]. In patients with successful MRI examination, 1H-MRS was excellent 
for the evaluation of steatosis. However, due to a very low applicability of MRI 
examination (65%), its performance was outperformed by CAP in intention-to-
diagnose analysis.

 Comparison with Other Non-invasive Tests of Steatosis

de Ledinghen et al. [67] have compared in a cohort of 112 patients with CLD CAP 
with SteatoTest, and fatty liver index (FLI) using liver biopsy as reference. CAP 
outperformed both SteatoTest and FLI for the diagnostic of S ≥ S1 (P = 0.04 and P 
= 0.02, respectively), of S ≥ S2 (P = 0.02 and P < 0.001, respectively), and of S = 
S3 (P < 0.001). The same group have compared performance of CAP vs SteatoTest 
and FLI in a larger cohort of 423 patients with CLD; AUROC for CAP was 0.79 
(95% CI 0.75–0.84), 0.84 (95% CI 0.80–0.88), 0.84 (95% CI 0.80–0.88) for S ≥ S1, 
S ≥ S2, and S = S3, respectively. AUROCs of FLI score were 0.74 (95% CI 
0.69–0.79), 0.79 (95% CI 0.75–0.84), and 0.76 (95% CI 0.70–0.82), S ≥ S1, S ≥ S2, 
and S = S3, respectively. Myer et al. [45] have compared the CAP performance to 
FLI and HSI for the diagnostic of steatosis. The AUROC of the CAP was 0.81 (95% 
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CI 0.74–0.88) compared with 0.65 (95% CI 0.57–0.74; P = 0.02) for the HSI and 
0.72 (95% CI 0.63–0.82; P = 0.12) for the FLI. Xu et al. [68] compared CAP and 
hepatic steatosis index (HSI) on 366 CHB patients. CAP outperformed HSI for the 
diagnostic of each steatosis grade (P < 0.002). Jun et al. [69] have compared CAP 
and HSI for the diagnostic of steatosis on 79 patients with CLD. CAP had a signifi-
cantly higher AUROC (0.90 (95% CI 0.83–0.97) vs 0.77 (95% CI 0.66–0.88), 
respectively; P = 0.039). Eddowes et al. [56] compared CAP to HSI in their cohort 
of 380 NAFLD patients showing significantly higher performance for CAP for all 
steatosis grades (P < 0.01). In the study on HIV-mono-infected patients at risk of 
NAFLD sent to LB for suspicion of significant fibrosis, CAP had better diagnostic 
performance for the detection of steatosis than SteatoTest (0.88 (95% CI 0.76–0.99) 
vs 0.68 (95% CI 0.51–0.85), respectively).

 CAP for Monitoring

 Non-pharmacological Interventions

A study have assessed the influence of hypocaloric diet on 60 NAFLD patients after 
a 14 days follow-up [77]. At the end of the study, CAP had significantly decreased 
(P < 0.001) together with weight, LSM, GGT, and lipids. Similarly, Rezende et al. 
[78] evaluated the effects of aerobic physical activity on reducing hepatic steatosis 
in 40 sedentary post-menopausal women with NAFLD. In this study, the patients 
were randomly divided into two groups: an exercise group and a control group, and 
the exercise group underwent a supervised aerobic physical activity program for 
24 weeks. However, the CAP analysis did not reveal a significant decrease in hepatic 
steatosis in this group. Another study had been performed in 20 obese patients who 
had EndoBarrier® gastrointestinal liner as an experimental treatment for type 2 dia-
betes [79]. After explantation at 11.6 ± 0.5 months, CAP had significantly decreased 
(P < 0.05), together with LSM, weight, and HbA1c. Garg et al. [80] assessed the 
effect of bariatric surgery on liver steatosis and CAP on 32 patients using paired 
liver biopsy. At 1-year follow-up, CAP was significantly reduced (P < 0.001) 
together with liver steatosis (P = 0.001).

Eventually, a study on lifestyle intervention was performed on 37 participants 
with NAFLD who were advised to perform exercise of moderate intensity at least 
3 days per week, for 45 min each time for 6 months [81]. In addition, their caloric 
intake was restricted to 25–30 kcal/kg/day of ideal body weight. After 6 months, the 
mean CAP value was significantly improved (P = 0.03), demonstrating that lifestyle 
modifications, improved hepatic steatosis.

Thiele et al. [57] have shown in a cohort of 293 ALD patients admitted for detox-
ification that CAP significantly decreased by 32 ± 47  dB/m (P < 0.001) after a 
detoxification of 6.3 (IQR 4–6) days. However, they observed that CAP in obese 
patients did not decrease significantly during detoxification (P = 0.30).
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 Pharmacological Treatment

A few studies had been performed, mainly on small sample size, on the influence of 
pharmacological treatment on CAP. In [82], 40 NAFLD patients with NAFLD defi-
ciency are supplemented for steatosis for 6 months. At 6 months, restoration of serum 
vitamin D levels was observed, and CAP had decreased significantly from baseline 
(P = 0.007). In [83], the hepatic effect of Lobeglitazone, a new thiazolidinedione, 
was investigated in 42 patients with type 2 diabetes and NAFLD. After 24 weeks of 
treatment, CAP had significantly decreased (P = 0.02) together with HbA1c, lipid, 
and hepatic profiles. Another single arm pilot study was performed to assess the 
effect of glutathione for the treatment of NAFLD in 29 patients [84]. At the end of 
the study, patients were dichotomized in ALT responders (patients with significant 
disease in ALT) and the ALT non-responder with no significant modification from 
baseline. CAP had significantly decreased from baseline in the ALT responders (P < 
0.05) and was not significantly different from baseline in the non-responders (P = 
0.31). Ogasawara et al. [85] investigated the impact of direct-acting antiviral (DAA) 
therapy (24-week dual oral therapy of daclatasvir and asunaprevir) on changes in 
liver fibrosis and steatosis using LSM by VCTE and CAP in 214 elderly patients with 
HCV genotype 1b. While LSM by VCTE was significantly lower at the end of treat-
ment compared with baseline, CAP significantly increased from baseline at 48 weeks 
post end of treatment (P = 0.02). Together with CAP, total cholesterol was also sig-
nificantly increased post-treatment. Kobayashi et  al. [86] investigated sequential 
changes in LSM by VCTE and CAP in 57 HCV patients who received DAA therapy 
and achieved sustained virologic response. CAP at 48 weeks after the end of treat-
ment was significantly different from baseline (P = 0.02).

Shizumu et al. [87] performed a randomized, open-label trial on 57 patients with 
type 2 diabetes and NAFLD on a sodium-glucose co-transporter-2 (SGLT2) inhibi-
tor. After 24 weeks of treatment, CAP showed a significant decrease in the treatment 
group as compared with the control group (P = 0.04). Same significant decrease was 
observed in the treatment group for ALT, GGT, and visceral fat mass.

Leite et al. [88] recently investigated the effect of diacerein, an anti-inflamma-
tory drug, on 84 patients with type 2 diabetes and NAFLD in a 24 months random-
ized double-blind, placebo-controlled trial. No difference in CAP from baseline was 
observed in the placebo group and treatment group (P = 0.32).

 Prognostic Value of CAP

Studies on prognostic values of CAP are scarce with conflicting results. Liu et al. 
[89] aimed to determine the prognostic value of CAP for liver-related events, 
non-hepatocellular carcinoma (HCC) cancers, and cardiovascular events in a 
study on 4282 patients with a median follow-up of 26 months. They reported that 
neither the presence nor the severity of hepatic steatosis predicted liver-related 
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events, cancer, or cardiovascular events, while LSM by VCTE and etiology inde-
pendently predicted liver-related events. Sub-group analysis of viral hepatitis and 
NAFLD patients revealed similar results. Margini et al. [90] evaluated the prog-
nostic significance of CAP in patients with compensated advanced chronic liver 
disease in a retrospective study on 193 patients. At the end of a median follow-up 
of 18 months, 18 patients had developed clinically relevant events (decompensa-
tion or severe bacterial infection). All events were present in patients with CAP 
> 220 dB/m. Multivariable analysis revealed that CAP > 220 dB/m was signifi-
cantly associated with clinically relevant events independently of LSM by 
VCTE.  Scheiner et  al. [91] performed a similar retrospective study on 430 
patients with advanced chronic liver disease and decompensated cirrhosis. In this 
study, the CAP cutoff of 248 dB/m for Karlas et al. meta-analysis was used [27] 
and CAP was not associated with the development of first or further 
decompensation.

 CAP in Combination with LSM by VCTE for the Diagnostic 
of Non-alcoholic Steato-hepatitis

Imajo et al. [73] have combined LSM by VCTE and CAP for the diagnostic of non-
alcoholic steato-hepatitis (NASH) in their cohort of 127 NAFLD patients. They 
reported an AUROC of 0.80 (95% CI 0.73–0.88) for the diagnostic of NASH and 0.65 
(95% CI 0.73–0.88) for the diagnostic of NAS ≥ 5. When combined with CK-18 or 
ALT AUROCs were not significantly different: 0.82 (95% CI 0.75–0.89) and 0.80 
(95% CI 0.72–0.88), respectively, for the diagnostic of NASH and 0.66 (95% CI 
0.54–0.78) and 0.67 (95% CI 0.56–0.78), respectively, for the diagnostic of NAS ≥ 5. 
Lee et al. [92] have developed a score combining LSM by VCTE, CAP, and ALT for 
the diagnostic of NASH showing good performance in the derivation cohort (AUROC 
= 0.81 (95% CI 0.72–0.88)) and good bootstrap interval validation (AUROC = 0.83 
(95% CI 0.74–0.89)). Eventually, Echosens has recently developed a novel score 
combining LSM by VCTE, CAP, and AST to identify at risk fibrotic NASH showing 
good diagnostic performance in the derivation cohort and good to excellent perfor-
mance in external validation cohorts from different clinical setting and geographical 
origins [93, 94].

 CAP Reproducibility

Intra-operator reproducibility has been assessed using intra-class correlation coef-
ficient (ICC) for the M probe of the FibroScan in 22 NAFLD patients with ICC of 
0.92 (95% CI 0.83–0.97) within session and 0.65 (95% CI 0.33–0.84) within weeks 
[54]. ICC has been assessed and compared using both the M and XL probe on 59 
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patients with CLD [41]. ICCs were excellent and comparable for both probes (ICC 
= 0.83 (95% CI 0.76–0.89) and 0.84 (95% CI 0.77–0.90) for the M and XL probes, 
respectively. Eventually, a recent study was performed from the NASH-CRN group 
on 838 patients in whom both the M and XL probes were used, according to the 
automatic probe selection [95]. Intra-observer correlation was high overall r = 0.82 
but significantly different when compared between probes (r = 0.85 for the M probe 
vs 0.75 for the XL probe; P = 0.003).

Inter-operator reproducibility has been assessed on the M probe in three indepen-
dent studies, both showing excellent results. In Ferraioli et al. [96], the concordance 
correlation coefficient was 0.82 (95% CI 0.78–0.85) on 335 healthy patients or with 
CLD. In Recio et al. [97], ICC was 0.84 (95% CI 0.77–0.88) in 118 patients with 
CHC or HIV. In Runge et al. [54], similar results were found on 16 NAFLD patients 
with an ICC of 0.83 (95% CI 0.57–0.93). In Vuppalanchi et  al. [95], the inter-
observer correlation was 0.64 for the M probe and 0.68 for the XL probe (P = 0.71).

 Factors Influencing CAP

 Fibrosis, Inflammation, and Other Covariates

Several studies have performed multivariable analyses to appraise factors influenc-
ing CAP. Steatosis and BMI have been shown to influence CAP [26, 44, 45, 51, 53, 
98–104]. CAP has been consistently shown to be independent of fibrosis [26, 44, 
45, 51, 100, 102], inflammation [26, 44, 45, 51, 100, 102, 104], liver function tests 
[44, 51, 98, 100–104], lipidic profile [44, 51, 53, 98, 100, 101, 103, 104], glycemic 
blood parameters [44, 98–100, 103], hypertension [98, 99, 103], age [26, 44, 51, 53, 
98, 103, 104], gender [26, 44, 51, 98, 103], and waist circumference [26, 98, 99] 
when adjusted on steatosis. In the Karlas et al. meta-analysis, the relevant covariates 
influencing CAP were the etiology, diabetes, and BMI [27].

 Influence of Meal Intake on CAP

Four studies assessed the influence of meal intake on CAP values with conflicting 
results. In Ratchatasettakul et al. [105], 40 patients with CLD who have had a liver 
biopsy in the previous month had a FibroScan after an overnight fast which was 
repeated a few times after a standard commercial meal. Significant decrease in CAP 
values was observed in all patients 15–120 min after meals, with the CAP peak 
value at 60 min and the mean post-meal delta reduction of 18.1 dB/m. Post-meal 
CAP values returned to baseline within 150 min following meals. In Kjargaard et al. 
[106], 60 patients with CLD ingested a 625 kcal and a 1250 kcal liquid meal on two 
consecutive days. CAP increased slightly after both meals (overall increase: 
+22 dB/m with both meals). Mean proportional increase was 7% after the 625-kcal 
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meal and 10% after the 1250 kcal with highest CAP observed at 60 min and 120 min, 
respectively. Eventually, a study was performed on 85 patients with CLD and 
healthy volunteer who had CAP measured before an overnight fasting and 30 min 
after intake of a standardized breakfast. In this study, CAP values did not increase 
significantly after food intake but no follow-up was performed after 30  min. In 
Vuppalanchi et al. [107], 24 patients were measured at baseline and serially for 6 h 
after meal intake. CAP changed minimally with a maximal change of 3% (P > 0.1). 
Thus, further studies are necessary to properly understand the influence of meal 
intake on CAP values and draw any conclusions.

 CAP Quality Criteria

No quality criteria are recommended for CAP by the manufacturer. A study has indi-
cated that a steatosis grade of S and high CAP values independently affect CAP perfor-
mance [102]. Similarly, Galaski et al. [108] have shown that high CAP value (>300 dB/m) 
has high specificity for steatosis but failed to stratify between steatosis grade S1 and S3, 
concluding that high CAP measurements need to be interpreted with care and with 
regard to clinical parameters, in particular when high IQR values are registered.

Two studies tried to assess the quality criteria for CAP. Wong et al. [109] have 
performed a large retrospective study on 754 consecutive patients with CLD from 
four centers. CAP was measured in all patients by the M probe. They reported that 
the accuracy of CAP was lower for an IQR >40 dB/m (AUROC = 0.77 for S ≥ S1 
for IQR >40 dB/m vs 0.90 in patients with IQR <40 dB/m, P = 0.004). The authors 
therefore suggested that an IQR <40  dB/m could be used as a quality criterion. 
Another study from Caussy et al. [110] found similar results but with an IQR of 
30 dB/m. Recently, Eddowes et al. [56] tried to validate both those criteria in their 
large cohort of NAFLD patients. They could not confirm the results from both Wong 
et al. [109] and Caussy et al. [110] studies since they found lower performance in 
patients with an IQR <30 or 40 dB/m. Same observation was found by Thiele et al. 
[57] in ALD patients. Further studies are needed to really appraise the CAP quality 
criteria or validate the ones that have been proposed.

 Liver Steatosis as a Modifier of LSM by VCTE

A few studies had suggested that the presence of massive steatosis [111] was associ-
ated with higher LSM by VCTE in patients with low fibrosis stage, leading to an 
overestimation of liver fibrosis. However, those studies were performed using the M 
probe only in overweight or obese patients. Some of those patients are very likely to 
have a skin-to-capsule distance higher than 25 nm, which may induce an overesti-
mation of LSM. The same patients being overweight or obese have also a higher 
likelihood of having steatosis. Therefore, important confounding factors were not 

37 Steatosis Assessment by Controlled Attenuation Parameter (CAP™)



432

taken into account, together with other methodological issues [112, 113]. The 
impact of steatosis on LSM was still uncertain [114]. Eddowes et al. [56] have how-
ever very recently shown that when the proper probe is used for each patient, accord-
ing to the automatic probe recommendation tool embedded in the FibroScan device, 
the only histological factor influencing LSM by VCTE is the liver fibrosis. Karlas 
et al. [115] tried to appraise if CAP could be used to enhance LSM by VCTE inter-
pretation, finding negligible to slight impact of using CAP values for fibrosis 
evaluation.

 Conclusion

CAP provides a rapid and inexpensive bedside assessment of liver steatosis. Its per-
formance for the diagnostic of steatosis was shown to be satisfactory in various eti-
ologies especially in cohorts of patients with various CLD, in viral hepatitis and in 
NAFLD exceeding conventional ultrasound. CAP has however a moderate accuracy 
for the differentiation between higher grades of steatosis. CAP being embedded on 
the FibroScan device, it has the advantage to provide an assessment of steatosis 
together with LSM by VCTE. Both steatosis and fibrosis can therefore be assessed 
simultaneously, in the same zone of the liver and the physician has access to both 
parameters which is especially relevant in the context of NAFLD.  Studies have 
shown that the same cutoffs could be applied for both M and XL probes. More 
recent studies have shown that CAP is sensitive to both lifestyle intervention and 
pharmacological treatment. Recent data suggest that CAP, in combination with 
LSM by VCTE and possibly other bio-clinical parameters such as transaminase lev-
els, might be very useful for the evaluation of NASH or NASH-related histological 
lesions.
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Chapter 38
Steatosis Assessment with Controlled 
Attenuation Parameter (CAP) 
in Various Diseases

Charlotte Wernberg, Mie Balle Hugger, and Maja Thiele

 The Role of Steatosis in Liver Disease

Liver steatosis is the accumulation of lipid droplets, mainly triglycerides, in the 
hepatocytes. It can be defined histologically, which necessitates a liver biopsy, by 
the presence of fat droplets in ≥5% of hepatocytes; or radiologically/chemically 
by the wet mass of the liver parenchyma consisting of ≥5% lipid mass [1]. Steatosis 
represents imbalanced hepatic lipid metabolism due to liver injury in a variety of 
chronic and acute liver diseases, including drug-induced liver injury, alcoholic 
liver disease (ALD), and chronic viral hepatitis B and C (HBV, HCV). In particu-
lar, liver steatosis is the hallmark of non-alcoholic fatty liver disease (NAFLD) 
which is, by definition, lipid accumulation in the liver, in the absence of excess 
alcoholic consumption and other known causes of chronic liver disease [2]. Being 
able to easily assess steatosis is therefore crucial for diagnosing NAFLD. The high 
prevalence of NAFLD in the western world and the fact that NAFLD is the fastest 
growing chronic liver disease is one reason for the focus on finding noninvasive 
methods for diagnosing and grading steatosis in patients at risk of NAFLD. Beyond 
NAFLD, noninvasive modalities that can diagnose and quantify steatosis may be 
used for screening, follow-up, and assessment of efficacy of intervention in other 
chronic liver diseases where liver fat accumulation is an indicator of hepatocyte 
dysfunction [3].
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 Ultrasonography, Serum Markers, Computed Tomography, 
and Magnetic Resonance Imaging as Noninvasive Markers 
of Steatosis

The gold standard for evaluation of fatty liver is still liver biopsy despite the meth-
od’s imperfections [2, 4]. Liver biopsy is subject to sampling error, and to intra- 
and inter-observer variation [5]. A biopsy is further an invasive procedure, time 
consuming, and only available in specialist centers. Ultrasound (US) has been, and 
is still, the most common tool to diagnose liver steatosis, due to its wide availabil-
ity and low cost. However, US has low sensitivity for mild steatosis, since bright 
liver echo pattern (BLEP) with or without attenuation of the US beam can only 
adequately detect a hepatic lipid content above 20% [6, 7]. Bright liver echo pat-
tern is a diffuse increase in liver echogenicity, when compared to the right renal 
cortex, while US beam attenuation is blurring of the deep liver vein margins and 
loss of definition of the diaphragm. A meta-analysis on 49 studies showed an 
AUROC of 0.93 of BLEP with or without attenuation for the diagnosis of moder-
ate-severe steatosis [8]. In addition to the low sensitivity, BLEP’s main limitations 
are observer variability and false positives due to a hyperechoic liver parenchyma 
in liver disease patients with fibrosis or inflammation [9]. Additionally, US quality 
is vastly impaired by large skin-capsule distance in obese patients. Novel post-
processing computerized analyses of US images such as the hepatorenal sono-
graphic index [10] have shown excellent accuracy for diagnosing ≥S1 steatosis 
with an AUROC of 0.99, 100% sensitivity, and 91% specificity. Other studies have 
verified these results [11, 12].

Several serum-based biomarkers for steatosis have been developed and validated 
against ultrasound, MRS, or liver biopsy (Table 38.1) [13, 14]. However, the serum 
markers for steatosis are not routinely used, probably because of wide access to 
ultrasound imaging that have similar or better accuracy which work as point-of-care 
and therefore outplay the serum markers.

Computed tomography (CT) has the advantage that the whole liver is evaluated 
but it uses ionizing radiation and its sensitivity is low when steatosis is <30% [15]. 
Therefore, CT is not routinely used for steatosis assessment, but steatosis may be 
described as an incidental finding after CT for other indications.

In contrast, magnetic resonance imaging (MRI) based techniques quantify liver 
fat with excellent sensitivity, especially MR spectroscopy (MRS) and MRI with 
proton-density-fat-fraction (PDFF) [16–18]. MRI-PDFF and MRS accurately dif-
ferentiate moderate/severe steatosis (≥S2) from mild/no hepatic steatosis with simi-
lar accuracy between techniques, and closely correlated to histological steatosis 
score [17]. Despite the superior diagnostic accuracy, the MRI modalities are cur-
rently restricted to tertiary clinics and research due to cost and demands for special-
ist equipment and trained personnel.
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 Controlled Attenuation Parameter Is a Novel Ultrasound 
Technique for Diagnosing Steatosis in Liver Disease Patients

Transient elastography with the FibroScan device has revolutionized our ability to 
diagnose liver fibrosis in patients with chronic liver disease of various etiologies 
[19]. Controlled attenuation parameter was added to the FibroScan software in 2010 
[20]. With CAP, it is possible to obtain a measure of liver parenchyma attenuation 
(in dB/m) in parallel with the liver stiffness measurement. An additional advantage 
is CAP’s continuous nature, which increases resolution more than the ultrasound 
steatosis staging from 0 to 3.

Initially, CAP measurements relied on the FibroScan M-probe, which was a dis-
advantage due to the high failure rate in patients with central obesity or BMI >30 kg/
m2. In a prospective study with 5323 CAP examinations using the M-probe, 7.7% of 
measurements failed [21]. Fortunately, CAP for the XL-probe was made available 
from 2015, which substantially reduced the failure rate [22]. In a 2018 study utiliz-
ing both the M- and XL-probes, failure rate was down to 3.2% in 992 NAFLD 
patients [23]. Whether probe type should be considered, when interpreting CAP 
values, is however still debated: In a study with 992 NAFLD patients, Vuppalanchi 

Table 38.1 Algorithms combining clinical information with serum blood tests for diagnosing 
liver steatosis

Scores

Score components

Sex BMI DM ALT

AST/
ALT 
ratio GGT TG Other

Fatty liver index 
(FLI)

x x x Waist circumference

Hepatic steatosis 
index (HSI)

x x x

Index of NASH 
(ION)

x x x Waist-to-hip ratio, HOMA

Lipid accumulation 
product (LAP)

x x Waist circumference

NAFLD-liver fat 
score 
(NAFLD-LFS)

x x MetS and insulin

SteatoTestTM x x x x x Age, A2M, ApoA1, 
haptoglobin, bilirubin, 
cholesterol, glucose

TM=patented, all other scores are non-patented
A2M a2-macroglobulin, ALT alanine transaminase, AST aspartate transaminase, ApoA1 apolipo-
protein A-1, BMI body mass index, DM diabetes mellitus, GGT gamma-glutamyl transferase, MetS 
metabolic syndrome, TG triglycerides
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et al. [23] found that CAP values obtained in the same patient with the XL-probe 
were on average 16 dB/m higher compared with the M-probe, adjusted for BMI and 
histological steatosis severity [23]. However, in a recent study by Eddowes and 
 colleagues of similar size, probe type was not a predictor of either false positives or 
false negatives [24].

Eight studies from 2010 to 2016 investigated the overall performance of CAP 
to diagnose liver steatosis, using liver biopsy as gold standard [20, 25–31]. In 
these studies, CAP had sensitivities ranging from 64 to 91% for detecting any 
steatosis (≥S1) and specificities ranging from 64 to 94%. Similarly, studies 
reported a broad range of optimal cutoff values for any steatosis, from 214 to 
289 dB/m. Cutoffs for ≥S2 and ≥S3 also varied. The between-study heterogeneity 
indicates substantial spectrum bias, probably due to patient selection. Consequently, 
an individual- patient data meta-analysis including data from 2735 patients from 
19 studies with different etiologies tried to establish common CAP cutoff values 
for the M-probe (they excluded studies where subjects had BMI above 30 kg/m2 or 
a skin to liver capsule distance above 2.5 cm) [32]. The steatosis distribution was 
51%/27%/16%/6% for S0/S1/S2/S3. Optimal cutoff for diagnosing any steatosis 
(≥S1) was 248 dB/m (AUROC 0.82, sensitivity 69%), moderate steatosis (≥S2) 
was 268  dB/m (AUROC 0.87, sensitivity 77%) and severe steatosis (=S3) was 
280 dB/m (AUROC 0.88, sensitivity 88%).

 CAP in Non-alcoholic Fatty Liver Disease

Controlled attenuation parameter in patients suspected of NAFLD is of particular 
interest, as a noninvasive tool which affordably can identify and monitor people at 
risk for NAFLD.

Fifteen studies to date have examined the performance of CAP for diagnosing 
steatosis (Table 38.2).

From the evidence so far, CAP does not seem to reliably diagnose severe ste-
atosis (≥S3), as AUROCs are consistently below 0.80. However, on average CAP 
has good accuracy for diagnosing any steatosis (≥S1), with AUROCs in the large 
studies above 0.85, except in the American multicenter study by Siddiqui and col-
leagues [33]. However, cutoffs vary highly, which limits generalizability of 
results. Additionally, sensitivities and specificities for the optimal cutoffs are well 
below 90% for ≥S1 across studies. This means that from the existing evidence, it 
is not possible to derive universal cutoffs that can reliably rule-out any steatosis 
(cutoff with sensitivity above 90% would result in 10% false positive classifica-
tions) or rule-in any steatosis (specificity above 90% would result in 10% false 
negatives).

The vast majority of existing studies on NAFLD have analyzed CAP in second-
ary and tertiary settings with a high prevalence of steatosis. It is therefore not yet 
clear how CAP performs in primary care settings where the prevalence of steatosis 
is much lower.
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Two studies have suggested quality criteria for the measurement of CAP [18, 34]. 
A study from Wong and colleagues recommended using an IQR of CAP below 
40 dB/m together with 10 valid measurements [34]. Another study from Caussy 
et al. with 119 MRI-PDFF-proven NAFLD patients recommended using IQR below 
30 dB/m and 10 valid measurements [18]. However, both these studies do not take 
into account an increase in IQR when median CAP increases. Consequently, the 
quality criteria that use low IQR will be biased towards patients with lower CAP 
values. Therefore, common quality criteria that can be applied to the full range of 
CAP measurement from 100 to 400  dB/m are still needed. Three studies have 
directly compared CAP with MRI-PDFF (Table 38.3). They all show that CAP is 
significantly inferior to MRI-PDFF in differentiating all steatosis grades [30, 35, 36].

Table 38.3 Studies comparing diagnostic accuracy of CAP versus MRI-PDFF in NAFLD, with 
liver biopsy as reference

Author Year
Steatosis 
level

CAP MRFI-PDFF
Cutoff 
(dB/m)

AUROC 
(95% CI)

Se 
(%)

Sp 
(%)

Cutoff 
(%)

AUROC 
(95% CI)

Se 
(%)

Sp 
(%)

Imajo 
[30]

2016 ≥S1 236 0.88 
(0.80–
0.95)

82 91 5.2 0.98 
(0.96–
1.00)

90 93

≥S2 270 0.73 
(0.64–
0.81)

78 80 11.3 0.90 
(0.81–
0.98)

79 84

≥S3 302 0.70 
(0.58–
0.83)

64 74 17.1 0.79 
(0.64–
0.95)

74 81

Park 
[35]

2017 ≥S1 261 0.85 
(0.75–
0.96)

72 86 3.7 0.99 
(0.98–
1.00)

96 100

≥S2 305 0.70 
(0.58–
0.82)

63 69 13.1 0.90 
(0.82–
0.97)

80 83

≥S3 312 0.73 
(0.58–
0.89)

64 70 16.4 0.92 
(0.84–
0.99)

82 84

Runge 
[36]

2018 ≥S1 260 0.77 
(0.64–
0.88)

90 60 4.1 0.99 
(0.91–
1.00)

94 100

≥S2 296 0.78 
(0.65–
0.88)

92 55 15.7 0.98 
(0.89–
0.99)

92 97

≥S3 334 0.79 
(0.65–
0.88)

79 76 20.9 0.96 
(0.86–
0.99)

100 83

AUROC area under the receiver operating curve, CAP controlled attenuation parameter, MRI- 
PDFF magnetic resonance imaging proton-density-fat-fraction, NAFLD non-alcoholic fatty liver 
disease, Se sensitivity, Sp specificity, 95% CI 95% confidence interval, S1, S2, S3 fat accumulation 
in 5%–33%, >33%–66%, >66% of hepatocytes

C. Wernberg et al.
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 CAP in Chronic Viral Hepatitis

Steatosis is a common histological finding in patients with chronic HCV infec-
tion. To some extent also in HBV, but liver fat accumulation linked to metabolic 
comorbidity, alcohol overuse or the viral infection itself seems to play a role in 
HCV in particular [37]. The prevalence of steatosis is 1.5–3 times higher in HCV 
patients than in the general population, at 40–86% vs. 25–30% [38, 39]. The pres-
ence of steatosis is not only associated with a lower response rate to anti-viral 
treatment [40], but may also increase fibrosis progression [41, 42] and risk of 
HCC development [43].

In contrast to HCV, liver steatosis in HBV seems to be comparable to the general 
population, at approximately 30% [44]. The same meta-analysis found an associa-
tion between hepatic steatosis in HBV and metabolic comorbidity (obesity, BMI, 
diabetes), but not viral load.

Seven studies have investigated the use of CAP in chronic viral hepatitis using 
liver biopsy as diagnostic gold standard (Table 38.4).

Table 38.4 Studies evaluating CAP performance with liver biopsy as reference in people with 
either HBV or HCV

Authors Year Patients Etiology Probe

Steatosis 
prevalence 
(%)

Optimal 
cutoff value 
(dB/m) AUROC

Se 
(%)

Sp 
(%)

Sasso 
[61]

2012 615 HCV M S0 = 55
S1 = 31 ≥S1 = 222 0.80 76 71
S2 = 13 ≥S2 = 233 0.86 87 74
S3 = 1 ≥S3 = 290 0.88 78 93

Wang 
[62]

2014 88 HBV M S0 = 9
S1 = 54 ≥S1 = 219 0.71 70 72
S2 = 28 ≥S2 = 230 0.87 83 78
S3 = 9 ≥S3 = 283 0.97 100 97

Ferraioli 
[63]

2014 115 HBV/
HCV

M S0 = 29

4 S1 = 53 ≥S1 = 219 0.76 91 52
S2 = 14 ≥S2 = 296 0.82 60 91
S3 = 4

Cardoso 
[64]

2015 136 HBV M S0 = 63
S1 = 22 0.82
S2 = 12 0.82
S3 = 3 0.97

Mi [65] 2015 340 HBV M S0 = 58
S1 = 34 ≥S1 = 224 0.81 73 76
S2 = 5 ≥S2 = 236 0.90 92 70
S3 = 2.6 ≥S3 = 285 0.97 100 93

(continued)
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Overall, the prevalence of severe steatosis is much lower in HCV and HBV 
patients compared to NAFLD patients; only in two studies does S3 prevalence 
exceed 5%. It may be due to these differences that the optimal cutoff values in gen-
eral are lower than for NAFLD, while the AUROCs are generally higher, particu-
larly moderate (≥S2) and severe (≥S3) steatosis. We speculate that other factors 
influencing CAP in fatty liver diseases may also diminish the diagnostic accuracy of 
CAP in NAFLD, compared to chronic viral hepatitis.

 CAP in Alcohol-Related Liver Disease

Simple steatosis is seen in almost all patients who drink excess amounts of alcohol 
for a sustained period. However, the role of hepatic fat accumulation in ALD is not 
clear. Many consider alcohol-related fatty liver as relatively benign. However, 7% 
of patients with biopsy-proven simple steatosis may progress to cirrhosis [45].

The role of CAP for diagnosing and monitoring liver fat in ALD has been 
scarcely investigated. Only one single-etiology study has assessed the diagnostic 
accuracy of CAP and CAP changes as an effect of abstinence [46]. In this study, 269 
patients received a liver biopsy (steatosis scores S0, S1, S2, S3 = 28%, 35%, 24%, 
13%) to address diagnostic accuracy, while 293 patients had dual CAP measure-
ments at the beginning and end of hospital admission for alcohol use, to test the 
effect of detoxification. CAP diagnostic accuracies were comparable to NAFLD: 
AUROC ≥S1 = 0.77, ≥S2 = 0.78, and S3 = 0.82. CAP was superior to BLEP by 
ultrasound, while MRI was not performed. CAP above 290 dB/m ruled-in any ste-
atosis with 88% specificity and 92% positive predictive value. In the 293 patients 
who were admitted 6  days (IQR 4–6) for detoxification, CAP decreased signifi-
cantly, except in obese patients with a BMI above 30 kg/m2. Similarly, the study 
found that CAP was significantly lower in patients who had abstained from alcohol 
more than 4 weeks from inclusion, in comparison to ongoing drinkers (253 ± 56 dB/m 
vs. 284 ± 59 dB/m). The latter is in agreement with another study where low CAP 
correlated negatively with alcohol use [47].

Authors Year Patients Etiology Probe

Steatosis 
prevalence 
(%)

Optimal 
cutoff value 
(dB/m) AUROC

Se 
(%)

Sp 
(%)

Chen 
[66]

2016 189 HBV M S = 49
S1 = 32 ≥S1 = 222 0.90 89 85
S2 = 12 ≥S2 = 247 0.92 91 93
S3 = 7 ≥S3 = 274 0.94 100 86

Xu [67] 2016 366 HBV M S0 = 56
S1 = 40 ≥S1 = 224 0.78 69 76
S2 = 2.2 ≥S2 = 246 0.93 100 78
S3 = 1.4 ≥S3 = 284 0.99 100 96

Table 38.4 (continued)
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 CAP as a Prognostic Marker

Patients with compensated advanced chronic liver disease and concomitant obesity 
and steatosis may be at higher risk for progressing to decompensation than normal- 
weight patients [48]. Therefore, CAP may be a predictive marker of the develop-
ment of decompensation in patients with compensated advanced chronic liver 
disease. However, results of two retrospective studies are conflicting. One Swiss 
study investigated 193 patients for median 18 months (viral etiology = 58%; tran-
sient elastography = 15.1 kPa; CAP = 255 ± 62 dB/m; CAP above 220 dB/m sensi-
tivity). They showed a potentially harmful effect of higher CAP, independent of 
BMI. CAP was 275 ± 46 dB/m in the 18 patients who experienced an event, versus 
252 ± 63 dB/m (P = 0.07) in the 175 patients who did not progress. Body mass 
index was similar in the two groups. All events were more frequent in patients with 
CAP ≥220 dB/m (12.9% vs. 1.6%; P = 0.013). However, these findings could not 
be validated in a later study, from Austria, involving 430 patients with compensated 
(n = 292) or decompensated (n = 138) advanced chronic liver disease [49]. CAP 
neither predicted of first decompensation (hazard ratio = 0.97; 95% CI 0.91–1.03), 
nor further hepatic decompensation (hazard ratio = 0.99; 0.94–1.03). Using a CAP 
cutoff of 248 dB/m for hepatic steatosis, the event rate was similar in patients with 
hepatic steatosis or without. Consequently, longitudinal data and prospective stud-
ies in patients with advanced liver disease are still highly needed to evaluate whether 
CAP can be used as prognostic marker for liver-related outcomes.

In pre-cirrhotic patients, one large Asian study suggests that CAP holds no prog-
nostic value for predicting short-term liver-related events, hepatocellular carcinoma, 
non-HCC malignancy, or cardiovascular events. The study followed 4282 patients 
(median age 57 years; median liver stiffness 6.1 kPa; 41% NAFLD; CAP median 
250 dB/m) [50]. During 8540 patient-years of follow-up, there were however few 
liver-related events: 34 patients developed HCC and 33 decompensations.

The foremost question for the coming years is whether CAP can be used as a 
surrogate marker for steatosis regression in phase II and III antifibrotic trials, and 
whether steatosis regression or progression represents any clinical value for patients.
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Chapter 39
Liver Steatosis (CAP) as Modifier 
of Liver Stiffness

Thomas Karlas and Sebastian Mueller

 Modulation of Liver Stiffness by Hepatic Steatosis

Hepatic steatosis is defined by the accumulation of lipid droplets within the hepato-
cytes. This process is often driven by metabolic factors associated with diabetes 
mellitus and obesity but may also occur occasionally in lean subjects with unre-
markable anthropometry. Steatosis is traditionally classified according to histology: 
the relative number of affected hepatocytes is used to determine the grade of steato-
sis, whereas neither absolute nor relative lipid content of the liver is currently con-
sidered for definition of disease severity [1, 2]. Lipid droplets modify the ultrasound 
signal propagation in the liver:

 1. The more lipid droplets within the hepatocytes the more ultrasound signal reflec-
tion. In conventional ultrasound, this mechanism causes the typical bright echo pat-
tern in superficial parts of the liver as well as attenuation of ultrasound signals from 
more profound parenchyma areas. For ultrasound-based elastography, the attenua-
tion of tracking signals may impair the measurement quality and reliability [1, 3, 4].

 2. Ultrasound-based elastography methods apply complex algorithms that include 
assumptions of physical tissue properties. For example, a density of 1 g/cm3 is 
assumed for conversion formulas for shearwave speed and the elasticity modulus 
[5]. Such assumptions become imprecise in advanced steatosis and may thus 
alter the results of liver stiffness measurement [LSM].
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Besides these direct effects of steatosis on LS, the associated metabolic condi-
tions influence ultrasound signal quality and propagation of mechanical impulses to 
the liver. Most importantly, subcutaneous fat deposits increase the skin-to-liver cap-
sule distance at the measuring site and impair any signal propagation to the liver 
tissue [6]. There are also indications that fat can decrease LS [7]. For more details, 
see also book section II “Techniques to measure liver stiffness.” The molecular basis 
of the interplay between LS and steatosis is not yet completely understood. For 
example, in cohorts of heavy drinkers, LS was not at all or even slightly negatively 
associated with steatosis [8, 9].

 Impact of Steatosis on Different Methods for Assessing Liver 
Stiffness

The putative impact of steatosis on LS has been analyzed in several studies that pro-
vide inconsistent results. This can be partly explained by further modulators of LS 
such as the etiology of liver disease, heterogeneous definitions of the reference stan-
dard, and application of different methods for LSM that cannot easily be compared 
with each other [10, 11]. In addition, some studies fail to differentiate clearly between 
true effects of steatosis and associated modulations of LS by anthropometry and/or 
metabolic conditions. Table 39.1 gives an overview on relevant publications in the 
field. In addition, inflammatory activity in steatotic hepatic tissue (i.e., steatohepati-
tis) represents an important confounding factor for liver stiffness assessment: inflam-
mation is positively associated with liver stiffness and may mimic steatosis- induced 
effects unless it is properly considered in multivariate analysis [9]. For more details, 
see also book section IV “Important (patho)physiological confounders of LS.”

 Ultrasound-Based Steatosis Estimation: A Guide for Liver 
Stiffness Interpretation?

Encouraged by the data summarized in Table 39.1, several studies aimed to defining 
rules for LSM interpretation taking the severity of hepatic steatosis into account. As 
a logical consequence of the noninvasive nature of fibrosis assessment with 
ultrasound- based methods, histological analyses of steatosis seem unsuitable for 
such an approach. In the same line, magnetic resonance methods are not convenient 
for clinical practice. Ultrasound-based techniques, however, potentially enable 
simultaneous steatosis and LSM assessment for large cohorts [12, 13].

Two ultrasound-based approaches for steatosis estimation have been developed 
and evaluated in the last decade:

 1. Analysis of the ultrasound signal attenuation. The intensity of the bright liver 
parenchyma echo pattern correlates with the grade of liver steatosis. Several tools 
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Table 39.1 Studies assessing the impact of steatosis on liver stiffness

Author[s]/
year Method[s] Main finding Commentary

Boursier 
et al. 2013 
[22]

650 patients with 
chronic hepatitis C
Fibrosis: transient 
elastography, 
histology
Steatosis: 
METAVIR, 
computerized 
morphometric 
analysis

Liver stiffness measurement 
[LSM] with transient 
elastography is associated 
with fibrosis, inflammatory 
activity, and steatosis. 
High-grade steatosis is 
associated with poor 
diagnostic performance of 
LSM

This report proofs the 
concept of steatosis as 
modifier of LSM. Impact if 
steatosis is limited to 
variation within few kPa 
units. Higher steatosis is 
associated with higher 
variation of measurements 
[=poor reliability]

Macaluso 
et al. 2014 
[23]

618 patients with 
chronic hepatitis C
Fibrosis: transient 
elastography, 
histology
Steatosis: histology 
[Scheuer score] and 
conventional 
ultrasound

Patients with steatosis had 
higher mean LSM values. 
Steatosis was associated with 
higher risk of false positive 
measurements

Only the M probe of the 
transient elastography device 
was used, although more 
than half of the cohort was 
overweight or obese

Petta et al. 
2015 [24]

253 patients with 
biopsy-proven 
NAFLD
Fibrosis: transient 
elastography, 
histology
Steatosis: histology 
[Kleiner score] and 
conventional 
ultrasound

Presence of steatosis was 
associated with higher liver 
stiffness, especially in patients 
without significant fibrosis. 
This observation was 
associated with higher risk of 
false positive LSM

All patients of this obese 
cohort [BMI >25 in 80%] 
were examined with the M 
probe of transient 
elastography. The observed 
effect is likely related to 
anthropometric measures

Karlas 
et al. 2015 
[25]

41 patients with 
morbid obesity [40 
without significant 
fibrosis] and 
biopsy-proven 
NAFLD
Fibrosis: transient 
elastography, 
point-shearwave 
elastography 
[pSWE], ELF 
score, histology
Steatosis: MR 
spectroscopy, 
histology

Both pSWE and transient 
elastography [M and XL 
probe] had a high rate of 
invalid and/or unreliable 
measurements. The remainder 
results were significantly 
higher than reported cutoffs 
for advanced fibrosis

Data are not stratified 
according to steatosis or 
anthropometric parameters. 
Elastography results from 
severely obese patients 
demand careful 
interpretation

(continued)
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have been suggested for a standardized assessment, e.g., computer-aided compari-
son of liver and renal parenchyma. A software algorithm implemented in the tran-
sient elastography device calculates the controlled attenuation parameter (CAP) 
[14]. CAP has shown a good accuracy for noninvasive grading of liver steatosis [15]. 
Recently, Attenuation Imaging (ATI) has been proposed as a CAP alternative inte-
grated in a conventional ultrasound device [16], which merits further evaluation.

 2. Analysis of the echo pattern distribution. The speckle pattern of the liver paren-
chyma is modulated by steatosis. Acoustic structure quantification (ASQ) is a 
software tool that compares the parenchyma structure of a patient with an ideal 
parenchyma model. The deviation from the ideal curve correlates with the degree 
of steatosis [17, 18] but can also be modulated by the presence of fibrosis [19].

To date, only CAP has been intensively investigated as a modifier of LSM, 
whereas the role of ATI and ASQ needs to be defined in further biopsy-controlled 
studies. However, most data on CAP derives from cohorts assessed with the M 
probe which is dedicated to lean subjects. This impairs the transition of the results 
to obese NAFLD patients where steatosis adjusted LSM is of special interest. 
Table 39.2 summarizes the available data. These studies do not provide a definitive 
conclusion on the role of CAP for adjustment of LSM, but higher CAP values are 
associated with a higher risk of imprecise fibrosis assessment using established 
 cutoffs for LSM. Such cases should be evaluated very carefully (Fig. 39.1). In addi-
tion, Fig. 39.2 shows two cases of patients with alcoholic fatty liver in the absence 
of inflammation (see normal transaminase levels). During detoxification, CAP val-
ues (steatosis) clearly decreased while LS increased [20]. Such cases have been 
observed by both of us and warrant further confirmation.

Table 39.1 (continued)

Author[s]/
year Method[s] Main finding Commentary

Harris 
et al. 2016 
[26]

349 patients with 
liver steatosis [53 
with biopsy]
Fibrosis: biopsy, 
pSWE [published 
cutoffs]
Steatosis: biopsy 
and conventional 
ultrasound

Low stages of fibrosis were 
frequently overestimated by 
pSWE. Higher failure rate of 
pSWE in patients with 
steatosis

No anthropometric data 
provided
Conclusion: the study “does 
not show conclusively if the 
presence of steatosis or its 
severity independently 
alters” pSWE

Conti et al. 
2016 [27]

211 patients with 
hepatitis C and liver 
biopsy
Fibrosis: 
elastography point 
quantification, 
histology 
[METAVIR]
Steatosis: histology, 
ultrasound

Liver stiffness was similar in 
patients with and without 
steatosis. Obesity was 
associated with higher risk of 
misclassification

Identifies obesity as relevant 
factor for incorrect liver 
elasticity evaluation
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Table 39.2 Studies assessing the role of controlled attenuation parameter (CAP) for interpretation 
of liver stiffness measurement (LSM)

Author[s]/
year Method[s] Main finding

Commentary on Fibroscan probe 
type

Petta et al. 
2016 [28]

324 biopsy- 
proven NAFLD 
patients
LSM values for 
each fibrosis stage 
were stratified 
according to CAP 
tertiles

LSM increased in patients 
with low fibrosis [F0-F2, 
Kleiner score] according 
to steatosis severity. In 
consequence, the 
diagnostic accuracy for 
detection of advanced 
steatosis was reduced in 
patients with high CAP 
values
A decisional flowchart for 
combining LSM and CAP 
values is provided

CAP and LSM were measured 
with the M probe although 40% 
patients were obese. Hence, the 
reduced diagnostic accuracy of 
LSM in severe steatosis may be 
related to a true modulation of 
LSM but can also represent a mere 
correlation of altered 
anthropometry [high skin-to-liver 
capsule distance at the measuring 
site] with steatosis

Karlas 
et al. 2018 
[29]

Individual patient 
data from 19 
studies
The impact of 
steatosis [defined 
by histology and/
or CAP] on LSM 
[M probe] was 
analyzed in 2058 
patients

LSM had a low positive 
predictive value for the 
detection of cirrhosis or 
advanced fibrosis, 
especially in NAFLD
Controlled attenuation 
parameter slightly 
improved LSM 
interpretation

Only M probe data were available. 
Therefore, patients with high BMI 
and/or high skin-to-liver capsule 
distance were not considered for 
the analysis

Eddowes 
et al. 2019 
[30]

Prospective 
multicentric 
biopsy-controlled 
study assessing 
the value of CAP 
and LSM in 
patients at risk for 
NAFLD

450 patients with liver 
biopsy [assessed according 
to NASH CRN] were 
included. LSM had a good 
diagnostic accuracy but 
showed a limited positive 
predictive value for 
detection of higher fibrosis 
stages. Steatosis or probe 
type [M or XL] did not 
affect LSM

M and XL probe were used 
according to the manufacturer 
recommendation. The XL probe 
was used in 67% of cases

Shen et al. 
2019 [31]

Consecutive 
patients [n = 593] 
with chronic 
hepatitis B
CAP and LSM 
were compared 
with histology 
[METAVIR]

LSM was higher in 
patients without significant 
fibrosis when steatosis 
[S2–3 according to 
histology or CAP class] 
was present
Hence, CAP ≥268 dB/m 
slightly affected LSM for 
ruling in significant 
fibrosis

Only M probe data. Patients with 
high body mass index >30 kg/m2 
or high skin-to-liver-capsule 
distance [>25 mm] were excluded

39 Liver Steatosis (CAP) as Modifier of Liver Stiffness
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Fig. 39.1 Example of controlled attenuation parameter (CAP) guided interpretation of liver stiff-
ness measurement. (Figure has been adapted from [29] with permission of John Wiley & Sons Ltd. 
(© 2018))
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Fig. 39.2 LS and CAP of two patients (P1 and P2) during alcohol detoxification. Here, in the 
absence of inflammation (see normal AST levels), LS increased while steatosis/CAP decreased. 
Such observations suggest that steatosis can lower stiffness which is in line with correlation data 
and the common observation that fat tissue is soft. More studies are required to better understand 
the complex interplay between fat and stiffness at the molecular level
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 Conclusion

The relevance of steatosis-induced modulation of LS remains a topic of ongoing 
debate. Although no specific recommendation can be given, the majority of stud-
ies indicate a reduced diagnostic precision of LSM in patients with severe steato-
sis and obesity, which especially impairs the positive predictive value of LSM 
for ruling in advanced fibrosis. This effect seems to be more pronounced for the 
use of TE compared to 2D-SWE [21]. This should be considered when interpret-
ing LSM results, especially in obese patients with NAFLD. High CAP values 
may help to identify cases at risk for impaired elastography precision. The appli-
cation of proper ultrasound/elastography transducers remains crucial for optimal 
LSM in patients with obesity. At the molecular level, steatosis and fat tissue is 
soft and there are indications that elevated fat content lowers LS in the absence 
of confounders such as inflammation/ballooning. More prospective studies are 
required to better understand the complex interplay between fat content and 
stiffness.
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Chapter 40
Introducing to Liver Stiffness 
Measurement in Clinical Practice

Sebastian Mueller

 Introduction

In clinical practice, new applicants of elastographic devices are often confused 
since they are confronted with many questions at one time: Which device should I 
use? What does the LSM mean for my patient? How do LSM from different devices 
relate to each other? Can I really trust the LSM or is it due to a measuring artifact, a 
clinical confounder or indeed liver fibrosis?

In the following book section VII, various chapters address these practical ques-
tions including points to consider for high-quality LSM and patient preparation.

 Selection of Elastographic Techniques

The decision for one or the other technique depends on many aspects that include 
price, geographic particularities of the health care structure, reimbursement by 
health care providers and personal experience e.g. in ultrasound. For instance, in 
many countries such as France, the UK and the USA, abdominal ultrasound is per-
formed by radiologists while in others (Germany, Austria), GI specialists or practi-
tioners are able to do it onside and in time. The latter has the clear advantage that 
elastographic findings will be seen within the context of the ultrasound results. In 
addition, quality of LSM improves with dedicated ultrasound knowledge.

1D-elastographic techniques such as the FibroScan can be performed by every-
body after a rather short learning time. Normally, first measurements can be per-
formed after measuring a few patients. After ca. 1 week, routine measurements are 
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possible and only occasionally, questions and problems arise that require further 
training or discussions. It is quite helpful that the FibroScan device has an internal 
quality algorithm to reject invalid LSM and it is certainly one of the reasons why 
elastography has had its breakthrough in the last 15 years worldwide. A 2D-SWE 
platform requires basic or even advanced ultrasound knowledge. On the other side, 
the degree of freedom is high which also increases the risk of measurement artifacts. 
As a simple example, although 2D-SWE devices allow the definition of a so-called 
regions of interest (ROI), this ROI can be placed at tissues or organ borders and 
within liquids (gall bladder, vascular structures) which will lead to completely arti-
ficial stiffness numbers. In other words: These devices offer more opportunities, but 
the user should know more about pitfalls, limitations and standard procedures. 
Costs for elastographic devices are still changing in short time and even leasing 
models are increasingly discussed by some companies on a monthly basis.

The almost exponential increase of commercially available platforms on the 
market has not made selections easier for physicians. In my opinion, it clearly 
means that elastography will evolve as a subspeciality with its own dedicated 
knowledge and expertise. It will be also clearly different from imaging survey and 
require more “Clinical context knowledge”. In other words, in the long run, elasto-
graphic techniques will become an essential diagnostic methodology within many 
different clinical disciplines. On a final note, MRE is often propagated has the “all- 
in- one-solution” and MRE certainly holds great promises for the future, especially 
if one considers the future role of artificial intelligence and machine learning for 
medical image processing. However, so far, it has been the “simple” bedside TE that 
first unraveled the role of clinical confounders of elevated LS and paved the way for 
the worldwide success of LSM.

 Standardization, Ascites, Obesity and Elastogram Evaluation

One of the challenges of LSM is the lack of standardization, mainly due to the fol-
lowing reasons:

 1. rapid evolution of elastographic techniques since 2003 with primarily commer-
cial competition

 2. the many commercially available devices without clear specifications/valida-
tions/comparisons with established techniques leaving its suage and interpreta-
tion “to the physicians”

 3. The complexity of LS as physical parameter, still leaving many open questions 
to the experts.

Several standards for successful LSM are listed in Table 40.1. More details about 
the various elastographic techniques are given in Appendix Tables A.13 and A.14. 
These quality criteria will be extensively discussed in the next chapter by Jérôme 
Boursier, followed by a discussion of shear wave propagation maps that are briefly 
called “elastograms”. Next, limiting pathophysiological conditions such as obesity 
and ascites are covered in detail. Other chapters are aimed at shedding more light on 
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the consideration of clinical confounders of LS elevation, use of other noninvasive 
markers such as serum markers in combination with LS to screen large populations. 
At the end of the book section, a collection of clinical case examples will be pre-
sented to more practically demonstrate the usage of LSM in many clinical situations.

 Screening and Expert Mode

As shown in Fig.  40.1, a screening mode can be differentiated from an expert 
mode. The screening mode is primarily designed to rule out chronic liver diseases. 
It is mainly justified for the following reasons:

 1. LSM has an excellent negative predictive value. In other words, a normal LS 
rules out any liver disease or potential confounders (see Fig. 40.1 or Appendix 
Fig. A.4).

 2. All potential confounders cause LS elevation but not LS decrease. In addition, 
technical artefacts will only lead to higher LS. Taken together, this is an impor-
tant, often underestimated cause for the worldwide and rapid success of LSM: 
Only LS elevation requires careful differential diagnosis of potential confound-
ers or the consideration of potential artefacts while a normal LS can be taken 
as it is.

 3. Especially, 1D-SWE such as TE does not require dedicated ultrasound knowl-
edge. TE can be performed noninvasively in less than 5 min with a small sample 
error by untrained medical assistant personnel with a fast learning curve.

Table 40.1 Optimal standardized conditions for liver stiffness measurements for all techniques

No. Conditions

1 Standardized patient conditions and positioning. Horizontal positioning for at least 5 min. 
Normal breathing. Fasting status. Stabilized hemodynamics e.g. after physical exercise. 
Note that some SWE specifications require breath holding which may affect LSM itself.

2 Correct training of the examiner depending upon the elastographic technique used. Short 
learning curve for 1D-SWE such as TE, dedicated ultrasound knowledge for 
2D-SWE. Specific radiology training for 3D-MRE

3 Correct physical LS measurement: basic anatomical and specific knowledge such as choice 
of probe, probe pressure, localization of liver region for LSM

4 Correct and standardized analysis of shear wave speed which may necessitate additional 
interpretation of e.g. elastograms. Additional factors in 2D-SWE such as viscosity and 
sound speed

5 Correct statistical interpretation e.g. median LS and IQR
6 Correct interpretation of LS within the clinical context including the influence of 

confounders such as inflammation, congestion, cholestasis or others. These confounders 
require additional information such as an on-time abdominal ultrasound or laboratory 
parameters. Critical discussion of potential measurement artefacts

7 Definition whether LSM is used in screening or expert mode. The screening mode is 
primarily designed to rule out any liver abnormalities. The expert mode is thought to 
confirm an elevated LS, to rule out potential confounders or artifacts and to ultimately link 
the elevated LS either to fibrosis stage, prognostic evaluation or to guide therapies
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In contrast, the expert mode should be applied in case of an elevated LS, opti-
mally by a trained hepatologist with dedicated ultrasound knowledge. At this stage, 
all potential artefacts should be ruled out and all (patho)physiological confounders 
need to be discussed. It is hoped that more affordable devices or new business mod-
els will drastically increase the accessibility of patients to LSM. These business 
models could include leasing or freemium models.

 Algorithms to Interpret LSM

Figure 40.2 shows a typical interpretation of LS if ultrasound and laboratory testing 
is available (expert mode). TE is performed directly after the abdominal ultrasound 
and routine blood tests. A minimum time of 5 min in horizontal position should be 
allowed for stable hemodynamics and LS stabilization. During the ultrasound, liver 
size, spleen size, morphology, abnormalities such as congestion, cholestasis, mor-
phological signs of cirrhosis, the presence of ascites and the diameter of the inferior 
vena cava are assessed. In case of heart failure, interventions such as treatment with 
diuretics should be considered [1]. Biliary drainage is required in cases of mechanic 
cholestasis [2]. TE is then performed either with the M probe or in cases of M probe 
failure, obvious obesity (BMI>30) [3–5] or ascites [6] with the XL probe. If LS is 

Screening mode

Quality? Fasting >2 hours?
Perform US prior to LSM, actual

laboratory, clinical context
DD of confounders: Congestion, liver
masses, ascites, other abnormalities?

Spleen size? Perfusion?
Interpretation?

Liver stiffness measurement 

LS<6 kPa

Chronic liver disease
excluded

Practitioner
Non-hepatologist

LS>6 kPa/> 8 kPa

Expert mode Hepatologist

Fig. 40.1 Introducing the concept of Screening mode and Expert mode. Accordingly, TE is ide-
ally designed for screening large populations even by practitioners as no ultrasound knowledge is 
required, the learning curve for assistance personnel is short and a normal LS clearly rules out 
manifest liver disease and cannot be caused by technical artefacts. In contrast, the expert mode 
should be applied in cases of an elevated LS, optimally by a trained hepatologist with dedicated 
ultrasound knowledge. At this stage, all potential artefacts should be ruled out and all (patho)physi-
ological confounders need to be discussed that may cause LS elevation
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elevated and patients have AST>50 or even >100 U/mL, treatment interventions 
should be considered according to the underlying liver disease. This could be alco-
hol withdrawal for at least 2 weeks in drinkers, weight loss in patients with NAFLD, 
corticosteroid therapy in patients with AIH or antiviral therapy in patients with 
HCV or HBV. After normalization of transaminases, a delay period of 2–4 weeks 
should be kept before remeasuring LS. In patients with LS >30 kPa, the diagnosis 
of cirrhosis is settled despite steatohepatitis as measured by elevated transaminase 
levels. At these levels, the development of ascites is very likely.

This approach allows definitive noninvasive assessment of fibrosis stage in ca. 
95%. Compared to conventional routine ultrasound, TE identifies twice as many 
patients with advanced fibrosis/cirrhosis (Mueller S, unpublished) and has a smaller 
sample error as compared to histology (3–5% vs. 20–50%). So-called AST-adapted 
cutoff values allow immediated decisions without the need of rescheduling 

No liver fibrosis or
Non-hepatic ascites

Liver stiffness

< 6 kPa

Ultrasound
Congestion? 
Cholestasis? 
Tumor? Ascites?
Spleen stiffness (SS)/size? 

Laboratory
Elevated AST? 

> 6 kPa

> 8 kPa = F3 fibrosis
>12.5 kPa = F4 cirrhosis, screen for HCC
>12.5/>20 kPa – check for varices
Compare with SS/LS ratio for 
post- (<1) or pre-hepatic (>6) lesions or 
portal (>4) vs lobular (1-1.5) inflammation

Consider interventions
Alcohol withdrawal? Weight loss? HCV 
treatment? Cortisone treatment in AIH? etc.

Consider serum
markers (FT, ELF, 

hyaluronate)
Not measurable

Consider interventions
Treatment with diuretics
Biliary drainage

Consider XL probe in cases of obesity (BMI>30) or ascites

Consider cut-
off adjustion
(minus 20%) 
for XL probe

CAP

>240 dB/m = S1 steatosis
>260 dB/m = S2 steatosis
>280 dB/m = S3 steatosis 

Consider cut-off adjustion (ca. 
plus 20%) for XL probe

Consider AST-adapted
cut-off values
See App. Fig. 3

Fig. 40.2 Practical algorithm for interpretation of liver stiffness and controlled attenuation param-
eter (CAP) within the clinical context. In cases of severe obesity (BMI >30) or ascites, the XL 
probe should be used. A normal LS <6 kPa exludes even early fibrosis stages or hepatic causes of 
ascites. An elevated LS requires an on-time abdominal ultrasound and an actual laboratory (AST 
levels, etc.). In cases of congestion or cholestasis, interventions such as biliary drainage or diuret-
ics should be considered. Under conditions of hepatic inflammation (AST levels >50/100 U/L), 
AST-adapted cutoff values should be applied or the underlying cause should be treated and LS 
should be then remeasured. Note that for the XL probe, 20% smaller cutoff values for LSM and 
20% higher cutoff values for CAP measurements apply. Spleen size or spleen stiffness (SS) further 
adds important information about portal hypertension and the SS/LS ratio allows further confirma-
tion of pre- vs. posthepatic lesions or portal vs. lobular inflammation. Thus, LS, SS, SS/LS ratio 
and CAP should be always interpreted within the full clinical context
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follow- up visits [7]. Additional measurement of spleen stiffness (SS) has further 
improved the assessment of portal hypertension and its complications [8–13]. 
Finally, the SS/LS ratio [14] will shed further light on disease etiologies. Taken 
together, this practical algorithm requires ultrasound and hepatology knowledge, 
but no simplified algorithms or formulas can be recommended at this stage.

 Additional Assessment of Spleen Stiffness and LSM 
in Established Cirrhotics

Additional measurement of spleen stiffness (SS) has further improved the assess-
ment of portal hypertension and its complications [8–13]. It is quite exciting that 
more recent studies even demonstrated that the ratio of both SS and LS are provid-
ing further information on the disease etiology and even predict disease-specific 
complications [14]. Here, SS/LS ratio was shown to be significantly higher in 
patients with portal HCV as compared to lobular ALD. It was concluded that com-
bined LS and SS/SL measurements provide additional information about disease 
etiology and disease-specific complications. The respective chapter entitled “Spleen 
to liver stiffness ratio and disease etiology” from book section V is recommended 
for further reading as well as Appendix Figs. A.8 and A.9.

The final two chapters will address novel findings on LSM in patients with estab-
lished cirrhosis. For instance, a decreasing LS in cirrhotic patients may not always 
predict a good prognosis as it may be related to newly formed esophageal varices [15] 
as could be also demonstrated in patients undergoing TIPS implantation [15, 16]. 
Notably, therapeutic interventions targeting hepatic hemodynamics and therefore a 
decrease in portal hypertension also lead to decreasing LS values in most patients, and 
a decrease of LS is generally associated with an improved prognosis. Therefore, serial 
LS measurements are a valuable follow-up tool for patients with liver cirrhosis and 
may help in the decision-making of patient monitoring.
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Chapter 41
Quality Criteria for Liver Stiffness 
Measurement by Transient Elastography

Jérôme Boursier

Abbreviations

2D-SWE Two-dimensional shear wave elastography
CAP Controlled Attenuation Parameter
pSWE Point shear wave elastography
IQR/M Interquartile range/median ratio
SD/M Standard deviation/mean ratio

 Introduction

The principle of hepatic elastography is to generate an elastic shear wave and to 
measure its speed through the liver, from which is calculated the liver stiffness (LS) 
itself correlated with the severity of chronic liver diseases. For more details, see also 
book section II “Techniques to measure liver stiffness.” As for all medical exams, 
some precautions must be taken before and during liver stiffness measurement 
(LSM) to ensure that the most relevant and clinically meaningful results are 
obtained. Therefore, conditions related to the patient (fasting, alcohol withdrawal 
status), to the operator (experience with the device), and to the procedure of exami-
nation (measurement site, choice of the FibroScan probe, intrinsic characteristic of 
the examination) must be carefully controlled to reach the highest quality of liver 
stiffness measurement.
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 Fasting

Several studies have evaluated the effect of meal intake on elastography results 
(Table 41.1). Most of these works evaluated TE whose results significantly increase 
after eating in half of the patients [1]. The peak increase in LS occurs between 15 
and 60 min after meal intake [2–5], and the increase rises up to 20–40% of the 

Table 41.1 Impact of meal intake on liver stiffness measurement

Study Patients Device Type of meal

Time of 
evaluation 
after meal 
intake

Evolution of liver 
stiffness

Time to 
recovery

Mederacke 2009 
[1]

56 CHC TE Standardized 
breakfast

15, 30, 60, 
90, 120, 
and 
180 min

+2 to +3 kPa in 22 
of the 43 patients 
having baseline 
stiffness ≤10 kPa

3 h

Yin 2011 [12] 25 CLD
20 HV

MRE Liquid test 
meal

30 min >10% increase in 
22 of the 25 CLD 
patients (overall: 
+21.1 ± 14.5%)
>10% increase in 7 
of the 20 HV 
(overall: 
+8.1 ± 10.3%)

–

Arena 2013 [2] 125 CHC TE Standardized 
liquid meal

15, 30, 45, 
60, and 
120 min

Peak increase in 
liver stiffness 
occurred at 
15–45 min, with 
+17% (F4 patients) 
to +34% (F0-1 
patients)

2 h

Berzigotti 2013 
[7]

19 
cirrhotics

TE Standard 
mixed liquid 
meal

30 min Mean increase in 
liver stiffness: 
+27%

–

Popescu 2013 
[67]

57 HV pSWE Standard 
solid meal

1 and 3 h >15% increase in 
26 of the 57 
patients

3 h

Jajamovich 
2014 [11]

19 CHC
11 HV

MRE Standardized 
liquid meal

20 min Mean increase in 
liver stiffness: 
+4.5% ± 10.1% 
(CHC patients) and 
+9.3% ± 12.6% 
(HV)

–

Alvarez 2015 
[8]

24 CLD TE Standard 
liquid meal

30 min Significant increase 
from 7.8 ± 3.3 kPa 
(baseline) to 
10.3 ± 4.1 kPa 
(time of evaluation)

2 h

J. Boursier



481

Table 41.1 (continued)

Study Patients Device Type of meal

Time of 
evaluation 
after meal 
intake

Evolution of liver 
stiffness

Time to 
recovery

Barone 2015 [6] 54 CLD TE Standardized 
liquid meal

30 min Mean increase in 
liver stiffness: 
16 ± 4%

–

Zhang 2016 [13] 20 HV MRE Standardized 
solid meal

30 and 
60 min

+13.4 ± 18.0% 
mean increase 
when measured in 
the foot-head 
direction; 
+9.9 ± 25.0% in the 
right-left direction. 
No significant 
difference in the 
anterior-posterior 
direction

–

Gersak 2016 [9] 31 HV 2D- 
SWE

Standardized 
solid meal

20, 40, 60, 
80, 100 
and 
120 min

Peak increase in 
liver stiffness 
occurred at 20 to 
40 min, with +7% 
in female and 
+12% in males

2 h

Ratchatasettakul 
2017 [4]

40 CLD TE
CAP

Standardized 
liquid meal

15, 30, 45, 
60, 90, 
and 
120 min

TE: peak increase 
at 15 min, with 
+2.4 kPa
CAP: peak 
decrease at 60 min, 
with −18.1 dB/m

2.5 h

Kjaergaard 2017 
[3]

60 CLD TE
2D- 
SWE
CAP

Standardized 
liquid meal

20, 40, 60, 
120, and 
180 min

TE: peak increase 
at 60 min, with 
+37%
2D-SWE: peak 
increase at 60 min, 
with +19%;
CAP: peak increase 
at 60 min, with 
+7.4% to +9.9%

–

Simkin 2018 
[68]

20 HV 2D- 
SWE

Solid meal, 
no 
standardized

30–40 min No significant 
contribution of the 
prandial state on 
liver stiffness 
measurement

–

Vuppalanchi 
2019 [5]

16 
NAFLD

TE
CAP

Solid meal 30 min, 1, 
2, 3, 4, 5, 
and 6 h

TE: peak increase 
at 2 h, with 
+26 ± 25% increase
CAP: no significant 
modification after 
the meal

3 h

(continued)
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Table 41.1 (continued)

Study Patients Device Type of meal

Time of 
evaluation 
after meal 
intake

Evolution of liver 
stiffness

Time to 
recovery

Silva 2019 [18] 59 CLD
22 HV

TE
CAP

Standardized 
breakfast

30 min TE: Significant 
increase from 
6.1 kPa (baseline) 
to 6.8 kPa (30 min) 
in CLD, no 
significant 
difference in HV
CAP: no significant 
difference between 
baseline and 
30 min

–

Petzold 2019 
[10]

100 HV 2D- 
SWE

Standardized 
liquid meal

30–40 min Mean increase in 
liver stiffness: 
+21.6%

–

CHC chronic hepatitis C, TE transient elastography, min minutes, kPa kiloPascal, CLD chronic 
liver disease, HV healthy volunteers, MRE magnetic resonance elastography, pSWE point shear 
wave elastography, 2D-SWE two dimensional shear wave elastography, CAP controlled attenua-
tion parameter, NAFLD nonalcoholic fatty liver disease

baseline value [2, 3, 6, 7]. LS recovers to initial level within 2–3 h [1, 2, 5, 8]. LS 
measured with two-dimensional shear wave elastography (2D-SWE) shows also a 
peak increase before the first hour after meal intake [3, 9], but at lesser extend with 
a mean 10–20% increase [3, 9, 10]. As for TE, LS recovers to the initial level within 
2 h [9]. When measured with magnetic resonance elastography (MRE), LS increases 
by 5–20% after meal intake [11–13].

The portal blood flow increases after eating [3, 6–8, 11], and some studies have 
highlighted a significant correlation between both portal blood flow and LS varia-
tions [6, 11]. However, others failed to replicate these findings [3, 7, 8]. The decrease 
in arterial hepatic blood flow is a physiologic response to increased portal blood 
flow after a meal (hepatic arterial buffer response; HABR). In a study conducted in 
19 cirrhotic patients, the increase in LS was more pronounced in patients lacking 
this postprandial HABR, suggesting it is an important factor modulating postpran-
dial change in LS [7]. Increasing LS after a meal has a significant impact on the 
diagnosis of liver fibrosis at the individual level. 11% of healthy volunteers with 
normal LS shift to >6.0 kPa [1] or to >6.7 kPa [10] after meal intake. In patients 
with chronic liver disease, performing LSM with TE early after eating leads to over-
estimation of liver fibrosis in around one-third of the patients [1, 3]. As a conse-
quence, international guidelines recommend to perform LSM after fasting for at 
least 2 h [14, 15].

The Controlled Attenuation Parameter (CAP) included in the FibroScan device 
evaluates liver steatosis through quantification of the ultrasound attenuation during 
TE examination on the FibroScan platform [16, 17]. For more details, see also book 
section VI “Assessment of hepatic steatosis using CAP.” The data available about 
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CAP evolution after meal intake remains conflicting (Table 41.1): some works have 
shown a significant decrease [4], whereas others demonstrated a significant increase 
[3] or no modification [5, 18].

 Alcohol Withdrawal

Liver stiffness has been shown to significantly and rapidly decrease after curing the 
cause of chronic liver diseases, especially in chronic viral hepatitis [19, 20]. In fact, this 
early decrease is mainly due to inflammation regression rather than immediate fibrosis 
improvement. This is also the case in alcoholic liver disease, with studies showing 
around 3 kPa decrease in LS within the month after alcohol withdrawal in half of the 
patients [21–24]. LS could continue to decrease 6 months after alcohol withdrawal, up 
to 6 kPa [24]. Therefore, LS results should be interpreted with caution in this situation to 
avoid underestimation of liver fibrosis [22, 24]. Inflammation- adapted cutoff values may 
be used for optimal LS interpretation [25]. A recent study has shown that CAP also sig-
nificantly decreases in 78% of the patients who stop alcohol consumption [26]. For more 
details, see also book section IV “Important (patho)physiological confounders of LS.”

 Operator Experience

An important point for clinical practice is to assess when an operator is sufficiently 
trained to perform liver stiffness measurement (Table  41.2). In a large series of 
13,369 liver stiffness examinations with FibroScan, operator experience fewer than 
500 examinations was independently associated with a higher rate of measurement 
failure and a higher rate of unreliable examinations [27]. However, two other works 
performed in 2335 patients with chronic liver disease [28] and 992 NAFLD patients 
[29] found no independent association between the operator experience and the reli-
ability of FibroScan examination.

Table 41.2 Impact of operator experience on liver stiffness measurement

Reference Device Patients Operators Results

Boursier 
2008 [31]

TE 250 CLD 5 novices with 
different medical 
status, comparison 
with experts

Progressive increase in the success rate 
of liver stiffness measurements 
performed by the novices, especially 
the two non-physicians. For liver 
stiffness results, excellent novice- 
expert agreement from the ten first 
examinations

Boursier 
2010 [35]

pSWE 101 CLD One novice 
compared to an 
expert

Very good agreement between the 
novice and the expert for liver stiffness 
results and success rate

(continued)
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Table 41.2 (continued)

Reference Device Patients Operators Results

Castera 2010 
[27]

TE 13,369 
exams in 
patients 
with CLD

Seven operators 
with various level 
of experience

Operator experience fewer than 500 
examinations was independently 
associated with a higher rate of 
measurement failure (no value 
obtained after at least 10 shots) and a 
higher rate of unreliable examinations 
(<10 valid measurement or success rate 
<60% or IQR/M >30%)

Grădinaru- 
Taşcău 2013 
[33]

2D- 
SWE

371 CLD 
and HV

One novice (<300 
exams) compared 
to an expert (>500 
exams)

Higher rate of unreliable examinations 
with the novice in obese patients, no 
significant difference between the 
novice and the expert in patients with 
normal weight and in overweight 
patients

Pang 2014 
[28]

TE 2335 
CLD

Two operators 
with different level 
of experience

Operator experience (<500 vs. ≥500 
examinations) was not an independent 
predictor of poorly reliable 
examination (IQR/M >30% with LSM 
≥7.1 kPa)

Carrion 2015 
[32]

TE 334 CLD Three operators 
with different level 
of experience

The accuracy (AUROC) to diagnose 
significant fibrosis slightly but 
significantly improved from 0.89 
(moderate experience: 50–500 
examinations) to 0.91 (experienced 
operator >500 examinations). No 
significant difference for the diagnosis 
of cirrhosis

Fraquelli 
2016 [36]

pSWE 186 CLD Two investigators 
expert in TE 
examinations 
(>3 years) and no 
previous 
experience in 
pSWE

The overall diagnostic accuracy 
(AUROC) values for the diagnosis of 
F ≥ 2, F ≥ 3, and F4 were, 
respectively, 0.77, 0.85, and 0.88. A 
1-year learning curve was required to 
optimize pSWE diagnostic accuracy, 
the AUROC for the diagnosis of F ≥ 2, 
F ≥ 3, and F4 being 0.86, 0.94, and 
0.91, respectively, during the second 
year of the investigation

Perazzo 2016 
[30]

TE 276 CHC 
and/or 
HIV

One novice 
compared to an 
expert (>500 
exams)

No increase in interobserver agreement 
between the novice and the trained 
operator with increasing examinations 
(ICC = 0.95 for the 100 first 
examinations, ICC = 0.96 for the 200 
next examinations)

Lee 2017 
[34]

2D- 
SWE

115 CLD One novice 
compared to a 
9-years 
experienced 
operator

Excellent interobserver agreement for 
SWE measurements between the 
novice and the expert with ICC = 0.88 
(CI: 0.82–0.92)
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Beyond reliability of the examination, training can also be evaluated through interob-
server reproducibility between novice and experienced operators. A recent study showed 
an excellent novice-expert agreement for the FibroScan result as early as the first 100 
examinations [30]. Due to its high ease of use, LSM with FibroScan could be delegated 
to nonmedical staff such as nurse or specialized technicians. To explore this possibility, 
the training with FibroScan has been evaluated in five novices having different medical 
status: a physician specializing in hepatology, a medical intern, a third-year medical 
student, a nurse, and a non-physician clinical research assistant [31]. The novices 
showed a progressive increase in the success rate of their LSM, especially the two non-
physicians who finally required 50 examinations training. Interestingly, novice-expert 
agreement for LS results was excellent from the ten first patients with no learning curve 
for any of the five novices. Taken together, these results suggest that increasing experi-
ence allow to perform LSM more easily, but that results are relevant from the first exami-
nations. In line with these findings, a study performed in patients with biopsy-proven 
chronic liver disease showed that operators with moderate experience (50–500 LSM) 
were as accurate as experienced operators for the diagnosis of cirrhosis using FibroScan 
(respective AUROC: 0.93 vs. 0.94), and only slightly less accurate for the diagnosis of 
significant fibrosis (AUROC: 0.89 vs. 0.91) [32].

There are few data available about the training with 2D-SWE or point shear wave 
elastography (pSWE). The rate of unreliable examinations with 2D-SWE in obese 
patients is higher for a novice compared to an experimented operator, but the difference 
is no longer significant in patients with normal weight and in overweight patients [33]. 
Interobserver agreement for liver stiffness results between novice and expert operators 
are very good for 2D-SWE [34] as for pSWE [35, 36]. However, one study that used 
liver biopsy as reference has suggested that around 130 examinations with pSWE are 
required to optimize diagnostic accuracy [36]. Since both technologies are run on con-
ventional ultrasound machines, normally a dedicated ultrasound knowledge is required.

In summary, it can be considered that around 100 liver stiffness examinations are 
required before considering an operator as totally trained in the use of an elastogra-
phy device.

Reference Device Patients Operators Results

Vuppalanchi 
2018 [29]

TE 992 
NAFLD

Operators with 
various level of 
experience

Operator experience was not an 
independent predictor of unreliable 
examinations (IQR/M >30%) after 
adjustment on BMI, ethnicity, and age

Simkin 2018 
[68]

2D- 
SWE

20 HV One novice 
compared to an 
expert (>500 
exams)

Individual differences between the 
subjects accounted for 86.3% of the 
variation in median stiffness values, 
with no statistical influence of the 
operator experience

TE transient elastography, CLD chronic liver disease, pSWE point shear wave elastography, IQR/M 
interquartile range/median, 2D-SWE two-dimensional shear wave elastography, HV healthy volun-
teers, kPa kiloPascal, CHC chronic hepatitis C, ICC intraclass correlation coefficient, NAFLD 
nonalcoholic fatty liver disease, BMI body mass index

Table 41.2 (continued)
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 FibroScan Probe

The classic FibroScan M probe is impaired by measurement failure rates reaching 
8% in overweight patients and 17% in obese patients [27]. To circumvent this limita-
tion, the manufacturer has developed the XL probe specifically dedicated for obese 
patients with skin-liver capsule distance >25  mm. Compared with the classic M 
probe, the XL probe uses a lower central frequency (2.5 vs. 3.5 MHz for the M 
probe), has a larger tip diameter (12 vs. 9 mm), and measures more deeply below the 
skin surface (3.5–7.5 cm vs. 2.5–6.5 cm with the M probe). The XL probe provides 
a lower rate of measurement failure and a similar diagnostic accuracy than the M 
probe [37–40]. However, the XL probe result is lower than that of the M probe with 
consequently a potential risk of underestimation of liver fibrosis. In contrast with the 
phantoms, the XL probe consistently produced approximately 20% lower liver stiff-
ness values in humans compared with the M probe [40]. In addition to a long skin-
liver capsule distance, a high degree of steatosis was also responsible for this 
discordance. Adjustment of cutoff values for the XL probe (<5.5, 5.5–7, 7–10, and 
<10  kPa for F0, F1–2, F3, and F4 fibrosis, respectively) significantly improved 
agreement between the two probes from r = 0.655 to 0.679 [40]. However, a recent 
work has shown that liver stiffness results obtained with the M probe in patients with 
BMI <30 kg/m2 are not significantly different from those obtained with the XL probe 
in obese patients (BMI ≥30 kg/m2) [41]. Therefore, by following the EASL- ALEH 
Clinical Practice Guidelines (M probe in patients with BMI <30 kg/m2 and XL probe 
in obese patients) [14], the same diagnostic cutoffs for both probes displayed similar 
diagnostic accuracy [41]. These results have been confirmed by another study which 
also evaluated the Automatic Probe Selection tool included in the recent versions of 
the FibroScan software [42]. The Automatic Probe Selection tool automatically 
measures the skin-liver capsule distance and indicates the probe to be used as a func-
tion of the patient’s morphology. According to their study results, the authors pro-
posed to use the M probe first in patients with BMI <32 kg/m2 and eventually switch 
to the XL probe according to the recommendation made by the Automatic Probe 
Selection tool, and to use the XL probe in all patients with BMI ≥32 kg/m2.

 Measurement Site

Liver stiffness measurement is performed in patients lying in dorsal decubitus with 
the right arm behind the head in maximal abduction. The operator has first to choose 
the correct measurement site, between two ribs at the level of the right lobe of the 
liver. By evaluating four different measurement sites, it has been suggested that the 
interobserver reproducibility for FibroScan results is the highest when the measure-
ment is performed at the crossing of the median axillary line and the first intercostal 
space under the upper limit of the liver dullness [43] (Table 41.3). Another work 
showed no significant difference in liver stiffness result, AUROC for significant 
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Table 41.3 Impact of the measurement site on liver stiffness measurement

Reference Device Patients Measurement site tested Results

Boursier 
2008 [43]

TE 46 
CLD

Median axillary line/1st 
ICS under the ULLD; 
Median axillary line/2nd 
ICS under the ULLD; 
Anterior axillary line/1st 
ICS under the ULLD

Interobserver agreement for 
liver stiffness result was 
excellent when the 
measurement was performed 
at the crossing between the 
median axillary line and the 
first intercostal space under 
the upper limit of the liver 
dullness

Kim 2010 
[44]

TE 91 
CHB

Between median and 
anterior axillary line: fifth 
ICS, sixth ICS, seventh 
ICS, same site as liver 
biopsy

No significant difference in 
liver stiffness results, 
AUROC for significant 
fibrosis and AUROC for 
cirrhosis between the 
measurement sites evaluated

Kaminuma 
2011 [45]

pSWE 20 HV Lateral segment (3.5 cm 
from the probe) vs. 
superficial portion of the 
right hepatic lobe (3.5 cm) 
vs. deep portion of the 
right hepatic lobe 
(5.5 cm). Intercostal vs. 
subcostal approach

Liver stiffness results 
significantly lower when 
measured in the deep portion 
of the right lobe compared to 
the superficial portion. Liver 
stiffness results obtained on 
the intercostal exams tended 
to be lower than those 
obtained on the subcostal 
exams

Koizumi 
2011 [69]

Real-time 
tissue 
elastography

70 
CHC

Median axillary line/1st 
ICS under the ULLD; 
Median axillary line/2nd 
ICS under the ULLD; 
Anterior axillary line/1st 
ICS under the ULLD

Excellent interobserver 
agreement whatever the 
measurement site (ICC 
between 0.91 and 0.95)

Beland 
2014 [46]

2D-SWE 50 
CLD

One in the left lobe using 
a subxyphoid approach; 
Two in the right lobe at 
two different craniocaudal 
locations with the patient 
in a supine or slight right 
anterior oblique position; 
One in the area planned 
for liver biopsy

Nonsignificant decrease in 
diagnostic accuracy for 
significant fibrosis when the 
measure was performed in 
the left lobe, especially in the 
subgroup of CHC patients

Samir 2015 
[47]

2D-SWE 136 
CLD

Left lobe; Upper right 
lobe; Lower right lobe; 
Liver biopsy site

Mean results at all sites 
showed a significant 
correlation with fibrosis 
stage, except those from the 
left lobe

TE transient elastography, CLD chronic liver disease, ICS intercostal space, ULLD upper limit of 
liver dullness, CHB chronic hepatitis B, pSWE point shear wave elastography, HV healthy volun-
teer, CHC chronic hepatitis C, ICC intraclass correlation coefficient, 2D-SWE two dimensional 
shear wave elastography
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fibrosis or AUROC for cirrhosis among the different measurement sites evaluated 
[44]. In fact, it is important to correctly place the probe in front of the liver and to 
ensure a measurement in a liver portion at least 6 cm thick free of large vascular 
structures. To do this with FibroScan, the operator should control the real-time 
ultrasound signal on the screen of the device to obtain a typical acoustic signature 
of the liver characterized by a layered TM mode without heterogeneity and a linear 
decrease of the A mode. After the shot, the operator must also control that the elas-
togram displayed on the FibroScan screen is visible throughout the entire window 
with parallel margins.

Imaging devices including elastography modulus have the advantage to allow the 
visual selection of the best region of interest within the liver parenchyma. However, 
liver stiffness results obtained with pSWE are significantly lower when the mea-
surement is performed in the deep portion compared to the superficial portion of the 
right lobe of the liver, and by intercostal compared to subcostal approach [45]. 
2D-SWE seems to perform less for the diagnosis of significant fibrosis when the 
measurement is performed in the left lobe of the liver [46, 47].

 Reliability Criteria

The correct interpretation of elastography results is crucial to ensure appropriate 
patient management but remains a challenge for physicians because several condi-
tions other than liver fibrosis can increase liver stiffness: liver inflammation [48, 
49], cholestasis [50], and central venous pressure [51]. Conflicting data have been 
observed on steatosis [52–55] and they are discussed in more detail in chapter 
“Histological confounders of liver stiffness” in book section IV and in chapter 
“Liver steatosis (CAP) as modifier of liver stiffness” in book section VI. In addition, 
intrinsic characteristics of elastography examination should also be carefully con-
sidered for the best interpretation of elastography result.

 FibroScan

A reliable FibroScan examination has initially been defined as an exam with ≥10 
valid shots and ≥60% success rate and an interquartile range/median ratio (IQR/M) 
≤30%. However, some works have found that this “classical” definition does not 
lead to a significant improvement of the noninvasive diagnosis of liver fibrosis [56, 
57]. The first study which specifically evaluated the intrinsic characteristics of 
FibroScan examination demonstrated that IQR/M is a key parameter to consider 
[58]. Liver stiffness was converted into fibrosis stage according to published cutoffs, 
discordance was defined as ≥2 stages difference with liver biopsy result, and the 
multivariate analysis identified IQR/M as independently associated with discor-
dances. There was a 15% discordance rate in FibroScan examinations with IQR/M 
≥0.21 vs. 7% in those with IQR/M <0.21. These results were confirmed by another 
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work in which the discordance rate was 22% for FibroScan examinations with 
IQR/M ≥0.17 vs. 7% for those with IQR/M <0.17 [57]. In this last work, neither the 
criteria <10 valid shots nor the success rate was associated with discordance between 
FibroScan and liver biopsy.

The effect of IQR/M on the discordance rate observed in the Lucidarme and 
Myers studies did not translate in a significant effect on diagnostic accuracy as eval-
uated with the AUROC [57, 58]. Therefore, another work has used diagnostic accu-
racy as endpoint rather than discordance between FibroScan and liver biopsy [56]. 
Multivariate analysis demonstrated that IQR/M independently interacted with the 
level of liver stiffness to predict liver fibrosis, leading the authors to define three new 
categories of reliability (Table  41.4): “very reliable” (IQR/M ≤0.10), “reliable” 
(0.10< IQR/M ≤0.30, or IQR/M >0.30 with liver stiffness <7.1 kPa), and “poorly 
reliable” (IQR/M >0.30 with liver stiffness ≥7.1 kPa). AUROCs and rate of well 
classified patients were significantly lower in poorly reliable examinations com-
pared to the two other very reliable and reliable categories. 9.1% of FibroScan 
examinations were poorly reliable versus 24.3% unreliable examination with the 
classical definition (≥10 valid shots, ≥60% success rate, and IQR/M ≤30%). The 
IQR/M ratio reflects the dispersion of the valid acquisitions obtained during the 
examination and, when increased, it indicates a limitation in correctly assessing the 
true level of liver stiffness. However, by definition, a high IQR/M implies a smaller 
interval in low liver stiffness levels. For example, an IQR/M at 0.30 represents a 
1.5 kPa interval when liver stiffness is 5.0 kPa, but a 4.5 kPa interval when liver stiff-
ness is 15.0 kPa. Consequently, IQR/M has little impact in low liver stiffness levels, 
thus explaining why FibroScan examination with IQR/M >0.30 can be considered 
“reliable” when liver stiffness is <7.1 kPa. Therefore, reliability criteria based only 
on IQR/M without consideration for the level of LS erroneously exclude reliable 
examinations and artificially increase the rate of unreliable examinations. An inde-
pendent validation study has confirmed that the new reliability criteria increase the 
number of patients with valid FibroScan examinations without compromising the 
diagnostic accuracy [59]. In this work including 55% cirrhotic patients, the rate of 
reliable examinations according to the classical definition was 71.6% versus 83.2% 
of very reliable/reliable examinations according to the new criteria. Compared to 
classically defined reliable examinations, reliable/very reliable examinations accord-
ing to the new criteria yielded a similar correlation with fibrosis stages and hepatic 
venous pressure gradient and showed the same diagnostic accuracy for significant 
fibrosis or cirrhosis. The new reliability criteria for FibroScan have recently been 
validated in a cohort of 938 NAFLD patients [60].

Table 41.4 New reliability criteria for liver stiffness measurement with FibroScan

Liver stiffness result (kPa)

Interquartile range/median ratio

≤0.10 0.11–0.30 0.30<

<7.1 Very reliable Reliable Reliable
≥7.1 Poorly reliable

Poorly reliable examinations are associated with decreased diagnostic accuracy and should not be 
used to decide the patient management in clinical practice
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 Point Shear Wave Elastography (pSWE)

pSWE examinations with IQR/M ≥0.30 have a higher rate of discordance with liver 
biopsy and a lower diagnostic accuracy for significant fibrosis and for severe fibrosis/
cirrhosis [61]. The same methodology used for FibroScan has been applied in 1094 
patients with biopsy-proven chronic liver disease to define three categories of reliabil-
ity for pSWE: “very reliable” (IQR/M <0.15), “reliable” (0.15≤ IQR/M <0.35, or 
IQR/M ≥0.35 with pSWE result <1.37 m/s), and “poorly reliable” (IQR/M ≥0.35 with 
pSWE result ≥1.37 m/s) [60]. Unreliable examinations produced a very low diagnostic 
accuracy for advanced fibrosis (AUROC: 0.657, rate of well classified patients: 57.8%) 
as well as for cirrhosis (AUROC: 0.659, rate of well classified patients: 50.0%), which 
made these exams as not suitable for the evaluation of liver fibrosis in clinical practice. 
Unreliable examinations accounted for 21.4% of all exams and, interestingly, the rate 
of unreliable examinations significantly increased with the skin-liver capsule distance 
to reach 52.7% in patients with a distance higher than 30 mm. These reliability criteria 
for pSWE examination need now to be independently validated.

 2D Shear Wave Elastography (2D-SWE)

A recent work performed in a small series of 88 patients with chronic liver disease 
took clinically significant portal hypertension defined by hepatic venous pressure 
gradient ≥10 mmHg as endpoint and proposed three categories of reliability for 
2D-SWE examination using the standard deviation/mean ratio (SD) and the depth 
of measurement: “highly reliable” (SD ≤0.10 and depth <5.6 cm), “reliable” (SD 
>0.10 or depth ≥5.6 cm), “unreliable” (SD >0.10 and depth ≥5.6 cm) [62]. Accuracy 
of 2D-SWE for the noninvasive diagnosis of clinically significant portal hyperten-
sion was significantly different between highly reliable, reliable, and unreliable 
examinations, with respectively 96%, 76%, and 44% correctly classified patients. 
Another study performed in 142 patients with alcoholic liver disease or chronic 
viral hepatitis C did not find any association between reliability and SD below 10% 
[63]. In this work, 2D-SWE measurements with both SD ≤1.75  kPa and a ROI 
diameter ≥18  mm had excellent accuracy for the diagnosis of cirrhosis 
(AUROC = 0.99) whereas AUROC was only 0.75 for the exams with SD >1.75 kPa 
and diameter <18 mm. Finally, it seems that the SD is an important factor to con-
sider for the interpretation of 2D-SWE results, but further studies performed in large 
cohorts are required to clearly define and validate the reliability criteria of 2D-SWE.

 Controlled Attenuation Parameter (CAP)

It has been recently suggested that CAP examinations with an IQR/M >30 dB/m 
[64] or >40 dB/m [65] are less accurate for the diagnosis of fatty liver. The interest 
of using IQR/M >40 dB/m as criteria to identify unreliable CAP examinations has 
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been replicated in a study including patients with alcoholic liver disease [26], but 
not in another work performed in NAFLD [66]. Further studies are required to 
determine and validate the reliability criteria for CAP examination.
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Chapter 42
Interpretation of Shear Wave Propagation 
Maps (Elastogram) Using Transient 
Elastography

Sebastian Mueller, Johannes Mueller, and Omar Elshaarawy

 Introduction

Transient elastography relies on a transient mechanical vibration which is used to 
induce a shear wave into the tissue [1, 2]. For more details, see also book section II 
“Techniques to measure liver stiffness.” The propagation of the shear wave is 
tracked using ultrasound in order to assess the shear wave speed from which the 
Young’s modulus is deduced under the assumption of homogeneity, isotropy, and 
pure elasticity. Transient elastography gives a quantitative one-dimensional (i.e. a 
line) image of tissue stiffness. The progression of the shear wave is imaged as it 
passes deeper into the body using a 1D ultrasound beam. The ultrasound images per 
time are than displayed in a two-dimensional diagram which is called shear wave 
propagation map or elastogram. From the elastogram, the shear wave speed is auto-
matically derived with software-based algorithms and converted into the Young’s 
modulus or liver stiffness.

In ca. 80%, valid and automated measurements are obtained using TE. There 
have been several reasons for the great success of TE worldwide. First, the learning 
curve for the operator is fast, second, no dedicated ultrasound knowledge is required, 
and third, the device uses an automatic algorithm to decide whether the shear wave 
speed and hence the LS is calculated or not. With a few exceptions, this allows for 
reliable and reproducible measurements and to compare the results within a patient 
in follow-up studies and between different institutions. It is also a reason why TE is 
preferred for multicenter or pharmacological studies.
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 Normal Elastogram

Unfortunately, the elastogram (see Fig. 42.1) is rarely studied in detail although 
it provides important information about the shear wave propagation within the 
liver tissues. Once a measurement has been done and a LS value is provided by 
the device there are still opportunities of completely false or not accurate mea-
surements that could be validated by inspection of the elastogram. It is under-
standable that the manufacturer resists to allow manual corrections since the 
objective, automated LS calculation is one of the success stories of the FibroScan 
device. Nevertheless, some experienced hepatologists would find it very helpful 
to manually adjust e.g., the aligning of the slope of the regression analysis in 
cases of dispersions. There are sometimes clinical cases of heavily sick patients 
were only a few (3 to 4 valid measurements) are obtained while other diagnostic 
alternatives such as biopsy or CT are restricted for reasons such as ethics, time 
restrictions, anatomy, or renal failure. In such desperate moments, a few 
(less<10) measurements with accurate elastograms would be a tremendous help. 
Of course, the responsibility in such cases should not be with the manufacturer 
but the performing clinician and this should also be saved to the measurement 
protocol.

In Fig.  42.1a, a normal elastogram is shown. The M-mode ultrasound image 
demonstrates a typical liver texture resolved over time and the A-mode shows the 
real-time ultrasound signal which is a linear ultrasound attenuation (decay) without 
disturbances in this example. Although the initial compression wave is not well 
seen and slightly dispersed, a beautiful shear wave is generated, actually followed 
by other late  shear waves. Figure  42.1b demonstrates a simplified elastogram 
scheme (compression wave in gray and shear wave in red) that is used within this 
chapter to visualize potential shear and compression wave perturbances. Although 
the elastogram seems to be straight forward it is actually a rather complex record-
ing of wave patterns over time that can be prone to wave diffractions, reflections, 
superpositions, and dispersion not always easy to interpret even for experts in 
acoustic imaging. The ultrasound radio frequency (RF) signal should actually be 
not able to detect compression waves, as they travel at the same speed of 1450 m/s 
in water/liver. It should be noted that there are still discussions, to what extent the 
first wave is indeed a compression wave. Since compression waves are as fast as the 
ultrasound imaging signal, there are also good arguments that the first wave is more 
an image artifact of the compression shear wave. It has been also shown that in the 
near field of a point source vibrator, longitudinal compression waves can be 
observed propagating at the same speed as the shear wave [3]. In contrast, normal 
speed of shear waves in the liver range between 1 and 1.1 m/s. Figure 42.1c shows 
another perfect elastogram with normal compression and shear waves in a patient 
with liver cirrhosis. The resulting liver stiffness of 73.9  ±  2.8  kPa is shown in 
orange while the CAP is 217  ±  30  dB/m is given in light blue. The regression 
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algorithms also show a perfectly aligned regression line (dashed white line). The 
high shear wave propagation speed indicates a high liver stiffness in the cirrhotic 
range. The absence of any steatosis (low CAP value) is also in line with the pres-
ence of cirrhosis.

A-mode
image

M-mode
image

Elastogram

(Shear wave propagation map)

Actual shear wave

Initial
compression
wave/artifact

Axes with liver depth in mm Time in milliseconds (ms)

Slope of
regression
analysis

late shear waves

Liver
texture
over
time

a

Normal elastogram

b c

Fig. 42.1 Normal elastogram. (a) Elastogram (or shear wave propagation map) with details, (b) 
scheme of normal elastogram, (c) normal elastogram in patient with manifest cirrhosis in the 
absence of fat (low CAP). While the initial compression travels at 1450 m/s in liver/water, shear 
wave speed in normal liver is more than 1000 times slower ranging between 1 and 1.1  m/s. 
Therefore, radio frequency ultrasound signals are able to measure the speed of shear wave propa-
gation. Duplicated shear waves are displaced by 20 ms and due to late shear waves induced by the 
50 Hz TE-probe vibration
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 Interpretation of A and M-Mode Images for Quality Control

First, A and M-mode images should be inspected to assure a high-quality LS 
measurement (Fig. 42.2). In Fig. 42.2a, an optimal M-mode with typical liver 
texture and a good A-mode image with linear decay is depicted. In contrast, in 
Fig. 42.2b, the decay of the A-mode is not linear which will increase the risk of 
nonvalid measurements or lower quality. Figure 42.2c demonstrates an example 
of M and A-mode at an improper measuring side due to interfering vascular 
structures and corresponding perturbations. Likewise, a disruption is caused as 
shown in Fig.  42.2d, most likely caused by a smaller vessel. Figure  42.2e, f 
show nonlinear A-mode images in two cases of non-perpendicular probe posi-
tioning (see also Fig. 42.3). Here, A-mode inspection is especially important as 
wrong probe positioning can often not be seen in the final elastogram. Taken 
together, an optimal A and M-mode image should be obtained prior to initiate 
LS measurements.

a b c d

e f

Fig. 42.2 A-mode and M-mode images are critical for quality confirmation of LSM. (a) Optimum 
A-mode image with linear decay. (b) Decay of the A-mode image is not linear which will increase 
the risk of invalid LSM. (c and d) Perturbation due to vascular or nodular obstacles (red arrows). 
(e and f) Nonlinear decay of A-mode due to wrong probe positioning
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 Probe Positioning

Incorrect LS values can be obtained due to wrong probe positioning. It is important 
to mention that these inaccuracies are not always visible in the elastograms but can 
severely impact them. Figure 42.3a represents an optimum measurement where the 
probe was positioned perpendicularly to the skin surface. The A-mode is homoge-
nous and shows a linear decay. In contrast, Fig. 42.3b shows an incorrect measure-
ment in the same patient due to non -perpendicular placement of the probe which 
results in nonlinear decay of the A-mode. LS is overestimated by more than 50% 
although the elastogram looks fine. Figure 42.3c explains the impact of wrong probe 
positioning on LS measurement. As a matter of fact, the shear wave tends to propa-
gate perpendicularly to the surface of the rib cage. It is important that the probe be 
perpendicular too so that the two axes are parallel. If not, the measured shear wave 
speed is overestimated. A simple geometrical model shows that the measured speed 
is the real shear wave speed divided by the cosines of the angle in between the 
two axes.

Ribs can also cause perturbations with the LS assessment that are not easily vis-
ible in the elastogram. In such cases, the superimposition of two shear waves may 
be observed. Figure 42.4a shows a normal measurement whereas Fig. 42.4b shows 
the measurement of the same patient with probe positioning too close to the rib. LS 
is doubled and only slight compression and shear wave perturbations are visible. 
Therefore, ribs should be avoided from the very beginning by manual palpation. LS 
measurement errors due to wrong probe positioning are also listed in Table 42.1 
together with potential explanations and typical examples. A new FibroScan soft-
ware has been developed which includes improved algorithms that can distinguish 
the primary shear wave from rib echoes.

Vreal < Vapparent

a b c

Fig. 42.3 Effect of non-perpendicular probe positioning on LSM by TE. (a) Correct LSM. The 
probe was positioned perpendicular to the skin surface. The A-mode image is homogenous and 
shows a linear decay. (b) This figure is showing an incorrect measurement of the same patient 
using a non-perpendicular placement of the probe. (c) Scheme to explain overestimation of shear 
wave propagation speed due to non-perpendicular probe positioning
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a b

Fig. 42.4 (a) Normal versus (b) rib effect on elastogram. A too close positioning of the TE probe to 
the rib can cause a superimposed shear wave by the rib and eventually lead to LS overestimation

Table 42.1 List of various elastograms, affected compression or shear waves and explanations

Elastogram 
feature

Compression 
wave Shear wave Explanation Figures

LS 
overestimation

Normal Normal Normal Fig. 
42.1

Duplication Normal Duplicated Late shear wave Figs. 
42.1 
and 
42.7

Probe positioning

Not 
perpendicular

Normal or 
disturbed

Normal or 
disturbed

Wrong calculation of 
shear wave speed (see 
Fig. 42.3c)

Figs. 
42.2 
and 
42.3

Yes

Rib contact Normal Normal shear wave super 
positioning

Fig. 
42.4

Yes

XL vs. M 
probe

Normal or 
disturbed

Normal or 
disturbed

1. Regression algorithm 
of M probe starts in the 
extrahepatic, 
compressed part of 
shear wave
2. M probe too weak, 
leading to dispersion 
and conical shape with 
too steep alignment of 
regression algorithm

Fig. 
42.5

Yes (by M 
probe)
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 Probe Selection

Another important issue is the probe selection. Since this is discussed in more detail 
in the chap. 44 entitled “Use of XL probe in obese and non-obese patients” in this 
book section, it is only briefly mentioned here for completeness. Figure 42.5 shows 
a representative elastogram obtained by either by the M probe (Fig. 42.5a) or XL 

Table 42.1 (continued)

Elastogram 
feature

Compression 
wave Shear wave Explanation Figures

LS 
overestimation

Disturbances of shear or compression waves or both

Compression- 
shear wave 
conversion

Normal Normal Liquid phases (ascites) 
do not transmit shear 
waves. After passing to 
normal tissue, the 
compression wave is 
converted back to shear 
waves. Both ascites and 
intraabdominal pressure 
do not affect shear wave 
speed in the liver [4]

Fig. 
42.8

Yes

Interruptions of 
shear and 
compression 
waves

Normal or 
interrupted

Normal or 
interrupted

A target (vessel, 
calcification) can 
interrupt the wave 
propagation

Fig. 
42.9

Reflections of 
shear waves

Normal Reflected Shear wave hits a target 
(e.g. bone) that causes 
reflection

Fig. 
42.10

Bifurcation of 
shear waves

Normal Bifurcated Offspringing 
compression wave or 
superimposed shear 
wave which can cause 
wrong alignment by the 
regression algorithm

Fig. 
42.11

Yes

Dispersion of 
shear and 
compression 
waves

Normal or 
dispersed

Normal or 
dispersed

Heterogenous tissue 
structures or fat can 
cause dispersion. 
Dispersion of 
compression waves is 
most likely imaging 
artifacts

Fig. 
42.12

Yes

Displacement 
or reflection of 
compression 
waves

Displaced/
reflected

Always 
disturbed

A displaced 
compression wave (most 
likely through back 
reflection) causes severe 
disturbances of the 
shear wave

Fig. 
42.13

Yes
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probe (Fig. 42.5b). It can be seen that the M probe initiated the shear wave in the 
extrahepatic region of this obese patient causing overestimation of LS. Moreover, 
the shear wave of the less energetic M probe is rapidly attenuated and dispersed 
which further contributes to LS overestimation. In addition, the depth of the M 
probe is smaller. In contrast, in all of these patients the XL probe yielded a well- 
defined shear wave and correctly calculates the LS.
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Fig. 42.5 Representative elastogram obtained by (a) the M probe and (b) XL probe. The less 
energetic M probe causes shear wave dispersion and overestimation of LS.  In addition, the M 
probe algorithm does not penetrate deeply enough into liver tissue in obese patients causing a 
premature alignment of the regression algorithm still in the compression section
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 Elastogram Disturbances: Overview

There are common disturbances to be seen in elastograms that can involve either 
compression and shear waves or just shear waves alone. Figure 42.6 provides an 
overview of these typical disturbances. Figure 42.6a shows a normal elastogram for 
comparison. Figure 42.6b can be called a duplication. It actually represents a nor-
mal elastogram but shows on the right of the primary shear wave another later shear 
wave typically 20 ms displaced (due to the 50 Hz vibration of the TE probe). It most 
likely is caused by a longer excitation due to poor damping. Other examples of a 
duplication are shown in Figs. 42.1 and 42.7. Figure 42.6c–e demonstrates three 
forms of shear wave interruptions that are all involving both compression and 
shear waves. Main reasons are inhomogeneities in the liver due to vessels, calcifica-
tions, or nodules. Figure 42.6c is typical for the presence of a vessel. Figure 42.6f 
shows a reflected shear wave without obvious perturbations of the compression 
wave. The shear wave is likely to have rebounded at the lower surface of the liver. 
These reflections can be due to compartment borders e.g., bone which cannot be 
passed by shear waves. Another important feature is the bifurcation of a shear wave 
that usually only involves the shear wave. It seems to be due to transformation of a 
shear wave into a compression wave caused by liver tissue inhomogeneities for still 
poorly understood reasons. Figure  42.6h, i represent dispersions of shear waves 

normal

Broadened shear and compression wave
due to dispersion or electronic artefacts

Bifurcated
Shear wave

Electronic
artifact

Duplicated
Shear wave

Reflected
shear wave

Interruption of shear or compression wave

a b c d e

f g h i j

Fig. 42.6 Overview of various elastograms with normal variants and disturbances
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most likely due to evenly distributed perturbations within the liver tissue. As already 
mentioned above, it is questionable whether the here called compression is indeed 
reflecting the real compression wave and broadening of these elastogram structures 
could also be due to electronic artifacts. Finally, Fig. 42.6j shows a sharp compres-
sion wave displacement most likely caused by a compression wave reflection. This 
will always cause shear wave perturbations and, consequently, affect the LS 
measurement.

 Detailed Discussions of Shear Wave Disturbances

Table 42.1 lists all disturbances, references example figures, and provides explana-
tions. An important feature is the conversion of compression and shear waves 
when passing liquid and tissue phases as already discussed in chap. 43 entitled “LS 
measurement in patients with hepatic vs non-hepatic ascites” in this book section. 
As shown in Fig. 42.8 and in the chapter on ascites, initial compression waves pass 
through or vibration passes around liquid phases and are then converted to shear 
waves which further propagate through liver tissue. Liquids do not have any shear 
strength and so a shear wave cannot propagate through a liquid. When they reach 
the surface they cause horizontal shaking. As already discussed in the ascites chap. 
43 and based on phantom measurements [4], the liquid phase and the intraabdomi-
nal pressure do not alter the LS. Moreover, hepatic shear wave propagation speed is 
identical in the presence or absence of surrounding ascites and elevated intraab-
dominal pressure [4]. Although this has not been studied in more detail, this obser-
vation could have important implications for shear wave propagation in tissues such 
as liver since many vascular structures of different size can be hit. It is assumed that 
an enrichment of vascular structures such as the congested liver could cause an 
elevation of shear wave speed by multiple conversions between compression and 
shear waves. Moreover, such conversions could be responsible for the wave disper-
sions seen in Fig. 42.6h, i.

Figure 42.9 demonstrates various examples of shear wave interruptions by 
propagation obstacles in the liver tissue. They can easily be identified and cause 
incorrect LSM. Notably, interruptions can be already detected in the M-mode 

a b c

Fig. 42.7 Duplication of shear waves
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M mode A mode elastogram
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LS=55.1 kPa

Shear wave

Compression
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Fig. 42.8 Conversion between compression and shear waves at a liquid-to-solid interface. A com-
pression waves travels through the ascites layer and is converted into a shear wave when entering 
solid liver tissue. In contrast, shear waves cannot pass through liquids

a b c

Fig. 42.9 Various examples (a–c) of shear wave interruptions both of compression and shear 
waves. Note that the term compression wave may not be completely correct since only an image 
artifact of the compression wave is recorded. Imaging of compression waves may be impossible by 
ultrasound since they travel at the same speed as the ultrasound RF signal used for imaging
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image and seem to be always involved in compression wave perturbations. In 
contrast, only shear waves seem to be affected by reflections (Fig. 42.10) fol-
lowing typical physical laws of wave propagation e.g., at rapid density changes. 
Reflections can but not necessarily cause wrong calculations of LS. Bifurcations 

a b

c d

Fig. 42.11 Bifurcation of shear waves. These disturbances are caused due to offspringing com-
pression waves and are commonly leading to LS overestimation. Correct shear wave alignment is 
done in (b) and (c), while the slope is calculated wrongly in (d) from an interfering compression 
wave artifact 

a b c

Fig. 42.10 Reflections of shear waves. Typically, no disturbances of compression waves are 
observed
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(Fig. 42.11) seem to be caused by rib echoes. Bifurcations are a severe and com-
mon reason for LS overestimation and can be falsely taken for a shear wave by 
the device-internal regression algorithm. Here, the above-mentioned expert 
mode with manual adaptation of the shear wave slope would improve LSM per-
formance in some patients. Figure 42.11a, b shows the correct slope alignment 
to the shear wave. In Fig.  42.11c, however, the slope has been aligned to an 
offspringing compression wave and severely overestimates LS. Broadening of 
waves can occur both for compression (Fig. 42.12a–c) or predominantly shear 
waves (Fig. 42.12d, e). They continuously lead to overestimation of LSM since 
the regression algorithm will be aligned to the steeper left rim of the broadened 
shear wave. Again, manual adaptation could improve LSM in such rather com-
mon cases. Figure  42.13 seems to be a mere electronic artifact shown as an 
abrupt displacement of the compression wave. Such disturbances should be 
either taken off the LSM or allow for manual adaptation.

a b c

d e

Fig. 42.12 Broadening of (a–c) compression waves and (d–e) shear waves. Broadening of shear 
waves is mostly due to dispersions that can easily lead to LS overestimation. Broadening of com-
pression waves may be due to image artifacts

42 Interpretation of Shear Wave Propagation Maps (Elastogram) Using Transient…



508

 Conclusions

Taken together, this chapter lists and classifies for the first time typical perturbations 
of compression and shear waves as regularly seen in elastograms of a FibroScan 
device. While incorrect probe positioning is usually not visible in elastograms (but 
only in M and A-mode images), interruptions, reflections, broadenings, displace-
ments, and bifurcations are easily detectable. Namely dispersions and bifurcations 
are common disturbances of the shear wave leading to LS overestimation. Here, a 
manual adaptation in a so-called expert mode should further help to improve 
LSM by TE.
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Fig. 42.13 Various examples of compression wave displacements causing shear wave dispersion 
and LS overestimation. Compression wave displacements are most likely caused by electronic 
imaging artifacts
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Chapter 43
Liver Stiffness Measurement in Patients 
with Hepatic Versus Non-hepatic Ascites

Sebastian Mueller

 Introduction

The diagnosis of the underlying cause of ascites is still a difficult challenge. The 
disease spectrum potentially leading to ascites is broad and ranges from various 
liver diseases such as cirrhosis, liver cancer, hepatic venous occlusion to non-hepatic 
entities like pancreatitis, tuberculosis, serositis, portal vein thrombosis, and perito-
neal carcinomatosis. Although decompensated liver cirrhosis has been established 
as the major cause of ascites in ca. 80% [1], there remains a significant number of 
patients that often undergo long and intensive clinical examinations before the non- 
hepatic cause can be established.

At present, unfortunately, clinical tools to rule out liver cirrhosis are not specific 
and sensitive enough to make a precise diagnosis. About 40% of patients with cir-
rhosis are asymptomatic and routine laboratory tests are normal [2, 3]. Likewise, 
modern ultrasound devices and other imaging techniques allow to establish the 
diagnosis of cirrhosis only in the presence of so-called definite or sure signs of cir-
rhosis. These signs include a nodular aspect of the liver surface or a recanalized 
umbilical vein but not e.g. an enlarged spleen [4]. The diagnostic procedure is fur-
ther complicated in some patients since ascites can cause sparseness of hepatic 
veins in imaging studies that may be suggestive of cirrhosis. Although the serum- 
ascites albumin gradient has been an improvement compared to the old exudate- 
transudate concept in discriminating ascites due to portal hypertension from other 
causes, this parameter can be modulated by superinfections [5].
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 Validation of LSM in Liver-Mimicking Phantoms  
Surrounded by Water

It has been demonstrated in liver-ascites mimicking copolymer-in-oil phantom sur-
rounded by water that this artificial ascites lamella does not disturb the physical 
measurement of LS by TE [6]. All phantoms had three different degrees of stiffness 
(4.8, 11 and 40 kPa) representing various stages of fibrosis (F0, F3 and F4) [7]. 
Figure 43.1a, b shows the elastographs and M mode results of two representative 
measurements using the 4.8 and 40 kPa phantoms and a ca. 20 mm water lamella 
between XL probe and phantom. First, clear shear wave formation can be seen 
despite the presence of water which, secondly, corresponds well to the phantom 
stiffness obtained without ascites. These studies also showed that probe positioning 
namely angulation towards the phantom is very critical as has been shown for TE in 
general [8]. A strict perpendicular position of the probe is required to prevent an 
overestimation of stiffness. Sometimes diffractions and reflections were observed 
arising from the novel borders generated by water (water-phantom, water-wall of 
plastic bag) that could alter the shear wave through superposition. Taken together, 
these phantom studies indicate that a shear wave can be generated in a solid liver- 
mimicking phantom through a liquid phase that corresponds well with the stiffness 
obtained under conditions without surrounding water.

 Liver Stiffness Measurement in Patients with Ascites

Using the XL probe, it was recently demonstrated that LS can be determined by TE 
and remains unaffected by the ascites lamella and increased intra-abdominal pres-
sure, thus allowing to identify patients with non-hepatic ascites. Figure 43.2a dem-
onstrates a successful measurement of LS using the FibroScan device (left panels: M 
and A mode ultrasound, right panel: elastogram) in a patient with established alco-
holic liver cirrhosis and ascites. Despite the massive ascites lamella of 39 mm which 
is visible in the M mode graph (arrow), a strong shear wave was observed without 
diffraction artifacts. The rather high LS of 55.1 kPa clearly confirmed liver cirrhosis. 
Figure 43.2b shows normal LS measurement of 6.4 kPa in a patient with mild ascites 
due to portal vein thrombosis.

 Ascites and Concomitant Elevated Intra-abdominal Pressure 
Do Not Increase Liver Stiffness

It has been also ruled out that an increased intra-abdominal pressure affects LS [6]. 
To study the influence of ascites and intra-abdominal pressure (IAP) of LS, a large 
animal model of ascites was used [9, 10]. Using a laparoscopic trocar, isotonic 
saline solution was installed to generate artificial ascites and to modulate the 
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Fig. 43.1 Shear wave propagation map  (elastogram)  and stiffness measurements in liver- 
mimicking copolymer phantoms surrounded by water (modified from [6]). A representative M 
mode image and elastogram with shear wave propagation is shown in liver-ascites mimicking 
copolymer-in-oil phantoms surrounded by 20 mm water (arrow) using stiffness of (a) 4.8 kPa and 
(b) 40 kPa. The shear wave propagation can be clearly seen despite the presence of water. Notably, 
stiffness corresponds well to the phantom stiffness obtained without ascites. Some wave reflections 
can be seen in the water phase in the upper panel
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IAP.  IAP and central venous pressure (CVP) were continuously monitored. One 
representative example is shown in Fig.  43.2. IAP continuously increased over 
140  min up to 18  mmHg. Importantly, LS did not increase despite a drastically 
increased IAP. CVP also increased over the time probably to prevent collapse of 
central veins and to maintain circulation [11, 12]. Similar to the phantom experi-
ments described above, these studies underline that surrounding ascites or increased 
IAP do not affect LS in the absence of liver congestion (Fig. 43.3).
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Fig. 43.2 Example elastograms in patients with (a) hepatic or (b) non-hepatic ascites. (a) Patient 
with alcoholic liver cirrhosis with a massive ascites lamella of 39 mm using XL probe. Despite 
ascites which can be seen in the M mode graph (arrow), a strong shear wave is seen corresponding 
to cirrhotic stiffness values of 55.1 kPa. (b) Example elastogram of a patient with portal vein throm-
bosis and a smaller ascites lamella of 11 mm shows an almost normal LS measurement of 6.4 kPa
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 LSM Identify Patients with Non-hepatic Causes of Ascites

So far and as shown in Table 43.1, three studies have been performed to explore the 
diagnostic value of LSM for patients with ascites [6, 13, 14]. In the first study, Bota 
et al. [13] assessed the feasibility of performing acoustic radiation force impulse 
(ARFI) elastography in patients with ascites and its predictive value for the cirrhotic 
or non-cirrhotic etiology of ascites. The study included 153 patients with ascites 
with a mean age of 58.8 years. 75.2% had hepatic ascites, mostly in the context of 
cirrhosis, while 18.9% had non-cirrhotic ascites. Cirrhosis was ruled out by clinical, 
ultrasound, endoscopic and/or laparoscopic criteria but could not be clarified in 
5.9%. Invalid LSM of 3.2% were seen. Mean LSM were significantly higher in 
patients with hepatic ascites (3.04 vs 1.45 m/s; P < 0.001). Using a cutoff value of 
1.8 m/s for predicting ascites in the context of cirrhosis, ARFI had 98.1% sensitivity 
and 86.2% specificity. The study by Kohlhaas et al. [6] was the first to prove that LS 
can be measured by TE in patients with ascites by using the XL probe. In fact, LS 
could be measured in 95.8% with the XL probe and in 45.8% with the conventional 
M probe. All 24% with non-cirrhotic ascites had an almost normal LS of less than 
8 kPa. Patients with hepatic ascites had a LS > 30 kPa.

Another study by Lindner evaluated the predictive value of LSM and SSM in 
patients with refractory ascites treated with TIPS insertion or receiving 
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Fig. 43.3 Elevation of intra-abdominal pressure does not increase liver stiffness in an animal 
model of ascites (modified from [6]). Using a laparoscopic trocar in narcotized German landrace 
pigs, isotonic saline solution was installed to generate artificial ascites and to modulate the intra- 
abdominal pressure (IAP) up to 18 mmHg. LS remained normal despite increased IAP. Note that 
central venous pressure (CVP) also increased over time to prevent compression of central veins 
and to maintain blood circulation. LS of each time point is the result of ten measurements. IQR was 
less than 30% in all measurements. Figure is a representative of three independent experiments
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conservativevtherapy [14]. Although the authors concluded that LS and SS cannot 
be recommended for risk stratification in cirrhotic patients with refractory ascites, it 
confirmed the valid LSM both using pSWE and TE.

 Conclusion

Ascites should no longer be regarded as exclusion criterion for TE. Liver stiffness 
can be accurately assessed by pSWE and TE despite the presence of ascites. For TE, 
the XL probe should be used. It is important to know that surrounding ascites and 
elevated intra-abdominal pressure is not increasing LS per se. Using TE, a 
LS < 8 kPa suggests the presence of non-hepatic ascites while a LS > 30 kPa is 
highly suggestive for hepatic ascites. Using pSWE, a cutoff value of 1.8 m/s pre-
dicts ascites in the context of cirrhosis. Taken together, LSM is an early diagnostic 
tool to rapidly identify non-hepatic causes of ascites. It requires further careful 
clinical, laboratory, endoscopic, or imaging examinations since, in addition to cir-
rhosis, other rare causes such as liver metastasis or extramedullary hematopoiesis 
may be present.
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Chapter 44
Use of XL Probe in Obese and Non-obese 
Patients

Omar Elshaarawy and Sebastian Mueller

 Introduction

Transient elastography (TE) is the most popular and rapid tool to measure liver 
stiffness. It reliably allows to diagnose cirrhosis or exclude significant fibrosis 
when performed in an appropriate clinical setting and optimum conditions [1, 
2]. However, type and position of the probe and operator experience can have an 
impact TE [3–6]. Currently, Echosens has a spectrum of three probes (S, M, and 
XL) for liver stiffness measurements and one dedicated spleen stiffness probe. 
An enlarged skin- capsular distance and thoracic fold measurements are impor-
tant determinants of LSM failure. The classic FibroScan M probe is impaired by 
measurement failure rates reaching 8% in overweight patients and 17% in obese 
patients [7]. Figure 44.1 shows measurement  failure rates in a previous study 
that compared XL and M probe directly [8]. To circumvent this limitation, the 
manufacturer has developed the XL probe specifically dedicated for obese 
patients with a skin-liver capsule distance >25 mm. Compared with the classic 
M probe, the XL probe uses a lower central frequency (2.5 vs 3.5 MHz for the 
M probe), has a larger tip diameter (12 vs 9 mm), and measures more deeply 
below the skin surface (3.5–7.5 cm vs 2.5–6.5 cm with the M probe). The XL 
probe provides a lower rate of measurement failure and a similar diagnostic 
accuracy than the M probe [8–11]. However, as shown  in Fig. 44.2 and as  is 
discussed below,  the XL probe results in lower LS values as compared to the 
conventional M probe. The S probe has a shallower range of measurement 
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acquisition that ranges from 15 to 40  mm and a  higher transducer  frequency 
to suit pediatric patients [12]. A Chinese study conducted a comparison between 
S and M probe in 100 pediatric patients with biliary atresia and recommended 
the S probe only in pediatric patients with thorax perimeter of <45 cm [13].

 XL Probe

Several studies reported that LSM acquired with XL probe are 1–2 kPa lower than 
those for M probe. In 2014, a study conducted by Şirli et al. [14] with 216 patients 
with chronic liver disease, paired measurements were performed  using the M 
(3.5 MHz) and XL (2.5 MHz) probes in the same session for all patients. They were 
not able to obtain reliable LSM in 127 patients by standard M probe, 10 of them had 
normal weight, 25 of them were overweight, and 92 were obese. Using the XL 
probe, reliable measurements could be obtained in 80/127(63%) of these patients: 
8/10 (80%) of the normal weights, 17/25 (68%) of the overweight, and 55/92 
(59.8%) of the obese patients. In 98 patients, reliable measurements were obtained 
by both M probe and XL probe. The LSM obtained by the XL probe were signifi-
cantly correlated with those obtained by the  M probe (Spearman r  =  0.789, 
P  < 0.00001), but were significantly lower [median 6.4 kPa (range 3.1–53.8) vs 
7.7  kPa (range 3.7–69.1), Wilcoxon paired t test P  <  0.001)]. Şirli and her col-
leagues concluded that the XL probe underestimated the LSM in comparison to the 
standard M probe [14].

In another study by Myers et al. [11], XL and M probe were compared in over-
weight/obese patients with chronic liver disease (either viral hepatitis related or 
non-viral related as NASH). Measurement failure occured only in 1% of patients 
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Fig. 44.1 Comparison between M and XL probe. (Modified from Durango E et al., 2013 [8])
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with the XL probe as compared with 16% using the M probe. These findings were 
confirmed in a large  cohort-based study from the UK by Harris et  al. on 477 
patients [15]. Here, 21% had no valid measurements with the M probe. There was a 
significant difference between the probes in the proportion achieving ≥10 valid 
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Fig. 44.2 Representative elastogram obtained by (a) the M probe and (b) XL probe of a patient 
whose LS markedly differed between the two probes. (a) M probe yields a scattered broad shear 
wave probably due to diffraction effects. The regression algorithm of the FibroScan device clearly 
preferred the left rim of the shear wave with the higher velocity eventually leading to an overesti-
mation of LS. (b) In contrast, in all of these patients the XL probe yielded a well-defined shear 
wave and correctly calculates the LS
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readings (M versus XL probe: 66.2% versus 90.2%; p ≤ 0.001) and in their reliabil-
ity (M versus XL probe: 77.4% versus 98.5%; P = 0.028). Unreliable results with 
the M probe were associated with an eleavted BMI [15].

Durango et al. compared XL to M probe to assess liver fibrosis in obese but 
also  non-obese patients [8]. Both probes were also  directly compared first in 
copolymer phantoms of varying stiffness (4.8, 11, and 40 kPa) and then in 371 
obese and non-obese patients (body mass index, range 17.2–72.4) from German 
(n = 129) and Canadian (n = 242) centers. Liver stiffness values for both probes 
correlated better in phantoms than in patients (r = 0.98 versus 0.82, P < 0.001). 
Significantly more patients could be measured successfully using the XL probe 
than the M probe (98.4% versus 85.2%, respectively, P  <  0.001) while the M 
probe produced a smaller interquartile range (21% versus 32%). Failure of the M 
probe to measure liver stiffness was not only observed in patients with a high body 
mass index and long skin- liver capsule distance but also in some non-obese 
patients (n = 10) due to attenuating the signal from subcutaneous fat tissue. In 
contrast with the phantoms, the XL probe consistently produced approximately 
20% lower liver stiffness values in humans compared with the M probe. A long 
skin-liver capsule distance and a high degree of steatosis were responsible for this 
discordance. Adjustment of cutoff values for the XL probe (<5.5 kPa, 5.5–7 kPa, 
7–10 kPa, and >10 kPa for F0, F1–2, F3, and F4 fibrosis, respectively) signifi-
cantly improved agreement between the two probes from r = 0.655 to 0.679. They 
concluded that liver stiffness can be measured in significantly more obese and 
non-obese patients using the XL probe than the M probe. However, the XL probe 
is less accurate and adjusted cutoff values are required [8]. Detailed data are pro-
vided in Tables 44.1 and 44.2.

However, a recent work has shown that liver stiffness results obtained with the M 
probe in patients with BMI <30 kg/m2 are not significantly different from those obtained 
with the XL probe in obese patients (BMI ≥30 kg/m2) [16]. Therefore, by following the 
EASL-ALEH Clinical Practice Guidelines (M probe in patients with BMI <30 kg/m2 
and XL probe in obese patients) [17], the same diagnostic cutoffs for both probes dis-
played similar diagnostic accuracy [16]. These results have been confirmed by another 

Table 44.1 Classification of fibrosis stages by LS values using optimized cutoff values (XL 
probe) (modified from [8])

M probe XL probe
LS (kPa) <5.5 5.5–7 >7–10 >10

<6 61 51 9 1
6–8 40 18 15 7
>8–12.5 30 6 16 8
>12.5 34 4 30

165 69 30 28 38

Cutoff values used for classification of F0, F1–2, F3, and F4 fibrosis stage are <5.5, 5.5–7, 7–10, 
and >10 kPa. No further cutoff value was introduced for F1 and F2 fibrosis stage, since resolution 
in this low LS range is very low due to other confounders
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study which also evaluated the automatic probe selection tool included in the recent 
versions of the FibroScan software [18]. The automatic probe selection tool automati-
cally measures the skin-liver capsule distance and indicates the probe to be used as a 
function of the patient’s morphology. According to their study results, the authors pro-
posed to use the M probe first in patients with BMI <32 kg/m2 and eventually switch to 
the XL probe according to the recommendation made by the automatic probe selection 
tool, and to use the XL probe in all patients with BMI ≥32 kg/m2.

 Conclusion

The XL probe (FibroScan) has been introduced and validated for obese patients 
with comparable diagnostic accuracy to the standard M probe. The XL probe allows 
to measure almost 15% more patients than the M probe which shows a 10% smaller 
interquartile range. LS measurement failure of the M probe is not only observed in 
patients with high BMI and long skin-liver capsule distance (SCD) but also in some 
non-obese patients. Since ca. 20% lower LS values are measured in humans com-
pared to the M probe, a correction of cutoff values is advisable, namely in cases 
of doubt.
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Chapter 45
Comparison of Various Elastographic 
Techniques for Liver Fibrosis Assessment

Ioan Sporea

 Introduction

Following the development of so many elastographic methods, it is a legitimate 
question to compare their value for the use in clinical practice. Liver elastography 
can be performed by measuring shear wave speed either by ultrasound (ultrasound- 
based elastography) or magnetic resonance imaging (magnetic resonance elastogra-
phy, MRE). In addition, recently published guidelines, by EFSUMB [1] and 
WFUMB [2], respectively, classified liver elastography into shear wave elastogra-
phy (SWE) and strain elastography (SE). Both guidelines underline that only SWE 
is ready for clinical use for liver fibrosis (LF) assessment, despite the fact that some 
Japanese studies revealed good results for strain elastography for LF evaluation [3].

In this chapter, we will focus on comparing SWE methods. In all SWE methods, 
the US probe generates shear waves into the liver that will be used for elastographic 
measurements. The results are expressed in meters/seconds or in kPa. SWE can be 
subclassified into transient elastography (TE) and ARFI techniques (using acoustic 
radiation force impulse): point SWE (pSWE) and 2D-SWE (Real-time SWE) (see 
Fig. 45.1 and Appendix Tables A.2, A.3 and A.4). For more details, see also book 
Part II “Techniques to Measure Liver Stiffness.”
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 Feasibility of Different Elastographic Techniques

For ultrasound-based elastographic methods, a very important parameter is the fea-
sibility which is influenced by factors such as obesity, abdominal circumference, or 
gender. The feasibility of TE using only the M probe (in normal weight subjects) is 
only 70–85% [4, 5]. Using both M and XL probes, it can reach 93.5% [6]. For 
pSWE where the measuring box is small, the feasibility is usually higher than 95%. 
For 2D-SWE where the box is larger, the feasibility is lower. This is especially the 
case in patients with advanced fibrosis with a rather heterogenous liver. In addition, 
experienced knowledge in abdominal ultrasound is needed for good acquisitions [5] 
(see also Table 45.1). As is discussed in Chap. 42, a specific analysis of shear wave 
propagation maps (elastograms) may further increase feasibility.

 Comparison Between the Techniques

Several studies have been published regarding the comparison between elasto-
graphic techniques. Some of these studies were performed considering liver biopsy 
as the gold standard. In later studies, this was no longer possible due to the sharp 

Ultrasound-based elastography

Strain elastography Shear wave elastography
(SWE)

pointSWE
(pSWE) 2D-SWE

Acoustic radiation force impulse
(ARFI technology)

Transient elastography
(TE)

Fig. 45.1 Classification of 
ultrasound-based 
elastographic techniques

Table 45.1 Feasibility of different elastography techniques

Study Elastography method No. of subjects Feasibility (%)

Castera. L 2015 [4] TE 12949 TE: 10903(86.4%)
Sirli. R 2013 [5] TE 8218 TE: 5827 (71.9%)
Sporea. I 2016 [6] TE 3235 TE: 3024 (93.5%)
Grădinaru-Tascău. O [33] SSI 371 SSI: 324 (87.1%)
Bota. S 2013 [12] TE, ARFI 1163 TE: 1087 (93.4%)

pSWE: 1138 (97.9%)
Cassinotto. C 2016 [14] TE, SSI, ARFI 291 TE: 223 (76.6%)

2D-SWE: 232 (79.7%)
pSWE: 236 (81%)

Lee. MS 2018 [34] TE, SSI, ARFI 94 TE: 74 (78.7%)
2D-SWE: 69 (73.4%)
pSWE: 82 (88.3%)
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decrease of the number of liver biopsies performed after noninvasive methods 
appeared on the market [7]. On the other hand, considering that TE was validated 
and part of many guidelines, including EASL (European Association for the Study 
of the Liver) guidelines [8], TE was considered as the novel reference method.

EFSUMB and WFUMB guidelines [1, 2] underline that the cutoff values of liver 
elastography for different stages of fibrosis are system-dependent, and that they 
must be known for every system used in practice. The cutoff values for the newly 
developed elastographic techniques (and in this moment all the important ultra-
sound companies implemented elastographic modules on their systems) have been 
calculated considering either liver biopsy or TE as the reference method. For more 
details, see also book Part II “Techniques to Measure Liver Stiffness.”

From a temporal point of view, TE was the first liver elastographic method on the 
market. More than 1500 published papers proved this method’s value for liver fibro-
sis evaluation in HCV and HBV chronic hepatitis, in NAFLD, in ALD, in choles-
tatic diseases, in post-transplant patients, mainly considering liver biopsy as the 
gold standard. The second-generation elastographic methods that appeared on the 
market was point SWE (pSWE). The first system with this technology (ARFI tech-
nique) was Virtual Touch Quantification (VTQ) from Siemens. Many comparative 
studies between different ultrasound-based elastographic methods have been pub-
lished during the time.

 Point SWE (Table 45.2)

A comparison between TE and VTQ (ARFI) was performed by Lupşor M et al. [9] 
in chronic hepatitis C using liver biopsy as the gold standard. In the cohort of 112 
consecutive patients, the diagnostic accuracy of these two elastographic methods 
was comparable only for prediction of severe fibrosis and cirrhosis, but for earlier 
stages of fibrosis, TE performed better.

In a multicenter study in 400 chronic HCV patients, with liver biopsy as gold 
standard, VTQ was compared to TE [10]. In this study, the correlation with histo-
logical fibrosis was similar between VTQ and TE (0.689 vs 0.728, with a P = 0.28).

In a prospective European multicenter study, VTQ was compared with TE, also 
with liver biopsy as gold standard [11]. A total of 241 HCV patients from seven 
European centers were evaluated. Comparison between the accuracy of pSWE and 
TE revealed no significant difference between the methods for all stages of fibrosis 
(0.81 vs 0.85 for F ≥ 2; P = 0.15; 0.88 vs 0.92 for F ≥ 3; P = 0.11; and 0.89 vs 0.94 
for cirrhosis; P = 0.19). The conclusion of the study was that the diagnostic accu-
racy of TE and pSWE (VTQ) was comparable in HCV patients.

Later, a meta-analysis was performed to compare TE with pSWE (VTQ) [12]. In 
this meta-analysis, 1163 patients with chronic hepatopathies were analyzed. The 
feasibility of VTQ was 97.9%, and for TE it was 93.4% (P < 0.001). For predicting 
significant fibrosis (F ≥ 2), TE had 0.78 (95% CI: 0.72–0.83) sensitivity and a speci-
ficity of 0.84 (95% CI: 0.75–0.90), while for VTQ the sensitivity was 0.74 (95% CI: 
0.66–0.80) and the specificity was 0.83 (95% CI:0.75–0.90). For the diagnosis of 
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liver cirrhosis, the sensitivity was 0.89 (95% CI: 0.80–0.94) for TE and the specific-
ity 0.87 (95% CI: 0.81–0.91), while for VTQ the sensitivity was 0.87 (95% CI: 
0.79–0.92) and the specificity 0.87 (95% CI:0.75–0.90). There were no significant 
differences between the diagnostic odds ratio of these two methods regarding the 
detection of significant fibrosis [mean difference in rDOR = 0.27 (95% CI:0.69–0.14)] 
or cirrhosis [mean difference in rDOR = 0.12n (0.95 CI: 0.29–0.52)]. The results of 
this meta-analysis in a quite large cohort underline its utility for clinical use.

In a recently published paper, an Italian group compared TE with ElastPQ (a 
pSWE method) [13]. In a cohort of 406 patients with chronic liver diseases of 
diverse etiology who underwent liver biopsy, liver stiffness measurements with 
ElastPQ and TE have been obtained in 361 patients. In this comparative study, 
ElastPQ values correlated well with the histologic fibrosis score (r  =  0.718; 
P  <  0.001). For ElastPQ, the AUROC values were 0.856 for significant fibrosis 
(F ≥ 2), 0.951 for advanced fibrosis (F ≥ 3), and 0.965 for cirrhosis. There was a 
superimposable diagnostic accuracy of ElastPQ and TE for each stage of liver fibro-
sis. The conclusion of this comparative study was that ElastPQ and TE identified 
patients with fibrosis and liver cirrhosis with a similar level of accuracy.

Table 45.2 Performance of pSWE

Study
Elastography 
techniques

No. of subjects 
etiology Performance of methods

Lupşor. M 2009; 
JGLD [9]

VTQ vs TE 112 HCV TE(AUROC) VTQ (AUROC)
≥F1:0.918
≥F2:0.961
≥F3:0.957
F4:0.970

≥F1:0.725
≥F2:0.869
≥F3:0.900
F4:0.936

Sporea. I 2012; 
EJR [10]

VTQ vs TE 400 HCV VTQ (AUROC)

≥F1: 0.779
≥F2:0.792
≥F3:0.829
F4:0.842

Friedrich-Rust. M 
2015; Ultraschall 
Med [11]

VTQ vs TE 241 HCV TE(Spearman’s r) VTQ 
(Spearman’s r)

≥F2:0.85
≥F3:0.92
F4:0.94

≥F2:0.81
≥F3:0.88
F4:0.89

Bota. S 2013; Liver 
Int [12]

VTQ vs TE 1163 CLD TE(sROC) VTQ (sROC)
≥F2:0.87
F4:0.93

≥F2:0.85
F4:0.93

Conti. F 2019; Clin 
Gastroenterol 
Hepatol [13]

406 CLD TE(AUROC) ELASTPQ 
(AUROC)

SUPERIMPOSABLE ≥F2:0.856
≥F3:0.951
F4:0.965
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 2D-SWE (Table 45.3)

In 2D-SWE, a color-coded image and numeric value are displayed as the result of 
elastographic assessment. The advantages of 2D-SWE are the following: its multi-
point evaluation, real-time evaluation, large area of interrogation, and high rate 
frame acquisition (in SuperSonic Image from Aixplorer). For more details, see also 
book Part II “Techniques to Measure Liver Stiffness.” Several comparative studies 
have been performed, two of them by a French group (Cassinotto et al.) in chronic 
viral hepatitis [14] and NAFLD patients [15], respectively. In the first one, including 

Table 45.3 Performance of 2D-SWE

Reference
Elastography 
techniques

No. of 
subjects 
etiology Performance of methods

Cassinotto. C 
2014 [14]

VTQ(ARFI) vs 
TE vs SSI

349 CLD TE(AUROC) VTQ(ARFI) 
(AUROC)

SSI(AUROC)

≥F1:0.86
≥F2:0.84
≥F3:0.87
F4:0.90

≥F1:0.84
≥F2:0.81
≥F3:0.89
F4:0.90

≥F1:0.89
≥F2:0.88
≥F3:0.93
F4:0.93

Cassinotto. C 
2016 [15]

VTQ(ARFI) vs 
TE vs SSI

291 
NAFLD

TE(AUROC) VTQ(ARFI) SSI(AUROC)
≥F2:0.82
≥F3:0.86
F4:0.87

≥F2:0.77
≥F3:0.84
F4:0.84

≥F2:0.86
≥F3:0.89
F4:0.88

Lee. MS 
2017 [16]

VTQ(ARFI) vs 
TE vs SSI

94 NAFLD TE(AUROC) VTQ(ARFI) SSI(AUROC)
≥F2:0.757
≥F3:0.870

≥F2:0.657
≥F3:0.873

≥F2:0.759
≥F3:0.809

Hermann. E 
2018 [17]

TE vs SSI 665 CLD TE(differences in 
AUROC)

SSI(AUROC)

≥F2: −5.3%
≥F3: −3.4%
F4:−1.8%

≥F2:0.864
≥F3:0.908
F4:0.931

Sporea. I 
2013 [18]

VTQ(ARFI) vs 
SSI

334 CLD VTQ(ARFI) 
(accuracy%)

SSI(accuracy%)

≥F2:72.2
F4:78.2

≥F2:74.4
F4:85.8

Mulazzani. L 
2017 [19]

pSWE.Esaote 
vs SSI

108 CLD 2D.SWE.SSI vs pSWE.ESA (Lin’s analysis)
<15.2 kPa >15.2 kPa
Precision: 0.737
Accuracy: 0.861

Precision: 0.559
Accuracy: 0.998

Yongyan. G 
2018 [20]

TE vs SSI 402 VHB TE(AUROC) SSI(AUROC)
F4:0.80 F4:0.87

Sporea. I 
2018 [21]

VTQ vs SSI vs 
ElastPQ

127 CLD VTQ 
(accuracy%)

ElastPQ 
(accuracy%)

SSI 
(accuracy%)

F < 2:82
F2/F3:84.1
F4:93.9

F < 2:86
F2/F3:84
F4:94

F < 2:80
F2/F3:85.3
F4:94
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a cohort of 349 patients with chronic hepatopathies in whom liver biopsy was per-
formed to assess liver fibrosis, three ultrasound-based elastography methods were 
compared: TE with M and XL probe, 2D-SWE, and pSWE (VTQ with ARFI tech-
nology). All three elastographic techniques significantly correlated with histologi-
cal fibrosis: r  =  0.79, P  <  0.00001 for SSI, r  =  0.70, P  <  0.00001 for TE, and 
r = 0.64, P < 0.00001 for VTQ. The AUROCs for different methods and stages of 
fibrosis were: 0.88 for SSI, 0.84 for TE, and 0.81 for VTQ for significant fibrosis, 
while for cirrhosis they were 0.93 for SSI, 0.90 for TE, and 0.90 for VTQ. The con-
clusion of this study was that there were no significant differences between the 
systems for significant fibrosis and cirrhosis.

In the second paper of the same group, in which the performance of elasto-
graphic systems were compared in NAFLD patients, 291 patients have been 
included [15]. All have been evaluated by means of liver biopsy in two French 
university hospitals, by 2D-SWE (SSI), TE, and pSWE (VTQ). For significant 
fibrosis (F ≥ 2), the AUROCs were 0.86, 0.82, and 0.77 and for cirrhosis 0.88, 0.87, 
and 0.84, respectively. Regarding feasibility, VTQ (ARFI) had the highest 
one—99.3%, vs. SSI—87% and TE—85.6%. The factors associated with failed 
measurements were waist circumference, BMI, and intercostal wall thickness. 
Cutoff values for 2D-SWE and TE were quite similar to predict the same stages of 
fibrosis. A similar study was performed by Lee et al. [16], comparing TE, SSI, and 
VTQ with liver biopsy in 94 patients with NAFLD. The rate of unreliable and failed 
results was 21.3% for TE, 26.6% for SSI, and for VTQ only 11.7%. In this study, 
the AUROCs for significant fibrosis (F ≥ 2) were 0.757, 0.759, and 0.657, and for 
advanced fibrosis (F ≥ 3) they were 0.870, 0809, and 0.873, respectively. This study 
also concluded that all three elastographic methods had similar diagnostic perfor-
mance in NAFLD patients.

In a multicenter study (13 centers from 9 countries) published by Hermann et al. 
[17], the accuracy of SSI for staging liver fibrosis (liver biopsy as reference) was 
evaluated in 1134 patients with viral and non-viral chronic liver diseases. In 665 
subjects, SSI was also compared to TE. In the comparative study group, 2D-SWE 
(SSI) performed better than TE for all stages of fibrosis, and significantly better for 
F ≥ 2 and liver cirrhosis (P < 0.001 and P = 0.007). In a comparative study between 
VTQ (ARFI) and 2D-SWE (SSI), considering TE as reference (18), 332 consecu-
tive patients have been evaluated in the same day by the three methods, but reliable 
liver stiffness measurements were obtained only in 184 cases (55.4%) by all three. 
Higher body mass index and older age were associated with unreliable measure-
ments. Reliable measurements have been obtained in a significantly higher percent-
age of cases by VTQ than by TE (M probe), or by SSI: 92.1% vs 72.2% (P < 0.0001) 
and vs. 71.3%; (P < 0.0001). This study also demonstrated that VTQ and SSI have 
similar accuracy in diagnosing significant fibrosis and liver cirrhosis.

A comparison between pSWE from Esaote (pSWE.ESA) and SSI, considering 
TE as reference, was performed in a cohort of 81 patients with chronic liver diseases 
[19]. Spearman’s correlation coefficients between TE and pSWE.EAS and SSI were 
0.849 and 0.878, respectively. According to this study, the correlation was less strict 
in higher liver stiffness values (>15.2 kPa), but this does not influence the staging of 
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fibrosis, since all are in the cirrhotic range. In another study, a comparison between 
2D-SWE (SSI) and TE was performed in HBV patients, considering liver biopsy as 
the gold standard [20]. The study included a cohort of 402 subjects with chronic 
hepatitis B (154 with chronic infection and 248 with chronic hepatitis). The AUROC 
of 2D-SWE to predict cirrhosis was 0.87 (95% confidence interval [CI]: 0.83–0.90) 
higher than that of TE—0.80 (95% CI: 0.68–0.88).

Another comparative paper between elastographic methods was published by a 
Romanian group [21]. It was a prospective study on 127 consecutive patients with 
chronic liver diseases of mixed etiologies. In the same day, these patients were 
evaluated by four elastographic methods: TE, VTQ (pSWE), ElastPQ (pSWE), and 
SSI (2D-SWE), TE being the reference method. Regarding feasibility, valid mea-
surements were obtained in 116/127 cases with VTQ, in 108/127 with SSI, in 
111/127 with TE, and in 109/127 with ElastPQ, so that the final analysis was per-
formed in 82 subjects who had reliable measurements by all four methods. This 
study showed that the accuracies of VTQ, SSI, and ElastPQ for diagnosing signifi-
cant/severe fibrosis and liver cirrhosis were quite similar: 84.1%, 85.3%, 84% 
(P > 0.05) and 93.9%, 94% and 94% (P > 0.05), respectively.

Considering the results of all the published studies that showed similar perfor-
mance of various ultrasound-based liver elastography methods, it is safe to consider 
that any of them can be used for liver fibrosis assessment [22], keeping in mind that 
specific cutoff values should be used for each system.

 MRE (Table 45.4)

Comparative studies have also been performed between ultrasound-based elasto-
graphic methods and magnetic resonance elastography (MRE). The first one was 
published in 2008 by Huwart L et al. [23] in a prospective cohort of 141 patients 
with chronic liver diseases, all evaluated by liver biopsy, MRE, and TE. Reliable 
values were obtained in 133/141 patients (94%) by MRE and in 118/141 subjects 
(84%) with the M probe by TE, so that the comparison was performed in 96 cases. 
The AUROCs for MRE were larger as compared to TE (0.994 for F ≥ 2; 0.985 for 
F ≥ 3; and 0.998 for F = 4 for MRE and 0.837, 0.709, and 0.849 for TE). The con-
clusion of this study was that the feasibility and the accuracy of MRE are supe-
rior to TE.

A comparative study regarding the performance of MRE and TE in chronic hepa-
titis B and C was performed in 103 patients with liver biopsy [24].The comparison 
was possible in 85 subjects (65 HBV, 19 HCV, and 1 co-infected). In this study, TE 
and MRE had comparable accuracies (AUROC for F ≥ 2: 0.914 TE vs. 0.909 MRE, 
P = 0.89; for F ≥ 3: 0.895 TE vs. 0.928 MRE, P = 0.42).

In a retrospective study on 113 patients with chronic liver diseases, all with liver 
biopsy or liver resection [25], the AUROCs of MRE for all the stages of fibrosis 
were higher than for TE (0.98 vs 0.87 for F ≥ 2: P = 0.0003; 0.97 vs 0.93 for cir-
rhosis: P < 0.0308).
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In a systematic meta-analysis in patients with chronic HBV [26], the perfor-
mance of MRE was evaluated in 1470 patients and of TE in 3641 patients. AUROC 
values for MRE and TE for detecting significant fibrosis, advanced fibrosis, and 
cirrhosis were 0.981 vs. 0.796 (P < 0.001), 0.972 vs. 0.893 (P < 0.001), and 0.972 
vs. 0.905 (P < 0.001). The conclusion of this meta-analysis was that MRE is more 
accurate than TE for the assessment of liver fibrosis in HBV patients.

Table 45.4 Performance of MRE

Study
Elastography 
techniques

No. of 
subjects 
etiology Performance of methods

Huwart. L 
2008 [23]

MRE vs TE 96 CLD TE(AUROC) MRE(AUROC)
≥F2:0.837
≥F3:0.709
F4:0.849

≥F2:0.994
≥F3:0.985
F4:0.998

Bohte. AE 
2014 [24]

MRE vs TE 85 HBV, 
HCV

TE(AUROC) MRE(AUROC)
≥F2:0.914
≥F3:0.895

≥F2:0.909
≥F3:0.928

Ichikawa. S 
2015 [25]

MRE vs TE 113 CLD TE(AUROC) MRE(AUROC)
≥F1:0.87
≥F2:0.87
F4:0.93

≥F1:0.97
≥F2:0.98
F4:0.97

Xiao. H 
2017 [26]

MRE vs TE 3641 CLD TE(AUROC) MRE(AUROC)
≥F2:0.796
≥F3:0.893
F4:0.905

≥F2:0.981
≥F3:0.972
F4:0.972

Xiao. G 
2017 [27]

MRE vs TE vs 
SSI

13046 
NAFLD

TE(AUROC) SSI(AUROC) MRE(AUROC)
≥F2:0.83(M)
≥F3:0.87(M)
F4:0.92(M)

≥F2:0.89
≥F3:0.91
F4:0.97

≥F2:0.88
≥F3:0.93
F4:0.92

≥F2:0.82(XL)
≥F3:0.86(XL)
F4:0.94(XL)

Imajo. K 
2016 [28]

MRE vs TE 142 NAFLD TE(AUROC) MRE(AUROC)
≥F2:0.82 ≥F2:0.91

Park. CC 
2017 [29]

MRE vs TE 104 NAFLD TE(AUROC) MRE(AUROC)
≥F1:0.67
≥F2:0.86
≥F3:0.80
F4:0.69

≥F1:0.82
≥F2:0.89
≥F3:0.87
F4:0.87

Cui. J 2016 
[30]

MRE vs 
VTQ(ARFI)

125 NAFLD VTQ(ARFI) 
(AUROC)

MRE(AUROC)

≥F1:0.664
≥F2:0.848
≥F3:0.896
F4:0.862

≥F1:0.799
≥F2:0.885
≥F3:0.934
F4:0.882
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Another meta-analysis that compared TE and 2D-SWE (SSI) with MRE was per-
formed in patients with NAFLD [27]. A total of 13,046 NAFLD subjects were 
included, the prevalence of significant fibrosis, advanced fibrosis, and cirrhosis being 
45.0%, 24.0%, and 9.4%, respectively. The sensitivities and specificities of TE, 
2D-SWE, and MRE for detecting advanced fibrosis were 0.87 and 0.79, 0.90 and 
0.93, and 0.84 and 0.90, respectively. In this meta-analysis, the AUROC values for 
TE with M probe, XL probe, 2D-SWE, and MRE for diagnosing F ≥ 3 were 0.88, 
0.85, 0.95, and 0.96, respectively. The conclusion of this study was that MRE and 
2D-SWE have the highest accuracy for correct staging of fibrosis in NAFLD patients.

Another study compared MRE with TE in NAFLD patients [28]. This study 
included 142 patients with NAFLD and a mean body mass index of 28.1 kg/m2, all 
with liver biopsy. The AUROC of TE to predict F ≥ 2 was 0.82 (95% CI: 0.74–0.89), 
whereas MRE had an AUROC value of 0.91 (95% CI: 0.86–0.96), P = 0.001. In the 
same study, the authors compared CAP (controlled attenuation parameter) from 
FibroScan, with PDFF (proton density fat fraction) from MRI. CAP measurements 
identified patients with hepatic steatosis grade ≥2 with an AUROC value of 0.73 
(95% CI: 0.64–0.81) and PDFF identified them with an AUROC value of 0.90 (95% 
CI: 0.82–0.97), P < 0.001.

In a study performed by Park CC et al. [29], a cohort of 104 patients with NAFLD 
was included. All patients were evaluated by liver biopsy, TE and MRE.  MRE 
detected any fibrosis (stage 1 or more) with an AUROC of 0.82 (95% CI, 0.74–0.91), 
which was significantly higher than that of TE (AUROC, 0.67; 95% CI, 0.56–0.78). 
Regarding different stages of fibrosis, MRE detected fibrosis stage 2, 3, or 4 with 
AUROC values of 0.89 (95% CI, 0.83–0.96), 0.87 (95% CI, 0.78–0.96), and 0.87 
(95% CI, 0.71–1.00), respectively; TE detected fibrosis stage 2, 3, or 4 with AUROC 
values of 0.86 (95% CI, 0.77–0.95), 0.80 (95% CI, 0.67–0.93), and 0.69 (95% CI, 
0.45–0.94). Regarding steatosis assessment, MRI-PDFF detected any steatosis with 
an AUROC of 0.99 (95% CI, 0.98–1.00), significantly higher than that of CAP 
(AUROC, 0.85; 95% CI, 0.75–0.96). In the same time, MRI-PDFF identified steato-
sis grade 2 or 3 with AUROC values of 0.90 (95% CI, 0.82–0.97) and 0.92 (95% CI, 
0.84–0.99) and CAP identified steatosis grade 2 or 3 with AUROC values of 0.70 
(95% CI, 0.58–0.82) and 0.73 (95% CI, 0.58–0.89). The conclusion of this study 
was that MRE with PDFF is more accurate than TE with CAP for the evaluation of 
fibrosis and steatosis in NAFLD patients.

Another comparison was performed between MRE and a pSWE technique—
VTQ(ARFI) [30] in a cohort of 125 patients with NAFLD, with a mean BMI of 31.8 
(±7.0) kg/m2. MRE AUROCs for diagnosing F ≥ 2, F ≥ 3, and F = 4 were 0.885 
(95% CI 0.816–0.953), 0.934 (95% CI 0.863–1.000), and 0.882 (95% CI 
0.729–1.000), while for VTQ (ARFI) the AUROCs were 0.848 (95% CI 
0.776–0.921), 0.896 (95% CI 0.824–0.968), and 0.862 (95% CI 0.721–1.000). 
Considering the influence of obesity, MRE was superior to TE in obese subjects, but 
not in non-obese (P = 0.722). The conclusion of this study was that MRE is more 
accurate than pSWE for liver fibrosis assessment in NAFLD patients, especially in 
obese subjects.
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 Advantages and Limitations

 1. TE—is easy to perform, does not require dedicated US knowledge (in some 
countries it is performed by technicians), only provides LS values under con-
trolled conditions in a highly controlled manner.

 2. pSWE—is quite easy to perform, it uses ultrasound image for measurement, the 
region of interest can be chosen by the operator (avoiding the capsule of the liver 
and the big vessels), but the measuring box is quite small (around 10/5 mm). 
There are still open questions with regard to measuring depth and LS 
(standardization).

 3. For 2D-SWE, more experience in ultrasound is necessary [4]. The investiga-
tional area is larger and can be selected with B-mode ultrasound image. The 
elastographic assessment is displayed in a color-coded system and with 
numeric values.

In 2015, EASL issued guidelines regarding the noninvasive methods for liver 
diseases severity assessment [8] in which the advantages and disadvantages of all 
these methods are presented (Table 45.5). In contrast to earlier reports, TE is able to 
be used in patients with ascites by applying the XL probe [31].

Table 45.5 Advantages and disadvantages of noninvasive tools for fibrosis assessment in chronic 
hepatitis (modified from EASL-ALEH Clinical Practice Guidelines [8])

Serum biomarkers Measurement of liver stiffness
Transient 
elastography ARFI (pSWE) 2D-SWE MR elastography

Advantages

•  Good 
reproducibility

•  High 
applicability 
(95%)

•   No cost and wide 
availability 
(non-patented)

•  Well validated
• Can be 
performed in the 
outpatient clinic

•  Most widely used 
and validated 
technique: 
standard to be 
beaten

•  User-friendly 
(performed at 
bedside; rapid, 
easy to learn)

•  High range of 
values (2–75 kPa)

•  Quality criteria 
well defined

•  Good 
reproducibility

•  High 
performance for 
cirrhosis 
(AUROC >0.9)

•  Prognostic value 
in cirrhosis

•  Can be 
implemented 
on a regular 
US machine

•  ROI smaller 
than TE but 
location 
chosen by the 
operator

•  Higher 
applicability 
than TE 
(ascites and 
obesity)

•  Performance 
equivalent to 
that of TE for 
significant 
fibrosis and 
cirrhosis

•  Can be 
implemented 
on a regular 
US machine

•  ROI can be 
adjusted in 
size and 
location and 
chosen by the 
operator

•  Measures 
liver stiffness 
in real time

•  High range of 
values 
(2–150 kPa)

•  Good 
applicability

•  High 
performance 
for cirrhosis

•  Can be 
implemented on 
a regular MRI 
machine

•  Examination of 
the whole liver

•  Higher 
applicability than 
TE (ascites and 
obesity)

•  High 
performance for 
cirrhosis

I. Sporea
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 Conclusions

Feasibility and performance seem to be similar for the different ultrasound-based 
elastographic methods. Consequently, all ultrasound-based elastographic methods 
(TE, pSWE, and 2D-SWE) can be used in clinical practice [1, 2]; however, different 
cutoff values should be used for each system. In addition, some techniques require 
a deeper ultrasound knowledge (pSWE and 2D-SWE) in comparison to TE. The 
reports of LS change at varying liver depths on pSWE have not seen so far with 
2D-SWE or TE and require further studies [32]. MRE seems to be superior to 
ultrasound- based elastographic systems but has limited availability, is cost-inten-
sive and can only be performed by radiologists. In contrast, US-based elastography 
can be performed by clinicians and radiologists, in a point of care setting. Nowadays, 
quite all the high end and even some of the medium class ultrasound systems 
(Philips, GE, Siemens, and others) include ultrasound-based elastographic modules 
(pSWE or 2D-SWE). This enables the practitioner to perform elastography at the 
end of an ultrasound examination, when he or she already has all the clinical infor-
mation, avoiding confounding factors (such as non-fasting patient, obstructive jaun-
dice, increased aminotransferases, right hearth failure) [2].

Serum biomarkers Measurement of liver stiffness
Transient 
elastography ARFI (pSWE) 2D-SWE MR elastography

Disadvantages

•  Non-specific of 
the liver

•  Unable to 
discriminate 
between 
intermediate 
stages of fibrosis

•  Performance not 
as good as TE for 
cirrhosis

•  Cost and limited 
availability 
(proprietary)

•  Limitations 
(hemolysis, 
Gilbert 
syndrome, 
inflammation…)

•  Requires a 
dedicated device

•  ROI cannot be 
chosen

•  Applicability 
(80%) lower than 
serum biomarker: 
(obesity, operator 
experience)

•  Confounders of 
elevated LS to be 
considered for all 
elastographic 
techniques

•  Unable to 
discriminate 
between 
intermediate 
stages of 
fibrosis

•  Units (m/sec) 
different from 
that of TE 
(kPa)

•  Narrow range 
of values 
(0.5–4.4 m/
sec)

•  Quality 
criteria not 
well defined

•  Prognostic 
value in 
cirrhosis?

•  Further 
validation 
warranted

•  Quality 
criteria not 
well defined

•  Learning 
curve?

•  Further 
validation 
warranted 
especially in 
comparison with 
TE

•  Not applicable in 
case of iron 
overload

•  Requires a MRI 
facility

•  Time- consuming
•  Costly

Table 45.5 (continued)

45 Comparison of Various Elastographic Techniques for Liver Fibrosis Assessment



534

References

 1. Dietrich CF, Bamber J, Berzigotti A, Bota S, Cantisani V, Castera L, et al. EFSUMB Guidelines 
and recommendations on the clinical use of liver ultrasound elastography, update 2017 (long 
version). Ultraschall Med. 2017;38(4):e16–47.

 2. Ferraioli G, Wong VW, Castera L, Berzigotti A, Sporea I, Dietrich CF, et al. Liver ultrasound 
elastography: an update to the world federation for ultrasound in medicine and biology guide-
lines and recommendations. Ultrasound Med Biol. 2018;44(12):2419–40.

 3. Fujimoto K, Kato M, Kudo M, Yada N, Shiina T, Ueshima K, et  al. Novel image analysis 
method using ultrasound elastography for noninvasive evaluation of hepatic fibrosis in patients 
with chronic hepatitis C. Oncology. 2013;84(Suppl 1):3–12.

 4. Castéra L, Foucher J, Bernard P-H, Carvalho F, Allaix D, Merrouche W, et  al. Pitfalls of 
liver stiffness measurement: A 5-year prospective study of 13,369 examinations. Hepatology. 
2010;54:828–35.

 5. Sirli R, Sporea I, Bota S, Jurchis A.  Factors influencing reliability of liver stiffness mea-
surements using transient elastography (M-probe)-monocentric experience. Eur J Radiol. 
2013;82(8):e313–6.

 6. Sporea I, Sirli R, Mare R, Popescu A, Ivascu SC. Feasibility of transient elastography with M 
and XL probes in real life. Med Ultrason. 2016;18(1):7–10.

 7. Sporea I, Popescu A, Gheorghe L, Cijevschi Prelipcean C, Sparchez Z, Voiosu R. “Quo vadis” 
liver biopsy? A multi-centre Romanian study regarding the number of liver biopsies performed 
for chronic viral hepatitis. J Gastrointestin Liver Dis. 2012;21(3):326.

 8. European Association for Study of Liver; Asociacion Latinoamericana para el Estudio del Higado. 
EASL-ALEH Clinical Practice Guidelines: Non-invasive tests for evaluation of liver disease sever-
ity and prognosis. J Hepatol. 2015;63(1):237–64. https://doi.org/10.1016/j.jhep.2015.04.006.

 9. Lupsor M, Badea R, Stefanescu H, Sparchez Z, Branda H, Serban A, et al. Performance of a 
new elastographic method (ARFI technology) compared to unidimensional transient elastogra-
phy in the noninvasive assessment of chronic hepatitis C. Preliminary results. J Gastrointestin 
Liver Dis. 2009;18(3):303–10.

 10. Sporea I, Bota S, Peck-Radosavljevic M, Sirli R, Tanaka H, Iijima H, et al. Acoustic radia-
tion force impulse elastography for fibrosis evaluation in patients with chronic hepatitis C: an 
international multicenter study. Eur J Radiol. 2012;81(12):4112–8.

 11. Friedrich-Rust M, Lupsor M, de Knegt R, Dries V, Buggisch P, Gebel M, et al. Point shear 
wave elastography by acoustic radiation force impulse quantification in comparison to tran-
sient elastography for the noninvasive assessment of liver fibrosis in chronic hepatitis C: a 
prospective international multicenter study. Ultraschall Med. 2015;36(03):239–47.

 12. Bota S, Herkner H, Sporea I, Salzl P, Sirli R, Neghina AM, et  al. Meta-analysis: ARFI 
elastography versus transient elastography for the evaluation of liver fibrosis. Liver Int. 
2013;33(8):1138–47.

 13. Conti F, Serra C, Vukotic R, Felicani C, Mazzotta E, Gitto S, et al. Assessment of liver fibro-
sis with elastography point quantification vs other noninvasive methods. Clin Gastroenterol 
Hepatol. 2019;17(3):510–7 e3.

 14. Cassinotto C, Lapuyade B, Mouries A, Hiriart JB, Vergniol J, Gaye D, et  al. Non-invasive 
assessment of liver fibrosis with impulse elastography: comparison of supersonic shear imag-
ing with ARFI and FibroScan(R). J Hepatol. 2014;61(3):550–7.

 15. Cassinotto C, Boursier J, de Ledinghen V, Lebigot J, Lapuyade B, Cales P, et al. Liver stiffness 
in nonalcoholic fatty liver disease: a comparison of supersonic shear imaging, FibroScan, and 
ARFI with liver biopsy. Hepatology. 2016;63(6):1817–27.

 16. Lee MS, Bae JM, Joo SK, Woo H, Lee DH, Jung YJ, et al. Prospective comparison among 
transient elastography, supersonic shear imaging, and ARFI imaging for predicting fibrosis in 
nonalcoholic fatty liver disease. PLoS One. 2017;12(11):e0188321.

 17. Herrmann E, de Ledinghen V, Cassinotto C, Chu WC, Leung VY, Ferraioli G, et al. Assessment 
of biopsy-proven liver fibrosis by two-dimensional shear wave elastography: an individual 
patient data-based meta-analysis. Hepatology. 2018;67(1):260–72.

I. Sporea

https://doi.org/10.1016/j.jhep.2015.04.006


535

 18. Sporea I, Bota S, Jurchis A, Sirli R, Gradinaru-Tascau O, Popescu A, et al. Acoustic radiation 
force impulse and supersonic shear imaging versus transient elastography for liver fibrosis 
assessment. Ultrasound Med Biol. 2013;39(11):1933–41.

 19. Mulazzani L, Salvatore V, Ravaioli F, Allegretti G, Matassoni F, Granata R, et  al. Point 
shear wave ultrasound elastography with Esaote compared to real-time 2D shear wave elas-
tography with supersonic imagine for the quantification of liver stiffness. J Ultrasound. 
2017;20(3):213–25.

 20. Gao Y, Zheng J, Liang P, Tong M, Wang J, Wu C, et al. Liver fibrosis with two-dimensional 
US shear-wave elastography in participants with chronic hepatitis B: a prospective multicenter 
study. Radiology. 2018;289(2):407–15.

 21. Sporea I, Mare R, Lupusoru R, Popescu A, Danila M, Bende F, et  al. Comparative study 
between four ultrasound shear waves elastographic methods for liver fibrosis assessment. Med 
Ultrason. 2018;20(3):265–71.

 22. Sporea I. One or more elastographic methods for liver fibrosis assessment? Med Ultrason. 
2015;17(2):137–8.

 23. Huwart L, Sempoux C, Vicaut E, Salameh N, Annet L, Danse E, et al. Magnetic resonance elas-
tography for the noninvasive staging of liver fibrosis. Gastroenterology. 2008;135(1):32–40.

 24. Bohte AE, de Niet A, Jansen L, Bipat S, Nederveen AJ, Verheij J, et al. Non-invasive evalua-
tion of liver fibrosis: a comparison of ultrasound-based transient elastography and MR elastog-
raphy in patients with viral hepatitis B and C. Eur Radiol. 2014;24(3):638–48.

 25. Ichikawa S, Motosugi U, Morisaka H, Sano K, Ichikawa T, Tatsumi A, et al. Comparison of 
the diagnostic accuracies of magnetic resonance elastography and transient elastography for 
hepatic fibrosis. Magn Reson Imaging. 2015;33(1):26–30.

 26. Xiao H, Shi M, Xie Y, Chi X. Comparison of diagnostic accuracy of magnetic resonance elas-
tography and Fibroscan for detecting liver fibrosis in chronic hepatitis B patients: a systematic 
review and meta-analysis. PLoS One. 2017;12(11):e0186660.

 27. Xiao G, Zhu S, Xiao X, Yan L, Yang J, Wu G. Comparison of laboratory tests, ultrasound, or 
magnetic resonance elastography to detect fibrosis in patients with nonalcoholic fatty liver 
disease: a meta-analysis. Hepatology. 2017;66(5):1486–501.

 28. Imajo K, Kessoku T, Honda Y, Tomeno W, Ogawa Y, Mawatari H, et al. Magnetic resonance 
imaging more accurately classifies steatosis and fibrosis in patients with nonalcoholic fatty 
liver disease than transient elastography. Gastroenterology. 2016;150(3):626–37.e7.

 29. Park CC, Nguyen P, Hernandez C, Bettencourt R, Ramirez K, Fortney L, et  al. Magnetic 
resonance elastography vs transient elastography in detection of fibrosis and noninvasive 
measurement of steatosis in patients with biopsy-proven nonalcoholic fatty liver disease. 
Gastroenterology. 2017;152(3):598–607 e2.

 30. Cui J, Heba E, Hernandez C, Haufe W, Hooker J, Andre MP, et  al. Magnetic resonance 
elastography is superior to acoustic radiation force impulse for the diagnosis of fibrosis in 
patients with biopsy-proven nonalcoholic fatty liver disease: a prospective study. Hepatology. 
2016;63(2):453–61.

 31. Kohlhaas A, Durango E, Millonig G, Bastard C, Sandrin L, Golriz M, et al. Transient elas-
tography with the XL probe rapidly identifies patients with non-hepatic ascites. Hepat Med. 
2012;4:11–8.

 32. Sporea I, Sirli RL, Deleanu A, Popescu A, Focsa M, Danila M, et al. Acoustic radiation force 
impulse elastography as compared to transient elastography and liver biopsy in patients with 
chronic hepatopathies. Ultraschall Med. 2011;32(Suppl 1):S46–52.

 33. Gradinaru-Tascau O, Sporea I, Bota S, Jurchis A, Popescu A, Popescu M, et al. Does experi-
ence play a role in the ability to perform liver stiffness measurements by means of supersonic 
shear imaging (SSI)? Med Ultrason. 2013;15(3):180–3.

 34. Jun BG, Park WY, Park EJ, Jang JY, Jeong SW, Lee SH, et  al. A prospective compara-
tive assessment of the accuracy of the FibroScan in evaluating liver steatosis. PLoS One. 
2017;12(8):e0182784.

45 Comparison of Various Elastographic Techniques for Liver Fibrosis Assessment



537© Springer Nature Switzerland AG 2020
S. Mueller (ed.), Liver Elastography, 
https://doi.org/10.1007/978-3-030-40542-7_46

Chapter 46
Adaptation of Liver Stiffness Cutoff Values 
to Inflammation, Cholestasis, 
and Congestion

Sebastian Mueller

 Introduction

Various confounders can increase LS independent of fibrosis stage (see also book 
Part III and IV). This typically leads to an overestimation of fibrosis stages and, 
hence, a decreased diagnostic accuracy. Important confounders (see book Part III) 
include inflammation, congestion, or cholestasis. While these confounders may 
have their own therapeutic implications, it is often desirable to know whether a liver 
cirrhosis is present or not. In some situations, the patient may have two liver prob-
lems, for instance a gallstone in the common bile duct and a manifest liver cirrhosis. 
In such cases, it is difficult to dissect elevation of bilirubin and liver stiffness. It 
should be mentioned that these algorithms are still under discussion and some alter-
natives are covered in this book section by other authors. In contrast to, e.g., algo-
rithms, this chapter is aimed at discussing how to deal with confounders in an 
individual patient by obtaining the maximum of information. As shown in Fig. 46.1, 
a valid LS of <6 kPa rules out a manifest liver disease. In case of elevated LS, an 
ultrasound should be performed first. An on-time ultrasound is normally very help-
ful since it can be quickly done and provides useful information such as signs of 
congestion, cholestasis, or tumor masses. In case of ascites, TE can be performed 
but the XL probe should be used (see the respective chapter in the same book sec-
tion). In addition, an actual laboratory test should be available for correct LS inter-
pretation. AST has been shown the most simple and best estimate to predict potential 
overestimation of fibrosis stage due to inflammation/hepatitis. In this case, either an 
intervention should be considered to efficiently treat the underlying cause of the 
hepatitis or so-called AST-adapted cutoff values can be applied for rapid 
decision- making. Both strategies will be discussed below. Moreover, several cases 
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are described in the clinical case chapter which can be studied for further illustra-
tion. Of course, patients can present with a combination of LS-modulating diseases 
which is especially the case in the elderly who can show a combination of e.g. heart 
failure, bile stones, and alcohol consumption. Here, combinatorial strategies as 
shown in Fig. 46.3 can be applied.

 Mechanic Cholestasis

Mechanic cholestasis can significantly increase LS up to 30 kPa whether it is due to 
an obstructing gall stone or a tumor obstruction of the common bile duct  [1]. 
Depending on the degree of cholestasis and accompanying hepatitis, removal of the 
bile stone or implantation of a biliary stent can rapidly cause normalization of LS 
within days. Figure 46.2 shows both bilirubin and LS levels in a patient with a com-
mon bile duct obstructing GIST tumor. An ERCP with stent implantation normalized 
LS within 2 days till day 10. On day 15, a stent obstruction and cholangitis was diag-
nosed, causing LS to increase again to ca. 10 kPa. Bilirubin reached levels of 8.1 mg/
dL. It could be also shown earlier [1] that in cases of mechanic cholestasis within an 
otherwise healthy liver, an increase of bilirubin by 1 mg/dL corresponds to ca. 1 kPa 

No liver 
disease

LS

< 6 kPa (M) > 6 kPa (M)

> 8 kPa = F3 fibrosis

> 12.5 kPa = F4 cirrhosis

> 20 kPa – check for varices, HCC

Use 80%of cut-off values for XL probe

Ultrasound

Assess for congestion, cholestasis, 
ascites or tumor and consider
interventions such as diuretics or
ERCP

Elevated GOT

Consider treatment of hepatitis
(steroids, HCV treatment, alcohol
abstinence) or use inflammation-
adapated “cut-off values”

Elevated Bili

In case of mechanic cholestasis: 
estimate cholestasis-associated LS 
elevation 1 mg/dl bilirubin = 1 kPa

No

Ascites?

Use XL probe,
Paracentesis?

Fig. 46.1 General workflow to interpret LS. A normal LS <6 kPa rules out any chronic liver dis-
ease, since all potential confounders and technical artifacts lead to LS elevation but never 
decrease LS. An on-time abdominal ultrasound and actual laboratory parameters (GOT/AST lev-
els) are most helpful to rule out confounders such as congestion, cholestasis, nodular masses, or 
inflammation
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(see Fig. 46.3). This rule of thumb can be applied if one is not sure whether an icteric 
patient has liver cirrhosis and/or a bile stone. It is often overlooked in clinical practice 
that patients with manifest cirrhosis and a bile duct obstruction due to a gall stone will 
not show typical ultrasound signs of mechanic cholestasis since the stiff cirrhotic liver 
will not allow dilation of the common bile duct. In addition, both pathological condi-
tions cause primarily an elevation of conjugated bilirubin. In the clinical case in 
Fig. 46.2, 8.1 mg/dL would correspond with an increase of LS by 8 kPa which is 4 kPa 
(normal LS) + 8 kPa = 12 kPa. Thus, a LS of 12 kPa could be simply explained by the 
mechanic cholestasis. In other words, the measured LS of 10 kPa completely rules out 
any fibrosis in this patient despite LS elevation.

 Liver Congestion

Liver congestion or an elevated central venous pressure is an important modulator 
of LS elevation [2]. Consequently, congestion should be especially suspected in the 
elder population aged >70 years since heart failure is the most common diagnosis in 
these patients. Heart failure, next to liver cirrhosis, has also been identified as impor-
tant cause for LS elevation in the emergency room predicting 30 day mortality [3]. 
An often overlooked discrete sign of manifest cardiac cirrhosis is the presence of 
slightly elevated GGT in the 100–150  U/L range in older patients. Animal 
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Fig. 46.2 Effect of 
mechanic cholestasis on 
LS in a patient with a bile 
duct obstructing GIST 
tumor. ERCP with stent 
implantation led 
to successful biliary 
drainage and decrease of 
LS within 2 days. After 
10 days, re-obstruction of 
the bile duct/stent again 
caused rapid onset of 
jaundice and LS elevation

Inflammation
(Hepatitis)

25 U/l GOT

Venous pressure
(congestion)
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central venous pressure
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1 mg/dl bilirubin

Liver Stiffness increases by 1 kPa per 

+ +
Fig. 46.3 Rule of thumb 
for clinical practice to 
estimate the impact of 
inflammation (GOT/AST), 
congestion, and cholestasis 
to elevate LS by 1 kPa
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experiments in pigs have demonstrated that 36 cm water column/26 mmHg of cen-
tral venous pressure suffice to increase LS up to 75 kPa, the detection limit of the 
FibroScan device. Figure 46.4 shows sequential LS data in ten patients with right 
heart failure following treatment with diuretics for 7 days. Weight loss was 3 kg 
during this time. Median LS of 40.7 kPa decreased in all of them down to 17.8 kPa. 
As a rough rule of thumb, 2 cm water column (1.5 mmHg) of central venous pres-
sure increase corresponds to 1 kPa LS elevation (see Fig. 46.3). These values can be 
used to estimate roughly whether a LS elevation in a heart failure patient is due to 
congestion. Unfortunately, LS does not seem to allow to differentiate between LS 
elevation due to cardiac cirrhosis or congestion. In an unpublished study of n = 23 
patients with heart failure, LS correlated both with ultrasound signs of cirrhosis and 
caval vein dilation before and after treatment with diuretics [4]. Cardiac cirrhosis 
can only be ruled out if LS completely normalizes after removal of water retention.

 LS Elevation by Inflammation

Inflammation is the most important clinical confounder of elevated LS which 
can cause significant overestimation of fibrosis stage by LSM [5–7]. Treatment of 
the underlying cause of various liver diseases can lead to significant LS decrease of 
up to 80% due to resolution of inflammation [2, 4, 6, 8–18]. Elevated LS has been 
in most detail analyzed in patients with alcoholic liver disease (ALD) where it cor-
relates best with histological inflammation and ballooning next to fibrosis stage [19].

For clinical practice, there has been a long search for activity markers that 
can be used to estimate the LS elevation due to inflammation. Transaminases, 
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Fig. 46.4 Decrease of LS in ten patients with 
heart failure after successful therapy with 
diuretics. Heart failure in elder patients 
>70 years old is one of the main confounders of 
LS elevation. It is still difficult to clearly 
discriminate manifest cardiac cirrhosis from 
mere congestion in these patients since a 
combination is often present. Modified from [2] 
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namely, AST levels, are the best serum marker to predict LS elevation due to 
inflammation [7, 20, 21]. Notably and as shown in Appendix Table A.8, AST 
levels are also better correlated with LS elevation by inflammation than any 
other  laboratory marker [7]. Appendix Table A.9 is recommended for more 
details. Briefly, these tables show in a large cohort of ALD patients that the 
decrease of LS after alcohol detoxification is best correlated by AST. For further 
reading, Appendix Table A.8 is recommended that provides association of LS in 
both HCV and ALD for different fibrosis stages. Consideration of AST levels 
has significantly improved fibrosis assessment in patients with ALD [20] with 
an increase of AUROC from 0.91 to 0.94.

It still remains unclear why AST is so tightly associated with the LS decrease. 
Further studies are needed whether other serum markers, e.g., of ballooning or 
apoptosis such as levels of M65 or M30 (see also Appendix Table A.9) are better to 
predict LS decrease and are more accurately assessing fibrosis stage. Table 46.1 
provides treatment periods of time for first efficient and sustained LS decrease for 
various liver diseases. For instance, to ultimately  settle the remaining fibrosis 
stage, patients with elevated LS and chronic HCV infection should have a final LS 
measurement 3 months after successful antiviral treatment and complete HCV elim-
ination to ultimately.

Long-term abstinence has been shown to further decrease LS by 50% in patients 
who consequently abstained from alcohol for 5 years [4]. Even a 2 months reduction 
of alcohol consumption by 40% significantly reduced LS by 17% as shown recently 
using the opioid antagonist nalmefene for better controlled drinking [22].

AST-adapted cutoff values allow an immediate assessment of fibrosis stage even 
in patients with pronounced steatohepatitis and avoid overestimation of fibrosis 
stages [7]. Appendix Fig. A.3 shows LS as a function of AST levels for both ALD 
and HCV for direct readout and it provides the formulas to calculate fibrosis stages, 
e.g., for clinical multicenter studies.

It should be taken into account that not all patients with an elevated AST have an 
increased LS. In patients with an initial AST >100 U/L, 30.1% show a decrease in 
LS, while the remaining ~70% did not show any change in LS [7].

Table 46.1 Liver disease, therapeutic measures, resolution of inflammation and time interval for 
efficient liver stiffness decrease

Liver disease Treatment option
LS decrease (normal/
extended)

ALD Alcohol detoxification 7 days/4 weeks
NAFLD Weight loss/bariatric 

surgery
3 months

Autoimmune hepatitis Steroid therapy 7 days/4 weeks
Acute viral infection (hepatitis A, 
Epstein–Barr Virus)

Spontaneous remission 7 days/4 weeks

HCV Antiviral treatment 4 weeks/3 months
Hemochromatosis Phlebotomy 3 months/12 months
Wilson’s disease Copper chelation 3 months/12 months
PBC Ursodeoxycholic acid 1 week/3 months
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 Conclusion

Most important confounders for elevated LS are inflammation, congestion, and cho-
lestasis that are best considered/excluded by an on-time abdominal ultrasound and 
actual laboratory parameters.
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Chapter 47
Screening for Liver Fibrosis in General 
or At-Risk Populations Using Transient 
Elastography

Dominique Roulot

 Introduction

Cirrhosis, the final stage of chronic liver disease, is a major cause of death world-
wide and accounts for a large number of hospitalizations. Deaths due to cirrhosis 
increased by 46% between 1990 and 2013, and it has become the fifth leading cause 
of death worldwide. The principal causes of liver cirrhosis are infection by hepatitis 
B and C viruses, alcoholic live disease (ALD), and non-alcoholic fatty liver disease 
(NAFLD). Whereas the availability of highly effective antiviral drugs will rapidly 
reduce HCV infection and its consequences, the incidence of NAFLD is increasing 
dramatically in many areas of the world, associated with the epidemy of obesity and 
type-2 diabetes.

In general, cirrhosis progresses very slowly over a period of 2–3 decades and 
remains undiagnosed during this period because the disease is asymptomatic, and 
patients do not seek medical attention. Diagnosis most commonly occurs once the 
disease has reached the latest stages when complications appear, related to portal 
hypertension, liver failure, or development of hepatocellular carcinoma. Standard 
liver tests used to evaluate liver conditions such as serum aminotransferases levels 
or liver ultrasound examination are not sensitive methods to detect fibrosis. The 
diagnosis of patients at early stages of chronic liver diseases would allow identifica-
tion of causal factors and subsequent application of specific targeted interventions. 
Given the high prevalence of chronic liver diseases, screening the general popula-
tion for liver fibrosis would make sense in terms of public health. So far, however, 

D. Roulot (*) 
Unité d’Hépatologie, Hôpital Avicenne, Assistance Publique-Hôpitaux de Paris,  
Université Paris 13, Bobigny, France 

Inserm U955, équipe 18, Université Paris-Est, Créteil, France
e-mail: dominique.roulot@aphp.fr

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-40542-7_47&domain=pdf
mailto:dominique.roulot@aphp.fr


546

this objective has remained a very difficult challenge, because of the lack of appro-
priate tools [1].

Until recently, the only available method to detect liver fibrosis was liver biopsy. 
However, over the past decade, this procedure has been challenged by the develop-
ment of alternative noninvasive methods. These new approaches rely either on blood 
tests or on liver stiffness measurement (LSM) by transient elastography (TE, 
Fibroscan®), which is currently the most commonly used and validated tool for stag-
ing of chronic liver disease. TE is a widely available technique which can be per-
formed by doctors or nurses after a short training. This technique seems particularly 
suitable for the early detection of chronic liver diseases in the general population, 
particularly in high-risk populations, such as patients with obesity and/or diabetes. 
In this context, the recent introduction of new probes (XL-probes) specifically 
designed for obese patients has significantly improved measurability of liver 
stiffness.

 Screening for Liver Fibrosis in General Populations 
by Elastography

So far, a limited number of studies have reported results (summarized in Table 47.1) 
on systematic liver fibrosis screening in the general population using noninvasive 
methods [2]. The first study was conducted in France [3] on 1190 apparently healthy 
subjects older than 45 years attending a medical check-up in a primary care center. 
Among them, 7.5% showed LS values >8 kPa consistent with significant liver fibro-
sis and for 0.7% of the investigated persons LS values were above a threshold of 
13 kPa considered to be indicative of liver cirrhosis. Subsequent evaluation showed 
that NAFLD was the most common cause of liver fibrosis, followed by ALD. A liver 
biopsy was obtained in almost one-third of the individuals with increased LS, and 
moderate-to-severe fibrosis was confirmed in 66% of the cases. Cirrhosis was con-
firmed histologically in the nine patients who displayed LS values above 13 kPa 
(100% positive predictive value).

Similar findings were reported in a subsequent general population-based study 
from the Netherlands conducted on 3041 people older than 45 years: 5.6% of them 
showed LS values >8 kPa. In 0.6% of the cases, LS was higher than 13 kPa [4]. 
Interestingly, in most cases, the increased LS was associated with components of 
the metabolic syndrome, suggesting that NAFLD was the principal cause of liver 
disease.

In a population-based study by Wong et al. from Hong Kong, 922 individuals, 
recruited by random selection from the government census database, were investi-
gated for liver fat and fibrosis using an approach combining proton-magnetic reso-
nance spectroscopy and TE [5]. NAFLD prevalence (defined by an intrahepatic 
triglyceride content greater than 5%) was 27.3%, and advanced fibrosis (defined by 
LS greater than 9.6 kPa) prevalence among patients with NAFLD was 3.7%.
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Recently, Caballeria et al. have investigated the prevalence of liver fibrosis in 
3076 subjects older than 18 years in the Barcelona area [6]. LS values above 
8  kPa were found in 5.8% of the subjects and values higher that 9  kPa were 
observed in 3.6% of the cases. Liver histology could be obtained from 92 sub-
jects with increased LS; among them 81 had NAFLD and 7 alcoholic liver 
disease.

In a study on 521 heavy drinkers (ca. 200 g alcohol per day) presenting primarily 
for alcohol detoxification [7], ca. 25% showed advanced fibrosis or cirrhosis (F3- 
F4) based on AST-adapted LS cutoff values [8] after ca. 20 years of heavy drinking. 
This study underlines that only a minority of about one quarter will develop 
advanced liver disease despite two decades of heavy drinking. Notably, fibrosis dis-
tribution differed markedly in the noninvasively versus histologically assessed 
cohorts. Thus, histologically characterized patients showed only a small fraction of 
F0 stages as compared to the TE-assessed group (6% vs 47%). These data suggest 
that invasive screening procedure may be biased by recruiting more diseased 
patients.

Table 47.1 Summary of studies screening for liver fibrosis in general or at-risk populations 
using TE

Reference Population
Age 
(years)

Sample 
size

Prevalence 
of F ≥ 2

Prevalence 
of F ≥ 3

Prevalence 
of cirrhosis

Principal 
etiology

Roulot 
et al. 
2011 [3]

Walk-in 
primary 
care

>45 1190 7.5% 
(>8 kPa)

NA 0.7% 
(>13 kPa)

NAFLD

Wong 
et al. 
2012 [5]

Population- 
based

>18 922 NA 3.7% 
(>9.6 kPa)

NA NAFLD

Koehler 
et al. 
2016 [4]

Population- 
based

>45 3041 5.6% 
(>8 kPa)

NA 0.6% 
(>13 kPa)

NALFD

Caballeria 
et al. 
2018 [6]

Population- 
based

>18 3079 5.8% 
(>8 kPa)

3.6% 
(>9 kPa)

NA NAFLD

Harman 
et al. 
2015 [11]

Risk- 
related 
lifestyle 
factors

>18 378 27% 
(>8 kPa)

NA NA NAFLD. ALD

Kwok 
et al. 
2016 [10]

Type 2 
diabetics

>18 1918 NA 18% 
(>9.6 kPa)

11% 
(>11.5 kPa)

NAFLD

Rausch 
et al. 
2016 [7]

20 year 
heavy 
drinkers 
200 g 
alcohol per 
day

>18 512 NA 6.3% 
(AST- 
adapted 
cutoff 
values [8])

18.1% 
(AST- 
adapted 
cutoff 
values [8])

ALD
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 Screening for Liver Fibrosis in General Populations by Serum 
Markers

In comparison and by using serum biomarkers (FibroTest®), a study performed on 
7463 apparently healthy individuals older than 40 years followed in two French 
social security centers, reported a presumed (not confirmed by liver biopsy) preva-
lence of 2.8% and 0.3% for advanced fibrosis and cirrhosis, respectively [9].

 Elastography Screening Studies in Selected Cohorts

Other studies screened for liver fibrosis in selected populations presenting risk fac-
tors for chronic liver diseases, specifically NAFLD and ALD. In a study conducted 
in Hong Kong [10] on 1918 patients with type 2 diabetes, the prevalence of LS 
values above 9.6 kPa, suggestive of a fibrosis stage ≥F3, was 18%. Approximately 
one-third of these patients had a liver biopsy: among them, 56% showed histologi-
cal steatohepatitis, 21% advanced fibrosis, and 29% cirrhosis. Another study was 
conducted in the UK [11] on 378 patients attending primary care practices with 
either type 2 diabetes or excessive alcohol consumption associated with an abnor-
mal blood biomarker (AST/ALT ratio for alcoholic liver disease and/or BARD 
score for NAFLD). Increased LS >8 kPa was found in 27% of the cases and almost 
half of the patients who had liver biopsy showed liver cirrhosis. Notably, most of 
them had normal liver enzymes, indicating that the diagnosis of chronic liver dis-
ease would have been missed if patients had exclusively been assessed with the 
standard diagnostic algorithms used in primary care.

 Cost-Effectiveness

Whether a global screening strategy with noninvasive methods such as TE is 
cost- effective in terms of health outcomes and treatment costs is still a matter 
of debate.

Serra-Burriel et al. [12] analyzed individual data from 6 independent prospective 
cohorts including 6295 patients from 6 countries (five in Europe and one in Asia) 
with different healthcare systems with most of these studies mentioned above. This 
study suggests that a noninvasive screening strategy is cost-effective for identifying 
patients with liver fibrosis in primary care. The economic analyses showed that 
healthcare systems would need to invest between 2000€ (if targeting at-risk popula-
tions) and 7000€ (if targeting the general population) to gain an extra year of life, 
adjusted per quality of life. This meta-analysis concludes that large screening pro-
grams for liver fibrosis in the general population based on TE should be evaluated 
further.
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The aim of the “Liverscreen project” is to assess the prevalence of liver fibrosis 
using Fibroscan in the general population above 40 years in several European coun-
tries. The study duration will be 24 months from the inclusion of the first patient and 
the number of included subjects will be 20,000. Patients with known chronic liver 
disease including cholestasis will be excluded, whereas patients with known liver 
steatosis but no diagnosis of fibrosis or cirrhosis will be included. Currently partici-
pating countries are Spain, France, Denmark, Italy, Germany, and United Kingdom.

Taken together, screening programs for liver fibrosis with TE in both the general 
population and in patients at risk for fibrosis development seems to be cost-effective 
and could be implemented across countries and different healthcare systems 
in Europe.

 Conclusion

Taken together, population-wide screening studies show a prevalence of elevated LS 
between 5.6 and 7.5% in the general adult population. Elevated LS was found 
between 18 and 27% among individuals with risk factors. These findings indicate an 
alarmingly high prevalence of chronic liver diseases in the general population, 
mainly related to NAFLD and ALD. However, whether a global screening strategy 
with noninvasive methods such as TE is cost-effective in terms of health outcomes 
and treatment costs is still a matter of debate. In conclusion, screening programs for 
liver fibrosis with TE in both the general population and in patients with risk factors 
for chronic liver diseases such as diabetes may be cost-effective and could be imple-
mented across countries and different healthcare systems in Europe.
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Chapter 48
Elastography in Combination with Other 
Biomarkers: Role of Algorithms

Maja Thiele and Katrine Prier Lindvig

 Algorithms Are Ideal to Combine Different Kinds 
of Information

An algorithm can be defined as a process, or set of rules, to be followed in problem- 
solving operations, especially by a computer. Any algorithm will follow a set of 
unambiguous instructions, typically to perform a calculation. In medicine, predic-
tive algorithms are often derived from multivariable modelling and operate as diag-
nostic tests to stratify patients by risk and inform discrete decision-making [1]. 
Multivariable models are typical examples of parallel testing—two or more tests 
combined to provide one output result. An example of this is the liver stiffness, 
platelet count, spleen length test (LSPS; liver stiffness × spleen diameter/platelet 
ratio) to diagnose portal hypertension [2]. Another option is sequential testing, 
where the result of an index test is used to guide what other test should follow, if 
any. The latter is often used in referral pathways from primary to secondary care, for 
example when the general physician orders a Fibrosis-4 test (FIB-4) and refers the 
NAFLD patient to elastography if FIB-4 exceeds a threshold of 1.3 (Fig. 48.1) [3].

Elastography of the liver provides data on liver stiffness (LS), the viscoelastic 
properties of the hepatic parenchyma. For more details, see also book Part II 
“Techniques to Measure Liver Stiffness.” Since liver fibrosis increases LS, elastog-
raphy correlates highly with liver fibrosis. However, elastography is hampered by 
other factors that also increase liver stiffness, such as hepatic congestion, bile duct 
occlusion, and inflammation [4]. For more details, see also book Part IV “Important 
(Patho)physiological Confounders of LS.” In contrast, serum markers and imaging 
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techniques give other kinds of information, information that may also be of 
 importance—either to correctly interpret the LS (for example to avoid false- 
negatives), to further increase the diagnostic accuracy of elastography, or to provide 
other types of information that is also of importance to the diagnosis and prognosti-
cation of liver disease. Information held by circulating biomarkers relate to hepato-
cellular or biliary damage (transaminases, gamma-glutamyl transferase), 
inflammation (ferritin, gamma-globulin), extracellular matrix remodelling (the ELF 
test, ProC3), liver function (INR, bilirubin, albumin, haptoglobin, cholesterol), or 
portal hypertension (platelet count, sodium), whereas imaging methods provide 
information on structural changes and hepatic hemodynamics. The combination of 
these three very different types of input data—from elastography, blood tests, and 
imaging—may provide knowledge and decision-making power that the individual 
test cannot provide alone. While the human brain exceeds even the most powerful 
supercomputers in processing speed and complex, cognitive work, humans are far 
behind even a simple smartphone when it comes to combining data into simple, 
calculated algorithms. When humans make a diagnostic prediction, we go through 
a process of reasoning. This diagnostic reasoning will be based on a number of data 
sources. We are somewhat limited in the number of data sources that can be taken 
into account, but we are particularly limited in the weight each data source is given 
to the final decision. In that sense, digital algorithms are more suited to capture 
complex, nonlinear patterns in all the available data. It is therefore very likely that 
computer- based algorithms to interpret LS will be decision tools for future hepa-
tologists (Fig. 48.2).
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Single output
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Elastography
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Diagnostic decision based
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Diagnostic decision based
on predicted risk of disease
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Fig. 48.1 Two types of diagnostic algorithms, combining several diagnostic tests, either in paral-
lel (left) or sequential (right). Both types of algorithms follow a set of rules to compute the pre-
dicted risk of a patient having the disease
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 Elastography Algorithms to Diagnose Fibrosis

Efforts have already been made towards improved diagnostics of elastography 
through the combination with other non-invasive tools (Table 48.1). However, due 
to the high accuracy of elastography for diagnosing liver fibrosis and cirrhosis, the 
addition of other non-invasive markers to elastography in multivariable models has 
been largely unsuccessful in improving the overall diagnostic accuracy, compared 
to elastography alone. In line with this, the EASL-ALEH clinical practice guideline 
on non-invasive tests supports the use of algorithms combining transient  elastography 
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Fig. 48.2 Rough depiction of human decision-making versus digital calculations. Humans tend to 
rely on few variables whose importance is based on prior knowledge and experience and appraise 
data dichotomously—above or below a threshold. Machine learning and other forms of computer-
ized algorithms will seek patterns in the full dataset, considering the continuous nature of most 
variables and giving different weight to each variable. Unless supervised, the digital algorithm will 
however lack any mechanistic insight or understanding of the data, and digital algorithms should 
therefore be considered decision tools, up for interpretation, rather than automated truths
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(TE) and serum biomarkers, but does not recommend them over TE alone [5]. 
However, the guideline does recommend a strategy of parallel testing with TE and 
serum biomarkers, assessing whether results of the two are concordant or discor-
dant. In case of unexplained discordance, a liver biopsy should be performed. This 
strategy is for now however only recommended for chronic viral hepatitis C (HCV), 
for lack of supporting evidence in other etiologies.

Table 48.1 Examples of published elastography algorithms to risk stratify patients for liver 
fibrosis

Author, 
year Algorithm Patient population

Castera 
2005 [13]

Multivariable model combining FibroTest with LSM; or 
parallel testing with FibroTest and LSM, concordance 
between tests confirms the diagnosis

HCV

Boursier 
2009 [6]

Multivariable model (FibroMeter VCTE) including platelet 
count, prothrombin ratio, AST, Alpha-2-macroglobulin, GGT, 
and LSM

Mixed etiology

Wong 2014 
[16]

Parallel testing with ELF and LSM. Either low ELF or low 
LSM excludes advanced fibrosis, agreement between high 
ELF and high LSM confirms the diagnosis

HBV

Chan 2015 
[12]

Sequential testing with NAFLD fibrosis score (NFS) → LSM NAFLD

Mueller 
2015 [37]

Parallel testing with LSM cut-offs adapted according to AST 
above or below 40 U/L

Alcohol and HCV

Harman 
2015 [18]

Sequential testing with AST:ALT ratio in excess drinkers or 
BARD score in patients with diabetes or elevated 
ALT → LSM

Primary care 
patients with risk 
factors

Boursier 
2017 [38]

Sequential testing with eLIFT → FibroMeter VCTE Mixed etiology

Calés 2017 
[39]

Parallel testing with FibroMeterV2G and LSM. Concordance 
between tests confirms the diagnosis

HCV

Thiele 2018 
[19]

Sequential testing with Forns index → ELF test → LSM Alcohol-related 
liver disease

Scores: BARD score = BMI >28 = 1 point, AST:ALT ratio of >0.8 = 2 points, DM = 1 point. 
eLIFT = easy liver fibrosis test, which assigns points for age, male sex, AST, GGT, platelet count, 
and prothrombin time. ELF test = Commercial, multivariable model containing hyaluronic acid, 
N-terminal propeptide of collagen type 3 (PIIINP), and tissue inhibitor of metalloproteinase-1 
(TIMP-1), calculated differently whether measured on an ADVIA Centaur XP/XPT or CP 
(Siemens healthcare). FibroMeterV2G = commercial, multivariable model, which combines age, 
gender, AST, urea, prothrombin ratio, platelet count, alpha-2-macroglobulin, and hyaluronic acid. 
The algorithms FibroMeter VCTE and FibroMeterV2G are owned and protected by Echosens. 
FibroTest = commercial, multivariable model combining Forns index = 7.811 − 3.131∗ln(platel
ets) + 0.781∗ln(GGT) + 3.467∗ln(age) − 0.541∗(chol), with cholesterol in mmol/L. NFS = −1.67
5  +  0.037  −  age  +  0.094  −  BMI  +  1.13∗IFG/diabetes(yes  =  1, no  =  0)  +  0.99∗AST/ALT 
ratio − 0.013∗platelet count − 0.66∗albumin(g/dL)
Abbreviations: ALT alanine transaminase, AST aspartate transaminase, GGT gamma- 
glutamyltransferase, HBV chronic viral hepatitis B, HCV chronic viral hepatitis C, LSM liver stiff-
ness measurement by transient elastography (FibroScan), NAFLD non-alcoholic fatty liver disease, 
VCTE vibration controlled transient elastography
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The multivariable model FibroMeter (Echosens, France) is an example of a com-
mercial algorithm of circulating markers that can be combined with TE. FibroMeter 
contains platelet count, prothrombin ratio, alpha-2-macroglobulin, GGT, and AST 
and had an area under the receiver operating characteristics curve (AUROC) of 0.83 
for the diagnosis of significant fibrosis (≥F2) in a cohort of liver disease patients of 
mixed etiology [6]. Transient elastography had a superior accuracy, with an AUROC 
of 0.87. When combined, the model containing FibroMeter and TE, FibroMeter 
VCTE, increased AUROC to 0.89. This was statistically significant, but whether it 
is clinically relevant remains to be debated.

In cohorts of alcohol-related liver disease (ALD), Voican and colleagues found 
that the combined use of TE with Fibrotest® or PGAA did not improve the perfor-
mance of TE alone for the diagnosis of advanced fibrosis [7]. TE had an AUROC of 
0.90, comparable to AUC = 0.91 and AUC = 0.90 for TE-FibroTest® and TE-PGAA, 
respectively. Similarly, in an earlier study of ALD by Mueller and colleagues, the 
accuracy of TE for diagnosing advanced fibrosis was AUC = 0.91 [8]. By excluding 
patients with AST >100 U/L, as a marker of steatohepatitis, the diagnostic accuracy 
of TE remained almost similar, at AUC = 0.92. The diagnostic accuracy of TE could 
be improved to AUC = 0.95 by restricting the analysis to patients without steato-
hepatitis, evidenced by AST <50 U/L. The gain in overall diagnostic accuracy as 
measured by the AUROC was of minimal clinical relevance, while statistically sig-
nificant. However, the main advantage of adding a serum marker of hepatic inflam-
mation to the algorithm is the possibility of increasing specificity of elastography, 
by decreasing the number of false positives. In the aforementioned study, exclusion 
of patients with AST >100 U/L increased specificity from 75 to 87%. Consequently, 
the 2018 EASL clinical practice guideline on alcohol-related liver disease does not 
recommend any diagnostic algorithms of elastography and other markers for evalu-
ating fibrosis, but do recommend to interpret liver stiffness values in patients with 
AST >100 U/L with caution, due to the risk of falsely elevated liver stiffness caused 
by liver inflammation [9].

In the context of non-alcoholic fatty liver disease (NAFLD), elastography also 
correlates well with hepatic fibrosis and therefore little evidence favors algorithms 
combining elastography with circulating markers of fibrosis, over elastography 
alone. Boursier and colleagues compared eight blood fibrosis tests with TE [10]. 
They found that TE and FibroMeterV2G had similar, good diagnostic accuracies for 
advanced fibrosis (AUCs of 0.83 and 0.82, respectively). However, the use of TE 
resulted in fewer patients in the “grey zone” of fibrosis classification, where neither 
negative nor positive predictive value is above 90%. TE classified 44% in the grey 
zone, compared to 53% for FibroMeterV2G, overall favoring the use of TE alone. A 
similar study compared seven fibrosis blood tests with TE and found that the overall 
performance of FibroMeter VCTE was comparable to TE alone (AUROCs of 0.86 
and 0.85) [11]. One study combined the non-commercial NAFLD-fibrosis-score 
(NFS) with LS measurement. The NFS score had poor sensitivity (40%), but high 
specificity (97%). Therefore, NFS combined with TE had no advantage over using 
TE alone, whereas a strategy of sequential testing with NFS to rule out advanced 
fibrosis, followed by TE in patients with indeterminate or high NFS scores, reduced 
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the number of patients requiring a liver biopsy while maintaining the accuracy to 
predict advanced fibrosis [12].

Chronic viral hepatitis, particularly HCV, is the etiology where most evidence 
supports the use of TE combination algorithms. For the first time in 2005, Castèra 
and colleagues showed that TE in combination with FibroTest was superior to 
stand-alone tests, with AUROCs for advanced fibrosis of 0.90 for TE and FibroTest 
alone, compared to 0.95 for a multivariable regression model combining the two 
[13]. Additionally, when the two tests were in accordance, 95% of patients were 
correctly classified.

While TE and other elastography methods have excellent diagnostic accuracy for 
advanced fibrosis and cirrhosis, the method is weaker for diagnosing significant 
fibrosis (≥F2). Therefore, combination algorithms or stepwise approaches have 
been tested, to increase the number of correct classifications for significant fibrosis. 
For example, Zarski and colleagues tested seven blood tests and TE in combination, 
for the diagnosis of significant fibrosis in HCV [14]. They found that the original 
ELF test (containing age in addition to three serum fibrosis markers) in parallel with 
TE had both the highest negative predictive value (90%) for excluding F0-1 fibrosis, 
and the highest positive predictive value for ruling in significant fibrosis (92%). 
Altogether the combination algorithm avoided 55% of liver biopsies. In contrast, a 
study in Asian HBV patients found TE to be superior to the ELF test to predict liver 
fibrosis without any more correctly classified patients, when combining ELF and 
TE. Yet when testing sequentially, the number of avoided liver biopsies increased 
slightly, from 64% with TE alone, to 69% using the two tests in sequence [15]. 
Another study have tested TE and ELF, but aimed at avoiding TE false positives by 
excluding [16]. Wong and colleagues used ALT-adapted TE cut-offs, and they found 
that an enhanced liver fibrosis-liver stiffness measurement algorithm could improve 
the accuracy of prediction of either ELF or LSM alone in patients with chronic 
hepatitis B.

A single study has combined elastography with serum markers and imaging: 
Two algorithms were proposed for cirrhosis diagnostics in chronic hepatitis B 
patients: CIR-4 consisting of TE, INR, platelet count and ultrasonic hepatic vessel 
appearance, and CIR-6 consisting of TE, INR, platelet count, albumin, ultrasonic 
hepatic vessel and liver parenchyma appearance. Both algorithms outperformed TE 
alone to detect cirrhosis (AUROC  =  0.95 for both CIR-4 and CIR-6, versus 
AUC = 0.91 for TE) [17].

The primary care health sector needs cheaper options than elastography for 
detecting liver fibrosis in many patients with obesity, type 2 diabetes, elevated liver 
function tests, or harmful use of alcohol as risk factors for liver fibrosis. Therefore, 
the biggest opportunity for combination algorithms lies in sequential testing as 
referral pathways from primary to secondary care [3]. The feasibility of such a 
referral pathway has already been tested in the UK, where patients with excess alco-
hol consumption, type 2 diabetes, or persistently elevated liver enzymes were sub-
jected first to the AST:ALT ratio (in case of excess drinking) or the BARD score (in 
case of risk of NAFLD), and subsequently subjected to TE in case of elevated serum 
scores [18]. An extended, three-step strategy was suggested in Danish primary care 
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patients with alcohol-related liver disease, whereby the cheap Forns index was used 
as first threshold, then the—somewhat more expensive—ELF test in those with 
elevated Forns index; and finally TE, in those with both elevated ELF test and Forns 
index [19]. While the sequential algorithm of serum test first followed by elastogra-
phy in test positives may not have a higher diagnostic accuracy than elastography- 
for- all, it is a straightforward, cost-conscious way of saving expensive secondary 
care referrals. Indeed, preliminary evidence suggests that such a referral pathway 
may be cost-efficient [20].

In summary, combining elastography with other biomarkers in multivariable 
models has only discrete impact on the overall diagnostic accuracy for detecting 
liver fibrosis and cirrhosis across etiologies. A better approach is to address whether 
elastography and a serum test are in concordance or discordance. However, while 
this approach may decrease false positives, there is a risk of placing more patients 
in a “grey zone” of discordant results, than if using elastography alone. The most 
promising approach is in primary care, where we may greatly improve case finding 
while keeping screening costs down, by the systematic use of sequential algorithms 
with an initial, inexpensive serum test, followed by elastography only in case of a 
positive screening result.

 Elastography Algorithms to Diagnose Portal Hypertension

The development and progression of portal hypertension is not purely caused by 
accumulation of liver fibrosis, but by changes in the hepatic hemodynamics and 
systemic circulation. Therefore, elastography alone is unreliable for the diagnosis of 
portal hypertension above 10 mmHg and complications to portal hypertension [21]. 
Multivariable algorithms combining liver elastography with non-invasive markers, 
that reflect hemodynamic changes, have therefore been more successful than similar 
combinations for diagnosing fibrosis [22]. Best known is the Baveno VI algorithm 
for ruling out large varices in patients with compensated advanced chronic liver 
disease [22]. The strategy optimizes the number of spared endoscopies, while keep-
ing the risk of missing varices needing treatment below 5%. Many groups have 
independently validated the first set of Baveno VI criteria—TE below 20 kPa and a 
platelet count above 150 109/L [23–26]. Recently, a set of extended criteria were 
suggested, using a 25 kPa TE cut-off and platelet count of 110 [24, 26]. The Baveno 
VI original and extended criteria have been further validated in NAFLD specifically, 
accounting for use of the FibroScan XL probe in obese patients [27].

Algorithms developed to rule out or diagnose clinically significant portal hyper-
tension (CSPH, ≥10 mmHg), severe portal hypertension (≥12 mmHg), and esopha-
geal varices use liver stiffness as a fibrosis measure, combined with markers that 
reflect hemodynamic-induced changes to the spleen. These changes are: (a) 
increased spleen diameter and (b) increased spleen stiffness, both caused by ele-
vated splenic venous pressure that lead to spleen congestion, fibrosis, and hyperpla-
sia; and (c) thrombocytopenia due to trapping and destruction of platelets in the 
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spleen, aggravated by a decrease in thrombopoietin. Table 48.2 provides an over-
sight of the best validated elastography algorithms to rule out varices needing treat-
ment. For more details, see also book Part V “LS and Important Clinical Endpoints.”

Few studies have proposed algorithms to rule out CSPH using other elastography 
methods than TE. In patients with cirrhosis, point shear wave elastography (pSWE) 
and 2-dimensional shear wave elastography (2D-SWE) may have a particular 
advantage, since they provide additional morphological information such as spleen 
lengths, collateral development, or sure sign of cirrhosis. 2D-SWE and pSWE 
should not be considered anymore superior in patients with ascites, since TE also 
allows to measure LS in ascitic patients using the XL probe [28]. A European mul-
ticenter study proposed that a combination of liver 2D-SWE and spleen 2D-SWE 
could rule out CSPH [29]. However, this finding was refuted by an independent, 
single-center study from France that could not validate the multicenter results [30].

 Future Directions: Machine Learning and Artificial 
Intelligence

The combination of computer technology, artificial intelligence, and the concept of 
big data may provide solutions to complex problems in fields such as video surveil-
lance, fraud detection, social media, and retail industry [31]. But especially in 

Table 48.2 Common elastography algorithms to rule out varices needing treatment

Algorithm name

Algorithm components

Outcome

Liver 
stiffness 
(kPa)

Spleen 
stiffness 
(kPa)

Spleen 
length 
(cm)

Platelet 
count 
109/L

Baveno VI [22] TE < 20 – – >150 26% saved endoscopies 
while missing <1% of 
VNT [26]

Extended Baveno 
VI [24]

TE < 25 – – >110 43% saved endoscopies 
while missing 2% of 
VNT [26]

Baveno VI for 
NAFLD cirrhosis 
[27]

TE < 30 
with 
M-probe
TE < 25 
with XL 
probe

– – >110 58% saved endoscopies 
while missing 4% of 
VNT

Anticipate [25] + – + + LSPSa ≤ 1.33 saved 26% 
of endoscopies

Baveno VI/SSM 
[40]

TE < 20 TE ≤ 46 – >150 37–44% saved 
endoscopies while 
missing 2% of VNT

Abbreviations: NAFLD non-alcoholic fatty liver disease, VNT varices needing treatment
aLSPS: liver stiffness × spleen diameter/platelet ratio [41]
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healthcare, it is believed that machine-learning algorithms can improve the accuracy 
of diagnostic and prognostic predictions compared with conventional algorithms. 
The advantage of machine learning is its ability to capture complex, nonlinear rela-
tionships in the data and identify strong, hypothesis-free associations. Machine- 
learning approaches for detection of NAFLD have already been published [32]. 
Radiomics is a deep learning technique, whereby each pixel is treated as a data point 
and processed. Recently, Wang and colleagues developed a radiomics model that 
substantially improved diagnostic accuracy of 2D-SWE for detecting HBV fibrosis. 
The AUROC for advanced fibrosis increased from 0.81 with traditional 2D-SWE, to 
0.99 with the radiomics model [33]. However, three or more image acquisitions 
were still needed from each subject, and for each acquisition, investigators needed 
to extract the 2D-SWE images, manually select the input layer, and run the radiomics 
software. Consequently, radiomics are still a long way from implementation. 
Radiomics efforts do continue, and the technique is particularly suited for 2D-SWE, 
which acquire a detailed elastogram [34]. Other studies have yielded less convinc-
ing results: One study added an artificial neural network to liver stiffness for diag-
nosing cirrhosis, portal hypertension and esophageal varices and found a high 
diagnostic performance; nonetheless the network was inferior to liver stiffness mea-
surement alone [35]. Another study used a random forest machine-learning tech-
nique to develop an algorithm that combines INR, AST, platelet count, urea nitrogen, 
hemoglobin, and presence of ascites to spare 31% of patients from variceal screen-
ing endoscopy, while missing 3% of varices needing treatment [36]. These data are 
however fully comparable with the simpler Baveno VI criteria.

Machine learning attracts huge attention in healthcare research, largely driven by 
increases in computational power and the availability of massive new datasets. 
However, in hepatology we have yet to see artificial intelligence and deep neural 
networks provide real breakthroughs of true clinical importance and implementa-
tion to practice. Some elastography studies have been published with promising 
results; surely more will be seen in the future.
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Chapter 49
Fibrosis Assessment via Liver Stiffness 
Measurements: How Many Patients Are 
Spared from a Liver Biopsy?

Amine Benmassaoud and Giada Sebastiani

 Introduction

The evaluation of patients with chronic liver disease is based on a global approach 
which includes a clinical exam, laboratory investigations, and radiological assess-
ment. In some patients, a liver biopsy is required to identify the cause of liver dis-
ease, to grade the degree of inflammatory activity, and to stage fibrosis [1]. 
Information obtained from the liver biopsy allows to differentiate patients with an 
expected benign course from those at risk of progressive liver disease or pre-clini-
cal cirrhosis [2]. For this reason, a lot of work has gone into developing and stan-
dardizing various histological classification systems [3]. From the original and 
complex Knodell histology activity index published in 1981 or the simplified Batts 
and Ludwig classification, to more disease-specific scoring systems such as the 
METAVIR and Ishak classification in patients with Hepatitis C Virus (HCV) infec-
tion, and the more recent Brunt and Kleiner classification for those with non- 
alcoholic steatohepatitis (NASH), the histological assessment of hepatic fibrosis is 
considered the gold standard to stage liver fibrosis [4–7]. For more details on histo-
logical fibrosis scores, see also Appendix Tables A.19, A.20, A.21, A.22, A.23 and 
A.24. Using a 5-level liver fibrosis staging system, such as in the METAVIR or the 
Batts and Ludwig classification, from F0 to F4, those with F2 are considered to 
have significant liver fibrosis which is likely to be progressive, whereas patients 
with F3 fibrosis have advanced or severe fibrosis, and F4 denotes the presence of 
cirrhosis.

From an epidemiology perspective, chronic liver diseases are the 11th cause of 
mortality worldwide, with nearly two million deaths annually [8]. Although 

A. Benmassaoud · G. Sebastiani (*) 
Division of Gastroenterology and Hepatology, Royal Victoria Hospital, McGill University 
Health Centre, Montreal, QC, Canada
e-mail: giada.sebastiani@mcgill.ca

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-40542-7_49&domain=pdf
mailto:giada.sebastiani@mcgill.ca


564

geographic prevalence can be difficult to ascertain, the European HEPAHEALTH 
project estimates that the median age-adjusted prevalence of cirrhosis and chronic 
liver disease in Europe is 833 cases per 100,000 individuals [9]. These estimates 
were derived from the Global Burden of Disease study from 2016 which unfortu-
nately did not directly assess non-alcoholic fatty liver disease (NAFLD), but rather 
divided causes into alcohol-related liver disease (ALD), infection with Hepatitis B 
Virus (HBV) and HCV, and other causes. On the other hand, the National Health 
and Nutrition Examination Survey estimated that the prevalence rate of chronic 
liver diseases was 15% over a 4-year period, with NAFLD being the most common 
cause of liver disease in nearly 50% of cases [10]. In another prospective population- 
based cohort study from the USA, newly diagnosed chronic liver disease was esti-
mated at 64 cases per 100,000, with nearly 20% of them having cirrhosis at 
presentation [11]. Once cirrhosis is present, the median survival of patients with 
compensated and decompensated cirrhosis is 10 and 2  years, respectively [12]. 
Considering these numbers, it is imperative to screen and identify patients with 
chronic liver disease early on, before cirrhosis is established, in order to treat the 
underlying cause of liver disease, prevent progression, and initiate appropriate sur-
veillance programs when necessary.

These prevalence rates demonstrate that liver biopsy cannot be used for screen-
ing purposes, nor was it ever intended to be. In addition, there are multiple inherent 
limitations to the liver biopsy. Firstly, liver biopsy is estimated to reflect only 
1:50,000 of the entire liver parenchyma [13]. This can therefore lead to sampling 
error leading to under-staging the degree of fibrosis especially in smaller biopsies 
with length and width under 15 mm and under 1.4 mm, respectively [14]. In fact, in 
some studies the misdiagnosis of cirrhosis occurred in 33% of cases [15]. In addi-
tion, the procedure itself is not without risk, with rates of complications in the order 
of 1%, and mortality between 0.1% and 0.01% [16].

In this context, noninvasive tests were developed to stage liver fibrosis and to 
potentially screen patients with chronic liver diseases. Noninvasive tests encom-
pass non-patented simple serum markers, including the Aspartate aminotransfer-
ase to Platelet Ratio Index (APRI), FIB-4, or NAFLD Fibrosis Score (NFS), and 
patented serum markers, such as Fibrotest, Fibrometer, and Enhanced Liver 
Fibrosis (ELF) score. Moreover, several noninvasive physical methods have been 
developed for assessing liver stiffness (LS), such as transient elastography (TE) 
with Fibroscan, shear-wave elastography, and magnetic resonance elastography. 
The purpose of all the noninvasive tests is to maximize diagnostic accuracy to 
stage liver hepatic fibrosis while minimizing the number of liver biopsies neces-
sary [17–22]. Serum fibrosis biomarkers have been progressively incorporated 
into clinical guidelines and are becoming first-line diagnostic tests for liver fibro-
sis staging, with significant reduction in the need for liver biopsy. We here provide 
an update on the diagnostic and screening algorithms based on noninvasive fibro-
sis tests and on their accuracy in clinical scenarios related to etiologies of chronic 
liver diseases.
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 Optimizing a First Line of Screening

With increased awareness on the rising prevalence of NAFLD, affecting nearly 
20–30% of individuals in Europe and the USA, a significant burden is placed on 
community general practitioners, which are the front line in this epidemic. As 
opposed to other etiologies of chronic liver disease, an important part of the man-
agement of patients with early NAFLD and ALD is rooted in primary practice 
through lifestyle modification and social support. In addition, it would not be pos-
sible for specialized clinics to assess all patients with NAFLD or ALD. Therefore, 
the prioritization of patients with at least significant fibrosis is necessary. General 
practitioners should identify and refer to specialized care patients with at least sig-
nificant liver fibrosis [23, 24]. In cases with abnormal liver enzymes, a positive liver 
etiology screen or abnormal ultrasound, except for hepatic steatosis, a referral to 
specialist evaluation is recommended [25]. In the following section, we will describe 
NAFLD and ALD algorithms developed for first-line practitioners as this will lead 
to the largest number of spared liver biopsies in the real world.

 Non-alcoholic Fatty Liver Disease (NAFLD)

Both the British Society of Gastroenterology and the American College of 
Gastroenterology released recent guidelines addressing the evaluation of patients 
with abnormal liver enzymes [25, 26]. More specifically, the British Society of 
Gastroenterology has provided a two-step sequential algorithm for patients with 
suspected NAFLD incorporating simple biomarkers, such as FIB-4 and NFS 
(Fig. 49.1) [25]. If FIB-4 or NFS suggests a low risk of advanced fibrosis (F3), the 
patient should remain and be managed in primary care with periodical re- assessment 
every 2–5  years. Due to a lower specificity in patients above the age of 65, an 
adjusted FIB-4 and NFS cutoff were suggested to exclude advanced fibrosis at <2.0 
and <0.12, respectively [27]. Patients identified to be at high risk of F3 disease 
(FIB-4 >3.25 or NFS >0.675), should be referred to a hepatology clinic where 
patients with an indeterminate result should have a second noninvasive test, either 
with ELF or LS measurement by TE. The result of this second test will determine if 
advanced fibrosis could be present and guide subsequent management. In cases of 
technical failure or unreliable measurement of TE, which occur in 5–25% of cases, 
the patient should still be referred to a specialist [28]. The chosen cutoffs for ELF 
and TE to trigger hepatology referral were >9.5 and >7.8 kPa, respectively [29]. The 
latter TE cutoff was actually validated for significant fibrosis and not advanced 
fibrosis [29]. This approach is likely to increase sensitivity and the negative predic-
tive value of this test, making it safer to use by first-line physicians.

In a large UK primary care setting, this two-step sequential algorithm for patients 
with NAFLD, incorporating FIB-4 followed by ELF when necessary, was compared to 
standard care [30]. The application of this NAFLD pathway resulted in a fivefold 

49 Fibrosis Assessment via Liver Stiffness Measurements: How Many Patients Are…



566

improved detection of advanced fibrosis (Kleiner F3) or cirrhosis (F4) with an 81% 
reduction in unnecessary referral from primary care. For example, hepatologists 
detected cirrhosis in 14.5% of patients referred using the NAFLD pathway compared 
to 5.6% from standard care. This equated to a lower number of referrals required to 
detect one case of advanced fibrosis (3.4 vs. 12.6). Because this pathway was estab-
lished before the impact of age was acknowledged as a confounder on FIB-4 cutoffs, a 
post-hoc analysis was performed for assessing its impact. A change in FIB-4 from <1.3 
to <2.0 to exclude advanced fibrosis would have resulted in lower referrals, but also 
cases with advanced fibrosis and cirrhosis would have been missed. Similarly, a higher 
ELF cutoff, as advocated by the National Institute for Health and Care Excellence 
(NICE) guidelines (ELF > 10.5) or the manufacturer (ELF > 9.8), would have resulted 
in missed cases of advanced fibrosis and even cirrhosis [30, 31]. In this study, confir-
mation of advanced fibrosis was achieved through a global approach incorporating 
hepatologist review, radiological assessment, LS measurement and liver biopsy.

Another primary care-based referral pathway was developed in Canada, compar-
ing a FIB-4 first strategy or TE in all patients to detect significant fibrosis [32]. 
Consistent with guidelines, patients with a non-NAFLD diagnosis were directly 
referred to hepatology care. Patients suspected to have NAFLD and advanced fibro-
sis with a TE ≥8 kPa were referred to a hepatologist. The other patients were pro-
vided lifestyle advice and repeat assessment was performed 1 or 2 years later. A 

NFS or FIB-4

NFS
-1.455 to 0.675

FIB-4
1.30 to 3.25

NFS > 0.675
FIB-4 > 3.25

Grey Area

ELF or Fibroscan

Low Risk of
Advanced Fibrasis

High Risk of
Advanced Fibrasis

NFS ≤ -1.455
FIB-4 ≤ 1.30

ELF ≤ 9.5
Fibroscan ≤ 7.8kPa

ELF > 9.5
Fibroscan > 7.8kPa

Fig. 49.1 Two-step sequential algorithm assessing the degree of hepatic fibrosis in patients with 
suspected NAFLD evaluated in primary care. ELF score Enhanced Liver Fibrosis score, NFS 
NAFLD Fibrosis Score
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FIB-4 first strategy would have avoided 85% of referrals for TE, while a disagree-
ment occurred in 10% of patients. In the 45 patients with FIB-4 and TE disagree-
ment, including TE failure, 6 underwent a liver biopsy, and 2 were found to have 
advanced fibrosis. This approach is particularly interesting when physical noninva-
sive methods of fibrosis assessment are not available due to wide geographic popu-
lation distribution like in Canada. Although the above pathways are promising, the 
repeat assessment interval of first-line testing is variable, between 1 and 5 years, and 
still needs to be validated, keeping in mind the impacts of delayed referral. 
Furthermore, for it to be used by primary practitioners, either ELF or TE should be 
more easily accessible to favor pathway application. For further reading on LS and 
NAFLD, Chap. 10 is also recommanded.

 Alcoholic Liver Disease (ALD)

ALD represents an important spectrum of patients that highly benefit from primary 
care management and timely specialist referral. More details on LS are provided in 
Chap. 11. In a detailed French study, all patients above the age of 45 who presented 
for regular medical check-up at their community practice received screening for 
liver disease with Fibroscan [33]. Using a cutoff of >8 kPa to trigger a hepatology 
referral, 7.5% of patients were incidentally identified to have suspected liver disease 
with significant fibrosis, of which 42% were related to NAFLD and 30% to ALD 
[33]. For screening purposes, NICE guidance suggests that patients with harmful 
drinking or a full AUDIT score >19 are at high risk of ALD and should be screened 
either with ELF or TE [34]. Referral to a specialized liver clinic was recommended 
if TE >8 kPa as it is suggestive of advanced fibrosis, whereas a score above 16 kPa 
is suggestive of cirrhosis (Fig. 49.2) [25]. In patients with TE <8 kPa, this pathway 
should be repeated in 3 to 5 years. This threshold was also endorsed in a recent 
review on the noninvasive diagnosis of fibrosis in ALD [35]. When compared to 
easy to calculate serum markers, TE by Fibroscan outperformed APRI, FIB-4, and 
Forns’ index for the diagnosis of significant fibrosis, advanced fibrosis, and cirrhosis 
[36, 37]. Furthermore, the combination of LS measurement by TE and other nonin-
vasive markers, such as ELF, Fibrotest, or Fibrometer, did not increase the diagnos-
tic performance of TE alone [36–38]. Interestingly, in these studies, the established 
cutoffs for advanced fibrosis were 12.7 and 15 kPa, while it was 8.2 kPa for signifi-
cant fibrosis [36, 37]. Unfortunately, the two studies staged fibrosis differently, with 
METAVIR in one and Kleiner in the other. In any case, with a TE ≥15 kPa, by 
intention-to-diagnose analysis, the sensitivity, specificity, positive (PPV) and nega-
tive predictive value (NPV) were 86%, 94%, 80% and 96%, respectively, meaning 
that below that threshold, a fibrosis stage F ≥ 3 by Kleiner could be excluded by TE 
alone [37]. In the other study, a fibrosis stage F ≥ 2 by METAVIR could be diag-
nosed with TE ≥7.8 kPa (sensitivity 80%, specificity 91%, PPV 93%, NPV 70%) 
[36]. For F ≥ 3 disease, the TE cutoff was 11 kPa (sensitivity 87%, specificity 81%, 
PPV 82%, NPV 84%) [39]. As discussed above for the NAFLD pathway, using a 
lower cutoff of 8 kPa in the guidelines to identify potential patients with advanced 
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fibrosis will increase the test’s sensitivity and NPV for the diagnosis of advanced 
fibrosis. In this population, TE alone can be used to guide referral to specialized 
care. If unreliable, or not possible, patented serum markers such as ELF or Fibrotest 
should be considered given the poor diagnostic accuracy of non-patented serum 
markers in ALD. Considering these data, this pathway relies on a quick referral to 
TE capable centers. If LS measurement is below the critical threshold, the patient 
can be safely discharged back to primary care with a focus on alcohol abstinence. 
Standardized assessment sheets could help select appropriate patients for referral.

 Second Expertise Diagnosis by the Hepatologist

Patients with chronic liver disease under the care of a hepatologist are those at 
higher risk of progressive liver disease and cirrhosis where, in the latter case, hepa-
tocellular carcinoma and variceal surveillance need to be initiated. These patients 

High risk drinking

Fibroscan

8–16kPa< 8kPa ≥ 16kPa

Low risk of
advanced liver

disease
Possible cirrhosis

Possible advanced
liver disease

Consider referral to
Hepatology clinic if

still drinking

Refer to Hepatology
clinic

Alcohol intervention
Repeat assessment

in 3–5 years

Fig. 49.2 Noninvasive assessment of hepatic fibrosis in patients with suspected alcohol-related 
liver disease
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will also be considered for disease-specific therapies, such as antivirals for HBV or 
HCV, corticosteroids for autoimmune hepatitis, vitamin E for non-diabetic patients 
with NASH, ursodeoxycholic acid for primary biliary cholangitis, while monitoring 
for response to therapy is performed during follow-up. To be able to perform their 
duty of care, hepatologists were often guided by the result of liver biopsies [1].

With the advent of noninvasive markers of fibrosis, physician behavior started to 
change as shown in our 2012 web-based survey investigating the practice of physi-
cians treating patients with chronic liver disease in Canada [40]. Of the 104 physi-
cians who responded, 81% were gastroenterologists or hepatologists. The primary 
method used for assessing liver fibrosis was liver biopsy in 46% of physicians, fol-
lowed by TE in 39%. When stratified by etiology of chronic liver disease, there was 
a tendency toward increased use of noninvasive tests in viral hepatitis as compared 
to liver biopsy, while the opposite was true for cholestatic or autoimmune diseases 
(liver biopsy: 69% vs. noninvasive tests: 31%, P < 0.0001). Overall, noninvasive 
tests led to an important reduction in liver biopsies as nearly 40% of physicians 
reduced by more than 50% the number of biopsies they ordered, but not in the cho-
lestatic or autoimmune diseases. The main concern that physicians expressed about 
the use of noninvasive tests was related to the access/availability of the Fibroscan, 
as 60% did not have access to it in their clinics. Given that physicians systematically 
obtain liver fibrosis assessment in patients with chronic liver disease and that they 
think TE provides an accurate assessment of fibrosis, improving access to the device 
will have a major role in further sparing patients from liver biopsies. In addition, a 
clear disease-specific guidance on how to approach the noninvasive assessment of 
patients with chronic liver disease is needed as there has been a flourishing of 
serum-based and physical tools, with varying cutoffs, which can be confusing for 
everyday practice. Since our survey, EASL has published guidelines on the use of 
noninvasive tests in an attempt at trying to bridge this gap [41]. The following sec-
tion will describe potential algorithms sparing liver biopsies for the different causes 
of chronic liver disease. These algorithms are also summarized in Table 49.1.

 Hepatitis C Virus

Historically, HCV represented an ideal etiology to develop noninvasive methods for 
fibrosis staging. With a standardized histological classification system and a large 
population requiring staging for treatment prioritization, the Sequential Algorithm 
for Fibrosis Evaluation (SAFE) biopsy was developed using a two-step algorithm 
combining APRI and Fibrotest [5, 39]. It was noted that the combination of APRI 
and Fibrotest was better than either tests alone. Three versions of the algorithm were 
developed to guide the diagnosis of fibrosis stages METAVIR F ≥ 2, F = 4, or both 
simultaneously [39] (Fig. 49.3). The number of biopsies spared was 36% for the 
simultaneous identification of patients with F2 and F4 disease, 46% for the detec-
tion of F ≥ 2, and 81.5% for the detection of cirrhosis. Using the SAFE biopsy, the 
diagnostic accuracies were 90.1% for significant fibrosis, 92.5% for cirrhosis, and 
97.4% for the simultaneous detection of significant fibrosis and cirrhosis.
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Castera et al. proposed two different algorithms using the concept of test concor-
dance, where the diagnosis was established if both tests agreed (Fig. 49.4) [42]. To 
do so, they compared APRI combined with TE, Fibrotest combined with TE, or all 
three. The best area under the curve (AUC) was achieved when TE was combined 

Fig. 49.3 SAFE algorithm for the noninvasive assessment of (a) significant fibrosis, (b) cirrhosis, 
(c) significant fibrosis and in patients with Hepatitis C Virus. APRI AST to Platelet Ratio Index
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0.5–1.5
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with Fibrotest for F2 (0.88; 95% CI 0.82–0.92); F3 (0.95; 95% CI 0.91–0.97); and 
F4 (0.95; 95% CI 0.91–0.97). The diagnostic accuracies were 84% for F ≥ 2, 95% 
for F ≥ 3, and 94% for F = 4. In addition, the rate of concordance was 77% for 
F ≥ 2, 70% for F ≥ 3 disease, and 79% for F = 4. Therefore, the rate of biopsy 
spared would have been between 70 and 79%. The optimal cutoffs of LS measure-
ment determined in this study were 7.1 kPa for F2, 9.5 kPa for F3, and 12.5 kPa for 
F4. They then proposed an algorithm for patients with HCV where patients with 
discordant TE and Fibrotest would be offered a liver biopsy. Patients with concor-
dant results were provided either follow-up if F0–1, treatment if F ≥ 2, or treatment 
with cirrhosis surveillance if F ≥ 3.

In a later publication by one of us, the SAFE biopsy was compared to the Castera 
algorithm described above [43]. In this study, the rate of TE failure was 2.6%. 
Therefore, when compared head-to-head in an intention-to-diagnose analysis, the 
SAFE biopsy could have avoided 48% of liver biopsies compared to 72% with the 
Castera algorithm (P  <  0.0001) for the detection of significant fibrosis (F  >  2). 
Despite that, the SAFE algorithm was more accurate, 97% vs. 88% (P < 0.0001). 
For the identification of patients with cirrhosis, both algorithms did not differ lead-
ing to 79% and 75% of spared biopsies, for the Castera algorithm and the SAFE 
biopsy, respectively. It remained that in this subgroup, the diagnostic accuracy of 
the Castera algorithm was superior in 96% vs. 89% (P < 0.0001).

Another study assessed the performance of nine noninvasive blood tests and 
Fibroscan when applied in concordance [44]. In an intention-to-diagnose analysis 
for presence of cirrhosis, the percentage of well-classified patients was around 90%, 
and the number of biopsies spared around 85%. The best combination was achieved 
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Fig. 49.3 (continued)
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with TE and any blood test, including APRI, Fibrometer, or Fibrotest. The best 
identified cutoff was 12.9 kPa for the detection of cirrhosis by LS measurement, 2.0 
for APRI, 0.74 for Fibrotest, and 0.88 for Fibrometer. For significant fibrosis, the 
number of well-classified patients hovered between 76 and 82% when using 

Fibrotest and
Fibroscan

Agree
Disagree or

Fibroscan failure
Agree

Fibrotest < 0.75
and

Fibroscan <12.5kPa
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Fig. 49.4 Proposed 
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combined testing. The number of biopsies spared was between 54 and 66%. The 
cutoff for LS measurement was 5.2 kPa, APRI 0.5, Fibrotest 0.48, and Fibrometer 
0.41. The percentage of well-classified patients for significant fibrosis was 78% 
with the combination of APRI and TE. This study shows that APRI has a role when 
combined with TE, if patented markers are unavailable.

The concept of score concordance was also evaluated by Cales et al. who looked 
at the performance of Fibrometer and TE [45]. In their study, the researchers looked 
at the ability of each test to predict severe fibrosis (METAVIR F ≥ 3) with cutoffs 
of 0.695 for Fibrometer and 9.15 kPa for LS measurement. They also combined the 
two tests in one formula called the FibrometerVCTE2G. As in previous publications, 
concordance for severe fibrosis was noted in 73% of cases, and thereby avoiding 
liver biopsy, with an AUROC of 0.88 and accuracy of 79%. When FibrometerV2G 
and TE were concordant, 88% of patients were correctly classified, with corre-
sponding AUC above 0.90. When the two tests were discordant, about 50% of 
patients were correctly classified under each test, with AUCs between 0.53 and 
0.60. For discordant cases, the authors assessed the benefit of calculating the 
FibrometerVCTE2G score. When compared to the histologic scoring system using 
METAVIR classification, they found that the combined test only had a diagnostic 
accuracy of 62%. They then compared the combined test accuracy in a novel fibro-
sis classification they had previously developed [46, 47]. In this instance, when 
there is partial discordance between the two constitutive tests, the FibrometerVCTE2G 
provided accurate classification in 93% of cases. In the rare instance of strict discor-
dance between the two tests, which only happened in 3.2% of cases, they showed 
that the FibrometerVCTE2G was unreliable if it predicted severe fibrosis, which only 
occurred in 1.4% of patients. In that instance, a liver biopsy should be performed. 
Therefore, based on their algorithm, patients would be spared a liver biopsy in 
98.6% of cases for the identification of severe fibrosis. The significant drawback of 
this method is that it relies on a patented method, and therefore it is not easily done 
in most places.

Both the American Association for the Study of Liver Diseases (AASLD) and 
the European Association for the Study of the Liver (EASL) published guidelines in 
2018 recommending treatment of all patients regardless of fibrosis stage, unless if 
there is non-liver related limited life expectancy [48, 49]. This approach was previ-
ously shown to be cost-effective [50]. Treatment should be initiated without delay 
in those with at least significant fibrosis [49]. Guidelines still recommend fibrosis 
staging when there is no evidence of cirrhosis as identification of patients with pre- 
clinical cirrhosis will lead to the initiation of HCC surveillance and screening for 
esophageal varices. It is recognized that if treatment is performed outside of spe-
cialty clinics or in low- or middle-income countries, APRI and FIB-4 can be used 
for identification of patients with cirrhosis as an APRI ≥2 and FIB-4 ≥3.25 have a 
specificity of more than 92–94% [49]. Otherwise, as stated above, combination of a 
blood biomarkers and LS measurement in concordance improves diagnostic accu-
racy [41, 49]. Liver biopsy should still be performed in discordant cases or if there 
is suspected mixed etiologies, especially if it will lead to a change in management. 
Finally, an improved fibrosis assessment by TE has been also shown using so-called 
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inflammation-adapted cutoff values [51]. For more details, see also Appendix Fig. 
A.3 and book Part III “Liver stiffness and various etiologies of liver diseases.”

 Hepatitis B Virus

Algorithms staging hepatic fibrosis and linking it with treatment initiation have also 
been developed for patients with HBV [41]. Before the development of LS, the use 
of the SAFE algorithm in chronic HBV was able to decrease the need for liver 
biopsy by 48% for the detection of significant fibrosis (METAVIR F ≥ 2) (AUC 
0.96, sensitivity 100%, specificity 91%, PPV 96%, NPV 100%, accuracy 97%) or 
81% for cirrhosis (AUC 0.95, sensitivity 93%, specificity 96%, PPV 97%, NPV 
98%, accuracy 96%) [52]. TE has also been validated in this setting with cutoffs 
taking into account the degree of alanine aminotransferase (ALT) elevation, as this 
is associated with a falsely increased LS measurement [53]. Chan et al. developed 
algorithms with high sensitivity to exclude bridging fibrosis, and high specificity to 
diagnose at least bridging fibrosis for patients with normal or elevated ALT 
(Fig. 49.5) [53]. Liver biopsy was recommended only in patients failing in the grey 
zone. This led to a rate of spared liver biopsy between 58% and 62%. In patients 
with normal ALT, the cutoff to exclude F ≥ 3 was 6 kPa (sensitivity 93%, NPV 88%, 
accuracy 69%), compared to 7.5 kPa (sensitivity 96%, NPV 94%, accuracy 77%) 
for those with an elevated ALT. For the diagnosis of bridging fibrosis, the cutoffs 
were 9 kPa (specificity 100%, PPV 100%, accuracy 86%) and 12 kPa (specificity 
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98%, PPV 96%, accuracy 76%) for those with a normal or elevated ALT, respec-
tively. Subsequently, they attempted to confirm their findings in a validation cohort 
[54]. Unfortunately, although LS measurement by TE had sensitivity above 90% to 
rule out and specificity above 90% to rule in bridging fibrosis, this fell below that 
threshold in the validation cohort. From a serum biomarker point of view, Forns’ 
index showed the best test characteristics, with sensitivity of 100% to rule out and 
specificity of 93% to rule in. When TE and Forns’ index provided concordant 
results, high sensitivity and specificity were once again achieved in the validation 
cohort. For the exclusion of advanced fibrosis, the use of this algorithm increased 
the number of spared biopsies from 61% to 66%, while the number of incorrect 
diagnoses remained the same at 7%. In the confirmatory strategy, the number of 
spared biopsies decreased from 43% to 29%, with an even more impressive decrease 
in incorrect diagnosis from 38% to 0%. A sequential algorithm combining TE and 
ELF could avoid a significant number of biopsies. However, there was a large num-
ber of incorrect diagnoses, and biopsies wrongly avoided [55].

Vigano et al. also evaluated the performance of TE in a training and validation 
cohort of treatment naïve patients with HBV—unfortunately, not in an intention-to- 
diagnose fashion [56]. In their validation cohort, the use of a cutoff of ≤9.4 kPa 
correctly classified 98% of patients as not having cirrhosis, with 96% sensitivity. 
With a cutoff of >13.1 kPa, TE correctly classified 89% of patients as having cir-
rhosis with a specificity of 97%. Based on their cutoffs to include and exclude cir-
rhosis, a diagnosis could be reached in 79% of patients, with consideration for 
biopsy in 21% to establish the diagnosis of cirrhosis. The use of TE ≤6.2  kPa 
excluded significant fibrosis with a diagnostic accuracy of 86%, while TE >9.4 kPa 
confirmed the diagnosis with 97% accuracy. With this algorithm, about 28% of 
patients would have needed a liver biopsy and the overall diagnostic accuracy was 
92%. The researchers also found that an elevated ALT was associated with a worse 
diagnostic accuracy in the evaluation of significant fibrosis, but not cirrhosis.

In conclusion, for HBV-infected treatment naïve patients, algorithms should take 
into consideration the degree of ALT elevation. The number of liver biopsies spared 
depends on whether the aim is to identify significant liver fibrosis or cirrhosis, as the 
algorithms are not as accurate for significant fibrosis. Regardless, rates of spared 
liver biopsy ranged between 60 and 80%. Again, liver biopsy should only be consid-
ered if it will change management. EASL has incorporated these findings in its 
noninvasive testing guidelines, whereas AASLD has not [41, 57].

 NAFLD

The development of algorithms capable of sparing patients from liver biopsies to 
stage hepatic fibrosis is crucial for those with NAFLD, as this is a highly prevalent 
condition. In order to develop hepatic fibrosis, patients with NAFLD need to prog-
ress from simple steatosis to steatohepatitis with histological evidence of lobular 
inflammation, ballooning hepatocytes, and of course hepatic steatosis. Unfortunately, 
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NASH is still diagnosed with a liver biopsy as serum biomarkers, or elastography 
techniques, cannot reliably distinguish it from simple steatosis [58]. For this reason, 
most pathways will focus on the assessment of fibrosis in patients with evidence of 
hepatic steatosis, without knowledge of the degree of steatohepatitis. As previously 
discussed, general practitioners can perform an initial screen of patients using some 
of the proposed pathways and only refer those with significant fibrosis [25, 30].

Petta et al. assessed retrospectively a cohort of patients with NAFLD in Northern 
(training set) and Southern Italy (validation set) [59]. The analysis was performed 
against adequate liver biopsies staged using the Kleiner histologic classification. TE 
was used and noninvasive biomarkers such as APRI, FIB-4, and NFS were also 
calculated. Following the separate analysis of each noninvasive test, the combina-
tion of TE and NFS provided the best overall accuracy. Using the concept of con-
cordance, with TE <7.9  kPa and NFS <−1.455 to rule out F ≥  3, and with TE 
≥9.6 kPa and NFS >0.676 to rule in F ≥ 3, discordance occurred in 48% of cases, 
which would prompt a liver biopsy. In those classified, the rates of false positive and 
false negative were excellent at 0% and 1%, respectively. The combination of TE 
and FIB-4 could also be considered as it performed equally well in the validation 
cohort. In this study, authors used previously published cutoffs for TE and did not 
derive it from their population. Although TE alone performed better than when 
combined with FIB-4 or NFS, with lower uncertainty area, and higher diagnostic 
accuracy, it was not able to reliably confirm the diagnosis with a PPV below 60%.

Another algorithm was prospectively validated incorporating NFS and TE 
(Fig.  49.6) [60]. In patients with NFS <−1.455, advanced fibrosis was excluded 
with enough confidence and TE was unnecessary. This is consistent with the 
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recommendation to have patients with NFS <−1.455 remain in primary care. 
Although they showed a discordance rate of 33% between NFS <−1.455 and TE 
≥8 kPa for the exclusion of advanced fibrosis, only 4.5% of patients were truly 
misclassified. In patients with NFS >−1.455, the researchers suggested to use 
TE. Patients remaining in the grey zone or with discordance between TE and NFS 
would have to undergo liver biopsy. Using this approach, only 19% of patients 
would need a liver biopsy and 9% were misclassified. The suggested cutoffs by TE 
were 8 kPa and 17 kPa to rule out or rule in advanced fibrosis, respectively. Using 
their algorithm, the overall sensitivity, specificity, PPV, and NPV were 66.7%, 
100%, 100%, and 94.6%, respectively. Although this study is highly relevant, they 
did not perform an intention-to- diagnose analysis. False positives were also noted to 
increase with the severity of hepatic steatosis, as highlighted by higher Controlled 
Attenuation Parameter (CAP) values [61]. An adjustment to the algorithm was pro-
posed taking into consideration CAP values when TE was performed with the M 
probe, as was the case in this study [61]. Furthermore, since the development of the 
XL probe to decrease technical failures and unreliable measurements in patients 
with high BMI, the median LS measurement per fibrosis stage was similar between 
patients with BMI under 30 kg/m2 assessed by M probe, and those with BMI above 
30 kg/m2 assessed by XL probe [62]. Importantly, when performed on the same 
patient, values with the XL probe tended to be about 2 kPa lower than with the M 
probe. It remains to be seen if the cutoffs developed using the M probe can also be 
applied with the XL probe [62].

 HIV

Patients with HIV constitute a heterogeneous group at risk of chronic liver disease 
from multiple different causes. Beyond HBV and HCV, these patients can develop 
liver disease due to exposure to hepatotoxic medications, NAFLD, and HIV itself 
[63]. It is therefore important to consider potential confounders when assessing 
these patients. Moreover, the number of studies comparing noninvasive tests to liver 
biopsy in HIV-infected patients is limited. Ad hoc validation of noninvasive fibrosis 
tests is relevant in the setting of HIV infection as thrombocytopenia, encompassed 
in several fibrosis biomarkers, may be more frequently unrelated to hepatopathy in 
this population. Similar to patients with HCV mono-infection, the SAFE algorithm 
was compared to the Castera algorithm in HIV/HCV co-infected patients for the 
detection of significant fibrosis (METAVIR F ≥ 2) or cirrhosis (METAVIR F = 4) 
(Figs. 49.3 and 49.4) [64]. For the detection of significant fibrosis, the SAFE algo-
rithm was unreliable, correctly classifying only 32% of patients. The Castera algo-
rithm fared much better by correctly classifying 61% of patients (P < 0.0001), and 
69% with saved biopsies. Nonetheless, TE ≥7.1 kPa had a higher rate of correctly 
classified patients at 80% (P < 0.0001). The NPV of the Castera algorithm was bet-
ter at excluding significant fibrosis at 94% compared to 88% for TE, 89% for 
Fibrotest, and 75% for APRI. All noninvasive methods assessed had poor PPV for 
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significant fibrosis. For the detection of cirrhosis, the conclusions were much differ-
ent. The Castera algorithm performed poorly compared to the SAFE algorithm, the 
latter being able to save 91% of biopsies and correctly classified 77% of patients as 
compared to 78% and 68% for the former. A cutoff of 12.5 kPa of TE alone had the 
highest rate of correctly classified patients with cirrhosis at 85%, and worked best 
to rule out cirrhosis with 97% NPV.  Therefore, significant fibrosis can be more 
safely excluded using the Castera algorithm as opposed to the SAFE algorithm. For 
the diagnosis of cirrhosis, TE alone had the best NPV.

In another HIV/HCV co-infected cohort, the combination of serum biomarkers 
and TE was not better than TE alone for the diagnosis of cirrhosis at a cutoff of 
10.4 kPa, with correctly classified rate at 91% (sensitivity 100%, specificity 89%, 
PPV 61%, NPV 100%) [65]. A similar result was obtained using this time a cutoff 
of 11.8 kPa by TE which excluded cirrhosis in all cases (sensitivity 100%, specific-
ity 93%, PPV 81%, NPV 100%) [66]. This approach would have avoided biopsies 
in 76% of patients. The performance of serum biomarkers and TE for the diagnosis 
of significant fibrosis was unfortunately not as good, with AUC 0.72 vs. 0.97 for 
cirrhosis.

In HIV mono-infected individuals, the current state of knowledge does not allow 
us to draw clear conclusions. In a prospective biopsy cohort of 66 patients with HIV 
mono-infection and abnormal liver enzymes on antiretroviral therapy, a TE cutoff of 
7.1  kPa reliably excluded significant fibrosis (Ishak F  ≥  2) in an intention-to- 
diagnose analysis (AUC 0.93, sensitivity 93%, specificity 73%, PPV 52%, NPV 
97%) [67]. Using this cutoff, 48% of biopsies could have been avoided. In this 
population, FIB-4 (>2.67), APRI (>1.5), and NFS (>0.676) were not as reliable, 
with respective AUCs of 0.64, 0.61, and 0.70 [67]. Of note, these cutoffs have previ-
ously been used to confirm as opposed to exclude significant fibrosis, which might 
explain their lower performance. We also assessed the diagnostic accuracy of TE in 
the identification of significant fibrosis in patients with suspected NASH and HIV 
mono- infection based on a diagnostic algorithm combining cytokeratin-18 and TE 
[63]. Once again, in 17 patients with available liver biopsy, TE >7.1 kPa had an 
AUROC of 0.91, confirming the presence of significant fibrosis (NASH CRN F ≥ 2) 
in all patients [63]. Unfortunately, since we did not perform a liver biopsy in patients 
with TE <7.1 kPa, we could not assess the test’s NPV. In another study, TE was not 
a reliable predictor of significant fibrosis (METAVIR F ≥ 2) with AUC 0.61 [68]. 
Although of interest, the results of this study cannot be generalized as only pre- 
selected patients with a Fibroscan above 7.1 kPa and/or Fibrotest > 0.48 were eli-
gible. Furthermore, of the 35% of patients eligible for a liver biopsy, only 36% 
underwent the procedure. Interestingly, APRI performed better than Fibroscan to 
exclude significant fibrosis using a cutoff of 0.5 with AUC 0.86 (P < 0.02) [68].

In HIV/HBV co-infected individuals, the combination of TE ≥5.9  kPa, and 
Fibrotest ≥0.38 resulted in all patients being adequately categorized as having at 
least significant fibrosis (METAVIR F ≥ 2) (Fig. 49.7) [69]. When both tests were 
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below the cutoffs, the NPV was 93% for significant fibrosis. In their cohort, 67% of 
biopsies could have been avoided for the detection of significant fibrosis. For 
advanced fibrosis, METAVIR F ≥ 3, the same algorithm, combining TE, this with a 
cutoff of 7.6 kPa, and Fibrotest, at a cutoff of 0.42, had a PPV of 100% and NPV of 
96%. This algorithm could also spare 71% of liver biopsies. Unfortunately, this 
study did not use accepted TE reliability criteria allowing eight successful measure-
ments instead of 10 and a success rate >30% instead of >60%, which limits its 
applicability.

Fibrotest and
Fibroscan

Fibrotest and
Fibroscan

Agree
Disagree or

Fibroscan failure
Agree

Agree
Disagree or

Fibroscan failure
Agree

Fibrotest < 0.38
and

Fibroscan < 5.9kPa

Fibrotest < 0.42
and

Fibroscan < 7.6kPa

Fibrotest ≥ 0.38
and

Fibroscan ≥ 5.9kPa

Fibrotest ≥ 0.42
and

Fibroscan ≥ 7.6kPa

Liver biopsy
needed

Liver biopsy
needed

Significant fibrosis
absent

Significant fibrosis
present

Advanced fibrosis
present

Advanced fibrosis
absent

a

b

Fig. 49.7 Noninvasive 
algorithm for the 
assessment of hepatic 
fibrosis in patients 
co-infected with HIV and 
HBV for the detection of 
(a) significant fibrosis and 
(b) advanced fibrosis

49 Fibrosis Assessment via Liver Stiffness Measurements: How Many Patients Are…



582

 Alcoholic Liver Disease (ALD)

As described above, patients at risk of ALD benefit from TE alone to stage the 
degree of hepatic fibrosis [25, 35]. The diagnostic accuracy of TE did not seem to 
improve with the addition of noninvasive biomarkers such as Fibrotest, or Fibrometer 
[36, 70, 71]. One study seemed to suggest that the combination of FIB-4 with 
Fibroscan improved the detection of patients with advanced fibrosis, but that the 
effect was marginal when excluding patients with obvious signs of cirrhosis, mak-
ing this not clinically useful [71]. In addition, combining TE and ELF score did not 
lead to a higher diagnostic accuracy, nor did it increase classification of patients 
[37]. When TE and ELF tests were discordant, TE alone would have more appropri-
ately classified patients.

For the diagnosis of cirrhosis, a TE cutoff of 15 kPa was considered optimal with 
a diagnostic accuracy of 86% (sensitivity 93%, specificity 85%, PPV 53%, NPV 
99%) [70]. To obtain a NPV of 100%, the authors proposed a cutoff of 7  kPa. 
Considering this, similar to the British Society of Gastroenterology recommenda-
tions, if TE is below 7 kPa, cirrhosis is excluded and patients do not need a liver 
biopsy, which would decrease the need for a liver biopsy by nearly 50%. If the TE 
is between 7 and15 kPa, with signs of cirrhosis, the authors suggest a liver biopsy 
while it can be postponed in the absence of cirrhosis signs. Finally, a LS above 
15 kPa in patients that are actively drinking should be repeated after 1 month of 
abstinence [72, 73]. If the value remains elevated, cirrhosis should be confirmed 
with a liver biopsy, due to the low PPV [70]. It is important to note that some 
patients might have asymptomatic alcoholic hepatitis, often associated with a raised 
aspartate aminotransferase, or bilirubin, and decreased prothrombin activity. In 
these patients, TE might not be as useful, and cutoffs should be adjusted as shown 
in a meta-analysis of individual patient data [74]. Improved fibrosis assessment by 
TE has been also shown by so-called inflammation-adapted cutoff values [51]. For 
more details, see also Appendix Fig. A.3  and book Part III “Liver stiffness and vari-
ous etiologies of liver diseases.”

 Autoimmune and Cholestatic Liver Diseases

Although the diagnosis of autoimmune hepatitis (AIH) can be achieved using pre-
dictive scores, a histological assessment is still recommended by both AASLD and 
EASL to confirm the diagnosis [75, 76]. The initial liver biopsy will therefore also 
provide the stage of fibrosis and the degree of histological activity, both used to 
decide if treatment is necessary [76]. Because of these considerations and the pau-
city of data, recommendations on the use of noninvasive assessment to spare liver 
biopsies have not been made to date [41]. Promising data on liver fibrosis assess-
ment using elastography techniques for AIH are being published and covered in 
another chapter. Conversely, in primary biliary cholangitis [77] and primary scleros-
ing cholangitis [78], the diagnosis can be made in the majority of patients without a 
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liver biopsy and the stage of fibrosis is often not required to guide initial medical 
therapy. Therefore, the noninvasive assessment of fibrosis in PBC and PSC should 
focus on identifying patients with worsening disease or cirrhosis in order to initiate 
appropriate surveillance. In a prospective cohort study including 95 patients diag-
nosed with either PBC or PSC and available liver biopsy, TE alone was highly pre-
dictive of advanced fibrosis (METAVIR F ≥ 3) and cirrhosis (METAVIR F = 4), 
using cutoffs of 9.8 kPa (AUC 0.95, sensitivity 91%, specificity 90%, PPV 84%, 
NPV 95%) and 17.3 kPa (AUC 0.96, sensitivity 93%, specificity 95%, PPV 78%, 
NPV 99%), respectively, potentially avoiding liver biopsies [79]. This was consis-
tent in PBC and PSC patients when analyzed separately. In a follow-up study from 
the same researchers, TE was confirmed as the best noninvasive tool in PBC with 
cutoffs of 10.7 kPa and 16.9 kPa for advanced fibrosis and cirrhosis, respectively, 
when compared to other serum markers, including APRI, FIB-4, and the Mayo 
Score [80]. For more details, see also book Part III “Liver stiffness and various eti-
ologies of liver diseases.”

 Genetic Liver Diseases

Limited by overall low prevalence compared to other causes of chronic liver dis-
ease, data is scarce on the use of noninvasive tools to predict hepatic fibrosis in 
patients with HFE-hemochromatosis, Wilson’s disease, or alpha-1 Antitrypsin defi-
ciency. Current AASLD and EASL guidelines advocate a liver biopsy in patients 
with HFE-hemochromatosis and a serum ferritin above 1000 μg/L to assess for the 
presence of cirrhosis [81, 82]. In a prospective observational cohort study of C282Y 
homozygous HFE-hemochromatosis, TE was able to reliably exclude and diagnose 
severe liver fibrosis using cutoffs of 6.4  kPa (sensitivity 100%, specificity 81%, 
PPV 61%, NPV 100%) and 13.9  kPa (sensitivity 64%, specificity 100%, PPV 
100%, NPV 90%), respectively [83]. When applying these TE cutoffs to patients 
with a serum ferritin >1000 μg/L, 61% of liver biopsies could have been avoided 
[83]. At this stage, these results need to be replicated before they can be recom-
mended. For patients with Wilson’s disease, a single study showed that transient 
elastography was better than APRI or FIB-4 for the identification of advanced fibro-
sis (METAVIR F ≥ 3) [84], which could pave the way for further research in the 
field. Lastly, one study compared elastography to liver biopsy, utilizing magnetic 
resonance in this case, showing a good correlation [85]. Further studies are awaited.

 Conclusions

Serum biomarkers and LS measurement have dramatically changed the way we 
evaluate hepatic fibrosis in chronic liver diseases. For this reason and to provide 
advice to physicians, EASL has published a complete set of guidelines on the use of 
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these noninvasive tools that are still under debate and development [41]. From a 
clinical point of view, it is important to choose the right algorithm for the right cause 
of chronic liver disease, as patients with NAFLD or HCV are not assessed the same 
way. In HCV, the diagnostic accuracy of the algorithm tends to increase when two 
noninvasive tests, combining serum-based and physical methods, are applied in 
concordance. However, in other conditions like NAFLD or hemochromatosis, an 
algorithm using two tests in sequential manner seems to have the best result. In 
HBV and ALD, TE alone suffices to make decisions. With these algorithms, liver 
biopsies can be decreased in more than half of patients. Future research is still 
needed to identify better strategies to avoid further liver biopsies with tests that can 
be used in point-of-care settings. Improving access to TE will not only allow more 
individuals to be screened early, preventing late presentations, but by rapidly iden-
tifying patients with more advanced disease, they will be linked with appropriate 
care resources.
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Chapter 50
Performance of Liver and  
Spleen Stiffness Measurements 
in Predicting Postoperative Hepatic 
Decompensation After HCC Resection

Horia Stefanescu, Oana Nicoara-Farcau, Andreea Ardelean, 
and Bogdan Procopet

 Background

The management of hepatocellular carcinoma (HCC) evolved in the last years since 
better therapies are available. Barcelona Clinic Liver Cancer (BCLC) staging sys-
tem and treatment strategy recommends surgical resection for HCC stage 0 and 1, if 
the patient is an optimal candidate [1]. The matter of “optimal candidate,” however, 
lays very much on the judgment of the physician/surgeon. A multiparametric assess-
ment involving liver function (Child Pugh class A and MELD score <10), degree of 
portal hypertension (PH), and the estimation of liver remnant on imaging together 
with the possibility to adopt a minimally invasive (laparoscopic) strategy is 
needed [1].

Clinically significant PH (CSPH: hepatic venous pressure gradient—HVPG 
>10 mmHg) was shown to be associated with postoperative decompensation [2] and 
with decreased survival after resection in patients with HCC, especially if liver 
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function is also impaired (bilirubin >1 mg/dL) [3]. Despite this strong correlation 
(OR = 4.4; P = 0.00006), the wide use of HVPG is limited. This is not mainly due 
to the invasiveness of the HVPG procedure [4], but mainly because the need for 
appropriate equipment, sufficient and reliable operators, and increased costs [5]. 
Therefore, it is rarely used outside Liver Units specifically devoted to the clinical 
management of portal hypertension.

Liver stiffness (LS) is highly correlated with HVPG, regardless the technique 
used for its measurement [6–9] and is a good predictor of CSPH [10–12], ruling 
out cirrhosis with high accuracy [11, 13–15]. For more details, see also book 
Part V “LS and Important Clinical Endpoints.” Therefore, LS measurement 
(LSM) is currently recommended by multiple societies guidelines as an accu-
rate noninvasive method for the management of patients with advanced liver 
diseases [16, 17].

In this context, the use of LSM for the management of patients with HCC appears 
extremely attractive, fulfilling an important clinical need by combining noninva-
siveness and good diagnostic performance in a category of patients in whom the 
edge between oncological safety and liver failure can be very thin.

 Portal Hypertension: A Major Player in HCC

Starting from the pivotal finding [3], the relationship between CSPH and the out-
come of patients with HCC who underwent surgical resection was further analyzed. 
A meta-analysis that included 11 prospective studies and more than 1700 patients 
showed that CSPH increases two times the risk of death at 3 and 5 years after SR, 
while the risk of postoperative decompensation is increased three times [10]. 
Interestingly, only 5/11 studies used HVPG as standard method to assess CSPH, 
while the other studies used standard surrogate criteria: presence of esophageal vari-
ces or splenomegaly (>12 cm) and low platelets count (<100,000). Besides the het-
erogeneity included in the analysis, this fact demonstrates the predictive role of 
surrogates of CSPH in the setting of HCC resection.

A large prospective study that included more than 800 patients followed up for 
5 years demonstrates that a patient resected for HCC has a higher risk of dying 
from tumor recurrence, rather than from hepatic decompensation [18]. The extent 
of hepatectomy was associated with worse survival in both situations, while the 
risk of death from hepatic decompensation was also associated with liver func-
tion (MELD score) and portal hypertension (presence of varices and low plate-
lets). This competing risk analysis nicely demonstrates that the strict use of 
CSPH as exclusion criteria from resection has no significant impact on 3 years 
survival, occurrence of postoperative complications or decompensation, while 
denying a potential cure for almost 25% of the patients with compensated disease 
(MELD score <9).
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 Liver Stiffness in the Settings of Liver Cancer

Although HCC is softer compared with other liver tumors [19], patients with HCC 
have an increased LS [20, 21]. This is expected, since HCC develops in patients 
with advanced liver diseases regardless of etiology with an incidence up to 8%/year 
[22] and is the most frequent event that occurs in the natural history [23]. Moreover, 
increased LS can predict the further development of HCC [20, 24].

LSM is the most validated method to estimate CSPH in compensated patients 
with advanced liver disease, and its use is endorsed by current guidelines which 
recommend the 21 kPa threshold to rule-in severe PH, and the another one at 13 kPa 
to rule it out [25]. LSM was also validated as a good surrogate marker for CSPH in 
the presence of resectable HCC. A slightly better negative predicting value (93%) 
was observed for the rule-out threshold, while for the rule-in limit, the positive pre-
dictive value was lower (76%) [23]. It is worth mentioning that in this study, which 
excluded from resection patients with HVPG >10 mmHg, neither LSM nor HVPG 
could predict the occurrence of postoperative complications. The most relevant end-
points to be assessed after SR in patients with HCC are post-hepatectomy liver 
failure (PHLF), HCC recurrence and survival. LSM was evaluated against all of 
them, and good correlation appears to exist in each scenario.

 LSM and Post-hepatectomy Liver Failure (PHLF)

The ability of LSM to predict PHLF was investigated in several studies [18, 26–36] 
and the detected AUROC varies from 0.60 [33] to 0.86 [27]. The latter found that 
none of the patients who experienced PHLF had a baseline LSM lower than 
15.6 kPa, thus suggesting that it could be an optimal cutoff value [27]. However, 
only few of these studies performed a head-to-head comparison with preoperative 
HVPG measurement. One showed a significantly lower predictive power of LSM 
compared with HVPG (0.60 vs. 0.85 AUROCs) for PHLF, but similar performance 
for predicting 3-month decompensation (0.81 vs. 0.88 AUROCs; P = 0.21) [33]. 
The other study, however, detected similar AUROC values for LS (0.81) and HVPG 
(0.79) for the prediction of PHLF [18]. Another study that compared LSM with 
intraoperative direct measurement of portal pressure found that the former is better 
in predicting 3-month decompensation (0.81 vs. 0.71 AUROCs), but in this study, 
only half of the patients were cirrhotics [34]. Interestingly, a French study did not 
find any association between preoperative LSM and neither PHLF nor 3-month 
mortality [26]. However, pooled data derived from a meta-analysis of studies that 
used surrogate markers to predict outcome after SR for HCC show odds ratios for 
the occurrence of PHLF not different from the overall assessment: 2.56 (95%CI: 
1.73–3.80) vs. 3.02 (95%CI: 2.02–4.59), respectively [10].

50 Performance of Liver and Spleen Stiffness Measurements in Predicting…



592

LSM can be used as a continuous variable to predict the individual risk of 
PHLF.  Considering 10% as an acceptable postoperative risk of decompensation, 
only patients with LSM <10 kPa should undergo resection. However, in everyday 
clinical practice decision-making is based on more than just one argument. 
Therefore, adding LSM to preoperative MELD score and clinical signs of PH (low 
platelets and presence or varices or splenomegaly) demonstrate net benefit, result-
ing in a reduction of PHLF of up to 39% by selecting and excluding patients at risk, 
without ruling out those who duly have an uncomplicated hepatic surgery out-
come [29].

 LSM and Post-hepatectomy HCC Recurrence

From the oncological perspective, overall and disease-free survival are the most 
important endpoints of any cancer treatment. In HCC, resection is considered a 
curative therapy with survival rates exceeding 5 years [1]. However, reported recur-
rence rates are as high as 70% at 5 years [1] and the 2 years limit separates early 
from late recurrence [36].

LSM was the sole preoperative independent predictor of late recurrence (apart 
from tumor factors) in a predominantly HBV cirrhosis cohort, with a HR of 1.065 
[37]. The same study demonstrates a much higher cumulative rate of recurrence at 
3 years (68% vs 43%, log-rank P = 0.009) if baseline LSM was >13.4 kPa. This 
cutoff was also associated with higher rates of PHLF and major complications, as 
well as with 9 months less disease-free survival [37]. These findings were repro-
duced in another study, in which HBV etiology was predominant [38], making dif-
ficult to extrapolate the findings for all patients, regardless the cause of cirrhosis. 
Indeed, in a large multi-etiologic European cohort, although LSM is associated with 
late recurrence after resection (HR = 1.036; 95%CI 1.005–1.067), it cannot inde-
pendently predict its occurrence [39]. Increased baseline LSM (>13 kPa) appears to 
be the sole independent non-cancer-related predictor of late recurrence after radio-
frequency ablation therapy [6] with a hazard ratio of 3.11 (95%CI: 1.23–7.84), and 
can also predict mortality in this settings (HR = 9.83; 95%CI: 1.14–84.21) [40].

In the last years, in the settings of direct acting antiviral therapy for HCV eradi-
cation, the issue of increased HCC occurrence and recurrence also emerged [41, 
42]. LSM appears to be one of the independent predictors of de novo HCC occur-
rence (although the HR is only 1.03; 95%CI: 1.01–1.06), but is not associated with 
recurrence during the median follow-up of 25 months (of note, curative HCC treat-
ment was performed at least 12  months prior the initiation of antiviral therapy, 
resulting a 3 years disease-free survival period) [43].

Lower baseline LSM as well as lower 6 month increase in LSM appears to be 
associated with increased rates of complete response after microwave ablation and 
TACE. The logistic regression analysis performed in this cohort of patients with 
HCC and HCV cirrhosis suggests that each unit increase in baseline stiffness is 
associated with 3% reduction in the odds of complete ablation [44].
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 LSM and Survival

When assessing survival after SR in patients with HCC, we must acknowledge that 
there are two distinct events that are competing for the same endpoint: death from 
PHLF and death from HCC recurrence. In the first 16 months after resection, the 
risk of death from PHLF exceeds the one from recurrence, but in the long time, 
death from recurrence is more likely to occur [29]. In the absence of preoperative 
LSM, tumor and intraoperative variables are associated with the likelihood of dying 
from recurrence, while PH and liver function are associated with the risk of death 
from liver failure. Combination of these factors may result in a diagram for clinical 
judgment of surgical and oncological benefit and individual decision-making [29]. 
The previously demonstrated association between LSM and PH warrants its use to 
predict survival in patients with HCC proposed for resection.

Indeed, baseline LSM < 16.2 kPa was associated with increased overall survival 
(34 vs 29 months, P = 0.028) in a cohort of Asian patients with predominantly HBV 
cirrhosis [45]. Absence of CSPH increases the odds ratio of 3 and 5 years survival 
by 2.09 (95%CI: 1.52–2.88) and 2.07 (95%CI: 1.51–2.84), respectively. The use of 
noninvasive methods (mainly LSM and clinical surrogates) to estimate PH show 
similar performance (1.76 (95%CI: 1.38–2.25) and 1.75 (95%CI: 1.36–2.26) odds 
ratios), as meta-analysis shows [10].

LS estimation by bi-dimensional shear wave elastography prior to RFA showed 
that LSM <13.3  kPa is associated with higher 3-year survival (96.3 vs. 76.8%, 
HR = 4.3 (95%CI: 1.26–14.7), P = 0.02) [46]. Another study using MR elastogra-
phy showed that baseline LSM is the only factor associated with overall survival 
and a value >4.02  kPa predicts poor outcome (65.4 vs. 95.6% 5-year survival, 
P = 0.015, with 5.56 (95%CI: 1.40–22.1) hazard ratio) [40].

 Spleen Stiffness

Spleen stiffness measurement (SSM) was demonstrated to be better correlated with 
HVPG [47] and therefore was investigated as a predictor of the outcome of patients 
with HCC undergoing curative therapies. The same group was able to demonstrate 
the good correlation between baseline SSM and post-hepatectomy outcomes: PHLF 
(OR  =  1.057(95%CI: 1.016–1.099); P  =  0.005) [48] and late recurrence 
(OR = 1.046(95%CI: 1.02–1.07); P = 0.0005) [39]. These findings were confirmed 
also in Asian population, in which preoperative SSM value (assessed by point shear-
wave elastography) together with spleen volume to future liver remnant volume 
ratio were found to be independent predictors of PHLF (HR for SSM  =  1.077 
(95%CI: 1.01–1.14); P  =  0.009) [49]. Interestingly, another Chinese study that 
included a small number of patients—all with HBV etiology—did not replicate the 
findings; SSM was not found to be associated with neither PHLF (AUROC = 0.61; 
P = 0.3), nor with overall survival (log-rank P = 0.37) [45].
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 Tumor Stiffness as Predictor of Response to Non-surgical 
Therapies

Early changes in tumor stiffness (i.e., tumor becoming softer) were found to be 
associated with treatment response in a murine model of HCC treated with sorafenib 
[50]. In humans, tumor elastography was only recently applied, demonstrating that 
various focal liver lesions have different stiffness [51, 52]. Only one study so far 
reported a significant 3 days increase in tumor stiffness after ablative therapy (either 
RFA, TACE, or both) in non-responders, while in responders it remained unchanged 
(as was the non-tumoral liver parenchyma) [53].

 Conclusions

In conclusion, LSM is validated as a valuable clinical tool in decision-making in 
patients with cirrhosis and resectable HCC. It can predict the occurrence of post- 
hepatectomy liver failure as well as late (>2 years) recurrence and overall survival. 
If used together with the MELD score—as an accurate estimation of liver function, 
it can help to navigate between oncological benefit and risk of decompensation and 
death. SSM appears to be a valuable additional noninvasive predictor of PHLF and 
late recurrence, with doubtful benefit in predicting overall survival. In patients who 
undergo local therapies, early changes in tumor stiffness may predict response. 
However, prospective randomized controlled trials are still needed to elucidate con-
troversial findings.
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Chapter 51
Liver Stiffness Changes in Patients 
with Established Liver Cirrhosis

Felix Piecha and Sebastian Mueller

 Introduction

Liver stiffness (LS) measurement by transient elastography (TE) has evolved as 
the most commonly applied instrument for the non-invasive diagnosis of liver 
fibrosis. Even though cut-off values may vary according to the underlying dis-
ease etiology, values >12.5 kPa are generally accepted for the diagnosis of liver 
cirrhosis [1, 2]. For more details, see also book Part III “Liver Stiffness and 
Various Etiologies of Liver Diseases.” However, the Fibroscan® device (Echosens, 
Paris, France) is able to continuously measure LS up to 75 kPa, thus allowing for 
a further discrimination of patients within the cirrhotic range. Large studies have 
shown that baseline LS is an independent predictor of complications of liver cir-
rhosis and patient outcome in various disease etiologies [3–8]. Due to its non-
invasive nature, however, LS can be measured repeatedly and therefore be used 
as a follow-up tool. Especially in light of the dynamic component of LS, values 
may change over time and need to be carefully interpreted for the correct risk 
stratification of patients.
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 LS Changes in Patients with Established Liver Cirrhosis

 Treatment of the Underlying Disease

The most common reason for changes in LS in patients with liver cirrhosis is the 
treatment of the underlying liver disease. This has been shown for various disease 
etiologies, including alcohol detoxification in patients with an alcoholic liver dis-
ease (ALD) [9, 10], eradication of viral hepatitis [11, 12], immunosuppressive 
treatment of an autoimmune hepatitis (AIH) [13], or weight loss in patients with 
a non-alcoholic fatty liver disease (NAFLD) [14, 15]. More examples are given in 
Table 8.2 in Chap. 8. In general, this improvement of LS can be attributed to a 
decrease in the inflammatory component of LS and is usually correlated to an 
improvement in transaminase levels [16, 17]. However, recent studies suggest that 
this rapid first phase of LS improvement is followed by a sustained second phase 
of improvement attributed to a true regression in liver fibrosis [16, 18].

On the other hand, increases in LS have also been observed. In general, this 
should trigger further diagnostic measures and a closer clinical monitoring. 
Analogous to an LS decrease, changes in the behavioral patterns of patients may 
serve as an explanation of increased LS values, like ongoing alcohol consumption 
or weight gain, especially if the underlying liver disease is otherwise well 
 controlled—e.g., in patients with a chronic hepatitis B virus (HBV) infection with 
an insignificant viral load. However, an increase in LS can also be a first hint of an 
acute deterioration of hepatic function [19] or an increase in the inflammatory activ-
ity of the underlying liver disease [16] and needs to be interpreted in the context of 
further clinical and laboratory parameters.

 Changes of Hepatic Hemodynamics

In patients with liver cirrhosis, the clinical presentation is dominated by complica-
tions of portal hypertension [20, 21]. At this stage, therapeutic interventions target-
ing hepatic hemodynamics and collateral blood flow are common, and all affect LS 
via its dynamic component [22]. Therefore, as also described in chapter “Modulation 
of LS by Arterial and Portal Pressure,” all measures with an impact on portal pres-
sure like the insertion of a transjugular intrahepatic portosystemic shunt (TIPS), 
endoscopic band ligation [23, 24], or the beginning of a treatment with non- selective 
betablockers (NSBB) directly affect LS [25]. For more details, see also book Part IV 
“Important (Patho)physiological Confounders of LS.” However, under these cir-
cumstances, LS changes are not uniform, as a minority of patients shows a counter-
intuitive increase in LS after TIPS-placement or the beginning of a NSBB treatment 
[23–25]. The reason for this increase remains unclear, but both an increase in atrial 
pressure and therefore hepatic congestion [23] as well as a chronic inflammatory 
activity [24] have been discussed as possible explanations. Nevertheless, patients 
with an LS increase after a pressure-lowering intervention seem to have an inferior 
prognosis and should therefore undergo closer clinical monitoring [24, 25].
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While an increase in LS is generally associated with a deterioration of liver func-
tion and prognosis, a decrease in LS seems to be related to improved outcomes. 
However, a short-term decrease in LS under otherwise stable conditions (meaning 
without the beginning of a therapeutic intervention, stable transaminases, and liver 
function scores) should also be interpreted with caution, as preliminary data suggest 
that this decrease could be associated with spontaneous shunt formation like esoph-
ageal varices [23]. The decrease in LS in this clinical scenario could be explained 
by the increasing amount of blood bypassing the liver during shunt development. 
Given the importance of spontaneous porto-systemic shunts (SPSS) on the progno-
sis of patients with liver cirrhosis [26] and their currently unclear impact on thera-
peutic interventions like TIPS-placement [27], the interdependency of LS, SPSS 
formation, and hepatic hemodynamics need to be addressed in future studies.

On a final note, disease etiology and localization of inflammation (portal versus 
lobular) also strongly affect the ratio of spleen stiffness to liver stiffness (SS/LS), 
the degree of portal hypertension, and its complications [28]. This study showed 
that lobular ALD had less portal hypertension and smaller SS and spleen size as 
compared to portal HCV-related liver disease at matched LS values [28]. In line 
with this, an earlier study demonstrated significantly higher LS values for ALD as 
compared to NAFLD patients (40.4 vs. 25.7 kPa) for the detection of large esopha-
geal varices [29]. Thus, LS responses to portal flow changes will not only depend on 
the flow itself but also the underlying liver disease.

 Conclusion

In patients with liver cirrhosis, changes in LS need to be interpreted in the clinical 
context of therapeutic interventions and further laboratory and clinical data. In gen-
eral, a decrease in LS after an intervention seems to be associated with an improved 
prognosis, but special attention needs to be paid to an LS decrease under otherwise 
stable conditions. Due to its non-invasive nature, serial LS measurements are a valu-
able follow-up tool for patients with liver cirrhosis and may help in the decision- 
making of patient monitoring. 

References

 1. Mueller S, Sandrin L. Liver stiffness: a novel parameter for the diagnosis of liver disease. 
Hepat Med. 2010;2:49–67.

 2. Friedrich-Rust M, Koch C, Rentzsch A, Sarrazin C, Schwarz P, Herrmann E, et al. Noninvasive 
assessment of liver fibrosis in patients with Fontan circulation using transient elastography and 
biochemical fibrosis markers. J Thorac Cardiovasc Surg. 2008;135(3):560–7.

 3. Vergniol J, Foucher J, Terrebonne E, Bernard PH, le Bail B, Merrouche W, et al. Noninvasive 
tests for fibrosis and liver stiffness predict 5-year outcomes of patients with chronic hepatitis 
C. Gastroenterology. 2011;140(7):1970–9, 9.e1–3.

 4. Dillon A, Galvin Z, Sultan AA, Harman D, Guha IN, Stewart S. Transient elastography can 
stratify patients with Child-Pugh A cirrhosis according to risk of early decompensation. Eur J 
Gastroenterol Hepatol. 2018;30(12):1434–40.

51 Liver Stiffness Changes in Patients with Established Liver Cirrhosis



602

 5. Omote K, Nagai T, Asakawa N, Kamiya K, Tokuda Y, Aikawa T, et al. Impact of admission 
liver stiffness on long-term clinical outcomes in patients with acute decompensated heart fail-
ure. Heart Vessels. 2019;34(6):984–91.

 6. Chalouni M, Sogni P, Miailhes P, Lacombe K, Poizot-Martin I, Chas J, et al. Liver stiffness 
and fibrosis-4 alone better predict liver events compared with aspartate aminotransferase 
to platelet ratio index in a cohort of human immunodeficiency virus and hepatitis C virus 
co-infected patients from ANRS CO13 HEPAVIH cohort. Eur J Gastroenterol Hepatol. 
2019;31(11):1387–96.

 7. Karlas T, Weisse T, Petroff D, Beer S, Dohring C, Gnatzy F, et al. Predicting hepatic complica-
tions of allogeneic hematopoietic stem cell transplantation using liver stiffness measurement. 
Bone Marrow Transplant. 2019;54(11):1738–46.

 8. Jung KS, Kim SU, Ahn SH, Park YN, Kim DY, Park JY, et  al. Risk assessment of hepati-
tis B virus-related hepatocellular carcinoma development using liver stiffness measurement 
(FibroScan). Hepatology. 2011;53(3):885–94.

 9. Gelsi E, Dainese R, Truchi R, Marine-Barjoan E, Anty R, Autuori M, et al. Effect of detoxifica-
tion on liver stiffness assessed by Fibroscan((R)) in alcoholic patients. Alcohol Clin Exp Res. 
2011;35(3):566–70.

 10. Mueller S, Millonig G, Sarovska L, Friedrich S, Reimann FM, Pritsch M, et  al. Increased 
liver stiffness in alcoholic liver disease: differentiating fibrosis from steatohepatitis. World J 
Gastroenterol. 2010;16(8):966–72.

 11. Facciorusso A, Del Prete V, Turco A, Buccino RV, Nacchiero MC, Muscatiello N. Long-term 
liver stiffness assessment in hepatitis C virus patients undergoing antiviral therapy: results 
from a 5-year cohort study. J Gastroenterol Hepatol. 2018;33(4):942–9.

 12. Kim BK, Oh HJ, Park JY, Kim DY, Ahn SH, Han KH, et al. Early on-treatment change in liver 
stiffness predicts development of liver-related events in chronic hepatitis B patients receiving 
antiviral therapy. Liver Int. 2013;33(2):180–9.

 13. Hartl J, Denzer U, Ehlken H, Zenouzi R, Peiseler M, Sebode M, et al. Transient elastography 
in autoimmune hepatitis: timing determines the impact of inflammation and fibrosis. J Hepatol. 
2016;65(4):769–75.

 14. Nickel F, Tapking C, Benner L, Sollors J, Billeter AT, Kenngott HG, et al. Bariatric surgery as 
an efficient treatment for non-alcoholic fatty liver disease in a prospective study with 1-year 
follow-up: BariScan study. Obes Surg. 2018;28(5):1342–50.

 15. Nogami A, Yoneda M, Kobayashi T, Kessoku T, Honda Y, Ogawa Y, et  al. Assessment of 
10-year changes in liver stiffness using vibration-controlled transient elastography in non- 
alcoholic fatty liver disease. Hepatol Res. 2019;49(8):872–80.

 16. Hartl J, Ehlken H, Sebode M, Peiseler M, Krech T, Zenouzi R, et al. Usefulness of biochemical 
remission and transient elastography in monitoring disease course in autoimmune hepatitis. J 
Hepatol. 2018;68(4):754–63.

 17. Mueller S, Englert S, Seitz HK, Badea RI, Erhardt A, Bozaari B, et al. Inflammation-adapted 
liver stiffness values for improved fibrosis staging in patients with hepatitis C virus and alco-
holic liver disease. Liver Int. 2015;35(12):2514–21.

 18. Pan JJ, Bao F, Du E, Skillin C, Frenette CT, Waalen J, et al. Morphometry confirms fibrosis 
regression from sustained virologic response to direct-acting antivirals for hepatitis C. Hepatol 
Commun. 2018;2(11):1320–30.

 19. Sharma P, Bansal R, Matin A, Tyagi P, Bansal N, Singla V, et al. Role of transient elastography 
(Fibroscan) in differentiating severe acute hepatitis and acute on chronic liver failure. J Clin 
Exp Hepatol. 2015;5(4):303–9.

 20. Karkmann K, Piecha F, Runzi AC, Schulz L, von Wulffen M, Benten D, et al. [Management of 
compensated liver cirrhosis 2018—evidence based prophylactic measures]. Z Gastroenterol. 
2018;56(1):55–69.

 21. Arvaniti V, D’Amico G, Fede G, Manousou P, Tsochatzis E, Pleguezuelo M, et al. Infections 
in patients with cirrhosis increase mortality four-fold and should be used in determining prog-
nosis. Gastroenterology. 2010;139(4):1246–56, 56.e1–5.

F. Piecha and S. Mueller



603

 22. Moreno C, Mueller S, Szabo G.  Non-invasive diagnosis and biomarkers in alcohol-related 
liver disease. J Hepatol. 2019;70(2):273–83.

 23. Piecha F, Paech D, Sollors J, Seitz HK, Rossle M, Rausch V, et al. Rapid change of liver stiff-
ness after variceal ligation and TIPS implantation. Am J Physiol Gastrointest Liver Physiol. 
2018;314(2):G179–G87.

 24. Jansen C, Moller P, Meyer C, Kolbe CC, Bogs C, Pohlmann A, et al. Increase in liver stiff-
ness after transjugular intrahepatic portosystemic shunt is associated with inflammation and 
predicts mortality. Hepatology. 2018;67(4):1472–84.

 25. Piecha F, Mandorfer M, Peccerella T, Ozga AK, Poth T, Vonbank A, et al. Pharmacological 
decrease of liver stiffness is pressure-related and predicts long-term clinical outcome. Am J 
Physiol Gastrointest Liver Physiol. 2018;315(4):G484–G94.

 26. Simon-Talero M, Roccarina D, Martinez J, Lampichler K, Baiges A, Low G, et al. Association 
between portosystemic shunts and increased complications and mortality in patients with cir-
rhosis. Gastroenterology. 2018;154(6):1694–705.e4.

 27. Piecha F, Radunski UK, Ozga A-K, Steins D, Drolz A, Horvatits T, et al. Ascites control by 
TIPS is more successful in patients with a lower paracentesis frequency and is associated with 
improved survival. JHEP Rep. 2019;1(2):90–8.

 28. Elshaarawy O, Mueller J, Guha IN, Chalmers J, Harris R, Krag A, et al. Spleen stiffness to 
liver stiffness ratio significantly differs between ALD and HCV and predicts disease-specific 
complications. JHEP Rep. 2019;1(2):99–106.

 29. Nguyen-Khac E, Saint-Leger P, Tramier B, Coevoet H, Capron D, Dupas JL.  Noninvasive 
diagnosis of large esophageal varices by Fibroscan: strong influence of the cirrhosis etiology. 
Alcohol Clin Exp Res. 2010;34(7):1146–53.

51 Liver Stiffness Changes in Patients with Established Liver Cirrhosis



605© Springer Nature Switzerland AG 2020
S. Mueller (ed.), Liver Elastography, 
https://doi.org/10.1007/978-3-030-40542-7_52

Chapter 52
Therapeutic Monitoring of Portal Pressure 
Lowering Drugs Using Liver Stiffness

Omar Elshaarawy, Felix Piecha, and Sebastian Mueller

 Introduction

Monitoring of portal hypertension (PH) and its response to therapeutic interventions 
at different stages has a significant prognostic value. A “clinically significant portal 
hypertension” is defined at HVPG >10 mmHg which is associated with PH-related 
complications [1, 2]. However, the measurement of HVPG is an invasive and expen-
sive procedure and not available in many centers. In 2010, the Baveno V Consensus 
conference included noninvasive methods to assess PH in order to monitor the 
response and compliance to treatment [3]. Many tools have been investigated for the 
noninvasive monitoring of PH comprising routine laboratory tests (e.g., platelets to 
spleen ratio) and ultrasound techniques especially transient elastography (TE) 
which included liver and spleen stiffness. Of note, the Baveno VI Consensus confer-
ence in 2015 concluded that patients with LS <20 kPa and platelet count more than 
150 × 109 cells/L can avoid screening endoscopy [4]. In 2017, expanded Baveno VI 
criteria reported that more endoscopies would be spared if patients with LS <25 kPa 
and platelet count >110  ×  109  cells/L avoided screening without sacrificing the 
accuracy to detect varices needing treatment [5]. For more details see also the chap-
ter on “Portal Hypertension” in book Part V “LS and Important Clinical Endpoints.”

TE to assess liver stiffness has been used to predict PH and esophageal varices, 
and the AUROC estimated for LS to predict manifested PH (≥12  mmHg) was 
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0.94–0.99 corresponding to cut off values from 13.6 to 21 kPa. The LS cut-off value 
to predict esophageal varices grade 2 or 3 was 19.8–47.5  kPa with AUROC of 
0.72–0.78 [6, 7]. Sporea et al. concluded in their study on 1000 patients that at least 
8 from 10 patients with LS more than 40 kPa will have clinically significant portal 
hypertension. Consequently, half of the patients with LS less than 40  kPa have 
esophageal varices and thus require screening for esophageal varices (NPV 54.9%) 
while patients with LS less than 17 kPa do not require endoscopic evaluation (NPV 
89.3%) [8].

Spleen stiffness (SS) has been frequently addressed as a non-invasive tool to 
assess PH [9, 10]. Many studies validated that SS can predict the presence of varices 
and the risk of variceal bleeding, and it can identify patients who require screening 
endoscopy [11–15]. Assessing spleen stiffness by TE emerged from the rational that 
PH leads to spleen congestion. Colecchia et al. assessed 113 compensated cirrhotic 
patients for LS and SS using TE followed by HVPG measurement and upper endos-
copy within 1 week. They reported higher correlation of SS (r = 0.89) with HVPG 
than LS, and SS showed an AUROC of 0.966 to predict the presence of esophageal 
varices. They concluded that SS <41.3 kPa and LS <16.4 kPa would exclude the 
presence of esophageal varices (any varices) [9].

Based on the endoscopic classification of varices, esophageal varices were clas-
sified into grades from I to IV, or more intuitively, as small, medium, or large 
[16–18]. Recently, the Austrian Billroth III consensus conference simplified the 
grading of EV size just into small (<5 mm) and large (≥5 mm) in diameter [19].

Several studies reported the superiority of SS over LS regarding the correlation 
with HVPG, and others recommended combining it with LS for better prediction of 
PH and esophageal varices (Table 52.1). However, the transducer used in most pub-
lished SS studies was the regular liver probe which shows a high failure rate in small 
spleen length and obese patients [14, 20, 21]. The following table shows the cut-off 
values from several studies comparing LS versus SS with sensitivity, specificity, 
negative, and positive predictive values. It shows the superiority of SS in predicting 
the presence of esophageal varices specially the large ones (that needs treatment) 
over LS. Noteworthy, many studies reported that the prognostic performance of SS 
is significantly higher than LS [22, 23]. So far, however, SS has not replaced LS in 
guidelines such as the Baveno consensus criteria. Finally, there are first indications 
that a simple measurement of spleen length in the abdominal ultrasound performs 
almost as well as SS assessment [24].

 Portal-Lowering Drugs and Stiffness

It is a fundamental knowledge that portal pressure is a product of both the portal 
blood flow and the vascular resistance. This vascular resistance can be modulated by 
drugs in a range between 20 to 30% [25–28]. Several studies have shown that 
decreasing PH by 20% reduces the risk of decompensation [29, 30]. Pharmacological 
treatment of PH has been explored for decades. The list of drugs includes non- 
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selective beta-blockers, vasopressin and somatostatin analogues. They act on the 
systemic circulation namely to attenuate consequences of the hyperdynamic circu-
lation, to decrease the splanchnic hyper-perfusion but also to improve the effective 
blood volume [26, 28]. For instance, the use of beta-blockers has been shown to 
ameliorate the association between liver stiffness and portal pressure [31]. Table 52.2 
shows a summary of the current and novel drugs in the treatment of portal hyperten-
sion. Other alternatives to decrease the portal pressure include decreasing the intra-
hepatic resistance by nitric oxide donors, angiotensin-converting enzyme (ACE) 
inhibitors, or endothelin receptor antagonists. Some of these drugs, e.g., ACE inhib-
itors failed to improve PH in patients although good animal data were available. 
Recently, phosphodiesterase type 5 (PDE-5) inhibitors have been suggested to treat 
PH. Noteworthy, they improve erectile dysfunction which is a frequent problem in 
patients with cirrhosis [32, 33]. It has been noted that PDE-5 is upregulated in liver 
cirrhosis decreasing the vascular tone. In addition, PDE-5 inhibitors increase the 

Table 52.1 LS and SS cut-off values to predict the presence of esophageal varices. TE was used 
except * marked references that used MRE

Study ID

No. 
EV/
LEV

LS 
cutoff 
kPa Sens. Spec. PPV NPV 

SS 
cutoff 
kPa Sens. Spec.

+ve 
PV

−ve 
PV

Stefanescu 
et al., 2011 
[15]

EV: 
116

28 0.74 0.62 0.91 0.30 46.4 0.84 0.71 0.94 0.44

LEV: 
47

38 0.89 0.56 0.70 0.62 53 0.89 0.51 0.67 0.81

Colecchia 
et al., 2012 
[9]

EV: 53 21.4 0.83 0.81 0.83 0.81 46 0.94 0.77 0.82 0.92

Fraquelli 
et al., 2012 
[43]

EV: 11 19 0.73 0.47 0.13 0.94 65 0.91 0.80 0.33 0.99

Sharma et al., 
2013 [14]

EV: 
124

27.3 0.86 0.70 0.89 0.77 40.8 0.85 0.79 0.91 0.84

Calvaruso 
et al., 2013 
[44]

EV: 54 17.0 0.70 0.57 0.68 0.6 50.0 0.65 0.60 0.67 0.57

LEV: 
26

19.0 0.73 0.54 0.37 0.84 54.0 0.81 0.70 0.5 0.91

Shin et al., 
2014 [45]*

EV: 78 4.58* 0.91 0.72 0.79 0.80 7.23* 0.94 0.76 0.84 0.8

LEV: 
45

4.81* 0.60 0.72 0.49 0.91 7.60* 0.76 0.66 0.52 0.85

Elkrief et al., 
2015 [46]

LEV: 
45

24.7 0.82 0.45 0.70 0.62 32.3 0.48 0.71 0.73 0.45

EV: 54 19.7 0.83 0.67 0.80 0.71 30.3 0.80 0.76 0.84 0.69

EV esophageal varices, LEV large esophageal varices, Sens. sensitivity, Spec. specificity,  
PPV positive predictive value, NPV negative predictive value 
* MRE
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portal flow, further leading to improved liver function and decreased sinusoidal 
resistance. Several studies have shown the long-term effect of nonselective 
 beta- blockers on survival but not LS. Recently, Piecha et al. presented first animal 
data in a rat model of cirrhosis on LS [34], and first data were published in abstract 
form recently on SS in similar models [35].

 Monitoring of Portal Pressure-Lowering Drugs Using LS 
and SS

In 2018, Piecha et al. studied the effect of acute hemodynamic changes on LS (mea-
sured by μFibroscan) in a rodent model of cirrhosis in response to pharmacological 
modulation of portal pressure (PP) by losartan, nitric oxide donors, and propranolol 

Table 52.2 Summary of current and novel drugs for portal hypertension (PH)

Drug References Mode of action Status

Metoprolol [47–49] Cardio-selective beta-blocker Not recommended in 
guidelines

Propranolol [29, 50–52] Non-selective beta-blocker Currently used to prevent 
complications of portal 
hypertension such as bleeding

Carvedilol [26, 27, 
53–57]

Non-selective beta-blocker with 
alpha 1 blocking action

Complications of portal 
hypertension such as bleeding

Nadolol [58, 59] Non-selective beta-blocker Complications of portal 
hypertension such as bleeding

Nitrates [60–62] Vasodilatation through nitric oxide 
induction

Not recommended in 
guidelines

Terlipressin [63–65] Splanchnic arterial vasoconstriction 
through vasopressin-like action and 
reduction of portal flow

Complications of portal 
hypertension such as bleeding 
in acute settings

Octreotide [66–69] Reduces splanchnic blood flow 
through a somatostatin-like effect by 
blocking glucagon

Complications of portal 
hypertension such as bleeding 
in acute settings

Losartan [70, 71] Angiotensin receptor blockers Not recommended in 
guidelines

Enalapril [48, 72] Angiotensin-converting enzyme 
inhibitors

Not recommended in 
guidelines

Udenafil [32, 33] PDE5 inhibition decreased 
intrahepatic resistance and increased 
hepatic parenchymal and hepatic 
arterial flow

Not approved to treat portal 
hypertension except in 
limited number of Asian 
countries

Obeticholic 
acid

[73, 74] Farnesoid X receptor agonist 
leading to increased eNOS, thus NO

Novel therapy; no data 
available 
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[34]. After losartan or NO injection, the LS decreased by 25% which was strongly 
correlated with a concomitant decrease of the mean arterial pressure and portal pres-
sure (PP). In contrary, acute injection of propranolol decreased heart rate but not MAP 
leading to no significant change in LS. In addition, they investigated the changes of LS 
and the hepatic venous pressure gradient (HVPG) in patients under propranolol ther-
apy in terms of clinical outcome. The study included 38 cirrhotic patients. Of note, LS 
decreased in 66% of patients after propranolol initiation which was significantly cor-
related to HVPG (r = 0.518, P < 0.01). However, this decrease was not associated with 
statistically significant changes in transaminases or model of end-stage liver disease 
(MELD). Also, the multivariate analysis showed that patients with decreasing LS on 
propranolol showed a decreased risk for liver transplantation or death than those with 
increasing LS irrespective of the degree of HVPG. Finally, Piecha et al. concluded that 
LS is influenced by the hemodynamic effects on arterial and portal pressure after 
pharmacological intervention with propranolol. In addition, the decrease in LS after 
propranolol therapy may predict better outcome irrespective of MELD score and may 
serve as a tool to noninvasively monitor the response to portal pressure lowering drugs.

Recently, Elshaarawy et al. investigated five different PH-lowering drugs (meto-
prolol, udenafil, enalapril, carvedilol, and terlipressin) in TAA-induced cirrhosis 
rats [35]. The response to these drugs was monitored non-invasively by LS and SS 
using μFibroscan and correlated to the portal and arterial pressures which were 
measured invasively using the PowerLab device [35]. LS and SS were significantly 
higher in TAA-treated rats than in the control group (23.8 vs. 3.8 kPa and 47.8 vs. 
19.6 kPa, P < 0.0001). In addition, they had significantly bigger and heavier spleens 
(6 vs. 4 cm and 2.7 vs. 1 g, P < 0.0001, respectively). Overall, LS and SS followed 
tightly the change of the portal vein pressure (r = 0.681and 0.622, P < 0.01, respec-
tively). Also, SS was significantly correlated with spleen size and weight (r = 0.723 
and 0.663, respectively, <0.01). Noteworthy, a significant decrease of portal vein 
pressure (PVP) ranging from 22 to 34% (P < 0.05) was seen after 15–30 min with 
metoprolol, udenafil, enalapril, and carvedilol which was accompanied with a sig-
nificant decrease in LS and SS ranging from 18.2 to 44% (P < 0.05).

Overall, carvedilol showed the best response regarding the decrease of PVP, LS, 
and SS. Of note, the heart rate increased after metoprolol and udenafil injection 
(~10%, P < 0.05), while it decreased in response to terlipressin and carvedilol by 
~30% (P  <  0.01). In conclusion, all drugs showed significant decrease of portal 
pressure. Surprisingly, LS and SS significantly decreased in all drug groups except 
terlipressin. This could be explained in light of the hepatic arterial buffer response 
(HABR) [36]. Physiologically, the healthy liver is supplied with blood by about 
80% via the portal vein [37]. The physiological basis for the HABR is the so-called 
adenosine washout hypothesis [38]. Adenosine has a direct vasodilator effect on the 
hepatic artery but not on the portal vein. It is secreted constantly into the space of 
Mall (periportal space) as a product of continuous metabolic processes and “washed 
out” into the portal vein. A decrease in portal flow causes adenosine accumulation 
which opens the hepatic artery for increased arterial blood supply [37]. HABR is 
thought to compensate the decrease in the portal blood flow [38, 39] and only func-
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tions unidirectionally [40]. Consequently, HABR could be responsible for the 
observations of LS and SS response to terlipressin.

In 2017, McDonald et al. conducted a randomized parallel study to monitor 
the hemodynamic response to NSBB (propranolol or carvedilol) in 22 patients 
using phase-contrast MR angiography (PC-MRA) in selected intra-abdominal 
vessels data at baseline and after 4 weeks of treatment [41]. They reported a sub-
stantial reduction in mean average flow in the superior abdominal aorta after 
4 weeks of NSBB therapy (versus L/min). However, they reported non-statisti-
cally significant differences in flow in any other vessels, even in patients with 
>25% decrease in heart rate which accounted 47% of patients. Of note, the mean 
percentage change in liver and spleen T1 following NSBB was minimal and 
highly variable. Finally, they concluded that PC-MRA was able to detect reduc-
tion in cardiac output by NSBB but did not detect significant changes in visceral 
blood flow or T1.

Recently, Kim et al. proposed a statistical model based only on the change in SS 
as a predictive model for the response carvedilol [42]. They measured SS by point 
shear wave elastography (pSWE, Virtual Touch, Siemens, Germany) in 106 patients 
with cirrhosis and high-risk esophageal varices, both before and after administration 
of NSBB. They also assessed the hemodynamic response to carvedilol by measuring 
the HVPG at the same time-points. ∆SSM (∆SSM = SSM2 − SSM1) significantly 
predicted the HVPG response (OR 0.039; P < 0.0001) to carvedilol. The response to 
treatment could be predicted with an AUROC of 0.803. Noteworthy, internal valida-
tion showed good and reliable discriminative performance (AUROC 0.848).

 Conclusion

In conclusion, LS and SS show great promise for the non-invasive diagnosis, man-
agement, and prognostic evaluation of portal hypertension, namely the response to 
treatment.
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Chapter 53
Clinical Cases: Application 
and Interpretation of Liver Stiffness

Sebastian Mueller

 Introduction

In general, LSM has become essential for the screening and follow-up of patients 
with liver diseases. In addition, LS has proven quite useful in daily clinical decision 
making of patients suffering from internal medicine diseases. At the moment, prices 
are too high but LSM will certainly prove to be useful in the GP setting. This chapter 
presents a collection of clinical cases to visualize the application of LS, its interpre-
tation and potentials. Below is a list of the cases for easier overview. Table 53.1 
shows typical laboratory and ultrasound parameters used within this chapter as well 
as their normal range and abbreviations.

Case 1: Exclusion of cirrhosis
Case 2: Chronic HCV infection with successful treatment
Case 3: ALD detox
Case 4: Jaundice-patients with alcoholic acute-on-chronic liver disease
Case 5: Jaundice due to autoimmune hemolytic anemia
Case 6: Jaundice due to mechanic cholestasis
Case 7: Jaundice due to Zieve syndrome
Case 8: NAFLD with progression
Case 9: NAFLD with no progression
Case 10: NAFLD M versus XL probe
Case 11: Acute hepatitis A infection
Case 12: Acute EBV infection
Case 13: Non-hepatic ascites with ovarial cancer
Case 14: Liver congestion
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Case 15: Liver metastasis
Case 16: HCC
Case 17: Hepatic amyloidosis
Case 18: Patient with hereditary spherocytosis
Case 19: Initial diagnosis of Wilson’s disease
Case 20: Budd–Chiari Syndrome
Case 21: Chronic HCV and response to DAAs

Case 1: Exclusion of Cirrhosis
44-year-old male patient presents with pressure pain by palpation in the right upper 
quadrant and jaundice. He is known to have multiple sclerosis for 10 years. He is 
lean and has slightly reduced general condition, the pulse was 96 beats/min.

Ultrasound: Liver inhomogeneous, otherwise normal, spleen drastically 
enlarged 16.5 cm, US otherwise normal, LSM 6.1 ± 1.3 kPa

Laboratory: Hb 7.7, MCV 89, Reticulocytes 96, AST 60, ALT 90, AP and GGT 
normal, Bilirubin 6.5 mg/dL, Direct bilirubin 0.8, Haptoglobin <0.08.

Viral serology was negative

Table 53.1 Laboratory and ultrasound parameters with normal range and abbreviations

Parameter/units Normal value Abbreviations

Erythrocytes (/pl)a 4.5–5.9/4.1–5.1 Ery
Hemoglobin (g/dL)a 13.5–17.5/12.0–16.0 Hb
MCV (fl) 80–96 MCV
Leucocytes (/nL) 3.7–10.0 Leuco
Platelets (109/L) 150–360 plt
AST (U/L) <50 AST
ALT (U/L) <50 ALT
GGT (U/L) <60 GGT
AP (U/L) 40–130 AP
Bilirubin total (mg/dL) <1.3 Bili
Bilirubin indirect (mg/dL) <1.0
Quick 70–120 Quick
INR 1 INR
Creatinine (mg/dL) <1.3 Crea
Ferritin (ng/ml)a 30–400/13–150 Ferritin
LDH (U/L) <250 LDH
CRP (mg/dL) <5 CRP
Liver size (cm)b <17
Liver stiffness (kPa) <6 LS
CAP (dB/m) <250 CAP
Spleen size (cm) <11.5

aOnly for some parameters male/gender normal values are given
bMeasured from top to bottom at the mean axillar line and parallel to it
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Results and lessons learnt:
Autoimmune hemolytic anemia with warm autoantibodies was eventually 

diagnosed.
This is an example that an early LSM in an icteric patient can rule out a hepatic 

cause. In this case, severe hemolytic anemia occurred and LS was almost normal. 
According to book Part “IV Important (patho)physiological confounders of LS,” 
chapter “cholestasis,” a mechanic cholestasis increases LS about 1 kPa per 1 mg/dL 
elevated bilirubin. A bilirubin of 6.5 mg/dL would lead up to total stiffness = nor-
mal stiffness (4 kPa) + bilirubin∗1 kPa = 10 kPa. The measured 6.1 kPa is clearly 
below this estimate and suggests a non-hepatic cause. Diagnosis in hemolytic 
patients can be further complicated since it can also lead to liver damage.

Case 2: Patient with Chronic HCV Infection and Successful Treatment
54-year-old male from Afghanistan, perioperative HCV (Genotype IB infection) 
17 years ago.

Laboratory and liver stiffness:
2015: good condition, ALT 55 IU/L, LS 32 kPa
2016: increase of LS to 35 kPa, no varices, spleen size normal
2017: HCV clearance due to oral DAA treatment, 3 months later LS 18.9 kPa
2019: LS 17.3 kPa
Conclusions: The case shows that HCV elimination can drastically improve LS 

despite histological cirrhosis stage has been reached. LS should be followed up 
every 12 months, ultrasound every 6 months for HCC screening.

Case 3: ALD Detoxification
45-year-old female patients and known established cirrhosis (Child A stage) pre-
senting for alcohol detoxification and planned operation for abdominal hernia.

Ultrasound: spleen size was 12 cm, no ascites, enlarged liver with 18 cm size, 
echogenic inhomogeneous, no clear signs of cirrhosis. The patient had alcoholic 
polyneuropathy.

Laboratory: Bilirubin 1.8 mg/dL, AST 140 IU/L, ALT 36 IU/L, GGT 1107 IU/L, 
AP 135 IU/L, Alcohol 2.2 g/L, Quick 64%, Platelets 65 (109/L).

Liver stiffness was 66.4 ± 7.4 kPa and AST was 98 IU/L at day of LSM, clearly 
indicating F4 cirrhosis as shown in Fig. 53.1 (see chapter “Fibrosis assessment in 
ALD” in book Part III “Liver stiffness and various etiologies of liver diseases”).

Results and lessons:
This patient was able to completely abstain from alcohol for 1 year. Ultrasound 

showed a much smaller liver (14 cm) without sure signs of cirrhosis. Now, LS had 
decreased to 22 ± 2.3 kPa. Transaminases were normal except a GGT of 77 (see 
Fig. 53.1). This case underlines the drastic beneficial effect of abstinence in patients 
with manifest alcoholic cirrhosis. Since LS >20 kPa, this patient is at risk of devel-
oping HCC and variceal bleeding and should undergo diagnostic follow- up exami-
nations. In some cases, continued abstinence can further decrease LS by 20–50%. 
Rare cases with complete LS normalization have been observed [1] (see also 
Fig. 52.2).
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Case 4: Patient with Jaundice and with Alcoholic Liver Cirrhosis and Acute-
on- Chronic Liver Disease
51-year-old female patient presenting again for alcohol withdrawal after relapse

25 years of heavy drinking, obesity with a BMI of 34.6 kg/m2 diabetes mellitus 
II for 10 years, otherwise, almost no symptoms at admission and no history of any 
chronic illness. Fully conscious and oriented with a tinge of jaundice

No detectable abnormalities in cardiac, respiratory, or nervous system 
examination

Laboratory Hb 11.8 g/L, MCV 110 fl, Erythrocytes 3.1/pL, Leucocytes/nL 6.1, 
Platelets 134, total bilirubin 5.9 mg/dL, AST 233 IU/L, ALT 91 IU/L, AP 410 IU/L, 
GGT 3359 IU/L, INR 0.84, Ferritin 2420 ng/mL.

All markers for HCV, HBV, and AIH were negative, B12 and folic acid 
were normal

Ultrasound Hepatomegaly 19  cm, Hepatic steatosis grade III, 
Splenomegaly 13.5 cm

No ascites
Liver stiffness 55.1 ± 21.6 kPa (XL), CAP 247 ± 37 dB/M
Results and conclusions: Liver biopsy showed severe steatohepatitis with con-

comitant hepatocellular siderosis. In addition to portal, peri-cellular, perisinusoidal, 
and septal fibrosis, findings are consistent with alcoholic hepatitis. Maddrey score 
was 16, and Glasgow AH score was 6. Taken together, the case was considered a 
beginning acute-on-chronic liver disease. Therapy consisted of thiamin substitu-
tion, alcohol detoxification with chlormethiazole using a tapering scheme. Serum 
bilirubin initially increased from 5.9 to 17.7 mg/dL in the first week while INR 
stayed within the normal range. LS increased to 75 kPa (see Fig. 53.2). Notably, this 
patient remained abstinent for almost 1 year. Figure 53.2 shows that LS further 
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decreased during complete abstinence. Screening gastroscopy did not show any 
varices. This case underlines that LS can further resolve after elimination of the 
underlying cause of the liver disease. It remains to be determined whether this is 
partly due to fibrosis reversal or solely due to resolution of inflammation and bal-
looning since apoptotic markers further continued to fall.

Case 5: Jaundice Caused by Autoimmune Hemolytic Anemia
44-year-old male, asthenic, pulse 96/min, jaundice, abdominal pain in the right 
upper quadrant, multiple sclerosis since 1996

Ultrasound: Inhomogeneous ultrasound pattern in the liver, liver 16 cm in MAL, 
splenomegaly 16 cm, everything else was fine. Liver stiffness was 6.1 ± 0.5 kPa

Lab tests: Hb 7.7 g/L, MCV normal, reticulocytes 96, AST 60, ALT 90 IU/L, AP 
and GGT normal, bilirubin 6.5  mg/dL, direct bilirubin 0.8  mg/dL, haptoglobin 
<0.08, viral serology were negative. Autoimmune hemolytic anemia (warm autoan-
tibody type) was diagnosed.

Conclusions: Example of how a rapid LSM, done within 5 min and obtained 
before laboratory values, can support the suspicion of a pre-hepatic icterus. Although 
hemolysis itself can cause liver damage and elevated LS, in most cases LS is much 
lower as compared to comparable mechanic cholestasis.

Case 6: Jaundice Due to Mechanic Cholestasis
64-year-old male, referred from a psychiatrist with known schizophrenia and 
Parkinson’s disease with increased transaminases and suspected acute hepatitis.

The patients had jaundice, poor nutritional state, otherwise good general condi-
tion. Abdominal examination revealed no tenderness, no pressure pain, normal 
bowel sounds, normal liver span, spleen was not palpable, and kidneys were 
not tender.
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260 days of abstaining from alcohol. Note the continued improvement of LS
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Laboratory: Bilirubin 6.7 mg/dL mostly direct bilirubin, AST 309 IU/L, ALT 
432 IU/L, GGT 1006 IU/L, AP 677 IU/L, LDH 268 IU/L, erythrocytes 4.0/pL, Hb 
12.3 g/L, leucocytes 10.5/nL, CRP 68 mg/dL, serum creatinine was normal

Ultrasound: pronounced meteorism, common bile duct not clearly visible
Liver stiffness: 11.8 kPa IQR 5.9 kPa success rate: 71%
Results and conclusion: Suspicion of choledocholithiasis with cholangitis and 

accompanying hepatitis. ERCP was done the next day with enlarged common bile 
duct 11 mm, sludge, multiple concernments. Papillotomy and removal of gallstones. 
This case underlines some general observations from the Chap. 25 “LS and 
Cholestasis” from book Part IV “Important (patho)physiological confounders of 
LS.” Accordingly, 1 mg/dL bilirubin elevation will cause an increase of LS by ca. 
1 kPa leading to a cumulative LS = normal LS + bilirubin ∗1 kPa = 10 kPa.

Case 7: Heavy Drinker with Zieve Syndrome
55-year-old patient with progressing jaundice, dizziness, vomiting, diarrhea, and 
fever till 39° for one day. Known heavy alcohol consumption.

Laboratory: Leucocytes 28/nL, Hb 7.9 g/L, MCV 102 fl, platelets 78 × 109/L, 
creatinine 4.1  mg/dL, Na 126  mEq/L, ALT 137  IU/L, AST 872  IU/L, GGT 
185 IU/L, AP 138 IU/L, LDH 4850 IU/L, CK 221 U/L, bilirubin 17.9 mg/dL, TG 
415 mg/dL

LS 17.6 ± 3.6 kPa
Ultrasound: no ascites, spleen enlarged with 15 cm
Liver stiffness: 17.6 ± 3.4 kPa
Results and conclusions: Patients rapidly improved after therapy with antibiot-

ics, dialysis, i.v. supplementation with isotonic liquids. Diagnosis of Zieve syn-
drome was made (hemolysis, hypertriglyceridemia, icterus). A look at Fig.  53.3 
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demonstrates that initial LSM did not fulfill criteria of cirrhosis although it was 
clearly higher as 12.5 kPa. After treatment, resolution of icterus, hemolysis, and 
transaminases, LS was in the normal range.

Case 8: NAFLD
Two male patients (father and son) with 60 and 28 years presenting both with histo-
logically confirmed NAFLD and NASH for the first time for liver stiffness measure-
ments. Similar signs of liver inflammation with ALT 134 IU/L and AST 66 IU/L, no 
diabetes, no overweight, regular exercise.

Ultrasound: signs of fatty liver, no signs of cirrhosis in both patients
Liver stiffness: Father with 22 ± 3.4 kPa and son with 4.9 ± 1 kPa.
Results and conclusions: This is an example of non-insulin resistance-related 

NAFLD (<10% of NAFLD patients), perfect compliance with regard to nutrition, 
physical exercise and weight control but unfortunately an unfavorable genetic back-
ground. While LSM clearly establishes compensated liver cirrhosis in the father, 
any even early liver fibrosis could be ruled out in the 32 years younger son despite 
ongoing significant NASH. Both should undergo follow-up LSM every 12 months 
and laboratory testing once or twice a year and continue dietary and exercise mea-
sures. In addition, the father should undergo gastroscopy to rule out esophageal 
varices and HCC screening every 6 months. In this situation, LSM detects manifest 
cirrhosis and is crucial in controlling complications and progression of the disease.

Case 9: NAFLD
61-year-old male patient with BMI 30, pronounced fatty liver in ultrasound, mother 
and grandmother also had fatty liver and obesity. External laboratory tests were OK 
except low platelets of 147 over 10 years. Occasional alcohol consumption.

Ultrasound: significantly increased echo density, local hypodensity around gall 
bladder, no ascites, no splenomegaly

LS 6.7 ± 0.8 kPa
Conclusion: In this case, the patients suffered from an inherited thrombocytope-

nia and LSM helped to clearly rule out liver fibrosis which he was afraid of.

Case 10: NAFLD
55-year-old female patient with known NAFLD for LS follow-up.

Liver stiffness: M probe revealed 10.4 kPa, XL probe 15.1 kPa (see elastograms 
in Fig. 53.4).

Conclusions:
The use of different probes with TE such as S for children and XL for obese 

patients has significantly improved measurability of these patient cohorts. However, 
care should be taken when applying different probes in a single patient. According 
to the Chap. 44 entitled “Use of XL probe in obese and non-obese patients” in book 
Part VII, XL probe can be directly applied to obese patients when BMI >30. If not 
sure, M probe should be first applied and XL only in case of measurement failure. 
In any case, patients should be followed up with the same probe. As can be nicely 
seen in Fig. 53.4, M probe shows higher LS values. This is due first to the shorter 
penetration depth in obese patients still measuring part of the compressed fat tissue/
muscle tissue and calculation of LS from the lower conical rim of the shear wave. 
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As a rule of thumb, cutoff values for the XL probe are 20% lower as the M probe. 
As discussed in book Part VII, there are still ongoing controversies about whether 
this algorithm always applies.

Case 11: Acute Hepatitis A Infection
22-year-old male was transferred to the hospital with fatigue and suspicion of acute 
hepatitis A (see laboratory in Table 53.2). Enlarged spleen (13 cm) in the otherwise 
normal abdominal ultrasound. Acute hepatitis A was later established serologically. 
LSM was drastically elevated. Both transaminase levels and LS rapidly decreased 
within a few days (see Table 53.2).

Results and conclusions:
Acute hepatitis can cause LS elevation up to 30 kPa in the absence of fibrosis. 

Typical viral causes are HAV or EBV infection. If patients are at potential risk of 
spleen rupture, they can be followed up in the hospital till LS decreases and spleen 
size or SS does not increase further.

Case 12: Acute EBV Infection
25-year-old male with fever, left side pain, collapse, 64 kg, 177 cm, EBV quick test 
positive, later confirmed by serology

Laboratory day 1: AST 382 IU/L, ALT 299 IU/L, GGT 80 IU/L, AP 186 IU/L, 
LDH 1228 IU/L, CRP 8.2 mg/dL, Ferritin 2270 ng/mL

Ultrasound day 1: Liver size 17.5 cm, Spleen size 18 cm, LS 6.6 ± 1.1 kPa
Laboratory day 5: improvement with AST 96  IU/L, ALT 197  IU/L, LDH 

778 IU/L
Ultrasound day 5: Liver size 17.5 cm, Spleen size 17 cm, LS 4.0 ± 0.5 kPa
Conclusions:
Hepatotropic viruses such as EBV can cause acute hepatitis, in some cases liver 

failure and spleen rupture. Since these are often young patients with discomfort, 
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Fig. 53.4 M and XL probe in same NAFLD patient. As shown in this representatitve example, XL 
probe typically yields 20% lower LS values

Table 53.2 LS and 
transaminase levels in a 
patient with acute hepatitis A 
on days 1 and 5 of admission

Parameter/units Day 1 Day 5

AST (U/L) 5577 1203
ALT (U/L) 2829 335
Liver stiffness (kPa) 26.3 13.9
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noninvasive screening and follow-up is helpful. In this case, spleen size reduced on 
day 5 and LS had completely normalized. Patient was followed up by the GP.

Case 13 Non-hepatic Ascites with Ovarian Cancer
70-year-old female presents with massive ascites, dyspnea, and edema of lower 
extremities.

Gastroscopy, colonoscopy, and gynecological exploration were normal. 
Echocardiography was normal.

Laboratory: Platelets 381 × 109/L, Hb 11.9 g/dL, serum protein 6.4 g/dL, CRP 
54 mg/dL, Ferritin 180 ng/mL, all other liver values were normal

Ultrasound: Pronounced ascites, liver was 15 cm large, appeared normal, spleen 
was normal with 9.1 cm.

Liver stiffness: completely normal with 4.9 ± 0.5 kPa
Results and conclusions:
This is an example of a patient with obviously non-hepatic ascites that is found 

in large cohorts in ca. 20% of all cases. As discussed in book Part VII How to use 
LS in clinical practice, Chap. 43 “LS and hepatic vs. non-hepatic ascites,” LS can be 
well determined using TE up to ascites lamella of 39 mm. A LS by 8 kPa clearly 
rules out hepatic causes of ascites. This is important to know since a rapid exclusion 
of a hepatic cause of ascites by LSM can avoid frustrated alternative diagnostic 
measures and loss of time. In this case, computer tomography was done and revealed 
peritoneal carcinomatosis and an ovarian cancer could be established. Both CA 125 
and 19-9 were elevated. Cytology revealed adenocarcinoma.

Case 14: Liver Congestion
79-year-old male patients with reduced general conditions and severe obesity. 
Known right heart failure with NYHA II-III and dyspnea on effort. Edema of 
lower extremities. Wet rattle noise in both lungs. Abdomen soft but examination 
limited.

Echocardiography: enlarged atria, left ventricular hypertrophy, contractility 
normal of left and right ventricle, systolic pulmonal arterial pressure with ca. 
100 mmHg drastically increased, inferior vena cava was congested. Lung function 
with restrictions but no obstruction.

Ultrasound: Signs of liver congestion with enlarged inferior caval vein, nodular 
surface of the liver, inhomogeneous, gall bladder with multiple small gallstones.

Laboratory: normal except CRP 16 mg/dL and platelets 136 × 109/L
Liver stiffness: 22.1 ± 5.6 kPa
Results and conclusions:
Patients with right heart failure and decompensation. LS is increased due to liver 

congestion (see also Chap. 23 on “LS in patients with heart failure and liver conges-
tions in Part “IV Important (patho)physiological confounders of LS”). The nodular 
aspects in US suggest cardiac cirrhosis and it is still difficult to discriminate ele-
vated LS due to congestion or cirrhosis. Preliminary data indicate that GGT is a sign 
of manifest cardiac cirrhosis [1]. LS typically decreases rapidly after treatment with 
diuretics. Animal data have shown that a central venous pressure of 36 cm water 
column can cause LS elevation of 75 kPa, the detection limit of the Fibroscan device.
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Case 15: Liver Metastasis
60-year-old male patients after hernia operation, ascites, and suspicion of cirrhosis

Ultrasound: diffuse liver metastasis with some remaining areas of normal liver 
tissue (see Fig. 53.5). Liver stiffness varies drastically between 36 and 64 kPa with 
an IQR of 32 kPa.

Conclusions: Unually high variation of LS (high IQR) are suspicious of nodular 
(malignant) liver masses. Such findings should trigger further imaging studies. See 
also the following canse 16 with HCC.

Case 16: Hepatocellular Carcinoma (HCC)
70-year-old male during routine check-up.

Ultrasound: Liver with normal size, no ascites, right liver lobe normal, left lobe 
from ventral with multiple nodule.

Lifer stiffness: right liver lobe 13.3 ± 1 kPa, left liver lobe 75.0 ± 5.2 kPa
Conclusions: Later, CT confirms large 9 cm sized HCC in the left liver with liver 

cirrhosis. Sometimes, liver masses are not visible in ultrasound but may be first 
detected by an elevated LS with unusally high variability within different liver 
areas. There are some reports that have been tried to establish an increase of IQR as 
first sign of HCC or liver tumors which are typically very stiff [2, 3].

Case 17: Hepatic Amyloidosis
72-year-old female patient with conditions after decompensated right heart failure, 
at time of admission no ascites and no liver congestion, known liver cysts. Gout, 
alcohol consumption, increase of serum creatine to 2.4 mg/dL.

Liver stiffness: 32.2 ± 6.3 kPa
Conclusions:
Histology confirmed amyloidosis. Amyloidosis is a rare situation of LS elevation 

in the absence of cirrhosis or other confounders. This needs to be considered.

Case 18: Patient with Hereditary Spherocytosis (Hereditary 
Hemolytic Anemia)
48-year-old female in good condition, autosomal recessive spherocytosis presenting 
with abdominal discomfort, upper endoscopy normal

Laboratory: Hb 12.1 g/dL, Ferritin 899 ng/mL, Monocytes 10.1%, MCV 89 fl. 
While serum AST, ALT, AP, and GGT were at normal levels, bilirubin was 1.3 mg/dL

Liver iron measurement: Liver iron 526 μg/g liver wet weight (normal <300)
Ultrasound: Liver size was 22 cm while spleen was 18 cm

Fig. 53.5 Multiple liver 
metastasis with high 
variability of LS between 
26 kPa and 64 kPa
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Liver stiffness: 3.7 ± 0.4 kPa
CAP: 276 ± 39 dB/m
Spleen stiffness (SS): 48 ± 12 kPa
Conclusion: LS indicates no sustained liver affection by spherocytosis, phle-

botomy recommended, elevated SS fits severe continued hemolysis, follow-up of 
LS in 12 months recommended.

Case 19: Initial Diagnosis of Wilson’s Disease
31-year-old male patients present with elevated transaminase levels, 
ALT > AST. Additionally, elevated ferritin, no improvement after 20 kg weight loss 
(now 1.95 m, 105 kg, BMI 27.6). Otherwise no symptoms.

Laboratory: AST 66  IU/L, ALT 158  IU/L, AP 77  IU/L, and GGT 106  IU/L 
while serum bilirubin level was 0.6 mg/dL. Also, Hb was 14.1 g/dL, ferritin was 
660 ng/mL, and MCV was 78 fl

Wilson’s diagnosis: Ceruloplasmin <0.01 (0.2–0.6), serum copper <100 
(700–1400), urine copper 137 (10–80)

Ultrasound: Liver 19 cm, splenomegaly with spleen size 18 cm
Liver stiffness: 39.0 ± 1.1 kPa
CAP: 316 ± 33 dB/m
Results and conclusions: Liver biopsy was performed showing unspecific signs 

of NAFLD but elevated liver copper levels with 416.9 μg/g dry weight (normal 
0–50). Mutations c.2071G>A and c2720A>G in the ATP7B gene were detected. 
Brain MRI did not show any copper accumulation nor were other Wilson’s disease 
related pathologies observed. Wilson’s disease was diagnosed and treatment with 
Metalcaptase (Penicillamine) up to 1200 mg daily initiated. ALT decreased for the 
first time from 188 to 153, and after 6 months to 97. Ferritin fell to 278. Liver stiff-
ness eventually decreased after 1 year down to 6.1 kPa. To date, the patient tolerates 
the therapy well and transaminase levels have become normal. This case illustrates 
that an elevated LS seems to be a quite early sign in patients with copper accumula-
tion despite the otherwise inconclusive and unspecific tests. Thus, an elevated LS 
should trigger further diagnosis which should respond to treatment interventions 
accordingly. In this case, it almost took 1 year after weight loss and dietary mea-
sures that copper chelation treatment proved to be effective confirming the diagno-
sis. For more details, Chap. 20 on Wilson’s disease is recommended.

Case 20: A Case of Budd–Chiari Syndrome (BCS)
A 34-year-old lady was diagnosed with Budd–Chiari syndrome with complete 
obstruction of the left hepatic vein as well as stenosis in the right hepatic vein. She 
had esophageal varices (grade II) and low platelet counts (98 × 109/L).

Results and conclusions:
She underwent percutaneous transluminal angioplasty (PTA) for the left hepatic 

vein. Liver stiffness decreased from 68.4 kPa before PTA to 14.8 kPa after 12 h and 
9.4 kPa after 6 months with eradication of the esophageal varices and improvement 
of the platelet count (158 × 109/L) [4]. In addition, the serum level of hyaluronic 
acid decreased from 92 ng/mL before PTA to <8 ng/mL after 6 months. This is an 
example that rapid re-canalization of the obstructed vein in BCS is vital and LSM is 
an easy way to monitor immediate and sustained response. In this case, progression 
to cirrhosis could be prevented. See also Chap. 14 for more details on BCS.
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Case 21: A Case of Chronic HCV and DAAs
A 52-year-old man presented to us for assessment of hepatitis C.  The physical 
examination revealed unremarkable findings for the presence of chronic liver dis-
ease, and virology investigations indicated hepatitis C infection. The laboratory 
investigations revealed the following: ALT  =  79  IU/L, AST  =  85  IU/L, albu-
min = 3.3 mg/dL, platelet count is 139 × 109/L, and an INR = 1.4. The abdominal 
ultrasound showed a diffusely fatty liver with normal size of 13 cm.

Results and conclusions
Liver stiffness was of 26 kPa with 100% success rate and CAP 335 db/m while 

spleen stiffness was 49.7 kPa. Screening upper endoscopy was ordered and revealed 
esophageal varices grade III where band ligation was done. Later, he was prescribed 
antiviral therapy for 3 months (sofosbuvir/ledipasvir combination) where LS and SS 
decreased (13.4 kPa and 37.3 kPa, respectively, Fig. 53.6) at the fourth week of 
therapy and viral clearance and HCV-PCR quantitation became negative. In addi-
tion, serum ALT and AST normalized after 4  weeks (ALT  =  34  U/L and 
AST = 39 U/L). Surprisingly, the LS and SS continued to improve together with the 
liver functions after end of treatment to reach 8.8 kPa and 22.4 kPa, respectively, 
while CAP decreased 256 dB/m after end of treatment [5]. Of note, platelet count 
significantly improved after end of treatment to reach 162 × 109/L. Combined LS 
and SS measurements is mandatory to follow up the response to DAAs and the 
progression of portal hypertension especially in patients with advanced fibrosis. 
More details are provided in Chaps. 9 and 33 on LS and SS in patients with HCV.
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Chapter 54
Introduction to the Molecular Basis 
of Liver Stiffness and Its Relation 
to Mechano-signaling

Sebastian Mueller

 Introduction

Liver stiffness (LS) appears to be a rather complex parameter that is modulated by 
many factors at the systemic, organ-, cellular, and intracellular level. This is primar-
ily the matrix composition of the liver itself such as collagen deposition. Second, 
pressure-related factors contribute largely to LS and, third, liver perfusion. The 
dynamic component of pressure is associated with blood flow and eventually with 
an intact heart action. However, in combination with blood flow, the hepatic resis-
tance and hemorheology also contribute to LS. Finally, there is also a static pressure 
component mainly derived from the vascular filling, e.g., through water retention 
but also characteristics of the vascular wall including muscle action and elastic 
properties. Figure 54.1 highlights all organ systems that are engaged in the control 
of LS. The following paragraphs are far from being complete but are thought to 
describe important aspects to be considered for a better understanding of LS in 
the future.

 Hepatic Blood Flow, Resistance, and Hemorheology

Many hemodynamic aspects of LS have been already discussed elsewhere in this 
book, e.g., in the chapter introducing the “Sinusoidal Pressure Hypothesis.” Some 
aspects listed in Fig. 54.2, however, are new and deserve some additional discus-
sions. More details are also listed in Table 54.1. Thus, capillary pressure is expected 
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to contribute to LS, similar to its role in lungs. Capillary pressure is the pressure 
between two immiscible fluids in a thin tube, resulting from the interactions of 
forces between the fluids and solid walls of the tube. Capillary pressure can serve as 
both an opposing and driving force for fluid transport. The role of capillary pressure 
in liver sinusoids is still largely unexplored, so its role for LS and molecular factors. 
However, it can be assumed that both blood constituents and wall properties con-
tribute to capillary pressure.

This links to hemorheology or blood rheology which is the study of flow proper-
ties of blood and its elements of plasma and cells. Proper tissue perfusion can occur 
only when blood’s rheological properties are within certain levels and it has been 

Systemic
hormones

Heart 
Vascular system

Kidney

Liver

Central 
Nervous
System

Bone marrow

Liver stiffness

Sinusoidal
pressure

Fig. 54.1 Organ systems 
and liver stiffness

Liver stiffness 

Tissue matrix 

Blood flow Hemorheology

Sinusoidal pressure

Water retention
Osmotic pressure
Oncotic pressure
Vascular elasticity
Vasoconstriction

ADH action 
Aldosterone action

Static pressure 

Hepatic inflow 
Hepatic outflow 

Heart rate
Cardiac output

hematocrit
red blood cell
deformability
red blood cell
aggregation

plasma viscosity

Fibrosis stage
Collagen

Hepatic 
resistance

Capillary pressure
Endothelial properties 
Membrane properties 
Cell status, Ballooning 

Aquaporine
Metabolism

Inflammation
Apoptosis

Cell infiltration

Dynamic pressure/Perfusion 

Fig. 54.2 Liver stiffness at the systemic level. Liver stiffness is primarily modulated by matrix, 
blood flow, hepatic resistance, hemorheology, and static pressure

S. Mueller



633

Table 54.1 Major factors that affect liver stiffness and examples

LS factors Examples
Example of LS 
elevation

Examples of LS 
decrease

Tissue matrix Collagen Liver cirrhosis
Amyloid Amyloidosis

Pressure 
hemodynamics

Static Elasticity of 
vascular bed

Vasoconstriction
– Adrenaline
– Noradrenaline

Vasodilatation
– Nitrates
– β-blockers

Filling status Water retention
– RAAS
– Aldosterone
– Antidiuretic 
hormone

Treatment with 
diuretics
– Furosemide
– Spironolactone

Osmotic pressure Hyponatremia
Oncotic pressure Hypalbuminemia

Dynamic Hepatic inflow
Hepatic artery Elevated arterial 

pressure
Increased cardiac 
output
Increased heart rate
Sympathetic action

Hypotonia
Parasympathetic 
action

Portal vein Elevated portal flow Lowered portal 
pressure

Hepatic outflow
Hepatic veins Congestion Blood loss
Common bile 
duct

Cholestasis Choleresis

Hemorheology Hematocrit
Red blood cell 
deformability
Red blood cell 
aggregation
Plasma viscosity

Elevated blood 
viscosity
– Dehydration

Lowered blood 
viscosity
–  Dilution, platelet 

inhibition, 
heparins

Hepatic 
resistance

Capillary 
pressure

Endothelial 
properties
Membrane 
properties

Hepatocyte 
status

Ballooning Ballooning
Aquaporin action
Metabolism
Steatosis Steatosis?
Inflammation Antiinflammatory 

treatment
Apoptosis Apoptosis Apoptosis inhibition

Cell 
infiltration

Macrophages Inflammation
Neutrophils
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well conceived for a long time that alterations of these properties play a significant 
role in disease processes. Blood viscosity is determined by plasma protein concen-
tration, hematocrit (volume fraction of red blood cells), temperature, and mechani-
cal properties of red blood cells. These mechanic properties include erythrocyte 
deformability and erythrocyte aggregation. Blood can be considered as a non-New-
tonian fluid as the viscosity of blood varies with shear rate. Blood becomes less 
viscous at high shear rates like those experienced with increased flow such as during 
exercise or in peak-systole. Contrarily, blood viscosity increases when shear rate 
goes down with increased vessel diameters or with low flow, such as downstream 
from an obstruction or in diastole. This decrease of blood viscosity in capillaries is 
called Fåhraeus–Lindqvist effect [1].

Plasma viscosity is determined by water-content and macromolecular compo-
nents. Nevertheless, hematocrit has the strongest impact on whole blood viscosity. 
One unit increase in hematocrit can cause up to a 4% increase in blood viscosity. 
This relationship becomes even stronger with increasing hematocrit. Thus, when the 
hematocrit rises from 40 to 60%, relative viscosity of the blood rises from 4 to 8, 
which is an increase by 100% [2]. In polycythemia, the blood viscosity can become 
as great as 10 times that of water, and its flow through blood vessels is greatly 
retarded because of increased resistance to flow.

 Stiffness at the Cellular Level

As already discussed in book Part IV in the chapter of “Histological Confounders,” 
several cellular conditions are known to be associated with LS. Fibrosis or collagen 
deposition shows the closest association with LS. Fibrosis is followed by features 
of hepatocyte injury including ballooning, lobular and portal inflammation, 
Mallory’s hyaline in the now called Mallory Denk bodies, and apoptosis. 
Inflammation is followed by other histological features that are positively and sig-
nificantly associated with LS: microgranulomas, acidophil bodies, megamitochon-
dria, glycogenated nuclei, and large lipo-granulomas. These mostly intracellular 
histological parameters are all features of apoptotic cell damage or death. Notably, 
steatosis itself such as lipid droplets are not significantly correlated with LS, in 
some cohorts even slightly negatively. The role of hemodynamic pressure is visual-
ized in Fig.  54.3. It demonstrates how vascular pressure or sinusoidal pressure 
causes stretching of peri-vascular or perisinusoidal aligned structures or cells. 
These stretch forces will further elevate stiffness or LS but also engage in biome-
chanical signaling [3–6]. There will be also bidirectional interactions between pres-
sure and peri-vascular structures. For instance, inflammation and ballooned 
hepatocytes will increase vascular resistance, increase pressure, and further stretch 
the surrounding.
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 Intracellular Components and Stiffness

Figure 54.4 now briefly highlights cellular and intracellular structures that can affect 
cellular stiffness and organ stiffness such as LS. It should be noted, however, that 
our knowledge about these intracellular constiutents are still largely unexplored and 
poorly validated. Apart from cellular “matrix constituents,” intracellular pressure 
will control wall tension and tension of intermediate filaments such as cytokeratin 
18 (CK18). Many other cellular proteins are involved in anchoring cells to ECM or 
between cells. Thus, adherens junctions (AJ) are not only involved in anchoring the 
cell to the ECM but are also actively involved in transducing mechanical forces. AJ 
contain cadherins (such as E-Cadherin and N-Cadherin) that are linked to the cyto-
skeleton (F-actin) via linker proteins β-catenin and α-catenin [7]. Cadherin-based 
cellular adhesions signal by a broad range of extra-, inter-, and intracellular mecha-
nisms, which involve several kinases and phosphatases [8]. Tight junctions (TJ) are 
found at the apical membrane of all epithelia, thereby acting as barriers for lipids 
and proteins by preventing diffusion between apical and basolateral intramembrane 
domains (Fig. 54.5). TJ consist of transmembrane proteins including occludin, clau-
dins, tricellulin, and junctional adhesion molecules (JAMs) as well as cytosolic pro-
teins acting as scaffolding proteins that anchor membrane components to the actin 
cytoskeleton, e.g., ZO-1 to -3 or include signaling molecules and transcription fac-
tors (e.g., ZONAB) [9]. Their elevated expression, namely, occludin, claudin 1, 2, 4 
and 7, has been observed in liver cirrhosis and HCC [10, 11]. Desmosomes are 
adhesive junctions consisting of transmembrane proteins (desmoglein and desmo-
collin) that interact with linker molecules of the armadillo family (plakoglobin, pla-
kophilins, and desmoplakin) [12], thereby providing resistance to mechanical forces 
through direct interactions with cytokeratins, major proteins of the keratin-contain-
ing intermediate filaments (IF) [13, 14]. A recent study investigating mechanical 

KC

HC

Collagen
deposition

ballooning

Inflammation 

Stretching 

(infiltration)

Damage 
(e.g.EtOH)

HSC

LSEC
sinusoidal
pressure

Fig. 54.3 Modulation of 
tissue stiffness by vascular 
or sinusoidal pressure. A 
liver sinus is shown 
schematically. Hepatocyte 
cell death, inflammation, 
or congestion all lead to 
increased sinusoidal 
pressure that causes 
stretching of, e.g., hepatic 
stellate cells (HSC), liver 
sinus enothelial cells 
(LSEC) or 
hepatocytes (HC)

54 Introduction to the Molecular Basis of Liver Stiffness and Its Relation…



636

pressure (BDL rat model) and IF changes in liver demonstrated a disappearance of 
pericanalicular sheath and rearrangement of IF at the hepatocyte periphery [15]. IF 
in hepatocytes are mainly composed of CK18 and form a meshwork extending from 
desmosomes at the lateral cell membrane throughout the cytoplasm (Fig.  54.5). 
Desmosomal cadherins interact with each other and facilitate IF attachment. 
Furthermore, desmosomes are extremely stable and may play a role in reorganiza-
tion of gap junctions (GJ) [16] that are important for intercellular communication. 
GJ are formed by hemichannels (connexons) of adjacent cells and are built up by six 
connexin proteins (Cx), which allow passive diffusion of small and hydrophilic 
molecules (<1 kDa) into neighboring cells. The most abundant connexins found in 
the liver are Cx 26, 32, 36, 40, and 43 [17]. GJ may contribute to modulation of 
portal pressure and intrahepatic vascular relaxation [17].

In summary, intracellular pressure in association with intercellular junctions, 
anchoring proteins, and intermediary filaments seem to play an important role in 
defining cellular stiffness and all these conditions are still largely unexplored.
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Fig. 54.4 Stiffness and intracellular components. Stiffness is also affected by intracellular pres-
sure (P) and stretch forces (red arrows) on the cellular membranes and intermediary filaments. 
Several intercellular junctions are schematically shown such as tight junctions (TJ), gap junctions 
(GJ), and adherence junctions (AJ). Intermediary filaments such as CK18 play an important role in 
liver disease. CK18 is interacting with intercellular junctions such as AJ. Finally, the intracellular 
pressure (P) is likewise controlled by many conditions including transport proteins (T) to control 
osmotic pressure, protein shuttles, or water influx, e.g., by aquaporins. Below, the blood flow direc-
tion and sinusoidal pressure are shown. We are only at the beginning to understand the role of all 
these cellular factors in defining stiffness and biomechanic signaling. Further abbreviations: ECM 
extracellular matrix, SP sinusoidal pressure
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 How Do Cells Respond to Mechanical Stress?

Mechano-sensing has been studied for many decades and various underlying mech-
anisms seem to be involved. Cells must adhere to a solid. However, an understand-
ing of how tissue cells—including fibroblasts, myocytes, neurons, and other cell 
types—sense matrix stiffness is just emerging with quantitative studies of cells 
adhering to gels (or to other cells) with which elasticity can be tuned to approximate 
that of tissues.

Key roles in molecular pathways are played by adhesion complexes and the 
actin-myosin cytoskeleton, whose contractile forces are transmitted through trans-
cellular structures [18]. Potential sensing mechanisms include cation channels of 
the transient receptor potential (TRP) family, the actin-interacting protein zyxin and 
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values in various pathological conditions that ultimately cause liver fibrosis (see [45])

54 Introduction to the Molecular Basis of Liver Stiffness and Its Relation…



638

G protein-coupled receptors that are activated in response to stretch [19, 20] while 
ion channel activation and alterations in cytoskeletal stability are part of the response 
to hydrostatic pressure [21]. Members of TRP family of cation channels are emerg-
ing as important players in mechanotransduction pathways. Localized within mech-
anosensory structures, they are activated by mechanical deformations/stretching 
and trigger fast as well as sustained cytoskeletal remodeling responses [20]. In 
HSCs, these channels have been shown to be upregulated during fibrosis develop-
ment and if blocked, myofibroblast differentiation was attenuated, thus suggesting 
an important role in HSC activation [22]. Likewise, the stress fiber network within 
these cells structurally reinforces and provides tension to tissues such as those found 
in healing wounds. Stress fibers have been observed to polymerize in response to 
mechanical forces which involves calcium-signaling [23]. Furthermore, liver sinus 
endothelial cells (LSECs) are highly specialized endothelial cells, which line liver 
sinusoids and are likely to be the first to sense shear stress due to changes in sinu-
soidal pressure or elevated blood flow. Moreover, the cells contain fenestrae allow-
ing passage of soluble factors smaller than 100–150  nm between the sinusoidal 
blood and parenchymal cells. A contractile cytoskeleton ring composed of actin and 
myosin supports the fenestrae. The size and density of fenestrae is affected by portal 
pressure and shear stress, as well as soluble factors [24–26]. A recent study suggests 
that the lack of fenestration plays an important role in fibrosis development and a 
restoration of LSEC differentiation was shown to promote HSC quiescence, 
enhances regression of fibrosis and prevents progression of cirrhosis in vivo [27]. 
Therefore, the role of LSECs in mechano- sensing and fibrosis development requires 
further investigation.

 Role of Myofibroblasts and ECM in Mechano-signaling

Myofibroblasts are regarded as major matrix generating cells in the liver but also in 
other tissues. In fact, besides HSCs, a large panel of cells can develop this pheno-
type upon activation including chondrocytes, osteoblasts, smooth muscle cells, peri-
cytes, fibrocytes, or epithelial cells undergoing epithelial-to-mesenchymal transition. 
Neo-expression of the alpha isoform of smooth muscle actin (α-SMA) is used as 
marker for activated myofibroblasts [28]. Fibroblasts without a contractile appara-
tus form only very small and immature adhesions with the ECM [29, 30]. During 
mechanic stress, these focal complexes mature into focal adhesions (FA) [4]. HSCs 
undergo myofibroblast transformation if coated on stiff matrices even in the absence 
of the pro-fibrogenic cytokine TGF-β [31]. Most importantly, however, it was also 
shown that an increase in LS precedes histological matrix deposition in a rodent 
model [32]. In these concepts, the HSCs are described as sensing cells that respond 
to a stiff matrix by producing more matrix proteins. Indeed, HSCs have been known 
for a long time to be contractile and respond to changes in their environment [33]. 
In myofibroblasts, activated TGF-β results in increased α-SMA, which interacts 
with cellular myosin to contract and produce increased tension. TGF-β is a common 
factor downstream of many mechanical forces; in addition to tension, other forces 
including shear forces mediated by interstitial fluid flow and stretch have been 
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implicated in TGF-β activation and release [34, 35]. It is quite striking to see that 
comparable stiffness values have been observed in patients with various liver dis-
eases and confounders (inflammation, cholestasis, congestion) obtained by transient 
elastography in humans and in cellular studies analyzing the pro-fibrogenic response 
of HSC and fibroblasts (α-SMA activation and TGF-β release) under culturing con-
ditions with exactly defined stiffness as assessed by atomic force microscopy (for 
details, see Fig. 54.5a–c). The identical levels of stiffness and pro-fibrogenic condi-
tions both in clinical and cellular studies are a strong argument for the role of sinu-
soidal pressure and pressure-mediated stiffness elevation in fibrosis progression [5]. 
Thus, pressure could be one of the long seeked physiological correlates that modu-
late tissue stiffness (see Fig. 54.3 and Appendix Fig. A.14).

 Principles of Mechano-sensing: Lessons 
from Pressure- Sensing in Vessels and Cells

Physical forces of gravity, hemodynamic stresses, and movement play a critical role 
in tissue development and have been studied for a long time [36]. Yet, little is known 
about how cells convert these mechanical signals into a chemical response. In a 
model presented by Ingber in 1997, it was postulated that cells are hard-wired to 
respond immediately to mechanical stresses transmitted over cell surface receptors 
that physically couple the cytoskeleton to extracellular matrix (e.g., integrins) or to 
other cells (cadherins, selectins, CAMs). Many signal transducing molecules that 
are activated by cell binding to growth factors and extracellular matrix associate 
with cytoskeletal scaffolds within focal adhesion complexes. Mechanical signals, 
therefore, may be integrated with other environmental signals and transduced into a 
biochemical response through force-dependent changes in scaffold geometry or 
molecular mechanics. Myofibroblasts are regarded as major matrix generating cells 
in the liver but also in other tissues. In fact, besides HSCs, a large panel of cells can 
develop this phenotype upon activation including chondrocytes, osteoblasts, smooth 
muscle cells, pericytes, fibrocytes, or epithelial cells undergoing epithelial-to- 
mesenchymal transition. As already discussed above, neo-expression of the alpha 
isoform of smooth muscle actin (α-SMA) is used as marker for activated 
myofibroblasts.

An important concept includes cell–matrix interactions such as focal adhesions 
(FAs). The cellular actin-myosin cytoskeleton exerts tension on ECM proteins via 
integrin attachments located within FAs that link the cell’s actin cytoskeleton and 
plasma membrane to the underlying ECM (Fig. 54.6a). FAs change protein composi-
tion and dynamics and grow in size in response to tension [37, 38]. Mechano- sensing 
by focal adhesions during cell adhesion to the ECM can be, for instance, mediated 
by talin (Fig. 54.6a), a connecting protein between ECM-binding integrin receptors 
and the actin cytoskeleton. In response to this increased tension, vinculin can bind to 
talin resulting in a force- and direction- dependent focal adhesion reinforcement [39]. 
Another example is mechano-sensing through the Latency Associated Peptide 
(LAP) complex. Thus, TGF-β that is stored in the LAP complex of the ECM can 
undergo activation as a direct result of mechanical tension. Through integrin 
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Fig. 54.6 Molecular examples of mechano-sensing. These already established mechanisms could 
all contribute to sensing the sinusoidal pressure via intercellular or ECM-cellular stretch forces 
ultimately causing matrix deposition to withstand the pressure. Many cells including HSC and 
fibroblasts have tactile properties and can sense the rigidity of the pressure-modulated tissues stiff-
ness. (a) Mechano-sensing by focal adhesions during cell adhesion to the ECM.  For instance, 
stretch forces free cryptic binding sides of talin, a connecting protein between ECM-binding inte-
grin receptors and the actin cytoskeleton. In response this increased tension, vinculin can bind to 
talin resulting in a force- and direction-dependent focal adhesion reinforcement. (b) Stretch-
sensing and pro-fibrogenic response by latent TGF-β activation. Integrin binding to a specific RGD 
site in LAP transmits intracellular force to the latent TGF-β complex consisting of LTBP1, TGF-β, 
and LAP. In case of, e.g., pressure-induced stretch forces, RGD- linked ECM will pull LAP away 
and this conformation change will release TGF-β. (c) Stretch- sensing by mechanosensitive ion 
channels (MIC). MIC perceive changes in plasma membrane tension, which can be modulated by 
the actin network. Mechanical forces are thought to gate ion channels by inducing a conforma-
tional switch resulting in pore opening and ion flux. Abbreviations: ECM extracellular matrix, LAP 
latency associated protein, LTBP1 latent transforming growth factor β binding protein 1, TGF-β 
transforming growth factor β
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attachments, cells are able to exert tension on the LAP.  In a soft environment, it 
deforms in response to tension and the complex remains intact. If the matrix is stiff, 
however, resistance to cell-generated tension results in deformation of the LAP and 
the concomitant release of active TGF-β [40, 41]. A third example is mechanosensi-
tive ion channels that perceive changes in plasma membrane tension, which can be 
modulated by the actin network [39]. Mechanical forces are thought to gate ion 
channels by inducing a conformational switch resulting in pore opening and ion flux.

Many lessons on mechano- and pressure-mediated signaling pathways and sens-
ing have been learnt from vascular biology [3, 6, 42–44]. It is also interesting to note 
that mechano-induced gene expression profiles include hypoxia-regulated genes 
such as HIF1alpha [6]. This could be a further hint that pressure changes are 
always associated with oxygen changes. For example, elevation of vascular pres-
sure in response to vascular resistance will be followed by a decrease in oxygen. 
Under extreme conditions of a complete blockage of blood flow, pressure will be 
maximized while oxygen rapidly decreases. Figure  54.7 schematically depicts 
potentially involved pathways in sinusoidal pressure and LS induced mechano- 
sensing in the liver. These should be addressed in future studies.
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Fig. 54.7 Potential sinusoidal pressure-induced pathways ultimately leading to liver fibrosis. 
Abbreviations: AngII Angiotensin II, AP-1 Activator protein-1, CAT catalase, Egr-1 early growth 
response gene-1, ERK-1/2 extracellular signal regulated kinases 1 and 2, FAK focal adhesion 
kinase, GADD-153 growth arrest and DNA damage-inducible gene 153, JNK c-Jun N-terminal 
kinase, HSC hepatic stellate cell, HSP-60 heat shock protein-60, LSEC liver sinus endothelial cells, 
MCA monocyte chemotactic antigen, MIC Mechanosensitive ionic channels, NO nitric oxide, NOX 
NADPH-dependent oxidases, PCNA proliferating cell nuclear antigen, REB response element 
binding protein, SGK serum-glucocorticoid-induced protein kinase (a serine/threonine protein 
kinase), SMC smooth muscle cells, SM22-α smooth muscle cells specific protein, TGF-β trans-
forming growth factor β, THA-2 thromboxane synthase-A2, TNF-α tumor necrosis factor-α
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Chapter 55
Stiffness and Hepatocytes Function 
In Vitro

Srivatsan Kidambi

 Introduction

Liver damage as a consequence of liver injury or disease (e.g., chronic hepatitis C 
virus (HCV) infection, alcohol abuse, and nonalcoholic steatohepatitis (NASH)) is 
extremely prevalent worldwide and results in a huge economic burden on patients 
[1, 2]. Several liver diseases can lead to fibrosis, which results from an imbalance 
between production and resorption of extracellular matrix (ECM) and restructuring 
of the liver microenvironment (LME). The earliest changes in LME as a result of 
liver disease occur in response to ECM remodeling, resulting in accumulation of 
ECM proteins and an increase in liver stiffness. Furthermore, the balance of matrix 
production and degradation is compromised, leading to deleterious effects on the 
liver function. Clinically, stiffness measurement is considered as the best read-out to 
monitor, stage and diagnosis, clinical outcomes of new drugs, and survival correla-
tion in liver diseases. Furthermore, clinical studies have shown that liver stiffening 
provides a permissive milieu for the development of cellular dysplasia and is a key 
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feature of liver dysfunction that leads to cirrhosis and hepatocellular carcinoma 
(HCC) [3–5].

Noninvasive elastography techniques and direct rheometry measurements of 
the whole liver have established that the liver stiffness increases as fibrosis pro-
gresses [6–9]. Clinical research assessing liver stiffness by transient elastography 
has revealed that the stiffness of normal, early, and late stage liver fibrosis are 
<6 kPa, 6–12.5 kPa, and 12.5–75 kPa, respectively (Fig. 55.1) [10, 11]. For more 
details, see also other book parts, namely, book Part IV “Important (Patho)physio-
logical Confounders of LS.” Studies of both humans and rats suggest that increased 
liver stiffness is associated with progression of fibrosis [12–14]. In patients with 
chronic hepatitis C infection, magnetic resonance elastography studies have shown 
that livers at stage F0 (with no detectable fibrosis) are stiffer than the livers of unin-
fected patients; similarly, in rats with carbon tetrachloride-mediated injury, increased 
liver stiffness preceded fibrosis [8]. Despite these data, there is lack in the complete 
understanding of the role of the mechanical cues elicited by the varying stiffness on 
the fate of liver cells, including hepatocytes.

 Hepatocytes as Key Players of Liver Parenchyma 
and Function

The liver is the largest solid organ in the body comprising about 3% of the adult 
body weight and can be considered the metabolic center that performs hundreds of 
vital functions necessary for maintaining homeostasis [15]. The different functional 
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Fig. 55.1 Etiologic factors and changes in liver stiffness in the pathogenic development of hepatic 
diseases. Increase in liver stiffness is the major pathogenic event occurring in several liver disorders. 
Chronic liver injury due to HBV and HCV infection, inadequate alcohol consumption, and meta-
bolic disorders results in a gradual and dramatic increase in liver stiffness and corresponds to higher 
hepatocytes damage, necrosis, apoptosis, and proliferation. Instauration of hepatocyte oxidative 
stress condition results in liver fibrosis and cirrhosis, which may lead to hepatocellular carcinoma
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roles of the liver can be grouped into categories of synthesis, storage, detoxification, 
and metabolism [16]. The highly metabolic nature of the organ demands approxi-
mately 30% of the total oxygen consumption. Some of the major functions carried 
out by the liver are bile synthesis, regulation of blood glucose, detoxification of 
xenobiotic substances, maintenance of serum oncotic pressure, nitrogen disposal, 
lipid synthesis and breakdown, and regulation of blood clotting [17]. The liver is a 
complex organ built by at least seven different resident cell types—hepatocytes, 
liver sinusoidal endothelial cells, dendritic cells, Kupffer cells, stellate cells, biliary 
epithelial cells, and lymphocytes of multiple types that are organized in a precise 
manner for maximal functional stability. Hepatocytes comprise the majority (~85%) 
of tissue mass in the liver as the liver parenchyma that performs several key liver 
functions. Hepatocytes perform the bulk of metabolic and synthetic functions of the 
organ. They synthesize the majority of circulating proteins in the plasma such as 
albumin, protease inhibitors, clotting factors, and inflammatory complexes [18]. 
They metabolize biomolecules such as cholesterol, heme, triglycerides, vitamins, 
glucose, and bilirubin for homeostasis [18]. Hepatocytes are large polygonal, mul-
tinucleated cells of about 20 microns in size and are connected to adjacent hepato-
cytes through adhesion complexes such as tight junctions, and desmosomes [15]. 
These cells have distinct polarity; along with a distinct signature of cell surface 
receptors, carrier proteins and pumps, the cell-layer surface that faces the space of 
Disse has microvilli extensions, allowing for maximum surface area for transport of 
molecules from the lumen. Due to their high metabolic nature, they contain a high 
density of intracellular machinery such as mitochondria, peroxisomes, lysosomes, 
and endoplasmic reticulum. In a healthy liver, hepatocytes possess a superior capac-
ity for proliferation, thereby allowing for regeneration of the organ under manage-
able stress. Along with the complex functional profile, maintenance of the replicative 
capacity of hepatocytes is highly dependent upon the upkeep of the intricate ele-
ments of the liver microenvironment such as mechanical stresses, cell–cell interac-
tions, and cell–ECM interactions. Consequently, primary hepatocytes isolated from 
the liver and disconnected from their natural environment experience a drastic loss 
in functions and a complete loss in proliferative capacity.

 Liver Microenvironment in Normal and Diseased Livers

The liver microenvironment (LME) is essential for the maintenance of tissue func-
tionality. The various components that constitute the LME are the parenchymal 
cells, non-parenchymal cells, spatial organization of the heterogeneous cell popula-
tion, liver-specific ECM, soluble factors, oxygen gradient, and several mechanical 
cues [19–22]. Numerous studies have investigated the various aspects of LME and 
incorporated the findings towards creating in  vitro liver models. Uygun et  al. 
employed derivative of decellularized liver matrix to demonstrate the importance of 
the chemical composition of the ECM in the maintenance of hepatocyte function for 
a prolonged duration [23]. Kidambi et al. established that high oxygen regulates the 
stability of hepatocyte function in vitro. Similarly, a study by Wong et al. showed 
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that the autocrine signaling between hepatocytes forming tight cell–cell junctions is 
essential towards maintaining their synthetic functions in vitro [24]. Paracrine sig-
naling is equally important in prolonging the hepatocyte health, as shown through 
multiple co-culture studies of hepatocytes with the stellate cells, fibroblasts, and 
endothelial cells [21, 25–27]. Interestingly, the LME changes drastically in the 
event of liver pathological conditions such as fibrosis.

 Liver Fibrosis

Liver fibrosis is a sustained wound-healing response in the organ resultant of chronic 
stressors such as viral infections, autoimmune disorders, metabolic disorders, or 
alcohol abuse [28]. During liver fibrosis, stellate cells and other hepatic cell types 
acquire a pro-fibrogenic phenotype that primarily results in (1) excessive production 
of ECM molecules forming scar tissue (2) increased inflammatory response and (3) 
loss of parenchymal function [29]. The reversibility of liver fibrosis depends on the 
nature and severity of the stressor, and irreversible fibrosis can result in fatal condi-
tions such as cirrhosis, kidney failure, and hepatocellular carcinoma [30]. The most 
critical challenges in liver fibrosis intervention are the following: (1) absence of 
noninvasive biomarkers, (2) lack of mechanistic studies on the reversibility of liver 
fibrosis, and (3) absence of effective anti-fibrosis therapies.

Functional maintenance of the liver in a healthy state and the rate of progression 
of liver fibrosis are both regulated by the complex factors of the LME. Researchers 
anticipate that restoration of the healthy liver milieu will determine the success of 
anti-fibrosis therapies. Establishing the role of these individual liver-specific cues 
such as mechanical stiffness on different hepatic cell types is crucial for a system-
atic bottom-up approach towards (1) functional tissue engineering and (2) creating 
physiologically relevant disease models. A gaping hole in the literature of LME is 
that a majority of these studies focused primarily on maintaining the hepatocyte 
functions but the correlation of stiffness on hepatocytes dysfunction is limited.

 Role of Mechanical Environment in Liver Function 
and Fibrosis

Tissue development and function are driven by several mechanical elements of the 
microenvironment such as shear stress, compression forces, surface tension, trac-
tion, and osmotic pressure [31]. In the context of the liver, matrix elasticity (stiff-
ness) has been a particularly important aspect correlating to the healthy and the 
diseased state of the organ. Over the last decade, clinicians have routinely been 
using direct and noninvasive elastography techniques to determine the stiffness of 
the liver as a diagnostic measure for establishing the occurrence/severity of liver 
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fibrosis [9, 32–34]. The cells that build tissues are viscoelastic in nature, and their 
anchorage dependence with adjacent cells and matrix is essential for the regulation 
of events such as proliferation, apoptosis, differentiation, and stress response [35–
37]. The short range forces that the cells experience as a result of this adhesion are 
sensed by the cells through focal adhesion and cytoskeleton-mediated pathways 
[38]. Studies demonstrate that integrins, the heterodimeric receptors on the cell 
surface that mediate anchorage with the ECM, are the principle mechanosensors of 
the cells. The bi-directional signaling between integrins and the cytoskeletal mole-
cules regulates changes in the cellular phenotype [39, 40].

In the event of pathological conditions in the liver such as liver fibrosis, the stiff-
ness of the organ can increase dramatically [28]. The occurrence of liver fibrosis is 
considered synonymous with a malfunctioning ECM production and maintenance. 
The increase in the stiffness of the organ can be attributed to the ECM changes, both 
through the sheer amount of ECM components such as collagen 1 and proteogly-
cans that are deposited and by the modification of the existing components through 
posttranslational modification and cross-linking [41, 42]. Research shows that 
adherent cells can sense mechanical changes, but the implications of mechanical 
changes that accompany liver fibrosis on hepatocytes are not well established.

 Significance of Mechanobiology for Hepatocyte Function

A majority of the mechanotransduction studies of the liver have focused on hepatic 
stellate cells due to their importance in liver fibrosis progression [43, 44]. Recent 
advancement in liver fibrosis research has established that the liver parenchyma and 
other non-parenchymal cells are also critical in the progression of liver disease. 
Zeisberg et al. demonstrated that epithelial to mesenchymal transition in hepato-
cytes results in an accumulation of activated fibroblasts in animal models with CCl4- 
induced liver fibrosis [45]. Similarly, a study shows that hepatocellular carcinoma 
cells have shown a difference in resistance towards chemotherapeutic drugs when 
subjected to varying mechanical stiffness [46]. These studies suggest that it is vital 
to establish the nature of mechanosensitivity in hepatocytes to provide a better 
understanding of the various mechanistic triggers that regulate liver fibrosis.

From a different perspective, consideration of the mechanical microenvironment 
is equally important for improving the functionality of in vitro liver tissue model. 
By mimicking the mechanical properties of the healthy liver, we could achieve 
superior hepatotoxicity screening, bio-artificial livers and potential to expand cel-
lular population for cell-based therapies [47, 48]. The conventional in vitro model 
for these purposes is hepatocytes cultured on polystyrene dishes that are a few 
gigapascals in elastic modulus and cells exposed to such a physiologically irrelevant 
stiffness demonstrate a functional compromise. An in vitro model that recapitulates 
the mechanical stiffness of the liver as seen in physiological and pathological condi-
tions will prove to be valuable towards (1) advancing the field of mechanobiology 

55 Stiffness and Hepatocytes Function In Vitro



650

of the liver, (2) modeling fibrotic phenotype in vitro, and (3) elucidating the role of 
stiffness on the phenotypic regulation of hepatocytes.

 Need for Bioengineered In Vitro Liver Models

Despite the accuracy of animal models in capturing several vital physiological 
parameters, it is challenging to capture the dynamic changes in physiological and 
pathological liver stiffness at various stages of disease progression. Functional 
in vitro liver models are alternative and simplistic research tools towards establish-
ing a fundamental understanding of the microenvironmental regulation of the liver. 
Additionally, in vitro models provide the opportunity to utilize human-derived cells/
tissues, which tremendously improves their physiological relevance. A vast section 
of novel drugs fail in the clinical trial phase due to rodent/human biological differ-
ence in the preclinical stage, and this could potentially be reduced by employing 
in vitro liver models as preclinical screening platforms [49]. Most popular in vitro 
model for the liver utilized in pharmaceutical industry and research setting is the 
simple monoculture of primary hepatocytes or hepatic cell lines (HepG2 or 
Huh7) [50, 51]. These models are typically used to study liver metabolism or drug 
screening, and they suffer from critical limitations in the form of altered phenotypic 
drift and loss in functions [52]. Advanced engineering techniques that can mimic 
the vital microenvironment elements of the liver will be required to create func-
tional in vitro models of the liver.

 In Vitro Substrates for Recreating Liver Stiffness

In vitro tools have been instrumental in the advancement of mechanobiology 
research. A significant portion of these in vitro studies utilizes protein-based sub-
strates for creating platforms of tunable stiffness [53, 54]. The impact of extracel-
lular matrix on the differentiated functions of hepatocytes has been widely studied. 
In general, the efficiency of hepatocyte attachment is enhanced by coating sub-
strates with simple extracellular matrix proteins (typically collagen); however, 
in most cases, a concomitant increase in hepatocyte spreading leads to a loss of 
liver-specific functions [55]. Presentation of extracellular matrices of different com-
positions and topologies can stabilize hepatocyte morphology and a limited set of 
phenotypic functions. For instance, hepatocyte culture on biomatrix, a complex 
mixture of extracellular matrix components extracted from liver, has been shown to 
improve hepatocyte function compared with monolayers on collagen [55, 56]. 
When sandwiched between two layers of gelled collagen whose stiffness parallels 
physiological liver stiffness, hepatocytes from a variety of species maintain a cuboi-
dal shape, secrete albumin, and synthesize urea (marker of nitrogen metabolism) 
[57]. Rat hepatocytes, in particular, secrete albumin at a high rate for 40 days in 
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sandwich cultures, exhibit improved cytochrome P450 induction, and form a con-
tiguous, anastomosing network of bile canaliculi indicative of polarity [52]. The 
disadvantages of using biological substrates to create tunable stiffness are their lack 
of reproducibility in the physical characteristics, cost-ineffectiveness and, most 
importantly, unwanted variability in chemical and topographic cues [27]. Recent 
study demonstrates that the liver during fibrosis experiences shear strain softening 
and compression stiffening, whereas collagen gels display the opposite phenome-
non with respect to shear stress and compression [58].

Among the synthetic materials that are at our disposal for stiffness modeling, 
polyacrylamide gels have been a popular choice due to the tunability of stiffness in 
the physiologically relevant stiffness range [59–61]. The limitation of polyacryl-
amide gels lies in the possible toxicity of unpolymerized acrylamide and difficulty 
in uniform surface functionalization [62]. Hyaluronic acid (HA) gels were used for 
the stiffness study by altering the gel concentration through a cross-linking process. 
HA hydrogels contained liver extracellular matrix (ECM), which were used to study 
the cells morphology of human hepatocytes due to the tremendous medical applica-
tions of HA used [54, 63]. Just like HA hydrogels, polyvinyl alcohol (PVA) hydro-
gels were also developed to study the effect of stiffness on hepatocytes [64]. 
Polydimethylsiloxane (PDMS) has emerged as a novel alternative synthetic sub-
strate to study mechanical properties of biological tissues. PDMS is a bio-inert, 
versatile inorganic silicone material widely used in micro/nano fabrication tech-
niques [65, 66]. Conventionally, stiffness in PDMS substrates has been modified by 
varying the ratio of cross-linker to elastomer in Sylgard 184, but the drawback here 
is that the cellular toxicity due to non-crosslinked PDMS has not been established 
[67]. We have developed an attractive alternative to this stiffness tunability as well 
as developing a protein-free matrix for primary hepatocytes attachment to tease out 
the effect of stiffness as a sole parameter on hepatocytes function. Here we utilized 
varying weight ratios of Sylgard 184 and Sylgard 527 to create resultant sub-
strates of different stiffness and integrated a polymer-based interface on PDMS to 
overcome its hydrophobic and cell-resisting nature to facilitate cell-based studies 
(Fig. 55.2) [51, 68–70].

 Stiffness and Hepatocytes In Vitro

The in vitro culture of hepatocytes can exhibit many hepatic functions for a finite 
period. Studying the loss of hepatic functional markers such as urea and albumin, 
supplementing study of the non-specific end points, can be utilized as the tool to 
evaluate the effect of an external stimulus on the cellular behavior. Studies investi-
gating the role of matrix stiffness on hepatocyte biology have observed that hepato-
cytes remain differentiated (functional) on soft supports and dedifferentiate 
(lose their functions) on stiff supports [71–73]. Studies have also demonstrated that 
when cultured on stiff, thin films of monomeric collagen, hepatocytes spread, pro-
liferate, and otherwise adopt a dedifferentiated phenotype, whereas on soft gels of 
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fibrillar collagen or matrigel, they remain differentiated and growth arrested [74, 
75]. The primary goal of these studies was to extend the differentiated function of 
hepatocytes in order to use these as platforms for drug screening and toxicity studies 
and the effect of stiffness was not investigated in detail. Furthermore, it is inherently 
difficult to utilize bio-responsive materials to study the isolated effect of mechanical 
cues, independent of the ligand density. Accumulating evidence demonstrates the 
differential effect of matrix components on cultured hepatocytes. When isolated 
mature hepatocytes are cultured on type I collagen-coated dishes, the cells appear as 
a flattened monolayer and express low levels of liver function-specific mRNA and 
proteins. In dramatic contrast, when hepatocytes are cultured on a model basement 
membrane Engelbreth–Holm–Swarm (EHS) gel, hepatocytes retain their normal 
polarity and structure, and the products of liver-specific genes continue to be 
secreted for prolonged periods of culture [76, 77]. Cell–matrix interaction influ-
ences the determination of the differentiated phenotype of hepatocytes in cell cul-
ture, and maintains liver-specific functions for long-term culture, which effects have 
been associated with upregulation of liver-enriched transcription factors, including 
hepatocyte nuclear factor (HNF). Upregulation of liver-specific genes induced by 
ECM is mediated via upregulation of HNF-4α and HNF-1 induced by ECM. A col-
lagen gel matrix increased the levels of HNF-3α in the hepatocyte-derived cell line 
H2.35, but not those of HNF-3β and -3γ, responsible for the transcription of liver- 
specific genes. ECM regulates HNF-4 and tissue-specific gene expression in fetal 
hepatocytes as well as adult hepatocytes [78, 79].

Recently, there has been more study of the relationship between substrate stiff-
ness and cellular functions, such as adhesion, migration, cell differentiation, and 
proliferation [13, 51, 61, 80–82]. Studies have explored the use of synthetic sub-
strates of varying mechanical properties to examine hepatic phenotype expression. 
Chen and co-workers demonstrated that primary hepatocytes cultured on varying 
elastic modulus of polyelectrolyte multilayers had decreasing albumin production 
with increasing film stiffness [83]. Semler and co-workers investigated the effects of 
graded mechanical compliance on the function of primary hepatocytes using modi-
fied polyacrylamide gels with cell adhesive ligands and demonstrated that increas-
ing hydrogel compliance resulted in increased albumin secretion [84]. You and 
co-workers utilized heparin-based hydrogels to investigate the effect of varying 
stiffness on primary hepatocytes function [54]. This study demonstrated that hepa-
tocytes cultured on a softer heparin gel (10 kPa) were synthesizing five times higher 
levels of albumin compared to those on a stiffer heparin gel (110 kPa) after 5 days. 
Also, the study confirmed that softer gels promoted better maintenance of the 
hepatic phenotype as determined by hepatic markers (albumin and E-cadherin) 
demonstrating the importance of substrate mechanical properties on hepatocyte 
function. Xia and co-workers used RNA-Seq technology to study the transcriptome 
of hepatocytes cultured on soft, moderate, stiff, and plastic substrates [64]. 
Compared to soft substrate, their RNA-Seq results revealed 1131 genes that were 
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upregulated and 2534 that were downregulated on moderate substrate, 1370 genes 
that were upregulated and 2677 downregulated genes on stiff substrate. Further 
analysis indicated that differentially expressed genes were primarily associated with 
the regulation of actin cytoskeleton, focal adhesion, tight junction, adherens junc-
tion as well as antigen processing and presentation. In another study, three levels of 
stiffness were used that corresponded to the stiffness levels found in normal liver 
tissue (4.5 kPa), the early (19 kPa) and late stages (37 kPa) of fibrotic liver tissues 
[85]. This study showed that cytoskeleton of hepatocyte was influenced by substrate 
stiffness and soft substrates promoted the cellular migration and directionality. 
Integrin-β1 and β-catenin expression on cytomembrane were upregulated and 
downregulated with the increase of substrate stiffness, respectively. This study sug-
gests that hepatocytes were sensitive to substrate stiffness and potential relationship 
among substrate stiffness, cellular Young’s modulus and the dynamic balance of 
integrin-β1 and β-catenin pathways. Chang and co-workers demonstrated that 
fibrotic levels of matrix stiffness significantly inhibit hepatocyte-specific functions 
in part by inhibiting the HNF4α transcriptional network mediated through the Rho/
Rho-associated protein kinase pathway [80]. Fibrotic levels of matrix stiffness acti-
vated mechanotransduction in primary hepatocytes through focal adhesion kinase. 
In addition, blockade of the Rho/Rho-associated protein kinase pathway rescued 
HNF4α expression from hepatocytes cultured on stiff matrix. However, these exper-
iments were carried out using polyacrylamide gels which has few limitations: (1) 
covalently crosslink proteins using harsh chemicals is necessary for cell adhesion, 
(2) protein structure is regulated in varying stiffness [86–88], and (3) elastic creas-
ing instability of the softer polyacrylamide gel that may lead to surface artifacts 
capable of contributing to non-specific cell behavior beyond stiffness [89].

Kidambi and co-workers demonstrated that stiffness impedes hepatic urea and 
albumin production, expression of drug transporter gene and epithelial cell pheno-
type marker, hepatocyte nuclear factor 4 alpha (HNF4a) (Fig. 55.2) [26, 51]. It was 
observed that hepatocytes cultured on soft substrates displayed a more differenti-
ated and functional phenotype for a longer duration as compared to stiff substrates 
and TCPS. It was also demonstrated that hepatocytes on soft substrates exhibited 
higher urea and albumin synthesis. Cytochrome P450 (CYP) activity, another criti-
cal marker of hepatocytes, displayed a strong dependence on substrate stiffness, 
wherein hepatocytes on soft substrates retained 2.7-folds higher CYP activity on 
day 7 in culture, as compared to TCPS. Recently, Kidambi and co-workers further 
observed that increase in stiffness induces downregulation of key drug transporter 
genes (NTCP, UGT1A1, and GSTM-2). In addition, they observed that the epithe-
lial cell phenotype was better maintained on soft substrates as indicated by higher 
expression of hepatocyte nuclear factor 4α, cytokeratin18, and connexin 32. It was 
also demonstrated that hepatocytes cultured on NAFLD-like stiffness showed an 
induction of lipogenic genes, and lowered-oxidation genes expression, mitochon-
drial respiration, and glycolytic capacity, (2) increased ROS production, and (3) 
disruption of the mitochondrial fusion process and dynamics. Furthermore, signifi-
cant increase in oxidized glutathione (GSSG) and reduced glutathione (GSH) in 
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hepatocytes cultured on NAFLD-like stiffness compared to healthy liver stiffness 
was observed (Fig. 55.3) [90]. Similar effect was observed in hepatocytes isolated 
from fatty liver rat models indicating correlation to physiological conditions. 
Ganesan and co-workers demonstrated that levels of HIV and HCV mono- and co- 
infections were more prominent in primary hepatocytes cultured on substrates mim-
icking fibrotic stiffness (25  kPa-stiff) compared to substrates mimicking healthy 
liver (2.5 kPa-soft). Also the hepatocytes apoptosis due to viral infection was sig-
nificantly higher in stiffer matrix compared to softer matrix. This study concluded 
that the increased matrix stiffness is not only a consequence of liver inflammation/
fibrosis, but the condition that further accelerates liver fibrosis development. These 
studies suggest a plausible mechanism that increased stiffness modulates hepato-
cyte function causing liver functional failure. These results indicate that the sub-
strate stiffness plays a significant role in modulating hepatocyte behavior. 
Understanding the impact of stiffness on hepatocytes biology will provide signifi-
cantly more nuanced data to aid drug development for liver diseases.

 Conclusions and Future Directions

Although many challenges remain for the improvement of in vitro models to study 
the effect of stiffness on liver function, substantial progress has been made towards 
a thorough understanding of the necessary components. The parallel development 
of highly functional in  vitro systems mimicking physiological and pathological 
liver stiffness is based on contributions from diverse disciplines, including regenera-
tive medicine, developmental biology, transplant medicine, and bioengineering. In 
particular, novel technologies such as scaffold chemistries, high-throughput plat-
forms, and micro/nano technologies represent enabling tools for investigating the 
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critical role of the liver microenvironment including stiffness in liver function and, 
subsequently, the development of structurally complex and clinically effective engi-
neered liver systems. Despite these developments, the following things are still 
required to address this gap in knowledge; (1) the need to develop mechanically 
tunable technology capable of pressure-mimicking conditions with varying stiffness 
without any biochemical or protein intervention, (2) a better understanding of the 
effect of stiffness on hepatocyte metabolic changes during various stages of cirrho-
sis, (3) dissect the effect of stiffness in driving hepatocytes-mediated stellate cell 
activation, and (4) a high-throughput method to investigate the impact of stiffness 
on hepatocytes-non-parenchymal cell communication. Understanding the effect of 
increased matrix stiffness during the course of liver fibrosis on hepatocyte function 
will provide more insight in the role of matrix rigidity as a contributor to the disease 
progression and hepatic functional failure. Given that change in stiffness regulates 
cell function independent of the biochemical signals, in vitro study of stiffness and 
understanding its impact on hepatocytes function is critical for new therapeutic 
interventions for liver fibrosis and liver failure. Together, all these studies demon-
strate the plausible role of stiffness in regulating hepatocytes function and contrib-
ute to metabolic dysregulation. Understanding the impact of stiffness on hepatocytes 
biology will provide significantly more nuanced data to aid drug development for 
liver diseases.
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Chapter 56
Liver Mechanics and the Profibrotic 
Response at the Cellular Level

Rebecca G. Wells

 Hepatic Stellate Cells and Other Cells of the Liver Are 
Mechanosensitive

The modern appreciation for the influence of mechanical factors on cell phenotype 
began 20 years ago with the publication of a seminal paper by Pelham and Wang 
showing that both epithelial cells and fibroblasts were more spread and less migra-
tory, with increased dynamic focal adhesions, when cultured on soft rather than stiff 
polyacrylamide hydrogels [1]. Other groups went on to systematically validate the 
hydrogel method and demonstrate the critical importance of mechanics [2], often in 
combination with soluble factors, in determining the behavior of multiple cell types, 
including mesenchymal stem cells [2–4].

These concepts proved to be applicable to myofibroblasts in general and to 
hepatic stellate cell- and portal fibroblast-derived liver myofibroblasts in particular 
[5]. Both liver cell types underwent activation to fibrogenic myofibroblasts on stiff, 
but not soft hydrogels (Fig. 56.1); intermediate stiffnesses resulted in intermediate 
phenotypes, and all phenotypes were stable for weeks, suggesting that mechano-
sensing is an active and continuous process [6, 7]. Others have used a similar poly-
acrylamide hydrogel system to show that stiffness is inversely correlated with 
stellate cell production of MMP-9 and TIMP-1, which is postulated to contribute to 
the perpetuation of fibrosis [8]. While portal fibroblasts on polyacrylamide hydro-
gels had an additional requirement for transforming growth factor-β (TGF-β), 
underscoring the cooperative role of soluble and mechanical factors in regulating 
cell phenotype, TGF-β could not overcome the need for a stiff environment for 
 activation for either kind of liver cell [6].
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The stiffness dependence of hepatic stellate cell activation has been validated 
using other mechanically tunable culture systems, including dynamically stiffening 
methacrylated hyaluronic acid-based gels. These demonstrate that freshly isolated 
stellate cells in culture require a period of recovery after isolation but then rapidly 
adapt their activation state to the stiffness of the gel—cells remain quiescent while 
the gels are soft but undergo myofibroblast activation within one day when the gels 
are stiffened [9, 10].

Stellate cells in vivo also require a stiff environment for myofibroblastic activa-
tion. In a rat carbon tetrachloride model of injury, livers became stiff early after 
injury, before significant matrix deposition. Notably, covalent cross-links mediated 
by members of the lysyl oxidase (LOX) family of enzymes began to increase soon 
after injury [11], and LOX inhibitors blunted the increase in stiffness as well as the 
initial wave of myofibroblast activation. This suggested that collagen cross-linking 
precedes fibrosis, causing the mechanical changes that drive myofibroblast  activation 
[12]. Indeed, in vitro, increased covalent cross-linking enhanced collagen stiffness 
independent of concentration [13]. In lung fibrosis models, lung myofibroblasts were 
similarly dependent on collagen cross-link-mediated changes in stiffness,  suggesting 
that mechanical changes in collagen precede fibrosis as a general  phenomenon [14].

Hepatic stellate cells and portal fibroblasts are not the only mechanosensitive 
cells of the liver. Mechanics are particularly important to hepatocyte function and 
there are major functional ramifications when hepatocytes are exposed to the levels 
of stiffness seen in fibrosis (see Chap. 58). Hepatocytes exposed to stiff environ-
ments in 2D culture undergo rapid dedifferentiation, becoming highly proliferative 
[15, 16]. A recent detailed study using polyacrylamide hydrogels demonstrated that 
hepatocytes require very soft substrates (consistent with the stiffness of normal liv-
ers) to maintain a differentiated state as assessed by albumin production, glycogen 
storage, and HNF4α expression [17]. Fibrotic levels of stiffness increased the 
 activity of mechanotransduction pathways, which acted directly to decrease HNF4α 
and led to dedifferentiation.

0.4 kPa 2.5 kPa 12 kPa

Fig. 56.1 Hepatic stellate cells undergo myofibroblastic activation on stiff substrates. Primary rat 
hepatic stellate cells were isolated and cultured for 7  days on collagen-coated polyacrylamide 
hydrogels with shear elastic moduli ranging from 0.4 to 12 kPa, as shown. Cells were immunos-
tained with antibodies against desmin (red) and α-smooth muscle actin (green), and with the 
nuclear marker DAPI. Size bars, 10 μm. (Reprinted from Olsen et al. [7])
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Sinusoidal endothelial cells, which are exposed to many of the same mechanical 
changes in fibrosis as hepatocytes, are also mechanosensitive, dedifferentiating at 
higher stiffnesses with a near-complete loss of fenestrae, increased surface expres-
sion of CD31 and podosome diameter, and marked actin cytoskeleton reorganiza-
tion [18, 19]. The participation of sinusoidal endothelial cells in angiogenesis in 
fibrosis also appears to be stiffness sensitive [20]. For another cell type, bipotential 
liver progenitor cells, stiffness in combination with the chemical nature of the ECM 
regulates cell fate [21].

Almost all cells studied demonstrate phenotypic changes in response to stiffness; 
thus, while the mechano-responsiveness of some populations of cells of the liver has 
not necessarily been formally studied, the global mechanical changes in fibrosis are 
likely responsible for a similarly global cellular dysfunction throughout the 
fibrotic liver.

 Mechanotransduction Pathways in the Liver

Cells convert mechanical signals from the extracellular environment into biochemi-
cal intracellular signals via the process of mechanotransduction. While extracellular 
mechanical signals include fluid flow, stretch, and hydrostatic and osmotic pressure 
and are important in the regenerative as well as fibrotic responses to injury [22], we 
consider here mechanotransduction that results from cells exerting tension on sub-
strates that, depending on how stiff they are, provide variable degrees of resistance.

There are significant differences between signaling by soluble (chemical) factors 
and by mechanical factors. Chief among these is that mechanical forces are direc-
tional, allowing for signals to be transmitted in three dimensions, while soluble 
forces diffuse radially, limiting the complexity of the signal. Mechanical signals are 
also more long-lived over distance, decaying as a function 1/r (where r is the radius) 
through an elastic substrate (and over even longer distances in fibrous substrates), in 
comparison to soluble signals, which decay as 1/r2 [2, 23, 24].

Mechanotransduction begins with the binding of cell surface receptors (primar-
ily integrins) to the ECM, with subsequent integrin clustering [25]. ECM binding 
and clustering result in the recruitment of potentially hundreds of proteins, includ-
ing vinculin and talin, to integrins at the cell membrane and the formation of large 
and dynamic force-sensitive macromolecular complexes termed focal adhesions. 
These complexes contain focal adhesion kinase as well as many src-family kinases 
that, through a series of tyrosine phosphorylations and docking events, transfer 
mechanical signals to the actin cytoskeleton, which is connected to integrins via 
their C-terminal tails. Cytoskeletal contractility, mediated by myosin and the activ-
ity of the Rho/Rho-associated protein kinase (ROCK) pathway, results in transmis-
sion of force to the nucleus [26, 27].

One of the most important transcriptional mediators is the HIPPO pathway effec-
tor Yes-associated protein (YAP) and the structurally similar protein transcriptional 
co-activator with PDZ-binding motif (TAZ), which demonstrate mechanosensitive 
movement into the nucleus [28, 29]. YAP nuclear localization reflects the degree of 
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hepatic stellate cell activation in vitro [9, 30] and it has also been shown to be a key 
driver of hepatic stellate cell activation [31]; its inhibition prevents fibrosis in vivo 
in a mouse carbon tetrachloride model [31]. Integrin β1, likely with integrin α11 as 
a binding partner, signals via p21-activated protein kinase (PAK) and YAP to medi-
ate fibrosis; inhibition or inactivation of any of these pathway components abro-
gated fibrosis in a similar mouse model [32].

Another major mechanotransduction pathway is through myocardin-related tran-
scription factor (MRTF)-A/MAL/MLK1, which undergoes mechanosensitive dis-
sociation from G-actin in the cytoplasm, followed by movement into the nucleus 
and activation of serum response factor (SRF) [33, 34]. This pathway, like YAP 
pathways, may play a role in hepatic stellate cell activation, either directly or indi-
rectly via hepatocytes [35, 36].

Although their intracellular signaling pathways differ, mechanical and soluble 
signals may potentiate or dampen each other [37]. As an example, the major 
 pro- fibrotic soluble factor TGF-β, which is secreted in latent form, undergoes activa-
tion in part through the application of mechanical force to its latent form when 
adherent to a stiff substrate [38, 39]. Another example is that of the G-protein-
coupled estrogen receptor, which signals via RhoA and myosin to reduce stellate 
cell mechanosensing and YAP activation and induces regression to quiescence from 
the myofibroblastic state [40]. RhoA in some cases sends mechanical signals through 
the transcriptional co-activator p300 in hepatic stellate cells [41]. Future work on 
stellate cell mechanotransduction will need to determine whether the  different 
reported pathways are linked and whether there is a universal pathway in fibrosis.

 Mechanics of the ECM and Their Relevance to Liver Cells 
in Fibrosis

Studies using variable-stiffness hydrogels like polyacrylamide have played an 
important role in broadening our understanding of the role of mechanics in cell 
behavior, but nonetheless fail to model many critical features of the mechanical 
environment in vitro. In particular, the ECM is not a homogenous, linearly elastic 
hydrogel (where the relationship between stress and strain, and therefore the elas-
tic modulus, is constant), particularly in fibrosis [17], but rather a heterogeneous 
mixture of fibrous and gel-like components with significant nonlinearly elastic fea-
tures (such that stiffness and therefore elastic modulus change nonlinearly in 
response to strain).

This heterogeneity has an important impact on cell phenotype. When hepatic 
stellate cells were plated on gels with patterns including both soft and stiff regions, 
cells on patterns large enough to permit spreading (>100 μm) responded according 
to the local stiffness, even if close to a boundary [10]. However, engineered systems 
that mimic microscale mechanical heterogeneity (patches with diameters less than 
several μm2) suggest that the pattern of heterogeneity can influence phenotype, 
although these have not been tested with hepatic stellate cells [42, 43].
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 Cross-Linking and Fibrous Networks

Cells in tissues reside in fibrous networks, defined as cross-linked webs of ECM 
proteins with large pore sizes relative to fiber diameter. Cells adhere to fibers and 
pull on them as they stiffness sense, causing—if the fibers permit mechanically—
fiber rearrangements and enabling long-range transmission of force [24, 43, 44]; 
this is an important determinant of tissue mechanics [45]. Experimental work 
using synthetic fiber systems has added a nuance to the soft vs. stiff paradigm of 
cell phenotype identified using polyacrylamide and other hydrogels. A synthetic 
fiber  system of methacrylated dextran in which cross-link density, fiber stiffness, 
fiber diameter, and functionalization could be varied showed that cells on soft 
fibers spread and proliferated more than cells on stiff [46], demonstrating that in 
fibrous systems there was a stiffness optimum. A hyaluronic acid-based fibrous 
gel system showed the same for hepatic stellate cells: soft substrates promoted 
spreading and activation, while cells on stiff fibers (with stronger and less break-
able cross-links) were unable to reorganize the fibers and showed less activation 
(Fig. 56.2) [47]. Theoretical  analyses suggest that fiber recruitment enables cells 
to increase ligand density (for adhesion), providing a way to reconcile different 
observations obtained using elastic substrates versus nonlinearly elastic fibrous 
substrates [48].

αSMA
nucleus

Soft

Stiff

Fig. 56.2 Hepatic stellate cells show more activated behavior on soft than on stiff fibers. Primary 
rat hepatic stellate cells were cultured on cross-linked hyaluronic acid-based fibers with varied 
mechanical properties. Cell masks (left) and α-smooth muscle actin immunostains (green, with 
DAPI nuclear labeling in blue) show increased spreading on soft fibers (top) when compared to 
stiff fibers (bottom). Fluorescent images of the fiber system (right) with the cells from the middle 
panels outlined in green demonstrate increased recruitment of soft fibers. Size bars, 50  μm. 
(Reprinted with permission from Davidson et al. [47])
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Fibrous septa in liver fibrosis, as in bridging fibrosis or cirrhosis, are composed 
of aligned collagen fibrous networks. How heavily cross-linked these septa are and 
how local stellate cells and portal fibroblasts respond to and reorganize them is not 
known. In vitro studies show that cells cause plastic (permanent) rearrangements of 
collagen networks, with alignment and compaction of collagen fibers [49], but it has 
not yet been proven that stellate cells mediate these changes in vivo.

 Proteoglycans and Glycosaminoglycans

Glycosaminoglycans (GAGs), which are long linear carbohydrate chains, and 
proteoglycans (proteins with GAG modifications) are a major component of the 
ECM and make a significant contribution to the volume of ECM and tissues. With 
collagen, they increase markedly in liver fibrosis [50], with potentially significant 
mechanical implications that have not yet been fully explored. Hyaluronic acid, 
the major tissue GAG, and many proteoglycans bind to collagen and to each other 
to form large complexes, and experimental and theoretical work has shown that 
this increases collagen swelling and stiffness [51]. Liver fibrosis studies with mice 
lacking certain proteoglycans show variable but definite effects on fibrosis; 
although the mechanism of these effects is not known and may or may not be 
mechanical, this highlights the complexity of the matrix and its impact on cell 
phenotype in vivo [52, 53]. In vitro, the addition of lumican to collagen leads to 
increased hepatic stellate cell activation although, as in vivo, the role of mechan-
ics was not studied [54].

 Viscosity

Although most mechanical studies in liver fibrosis have focused on the structural 
property of stiffness or the similar material property of elastic modulus, other 
mechanical properties of the ECM and tissues are of increasing interest, particularly 
viscosity. New polyacrylamide substrates that enable the separation of elastic and 
viscous properties have shown that hepatic stellate cells are highly responsive to 
viscosity. In one example, stellate cells demonstrate different degrees of 
 myofibroblastic differentiation on substrates with the same elastic modulus, but dif-
ferent loss moduli (viscosities) [55]. Bulk liver viscosity is typically small (10–20%) 
in comparison to elasticity, although some reports have suggested that it changes in 
fibrosis and may be clinically relevant [11, 56]. Yet, both the details of viscosity 
sensing and the determinants of viscosity in tissues are unknown. In the future, it 
will be important to incorporate accurate and defined viscosities into in vitro culture 
systems in order to better understand the impact of this property on cell phenotype 
and signaling pathways.
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 Conclusions

Stiffness of the liver is now—as this volume makes clear—firmly established as an 
important mechanistic, diagnostic, and prognostic factor in liver fibrosis. Similarly, 
a large number of studies have established that the stiffness of the organ translates 
to the cellular level and that mechanics are a key determinant not just of hepatic 
stellate cell fibrogenesis but of the phenotype of all other cells of the liver. Less clear 
are the specific mechanotransduction pathways that lead to phenotypic changes like 
fibrogenesis, the range of mechanical properties that cells respond to and, critically, 
the features and scale of the ECM that determine these properties. It will be impor-
tant to understand these points in order to harness the potential for mechanical 
manipulation to treat disease.
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Chapter 57
Role of Sinusoidal Pressure 
and Arterialization in Driving Fibrosis 
Progression

Sebastian Mueller

 Introduction to Liver Cirrhosis

Chronic liver diseases ultimately lead to scarring (cirrhosis), a process in which the 
architectural organization of functional liver units becomes disrupted. Liver cirrho-
sis is the result of excessive accumulation of extracellular matrix (ECM) with 
increased liver stiffness (LS). This is often accompanied by a progressive loss of 
organ function despite the use of immunosuppressive, anti-viral, or anti- inflammatory 
agents [1, 2]. Excess ECM deposition also causes progressive elevation of the 
hepatic vascular resistance with important hemodynamic consequences including 
portal hypertension, the formation of vascular collaterals, and the so-called hyper-
dynamic circulation with elevated cardiac output and lowered arterial pressure [3]. 
Moreover, liver cirrhosis is an important pre-cancerogenic lesion finally resulting in 
hepatocellular cancer (HCC).

 Established Mechanisms of Liver Cirrhosis

The mechanisms of hepatic fibrosis are still poorly understood. Many different 
stimuli such as hepatotoxins, viruses, bile acids, and hypoxia can trigger fibrogen-
esis and so-called reactive oxygen species seem to play an important role in fibrosis 
progression [4]. The major proteins of the ECM are collagens forming important 
scaffolds and barriers. Collagens are the most abundant ECM components in the 
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liver and their relative content increases up to tenfold in cirrhosis [5, 6]. Fibrogenesis 
is usually counterbalanced by fibrolysis, i.e., the removal of excess ECM by 
 proteolytic enzymes, most importantly by matrix metalloproteinases (MMPs). With 
repeated injury or sufficient severity, fibrogenesis prevails over fibrolysis, resulting 
in excess ECM synthesis and deposition, a downregulation of MMP synthesis, 
secretion and activity along with an increase of the tissue inhibitors of MMPs 
(TIMPs, especially TIMP-1).

ECM components, MMPs and TIMPs are mainly produced by activated hepatic 
stellate cells (HSCs) and fibroblasts [7]. Activated macrophages (Kupffer cells) and 
also other cells are a major source for fibrogenic cytokines such as TGF-β, also 
called the master cytokine of fibrosis development, that further stimulate HSCs and 
fibroblasts to transdifferentiate into activated myofibroblasts, the main cell type 
responsible for excess matrix deposition at sites of tissue repair.

 Unresolved Key Observations in Patients with Liver Cirrhosis

Figure 57.1 depicts the conventional course of events ultimately leading to fibrosis 
where increased matrix deposition results in elevated liver stiffness that is the final 
consequence of liver fibrosis. Despite the enormous progress in understanding 
molecular mechanisms of fibrosis progression and its key players, we still lack a 
fundamental understanding of this disease. This becomes evident by established 
clinical key observations in patients with liver cirrhosis that cannot be explained by 
present concepts. These poorly understood characteristic features are the following 
three points:

• Highly uniform response of fibrosis progression despite very different stimuli 
such as inflammation, congestion, or cholestasis

• The macroscopic changes in cirrhotic livers with large fibrous septa spanning 
over several centimeters through the organ (see Fig. 57.2) not being plausibly 
explained by the action of local humoral factors

• The so-called “point of no return”: why is liver cirrhosis progressing further 
despite the elimination of the underlying cause (e.g., alcohol abstinence or HCV 
elimination)

Apoptosis,
Necrosis

Cause Inflammation Fibrosis LS
HSC

Steatosis

Fig. 57.1 Conventional sequence of fibrosis progression. Here, elevated liver stiffness (LS) is 
primarily regarded as correlate of matrix deposition (fibrosis stage). HSC hepatic stellate cells
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 Role of Pressure in Modulating Liver Stiffness: Introducing 
the Sinusoidal Pressure Hypothesis (SPH)

The potential role of sinusoidal pressure in mediating fibrosis progression has only 
recently been recognized mainly through novel in vivo data both from humans and 
animals on liver stiffness obtained by transient elastography (TE) [8]. During fibrosis 
progression, LS increases continuously from ca. 4 kPa up to 75 kPa. A threshold of 
12.5 kPa is now widely considered as cut-off value of histological F4 cirrhosis stage 
[9]. However, as shown in Fig. 57.3, various other conditions are able to elevate LS 
irrespective of fibrosis, including liver inflammation (hepatitis) [10, 11], liver conges-
tion [12], and mechanic obstruction of bile ducts (cholestasis) [13]. In addition to the 
findings mentioned above, well-established data from more than 500 clinical studies 
are most relevant for the concept of SPH that can be briefly summarized as follows [8]:

 1. LS highly correlates with histological fibrosis stage independent of the underly-
ing liver disease (r > 0.8).

 2. Elevated LS is also associated with other liver pathologies that ultimately lead to 
cirrhosis including inflammation, cholestasis, and congestion.

Fig. 57.2 Macroscopic aspect of a cirrhotic liver in a patient with alcoholic liver disease (courtesy 
of C. Lackner, University of Graz). Note the large fibrous septa spanning through the whole organ 
which are clearly visible at the macroscopic level. In the lower right panel, a TIPS channel can be 
seen
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 3. LS is an independent predictor of liver-related mortality [14].
 4. LS improves after elimination of liver pathology, e.g., after clearance of HCV, 

weight reduction, or alcohol withdrawal.
 5. Genetic risk factors of liver disease increase LS.
 6. A normal LS (<6 kPa) excludes liver pathology and liver fibrosis.

 Introducing the Role of Pressure in Driving Fibrosis 
Progression: The Sinusoidal Pressure Hypothesis

SPH provides an answer to all these open questions based on biomechanic consid-
erations [15]. As shown in Table 57.1 and Fig. 57.4, they can be summarized in four 
key points. All potential causes of cirrhosis ultimately lead to an elevated sinusoidal 
pressure (SP). SP consists of dynamic and static components such as hepatic inflow 
and outflow balances or water retention. Even minimal increases of SP seem to be 
critical for the low-pressure organ liver which is typically exposed to ca. 5 mmHg 
via the portal vein. SP elevation may first develop in portal or central areas depend-
ing on the localization of the underlying disease (e.g., portal-tract disease such as 
HCV vs perivenular disease such as ALD). In contrast to conventional concepts (see 
Fig. 57.1), elevated LS is the consequence of both elevated SP and increased matrix 
deposition. This also means that LS almost exclusively mirrors SP in the absence of 
fibrosis. At the cellular level and as will be discussed below, SP is the actual driving 
force for the production of ECM by stretching of perisinusoidal cells, e.g., hepatic 

Alcohol and food intake,
Inflammation, Congestion

Ballooning

Liver stiffness

Venous pressure
Cholestasis

Portal pressure
Arterial pressure

Tissue matrix Sinusoidal pressure

Vascular filling by
water retention or

body position (gravity)
Oncotic pressure
Osmotic pressure

dynamic static

INFLOW OUTFLOW

MATRIX PRESSURE

Amyloid

Collagen

Fibrosis stage
F0-F4

Fig. 57.3 Established confounders of liver stiffness. Irrespective of fibrosis (left), many important 
and pressure-related confounders cause liver stiffness elevation through the sinusoidal pressure. 
Thus, in normal livers, liver stiffness reflects the sinusoidal pressure. According to the sinusoidal 
pressure hypothesis, this pressure drives fibrosis (red arrow)
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Table 57.1 Initiation and perpetuation of fibrosis driven by sinusoidal pressure

SPH Part I: Initiation of a pro-fibrogenic response by elevated sinusoidal pressure

1.  All liver diseases cause elevation of sinusoidal pressure (SP) which is the complex result of 
many factors (hemodynamics, intra- and extrahepatic shunts, inflammation, etc.)

2.  LS represents the sum of matrix deposition (fibrosis) and SP. In non-cirrhotic livers, LS 
corresponds to SP

3.  At the cellular level, SP elevation causes stretch forces on perisinusoidal cells that ultimately 
lead to collagen (matrix) deposition via inter- and intracellular biomechanic signaling. 
Dosage and time of elevated SP causes matrix generation (fibrosis) via biomechanic 
signaling. The matrix deposition ultimately matches SP (force = counter force)

SPH Part II: Continued pressure elevation by arterialization of the fibrotic liver (Perpetuation)

1.  At a higher LS (ca. 12 kPa/12 mmHg), arterial blood supply becomes essential ultimately 
leading to arterialization of the liver via hypoxia signaling

2.  Arterial supply is ultimately not reversible causing loss of endothelial fenestrae, 
capillarization, and sustained SP and LS elevation

3.  Arterialization initiates a vicious cycle leading to further matrix deposition, eventual 
complete disconnection of hepatocytes from blood supply and ischemia with subsequent 
arterialization and nodular regeneration

4.  Finally, the arterialized liver (high oxygen, high pressure) combined with cell death and 
enhanced regeneration will cause a pro-cancerogenic environment and HCC

Inflammation
Congestion
Cholestasis

Sinusoidal
pressure

FibrosisLiver
disease

Liver stiffness

Hypoxia
signaling

Mechano-
signaling

Arterialization

SPH Part I: Initiation

SPH Part II: Perpetuation
Diuretics

NSBB

Fig. 57.4 Sinusoidal pressure hypothesis (SPH) at the whole organ level and therapeutic target 
sides (red). SP is the driving force of matrix deposition. Irrespective of the etiology, all liver pathol-
ogies (shown in the left) increase the SP that initiates matrix deposition via specific inter- and 
intracellular biomechanic signaling pathways (SPH Part I, Initiation). LS should be regarded as the 
combined read-out of elevated pressure and fibrosis. Both SP elevation and matrix deposition 
increase vascular resistance that ultimately lead to elevated hepatic arterial flow and finally com-
plete arterial blood supply. Depending on dosage (>12 mmHg) and time (>4 weeks), this vicious 
cycle will ultimately cause a complete arterialization leading to irreversible cirrhosis by exposing 
the low-pressure organ to permanent high pressure (SPH Part II, Perpetuation). According to SPH, 
non-selective beta blockers (NSBB) and diuretics are not only symptomatic therapies but interrupt 
the vicious cycle of pressure-driven fibrosis progression
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stellate cells (HSCs), fibroblasts, and liver sinus endothelial cells (LSEC). It 
remains open whether these cells simply “feel” the surrounding pressure-mediated 
stiffness by dedicated sensing mechanisms [16] or whether they directly sense 
pressure- mediated stretch forces. So far, stiffness-mediated activation of HSC has 
not been linked to pressure or SP [6, 17]. According to the physics of mechanics, 
it is easily conceivable that pressure-induced stretch forces will overlay at the 
whole organ levels leading to regions with high trajectory forces and consequent 
large septa formation. SP-mediated stretch forces and matrix are in continuous 
equilibrium. Dosage and time of elevated SP/LS determine fibrosis progression 
(biomechanic signaling), eventually leading to a degree of matrix deposition that 
“matches” the pressure. Experimental and common clinical observations suggest 
that a SP >12 mmHg or a LS >12 kPa and a time period >4 weeks are critical 
thresholds.

 Fibrosis Perpetuation by Arterialization of the Fibrotic Liver 
and Continuous Pressure Elevation

The hepatic artery is directly connected to the sinusoidal bed via arteriole inlets 
and provides about 20% of blood in a normal healthy liver. The stiffer the liver 
becomes due to inflammation or fibrosis the more pressure is required to maintain 
sufficient blood flow. Although the elevation of portal pressure (portal hyperten-
sion >12 mmHg) can partly maintain some portal flow, it will hardly reach values 
higher than 30 mmHg. Under these conditions, the hepatic artery will be the only 
vessel with sufficiently high pressure to maintain hepatic blood supply. Elevation 
of hepatic arterial flow and subsequent arterialization is mainly driven by the 
hepatic arterial buffer response (HABR) [18] and hypoxia signaling [19]. SPH 
postulates that this arterialization defines the so-called “point of no return.” It 
provides a pressure-based rationale to explain the self-perpetuation of fibrosis pro-
gression and the uniform, etiology-independent progression of fibrosis. 
Arterialization of the fibrotic liver ultimately leads to a sustained exposure of the 
low-pressure organ liver (typically <6  mmHg) to higher pressures (see also 
Fig.  57.5). In ca. 7% of patients with cirrhosis, extreme flow changes can be 
observed such as complete reversal of the portal flow (so-called hepatofugal portal 
flow) [20]. Part II of SPH is summarized in Table 57.1 and depicted in Figs. 57.4 
and 57.5. At the end, the arterialized liver (high oxygen, high pressure) together 
with massive matrix deposition will cause self-inflicted ischemia. The combina-
tion of these events stimulates the formation of regenerative nodules, finally 
causing the typical nodular aspect of cirrhotic livers. High pressure in combination 
with cell death and enhanced regeneration ultimately provides an ideal environ-
ment of genetic instability and formation of cancer (HCC). It is also postulated 
that the typical laboratory finding of cirrhotic livers, an increased AST/ALT ratio, 
and a slight GGT elevation [21] is indicative for the stage of arterialization [15].
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 Sinusoidal Pressure as Consequence of the Hepatic Inflow/
Outflow Balance

Figure 57.6 shows a simplified scheme of the vascular and biliary architecture of the 
liver to better illustrate the role of the various inflow, outflow, and shunt factors on 
SP.  In general, the liver is a low-pressure organ. Pressure in the portal vein is ca. 
<6 mmHg, while blood leaves the liver through the veins and is ca. 2 mmHg in the 
caval vein (CVP) [22–24]. Close to the right atrium, this pressure can even reach 
negative values. Despite this low hepatic venous pressure gradient (HVPG) of ca. 
3–6  mmHg, the liver is supplied with ca. 25% of the total cardiac output [24]. 
According to Ohm’s law of streaming fluids, it also demonstrates the very low vascu-
lar resistance of the healthy liver that easily adapts to flow changes, e.g., from the 
splanchnic side [18]. The sinusoidal pressure is determined by static and dynamic 
components (see also Fig. 57.3). The static part of the SP is determined by the intrav-
asal pressure and the elastic properties of the vessel walls and also exists in the absence 
of a functioning blood circulation. Osmotic, oncotic pressure as well as gravitational 
forces related to the body positioning further contribute to this component. In con-
trast, the dynamic component is represented by the kinetic energy of the blood flow 
and becomes only relevant under conditions of an operating blood circulation. The 
flow resistance of the liver, blood viscosity, and the blood flow rate all affect this 
dynamic component. The flow resistance, however, will be modulated by many con-
ditions including cellular swelling or infiltration of inflammatory cells. Importantly, 
the localization of inflammation will increase the vascular resistance locally either in 
the portal or central areas. It explains why both a rapid increase of arterial [25] or 
portal [26] inflow or outflow barriers within the venous outflow tract (congestion) 
[12], bile ducts (mechanic cholestasis) [13], or the sinusoidal bed [27] are able to 
increase LS. Taken together, the introduction of pressure into the pathology of fibrosis 
allows various novel insights to understand fibrogenesis at the hemodynamic level.

Sinusoidal pressure Arterialization

HABR
Vascularization

fibrosis

Fig. 57.5 Vicious cycle of pressure elevation, matrix generation, and arterialization according to 
the sinusoidal pressure hypothesis. The arterial response is mainly driven by hypoxia signaling and 
metabolic demand. The hepatic arterial buffer response (HABR) is the first and most rapid step in 
increasing arterial blood flow in response to decrease portal flow according to the adenosine wash-
out theory [18]. Later, other vascularization signals establish and secure arterial blood supply
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 Sinusoidal Pressure Elevation at the Cellular Level

At the cellular level, sinusoidal pressure elevation induces stretch forces within the 
perisinusoidal cells that include hepatic stellare cells (HSC), endothelial cells, hepa-
tocytes, and macrophages (Fig. 57.7a). Notably, fibroblasts and HSCs are known for 
a long time to contract and to respond to mechanic forces [16, 28, 29]. Taken 
together, the concept of SPH postulates that collagen deposition is a result of pres-
sure elevation. The so- called pericellular fibrosis is not in contrast to SPH. Pericellular 
fibrosis describes collagen deposition around single ballooned hepatocytes and is 
commonly observed in heavy drinkers (see Fig. 57.7b). This pericellular fibrosis 
could be also explained by a pressure-stretch force concept. In contrast to perisinu-

4   extrahepatic (congestion, heart
     failure, Budd Chiari Syndrome)
5   centrilobular (BCS, ALD)
6   portal (HCV, HBV)
7   mechanic cholestasis

Outflow barriersInflow

1 portal
2 arterial

Shunts
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(4-6 mmHg)
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Hepatic
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Bile duct
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(120 mmHg)

7

8

9

Upper V. cava
3 mmHg)
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Modified from Mueller S. World J Gastroenterol. 2016;22(48):10482-10501.

Fig. 57.6 Simplified scheme of the hepatic vascular architecture and conditions that result in 
elevated sinusoidal pressure (SP) and liver stiffness (LS). A normal liver is supplied by blood from 
the hepatic artery (25%) with arterial pressure (AP) and the portal vein (75%) with the portal pres-
sure (PP). Hepatic blood leads into the hepatic veins with a central venous pressure (CVP). The 
hepatic venous pressure gradient (HVPG) determines the flow through the sinusoidal bed. In con-
trast, the SP is determined by the outflow/inflow ratio and ultimately increases LS. According to 
the hepatic arterial buffer response (HABR), a reduced portal flow causes compensatory arterial 
blood supply in a liver-autonomous unidirectional fashion
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soidal fibrosis, pressure inside the ballooned hepatocyte causes stretch forces in 
pericellularly aligned HSC or fibroblasts and finally leads to mechanically induced 
collagen deposition. Thus, both intravascular and intracellular pressure can cause 
stretch forces at the hepatocyte membrane with consequent stretching of HSC and/
or elevation of cellular stiffness.

 Future Clinical Impact of SPH

SPH could boost and stimulate basic and clinical research activities not only 
restricted to liver disease but also the bidirectional role of liver diseases within the 
whole organism and its relation to other organs such as the heart, kidney, or lung. 
Some important consequences of the SPH are listed in Table 57.2. It may further 
lead to a re-evaluation or optimization of established supportive standard therapies 
in cirrhotic patients. Thus, SPH could help to explain the widely discussed benefi-
cial effects of pressure-lowering drugs such as NSBB and it could help to optimize 
treatment regimens, patient selection, and a better understanding of their mecha-
nisms [30, 31]. Second, SPH sheds new light on the long-term therapy with diuret-
ics in cirrhotic patients. Diuretics may not only remove excess water from the body 
but may also intercept with the viscous cycle of continued water retention, SP eleva-
tion (hydrostatic component, see Fig. 57.3), and fibrosis progression. It will also be 
quite exciting to learn whether the liver has a more immanent role in other diseases 

KC

Sinusoidal
pressure

Collagen
deposition

Ballooning

HSC

LSEC

HC

HC
Ballooned
hepatocyte

Stretching

Stretch force

HSC

HC

a b

Fig. 57.7 SPH at the cellular level. (a) According to SPH, SP predominantly translates into 
mechanic stretch forces within the perisinusoidal bed. Hepatocyte cell death, inflammation, or 
congestion all lead to increased SP that causes stretching of, for example, hepatic stellate cells 
(HSC), liver sinus endothelial cells (LSEC), Kupffer cells (KC) or hepatocytes (HC). (b) Moreover, 
intracellular pressure seen in ballooned hepatocytes can also cause stretch forces on the hepatocel-
lular membrane and aligned HSC finally causing pericellular fibrosis
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Table 57.2 Important consequences of SPH

1 Awareness of mechanic forces and explanation of macroscopic organization of liver cirrhosis

Introducing pressure and stretch forces helps to explain why fibrous septa will span over 
several layers of liver tissue in the centimeter range. Many hemodynamics of the liver are 
poorly understood but should be relevant for biomechanic signaling. The liver is an organ 
exposed to a low-pressure environment (4–6 mmHg), which can be optionally put under high 
pressure by the hepatic artery. Capillary, adhesion, shear, and other forces are also 
insufficiently understood but could contribute to SP

2 Uniform formation of end-stage liver cirrhosis by different etiologies

SPH could explain the uniform response of fibrosis formation to very different and 
heterogeneous liver pathologies and their combination

3 Role of hepatic shunt formation and consequences for a novel typology of liver cirrhosis

Intra- and extrahepatic shunts will efficiently lower pressure gradients but also bypass liver 
cells. Shunts should efficiently lower SP and thus halt pressure-mediated fibrosis progression. 
It could also explain recently observed different types of patients with liver cirrhosis, those 
with high stiffness but excellent liver function (“stiff type”) and those with rather low LS but 
very limited liver function (“icteric type”) [32, 33] (see also Fig. 30.3). These considerations 
could eventually lead to a novel typology of liver cirrhosis if clinically meaningful

4 Molecular and genetic basis of pressure-associated fibrogenesis

The concept of pressure-mediated fibrosis could help to better design, delineate, and interpret 
the so-far overwhelming and confusing data obtained by high throughput screening 
technologies. Pressure is a very complex, highly controlled and evolutionary conserved vital 
parameter in all mammals that is modulated by many genes engaging in expression of, for 
example, transporters that effect water and electrolyte metabolism, the vessel boundaries, 
pressure-controlling hormones but, of course, also the response of the biomechanical signal 
transduction cascade in response to elevated pressure

5 Role of arterial pulse wave energy and energy absorption in the liver

Almost nothing is known about the consequences of pulse wave energy propagation in the 
liver. Stiffening of the liver could cause a much stronger, Tsunami-like release of mechanic 
energy in the liver and define a novel role of fat as “sound energy absorbing” factor

6 Mechanic role of steatosis

SPH provides an alternative look at the role of fat on a mechanic basis. A mechanic approach 
towards hepatic steatosis provides a completely novel, partly unexpected but also fascinating 
and complex entrance to liver pathology

7 Role of the intrahepatic localization of inflammation for fibrosis progression (portal versus 
lobular)

Zone III-localized hepatic diseases such as Budd–Chiari syndrome and schistosomiasis are 
known to rapidly produce cirrhosis and they are known to strongly increase LS [34–36]. It is 
also long known that, for example, ALD primarily starts in the region of the central vein 
causing so-called perivenular fibrosis [37]. Recent work shows that lobular inflammation 
translates to higher LS, while portal inflammation shows a more pronounced spleen stiffness 
elevation [38], elevated SS/LS ratio with pronounced complications of portal hypertension 
[38]. SPH provides a novel concept to better comprehend fibrosis progression based on the 
localization of the inflammatory disease

with water retention such as cardiac insufficiency. On the diagnostic level, noninva-
sive LS measurement may help to monitor and optimize the treatment of liver dis-
eases especially with its direct link to SP. At the molecular level, the therapeutic 
desirable lowering of SP directly leads to a better understanding of hepatic mecha-
nosignaling and the regulation of SP at the cellular level. Potential novel molecular 
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targets or strategies could be identified that may include mechanic conditioning 
or pharmacotherapy acting on mechanosignaling. The mechanic role of fat has 
been already discussed above and, based on preliminary observation, warrants 
further analysis. Further studies on SP will also require the implementation of 
liquid physics to better understand the dynamic component of SP and its role on 
fibrosis progression. Finally, the role of osmotic stress, the regulation of the 
hydration status of the cell, and the role of water channels such as aquaporins will 
be likewise highly interesting to study in the context of SP elevation and fibrosis 
progression.

 Conclusions

The Sinusoidal Pressure Hypothesis (SPH) identifies an elevation of sinusoidal 
pressure (SP) as cause of fibrosis and liver cirrhosis. It introduces pressure as driv-
ing force of fibrosis progression while pressure is typically associated with portal 
hypertension as a consequence of cirrhosis. SPH offers a plausible explanation for 
the uniform response of fibrosis progression to various stimuli, fibrosis reversal, 
and macroscopic changes. While fibrosis can still reverse if the underlying cause 
of SP elevation is eliminated, the increased matrix deposition requires increasing 
arterial blood supply. The final so-called arterialization of the liver permanently 
exposes the organ permanently to pathologically high pressures and initiates a 
vicious cycle of further matrix deposition and increased arterial pressure. 
Introducing biomechanics to the understanding of fibrosis progression offers 
novel treatment strategies that should help to better target this severe disease in 
the future.
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Chapter 58
Future Applications and Directions 
of Liver Stiffness Studies

Sebastian Mueller, Omar Elshaarawy, and Felix Piecha

 Future Applications of Tissues Stiffness in Medicine

Already the rather short history of liver stiffness measurements (LSM) has estab-
lished the importance of tissue stiffness for medicine whether it is the earlier detec-
tion of tissue abnormalities, fibrosis, or complications including all-cause mortality. 
Moreover, due to the broad and complex interplay of liver stiffness with other 
organs, LSM will be used in many other medical areas and disciplines. Table 58.1 
provides a list of either already established usages of LSM in other areas or very 
likely applications. Apart from liver diseases, specific and highly interesting areas 
for LSM will be intensive care unit, cardiology, hematology but also the monitoring 
and screening for potentially liver-harmful therapies by rheumatologists, neurolo-
gists, addiction specialists, psychiatrists, etc. Algorithms will further improve in 
line with novel technical opportunities and artificial intelligence/machine learning. 
Novel business models will also shape the landscape of elastographic applications 
to allow more and inexpensive access to many patients. Figures 58.1 and 58.2 dem-
onstrate that more patients and individuals will have access to the so- called low-cost 
screening mode in order to rule out liver and other confounding pathologies while 
the expert mode will be restricted to specialists with profound ultrasound knowl-
edge for the clarification of elevated LSM. Whether this will also lead to a continued 
modification of health care structures remains open but desirable since the on-time 
and onside noninvasive diagnosis with combined elastographic, ultrasound and lab-
oratory testing appears to be an attractive vision for the near future.
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Table 58.1 Future applications of LS and SS measurement in medicine

Discipline Parameter Questions to be answered by future studies

General care LS Exclude liver disease, combination with other markers, e.g., 
serum markers

General care LS Exclude right heart failure
General care LS Assess liver manifestation in the context of alcohol consumption
General care LS Assess liver manifestation in the context of obesity
General care
Hepatology

LS
LS

Assess liver manifestation in the context of diabetes
Monitoring liver transplant patients

Hepatology LS Assess liver fibrosis
Hepatology LS and 

SS
Diagnosis and management of liver diseases

Hepatology LS and 
SS

Predict all-cause mortality

Hepatology LS and 
SS

Predict liver-related mortality

Hepatology LS and 
SS

Portal hypertension

Hepatology LS and 
SS

Predict esophageal varices

Hepatology
Hepatology

LS and 
SS
LS and 
SS

Monitor treatment interventions, e.g., to drugs or TIPS
Monitoring response to locoregional treatment for HCC

Gastroenterology LS Screen for drug-mediated liver damage, e.g., by methotrexate 
(MTX)

Gastroenterology LS Screen for hepatic manifestations of, e.g., chronic inflammatory 
bowel (CED) patients

Cardiology LS Assess right heart function
Cardiology LS Monitor response to treatment of liver diseases
Cardiology LS Assess chronic pulmonary disease
Cardiology LS Assess heart-related mortality
Intensive care 
unit

LS Monitor right heart function and central venous pressure

Intensive care 
unit

LS Study water retention and distribution

Intensive care 
unit

LS Predict all-cause mortality

Intensive care 
unit

LS Study hydration status during treatment with diuretics

Rheumatology, 
Oncology

LS Screen for drug-mediated liver damage, e.g., by methotrexate 
(MTX) or anticancer drugs

Rheumatology LS Screen for hepatic manifestations of autoimmune diseases
Neurology LS Screen for drug-mediated liver damage, e.g., by carbamazepine
Neurology LS Screen for typical liver-related co-morbidities in the 

neurological setting
Hematology LS Assess graft versus host disease (GWHD)

(continued)
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Table 58.1 (continued)

Discipline Parameter Questions to be answered by future studies

Hematology LS Monitor patients after allogeneic stem cell transplantation
Nephrology LS Study hydration status, e.g., during dialysis
Pulmonology LS Study patients with pulmonary hypertension
Pulmonology LS Rule out right heart failure in patients with chronic obstructive 

pulmonary disease (COPD)

Excludes
liver problems

and other confounders

LS< 6 kPa > 8 kPa

Send to
expert/

hepatologist

Screening mode (traffic light)

Low cost elastography done by general practitioners,
nurses, non-hepatologists

6-8 kPa
Watch and wait/
consider further

diagnosis

Fig. 58.1 Future screening 
mode with low-cost 
business models 
(freemium, leasing) by 
general practitioners, 
nurses, or 
non-hepatologists

< 6 kPa

> 6 kPa

> 8 kPa = F3 fibrosis
>12.5 kPa F4 cirrhosis

> 20 kPa – screen for Varices, HCC
> 30 kPa – hepatic ascites
check SS/LS ratio for etiology confirmation

Expert mode (hepatologist)

Laboratory

Ultrasound

GOT, GPT, AP, GGT, Bili, Elpho, blood count,
platelets, CRP

Liver and spleen size, steatosis, Cholestasis, Congestion, HCC
Liver tumor, ascites, other abnormalities

LSCAP

OK

Confounder?
SS?

Portal hypertension
Overall survival
HCC if SS>40 kPa

Spleen >11.5 cm Intervention?
 Treatment of 
 liver diesease?
 Diuretics?
 Treatment of cholestasis?

Fig. 58.2 Future expert mode for hepatologists and experience in ultrasound with high end elas-
tographic devices. The examination can be extended by information on hepatic steatosis (e.g., 
CAP), spleen stiffness, or other tissue stiffness values using 2D-SWE
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 Directions of Future Technical, Clinical, and Experimental 
Studies

The noninvasive ability to measure liver stiffness has opened a new realm for both 
the diagnosis but also the molecular understanding of liver fibrosis. We will 
observe a rapid technical improvement of ultrasound and MRI based elastogra-
phy techniques (Table 58.2). In addition, stiffness measurements of other organs 
such as spleen, heart, muscle, pancreas, or kidney and even brain will be possible. 
Hopefully, miniaturization will open stiffness measurements via endoscopic pro-
cedures. With regard to liver stiffness, upcoming studies have to clarify the open 

Table 58.2 Future technical studies and questions to be answered

Technical questions and studies

1.  Standardization of techniques
2.  Further standardization of elastographic examination and used “units”
3.  Development of elastography phantoms for standardization
4.  Better physical understanding of the different techniques, limitations, advantages
5.  Comparison of different techniques
6.  Establishment of other tissue stiffness measurements (kidney, brain, muscle, skin, fat, 

pancreas, brain, intestine, fat tissue)
7.  Role and relation between stiffness, steatosis, and viscosity
8.  Better discrimination between tissue stiffness and LS elevation due to confounders, e.g., 

pressure

Table 58.3 Liver stiffness-specific and CAP-specific questions to be addressed by future studies

LS-specific questions to be answered by future clinical studies

1.   Can we identify a direct quantitative relation between type and histological localization of 
hepatitis, serum transaminases, and liver stiffness?

2.   What is the diagnostic value of LS in more complex clinical settings, e.g., a patient with 
combined alcoholic liver fibrosis and steatohepatitis and cardiomyopathy?

3.   Could LS be part of prognostic scores for patients on the liver transplantation waiting list?
4.   What other factors or rare diseases increase LS?
5.   Could we use LS as a novel parameter to measure venous pressure in the context of 

intensive care setting or cardiology?
6.   How valuable is LS in the neonatal screening for inborn liver diseases?
7.   What are the gender- and age-specific normal stiffness values?
8.   What are the population-wide prevalence rates of increased LS and fibrosis?
9.   What are the genetic and molecular determinants of liver stiffness?
10.  What is the kinetics of LS in various fibrosis models?
11.  What is the kinetics of stiffness resolution in these models and is there a point of no return?

(continued)
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LS-specific questions to be answered by future clinical studies

12.  Is there a critical cut-off value for stiffness that causes fibrosis?
13.  What is the role of vasoactive hormones, mechanosensing channels, water channels such as 

aquaporins on liver stiffness and fibrosis?
14.  Are there pharmacological or other therapeutic approaches to modulate liver stiffness and 

treat liver fibrosis?
15.  SS/LS ratio and spleen size and their relation to disease etiology and stage?
16.  LS control in patients with arterial hypertension?
17.  Short seemingly paradox responses of CAP to food and alcohol intake?
18.  Discrepancy between XL and M probe for CAP measurements?

Table 58.3 (continued)

questions listed in Table 58.3. On the other side, the area of liver stiffness will 
boost many basic research activities and novel miniaturized equipment is urgently 
required that will allow LS measurements on small animals such as mice.

 Potential Future Experimental Strategies to Validate the Role 
of Biomechanics in Liver Diseases/Stiffness

Much more needs to be learned about the complex interplay of liver stiffness and the 
various systemic, cellular, and intracellular confounders (Table  58.4). Pressure 
seems to be the physiological key process of mammals for LS which is controlled 
by many cellular, nerval, and hormonal conditions [1–3]. The epithelial boundaries 
are critical for pressure maintenance and they put all aligning cells of the vascular 
system whether they are veins, arteries, capillaries, or specialized vascular entities 
such as the hepatic sinusoidal bed on stage. For instance, while focal adhesions (FA) 
and ECM-cell mechano-signaling have been intensively studied [4, 5], intercellular 
mechanotransduction (intercellular junctions of parenchymal cells and intermediate 
filaments) and its relation to pressure is largely unknown and would require ade-
quate animal models for validation. Therefore, future studies should address these 
molecular mechanisms. A list of such potential studies is provided in Table 58.4. 
One potential strategy is well established in in  vitro models under pressure- 
mimicking conditions with varying stiffness using viscoelastic gels (e.g., polyacryl-
amide) [6, 7]. The stiffness of these gels should be comparable to human fibrosis 
stages and validated using the μFibroscan or atomic force microscopy [6]. The vari-
ous liver-associated cells could be studied independently, individually, or in combi-
nation using co-culture approaches. Important cells should not be restricted to HSC 
and fibroblasts, but also endothelial cells, hepatocytes, and macrophages. The role 
of intercellular junctions and important molecules responsible for mechano- 
signaling could be examined in 2D versus 3D cell cultures.

58 Future Applications and Directions of Liver Stiffness Studies
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 Appendix

 Figures
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Fig. A.1 (a) Overview of the various applied forces to liver tissue and resulting moduli. Typically, the 
Young’s modulus E is considered the liver stiffness, e.g., by TE while some techniques such as MRE 
calculate the shear modulus G. (b) Visualization of the shear modulus. A force parallel to area A (shear 
stress) causes a shearing of the object and a transverse displacement (shear strain). (c) Visualization of 
the Young’s modulus. A force perpendicular to the area A (stress) causes a length change (strain). (d) 
Visualization of the bulk modulus K. It is a measure of the resistance of a substance to compression
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Fibrosis stage F = 4 F ≥ 1 F ≥ 2 F ≥ 3

Fibroscan 0.84 0.91 0.90 0.94 

Fibrometer 0.72 0.82 0.88 0.85 
Fibrotest 0.77 0.79 0.80 0.84 
Hepascore 0.70 0.76 0.83 0.76 
Hyaluronic acid 0.76 0.80 0.83 0.80 
PGA 0.66 0.78 0.84 0.89 
PGAA 0.74 0.81 0.86 0.83 
APRI 0.76 0.54 0.43 0.56 

Modified from Nguyen-Khac et al. Alim Pharm Ther 2008;28: 1188

Fig. A.2 Transient elastogra-
phy outperforms serum 
fibrosis markers for all 
fibrosis stages. This 
pioneering study was 
performed on patients with 
alcoholic liver disease. No 
further algorithms 
were applied
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Modifed from Mueller S et al Liver Int. 2015;35(12):2514-2521

Modifed from Mueller S et al Liver Int. 2015;35(12):2514-2521  

Fig. A.3 (a) AST-adapted cutoff values for alcoholic liver disease (ALD) and HCV. Note that 
identical AST levels cause higher LS elevation in ALD as compared to HCV. These graphs allow 
for instant fibrosis stage reading based on LSM and laboratory markers. A more precise assessment 
of fibrosis stage requires treatment interventions to remove the inflammation component such as 
alcohol detoxification or antiviral therapy. (b) Calculation of AST-adapted cutoff values for alco-
holic liver disease (ALD) and HCV. These formulas are useful for multicenter studies to calculate 
fibrosis stages based on TE and AST levels
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Fig. A.4 Established confounders of liver stiffness. Irrespective of fibrosis (left), many important 
and pressure-related confounders cause liver stiffness elevation through the sinusoidal pressure. 
Thus, in normal livers, liver stiffness reflects the sinusoidal pressure. According to the sinusoidal 
pressure hypothesis, this pressure drives fibrosis (red arrow)
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Modified from Mueller S. World J Gastroenterol. 2016;22(48):10482-10501. 
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Fig. A.5 Mean AST and LS levels according to histological fibrosis stage. While there is a clear 
relation between fibrosis stage and AST levels in HCV, this relation is more complex in 
ALD. Consequently, this needs to be considered when interpreting AST levels, e.g., within fibro-
sis scores
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exclude congestion
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Modified from Mueller S et al World J Gastroenterol. 2014;20(40):14626-14641. 

Fig. A.6 Example of diagnostic flow chart for the diagnosis of alcoholic liver disease using liver 
stiffness (Heidelberg algorithm)
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Fig. A.7 Liver stiffness (LS) is a novel an independent long-term predictor of all-cause death. 
Data are forming the prospective 10-year cohort of heavy drinkers. Kaplan–Meier curve and haz-
ard ratio in comparison to patients with LS <6 kPa (plotted vs the mean LS of the group with 95% 
C.I.) in a 10-year follow-up study (preliminary (n = 574) unpublished analysis)
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Fig. A.8 Progression of the spleen stiffness to liver stiffness (SS/LS) ratio over increasing LS 
values in different etiologies. Portal diseases such as HCV show larger spleens and higher SS at 
comparable LS values. This can be used to confirm disease etiologies by noninvasive means. While 
SS/LS ratios are well settled for ALD and HCV, preliminary data are presented for NAFLD, PSC, 
HBV, and AIH

Parameter Normal 
liver

Type of portal hypertension
post-hepatic hepatic pre-hepatic

Example heart
failure

Budd-Chiari 
syndrome

manifest liver 
cirrhosis

non-cirrhotic
lobular

inflammation
(e.g. F3 ALD)

non-cirrhotic
portal

inflammation
(e.g. F3 
HCV)

idiopathic 
portal 

hypertension 

portal vein
thrombosis

SS/LS ratio* 3 0.3 0.5-1 1-1.5 2.5 5 9 17

spleen length/LS 
ratio

(cm/kPa)
2.3 0.13 0.15 0.3-0.5 1.3 1.8 2.7 3.7

 

Fig. A.9 Spleen stiffness (SS) and liver stiffness (LS) in different liver pathologies. Note that SS/
LS increases the more the pathology is localized at the portal or even prehepatic side. The simple 
parameter spleen length (SL) performs quite well. Thus, the SS/LS or SL/LS ratio can be used to 
provide further information about the disease etiology. Please also note that SS/LS decreases with 
progression of liver fibrosis. Therefore, SS/LS should be seen together with the absolute LS values. 
∗ examples are given with typical values 

Venous pressure

2 cm 
water column

Mechanic cholestasis Inflammation

1 mg/dl 
bilirubin

25 U/l AST

1 kPa increase of liver stiffness 
Modified from Mueller S, Sandrin L. Hepatic Medicine: Evidence and Research 2010;2:49-67.

Fig. A.10 Estimated  
effect of important clinical 
confounders on LS
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Fig. A.11 Clinical significance of synthesis impairment and portal hypertension in cirrhotics. 
Both factors are independently and individually occurring in cirrhotic patients and determine the 
individual risk of severe complications (framed). While synthesis is easily assessed by lab tests, 
elastographic techniques are the future highly sensitive method of choice to identify patients with 
portal hypertension through measurement of liver stiffness (LS) and spleen stiffness (SS)

8 porto-systemic shunt
(intra- and extra-hepatic)

9 arterio-portal fistula
(intra- and extra-hepatic)

4 extrahepatic (congestion, heart
failure, Budd Chiari Syndrome)
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6 portal (HCV, HBV)
7 mechanic cholestasis
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1 portal
2 arterial
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(120 mmHg)
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9
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(3 mmHg)  

HAB
R   

Modified from Mueller S. World J Gastroenterol. 2016;22(48):10482-10501. 

Fig. A.12 Hemodynamics of the low-pressure organ liver in the context of systemic circulation. 
Cirrhosis causes an increased vascular resistance, collateral formation, and increased hepatic arte-
rial flow to maintain hepatic perfusion. Elevated hepatic arterial flow can be observed already 
before the onset of fibrosis. It eventually leads to a complete arterialization of the cirrhotic liver, 
sometimes even with hepatofugal flow through the portal vein
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J Gastroenterol. 2016;22(48):10482-10501.

 

Fig. A.13 Liver perfusion within the systemic circulation. The liver which is mainly supplied via 
low pressure (<6 mmHg) through the portal vein while the hepatic artery will take over in the 
diseased, stiff organ (see also Part VIII. Liver hemodynamics is best understood when looking at it 
within one systemic circulation of two sequentially adjusted pumps (right and left ventricle). Note 
that the blood circulation (red arrows) is maintained by two serial pumps (RV right ventricle, LV 
left ventricle). A dysbalance of these two pumps such as observed during right heart failure can 
also cause higher SP (congestion) and ultimately cardiac liver cirrhosis

Inflammation
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Cholestasis
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pressure
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Hypoxia
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Fig. A.14 Fig. A.4 Sinusoidal pressure hypothesis (SPH) at the whole organ level and therapeutic 
target sides (red). SP is the driving force of matrix deposition. Irrespective of the etiology, all liver 
pathologies (shown in the left) increase the SP that initiates matrix deposition via specific inter- and 
intracellular biomechanic signaling pathways (SPH Part I, Initiation). LS should be regarded as the 
combined readout of elevated pressure and fibrosis. Both SP elevation and matrix deposition 
increase vascular resistance that ultimately lead to elevated hepatic arterial flow and finally com-
plete arterial blood supply. Depending on dosage (>12 mmHg) and time (>4 weeks), this vicious 
cycle will ultimately cause a complete arterialization leading to irreversible cirrhosis by exposing 
the low pressure organ to permanent high pressure (SPH Part II, Perpetuation). According to SPH, 
nonselective beta blockers (NSBB) and diuretics are not only symptomatic therapies but interrupt 
the vicious cycle of pressure-driven fibrosis progression. The right panel demonstrates how elevated 
sinusoidal pressure causes stretching of perisinusoidal aligned cells to induce mechano-signaling
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 Tables

Parameter Biopsy Ultrasound Elastography Serum markers

Invasive Yes No No No (blood sample)

Structures established Decades Decades <10 years Decades

Costs High Low Low Low

Immediacy 1−3 days 15 min 5 min 1−72 h 

Patient at diagnostic side No Yes Yes No  

Availability Almost everywhere (mail) Broadly available Restricted to centers Almost everywhere
(mail)

Repeatable After interval Immediately Immediately Immediately

Sampling error <30% Subjective <3% <3%

Required expertise High High Low Low

Information Multiple Multiple Few Multiple

Limitations Compliance, coagulation,
ascites

Obesity, others Obesity, others Almost no

Direct liver read out Yes Yes Yes No

Future directions Automated scanning and
evaluation

Miniaturization, resolution,
combination with
elastography/Duplex

Miniaturization, part of
whole body MRI analysis,
co-integration in most
US devices

High through put panels,
novel marker profiles 

Green points 4 7 7 8

Table A.1 Comparison of different methods to assess liver cirrhosis

The performance of various tests depends on many factors including whether to screen or provide 
a definite diagnosis. Various parameters are listed and highlighted in “green” if favorable. These 
“green points” are added in the final line. Elastography is noninvasive, the most immediate 
technology and able to rule out cirrhosis. On the other side, it is not available everywhere and has 
measurement failures. In contrast, blood samples can be obtained everywhere and shipped 
anywhere. For these reasons, serum markers are ideal for worldwide screening purposes

Table A.2 Types of elastography: excitation mode, dimensions, and producers

Type of 
elastography Excitation Elastography type Dimension Company/brand

Strain imaging/
elastography

Manual 
compression

Strain elastography 2D
ElaXto 2D Esaote
Real-time elastography 2D Hitachi Aloka
Elastography 2D GE, Philips, 

Mindray
Toshiba, Ultrasonix

ElastoScan 2D Samsung
eSieTouch elasticity 
imaging

2D Siemens

Controlled 
compression

Atomic force microscopy 2D Bruker, Hitachi, etc.

Acoustic 
radiation force 
(single focus)

Acoustic radiation force 
impulse (ARFI) strain 
imaging

2D

Virtual touch imaging 
(VTI/ARFI)

2D Siemens
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Type of 
elastography Excitation Elastography type Dimension Company/brand

Shear wave 
imaging/
elastography

Acoustic 
radiation force 
(single focus)

Point shear wave speed 
measurements (pSWE/
ARFI quantification)

2D

Virtual touch 
quantification (VTQ/
ARFI)

2D Siemens

ElastPQ 2D Philips
Acoustic 
radiation force 
(single focus)

Virtual touch image 
quantification (VTIQ/
ARFI)

2D Siemens 2008, 
Philips, Toshiba 
2013, GE

Acoustic 
radiation force 
(multiple-
zonated focus)

2D-shear wave 
elastography (2D-SWE)

2D SuperSonic imagine

Or Supersonic shear 
imaging (SSI)

Controlled 
external 
vibration

Transient elastography 
(TE)

1D

Fibroscan 1D Echosens 2003
Magnetic resonance 
elastography

3D Hitachi, Siemens, 
etc.

Table A.2 (continued)
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Liver stiffness Interquartile range/median ratio
Result (kPa) ≤0.10 0.11 – 0.30 0.30<

<7.1 Very reliable Reliable

≥7.1 Poorly reliable

Poorly reliable examinations are associated with decreased diag-
nostic accuracy and should not be used to decide the patient man-
agement in clinical practice

Table A.5 Reliability 
criteria for liver 
stiffness measurement 
with FibroScan

Table A.6 Definition and examples of waves

Wave/synonym Definition Example

Mechanical wave Oscillation of matter. Mechanical waves transport 
energy. Can be produced only in media (in 
contrast to electromagnetic waves) which possess 
elasticity and inertia

Water waves, sound 
waves, and seismic 
waves

Elastic waves An elastic disturbance that propagates in a solid, 
liquid, or gaseous medium. When elastic waves 
propagate, the energy of elastic deformation is 
transferred in the absence of a flow of matter. 
Every harmonic elastic wave is characterized by 
the amplitude and vibration frequency of the 
particles of the medium, a wavelength, phase and 
group velocities, and a law governing the 
distribution of displacements and stresses over the 
wave front. A special feature of elastic waves is 
that their phase and group velocities are 
independent of the wave amplitude and the wave 
geometry. An elastic wave may be a plane, 
spherical, or cylindrical wave

Sound waves

Acoustic waves Mechanical waves. Type of energy propagation 
through a medium by means of adiabatic 
compression and decompression. Acoustic waves 
travel with a characteristic acoustic velocity that 
depends on the medium. Their speed is ca. 
1450 m/s liver/water. Examples of acoustic waves 
are ultrasound used for medical imaging (waves 
traveling through the body)

Sound waves from 
loudspeakers
Ultrasound imaging

Electromagnetic 
waves

Electromagnetic waves require no medium but can 
still travel through one

Radio waves, 
microwaves, infrared, 
(visible) light, 
ultraviolet, X-rays, and 
gamma rays

Body waves These waves travel through the interior of a body 
along paths controlled by the material properties 
in terms of density and modulus (stiffness). The 
density and modulus according to temperature, 
composition, and material phase. Two types of 
particle motion result in two types of body waves: 
Primary and secondary waves
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Wave/synonym Definition Example

P-wave
Primary waves
Compressional 
waves
Pressure waves

P-wave longitudinally ca. 1.7 times faster than 
other waves hence the name “primary.” In air, they 
travel at the speed of sound. Typical speeds are 
330 m/s in air, 1450 m/s in water, and about 
5000 m/s in granite

Sound waves

S-wave
Secondary waves
Transverse waves

S-waves are shear waves displace the ground 
perpendicular to the direction of propagation. 
S-waves can travel only through solids, as fluids 
(liquids and gases) do not support shear stresses. 
S-waves are typically around 60% of that of 
P-waves in any given material

Surface waves Surface waves, which are generally called 
Rayleigh waves, can propagate at the boundary 
between a solid half space and a vacuum, liquid, 
or gas; such waves are a combination of 
nonuniform longitudinal and shear waves whose 
amplitudes decrease exponentially with distance 
from the boundary. They travel more slowly than 
P and S waves

Water waves

Table A.6 (continued)

Table A.7 Normal stiffness values for various organs as measured by different elastography 
techniques

Organ TE SWE MRE ARFI Reference

Kidney 4.3 kPa [21]
6.4–7.3 kPa 
(90 Hz)

[22, 23]

2.24 m/s [24–27]
Transplant 
kidney

33.2–35 kPa [28]

Uterus Cervix 18.9 kPa [29]
Myometrium 40.2 kPa [29]
Endometrium 25.4 kPa [29]

Pancreas 1.1–2.0 kPa 
(60 Hz)

[23, 30, 31]

1.2–1.4 m/s [24–27, 32]
Prostate Whole gland 27.3 kPa [33]
Spleen 3.5–3.6 kPa [23, 34]

2.4 m/s [24–27, 35]
22.0 kPa
13.8–17.3 kPa

[36–38]
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Spearman correlation coefficients with liver stiffness 

Parameter
F0-4 F=0-2 F3-4 all

HCV ALD Sum HCV ALD HCV ALD Sum  

Fibrosis stage (histology) 0.69 0.78 1.46 0.33 0.38 0.61 0.59 1.91
AST 0.54 0.35 0.89 0.36 0.43 0.45 0.13 1.38
GGT 0.43 0.37 0.80 0.36 0.32 0.38 0.05 1.11
ALT 0.35 0.13 0.48 0.33 0.31 0.14 -0.03 0.75
Bilirubin 0.21 0.57 0.78 0.08 0.35 0.32 0.65 1.39
APRI 0.50 0.49 0.99 0.41 0.39 0.62 0.40 1.83
Platelets -0.43 -0.45 -0.88 -0.20 -0.30 -0.61 -0.46 -1.57
BMI 0.23 0.13 0.36 0.22 0.11 0.19 0.06 0.58
Age 0.29 0.20 0.50 0.13 0.13 0.11 0.00 0.38
AST/ALT ratio 0.17 0.31 0.47 -0.08 0.13 0.49 0.23 0.77

Positive correlation (P<0.05)
Negative correlation (P<0.05)
No significant correlation (P>0.05)

Table A.8 Association of serum markers with liver stiffness

Correlation analysis with liver stiffness was performed for both HCV and ALD for (a) all fibrosis 
stages F0-4 (b) F0-2 and (c) F3-4. The sum of these correlation coefficients was determined to 
estimate which serum marker would best explain LS independent of fibrosis stage and etiology. 
Here, AST performs best. (From [39])

Table A.9 Correlation of various serum markers with change of LS, LS and change of GOT in 
patients with ALD ( n = 544). Note that changes of LS and GOT refer to changes prior and after 
alcohol detoxification. GOT correlates best with change of LS but not with absolute LS values. 
Here, GGT, M65, and AP are better associated. Also note: AST = GOT, ALT = GPT

Correlation with change of LS
Parameter Spearman Rho correlation with change of LS

r p

Liver stiffness (kPa) 0.466 3.0E–31
CAP (dB/m) 0.235 2.8E–06
GOT (U/L) 0.182 1.6E–05
Delta GOT (U/L) 0.177 2.8E–05
GGT (U/L) 0.177 3.3E–05
IL-6 (ng/mL) 0.543 4.2E–04
GPT (U/L) 0.146 5.9E–04
Platelets (/nL) −0.136 1.3E–03

Correlation with LS
Parameter Spearman Rho correlation with LS

r p

GGT (U/L) 0.564 2.4E–47
M65 (U/L) 0.547 4.9E–38
AP (U/L) 0.504 4.6E–37
Quick (%) −0.491 8.8E–35
INR 0.488 2.6E–34
GOT (U/L) 0.478 6.6E–33
Quick (%) −0.491 8.8E–35
Platelets (/nL) −0.427 7.2E–26
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Correlation with change of AST/GOT
Parameter Spearman Rho correlation with change of GOT

r p

GOT (U/L) 0.778 1.1E–113
GPT (U/L) 0.642 1.1E–65
GGT (U/L) 0.547 4.4E–44
M65 (U/L) 0.563 1.1E–40
M30 (U/L) 0.506 6.4E–32
Ferritin (ng/mL) 0.421 4.1E–25
AP (U/IL) 0.354 8.6E–18
Platelets (/nL) −0.306 1.9E–13

Table A.9 (continued)

Table A.10 Estimated cutoff values for F3 fibrosis and F4 cirrhosis for different etiologies

Etiology F3 LS cutoff value (kPa) F4 LS cutoff value (kPa) References

NASH 9.6 (8–11.4) 13.7 (10.2–14) [40–43]
ALD 10.5 (8–12.9) 17.6 (11.5–22.6) [44–47]
HCV 10.8 14.8 [48–50]
HBV 8.1 10.9 [51–54]
AIH 10.4 16 [55, 56]
PSC 9.6 14.4 [57]
PBC 10.7 16.3 (15.6–16.9) [58, 59]
HFE 13.9 17.9 [60]
Wilson’s disease 8.25 13 [61]
Cardiac hepatopathy 7.6 13.0 [62]
AATD 7.8 (7.2–8.4) 14 [63, 64]
Cystic fibrosis 7.95 [65]
ALLa 9.6 kPa 14.0 kPa
ALLb 8 kPa 12.5 kPa

aMean values of this table
bMean values in the absence of inflammation
Note that mean values are shown from selected studies not being complete but representative. For 
some etiologies such as NAFLD or HCV, a range is provided. This range gives an impression of 
the variability between studies most likely due to confounders such as inflammation (e.g., ALD) 
and or cholestasis (e.g., PBC)
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Table A.12 Normal LS in different species

Species Mean normal LS Reference

Humans 4.5–4.7 kPa [69, 70]
Pigs 3.1–4.1 kPa [71, 72]
Rats 3.8–4.1 kPa [73, 74]
Mice 4.4 kPa [75]

Table A.11 Normal LS values according to different age groups

LS CAP

Age TE (kPa)

2D-SWE
GE Logiq
(kPa)

2D-SWE
kPa

p-SWE
Samsung
(m/s) (dB/m)

1–5a 3.4 [66] 2.9 [67] 4.63 ± 0.6 [68] 1.14 [67] 180
5–11a 3.8 [66] 3.4 [67] 4.05 ± 0.57 [68] 1.17 [67] 181
12–18a 4.1 [66] 3.8–3.9 [67] 4.39 ± 0.55 [68] 1.2 [67] 190
18 to >70 4.5 [7–12]
Healthy pregnant 
women

4.5 [69] 226 [69]

aSince not all age ranges were identical in the studies some have been estimated
Note that it is still a challenge to consider a population as “liver normal” and, therefore, to define 
normal liver stiffness levels. However, taken together studies and daily clinical experience, normal 
values should be 3.4 kPa for children, 3.8 kPa for adolescents, and 4.2 kPa for adults. On the other 
side, soft livers at 3 kPa can be also observed sometimes in adults and this is then an excellent 
result. In contrast, 5.5 kPa can already be an indication of an elevated liver stiffness in a young 
adult. The generally accepted cutoff for normal LS (<6 kPa) takes heavily into account uncontrol-
lable confounders in daily application such as food intake, positioning, breathing, etc. In some 
cases, optimal conditions should be applied (see book Part VII) and LS measurement should be 
repeated
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Table A.16 General clinical and technical considerations regarding liver elastography

Recommendations References

1.  Experienced operators should perform measurement of liver 
stiffness

[76]

2.  Measurement of liver stiffness (specially ultrasound-based 
techniques) should be performed through a right intercostal space in 
supine position, with the right arm in extension, during breath hold, 
avoiding deep inspiration prior to the breath hold

[78, 96]

3.  Patients should fast for a minimum of 2 h and rest for a minimum of 
5–10 min before undergoing liver stiffness measurement. Watch for 
stable LS

[97–103]

4.  The major potential confounding factors (liver inflammation 
indicated by AST and/or ALT elevation > 5 times the normal limits, 
arterial pressure, obstructive cholestasis, liver congestion, acute 
hepatitis and infiltrative liver diseases) should be excluded before 
performing LSM by ultrasound

[39, 71–73, 104, 105]

Table A.15 Optimal standardized conditions for liver stiffness measurements for all techniques

No. Conditions

1 Standardized patient conditions and positioning. Horizontal positioning for at least 
5 min. Normal breathing. Fasting status. Stabilized hemodynamics e.g., after physical 
exercise

2 Correct training of the examiner depending upon the elastographic technique used. 
Small learning curve for 1D-SWE such as TE, dedicated ultrasound knowledge for 
2D-SWE. Specific radiology training for 3D-MRE

3 Correct physical LS measurement: basic anatomical and specific knowledge such as 
choice of probe, probe pressure, localization of liver region for LSM

4 Correct and standardized analysis of shear wave speed which may necessitate 
additional interpretation of e.g., elastograms. Additional factors in 2D-SWE such as 
viscosity and sound speed

5 Correct statistical interpretation e.g., median LS and IQR
6 Correct interpretation of LS within the clinical context including the influence of 

confounders such as inflammation, congestion, cholestasis, or others. These 
confounders require additional information such as an on-time ultrasound or 
laboratory parameters. Critical discussion of potential measurement artifacts

7 Definition whether LSM is used in screening or expert mode. The screening mode is 
primarily designed to rule out any liver abnormalities. The expert mode is thought to 
confirm an elevated LS, to rule out potential confounders or artifacts and to 
ultimately link the elevated LS either to fibrosis stage or prognostic evaluation and 
guiding therapies
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Table A.17 Spearman rank correlation of important histological parameters (fibrosis, ballooning, 
steatosis, steatohepatitis) with physical, serum and clinical parameters

Parameter Fibrosis (Chevallier) Ballooning Steatosis Steatohepatitis

M30 (U/L) 0.291∗∗ 0.544∗∗ 0.467∗∗ 0.557∗∗
M65 (U/L) 0.285∗∗ 0.540∗∗ 0.431∗∗ 0.554∗∗
Liver stiffness (kPa) 0.828∗∗ 0.516∗∗ 0.096 0.391∗∗
AST (U/L) 0.167 0.453∗∗ 0.415∗∗ 0.435∗∗
GGT (U/L) 0.273∗∗ 0.429∗∗ 0.350∗∗ 0.474∗∗
AP (U/L) 0.524∗∗ 0.425∗∗ 0.117 0.294∗∗
Hyaluronic acid (ng/mL) 0.645∗∗ 0.365∗∗ −0.044 0.236
Signs of cirrhosis (US) 0.573∗∗ 0.342∗∗ 0.008 0.227∗
Hepatic steatosis (US) 0.040 0.327∗∗ 0.327∗∗ 0.452∗∗
PNPLA3 GG 0.131 0.319∗∗ 0.264∗ 0.404∗∗
CAP(dB/m) −0.069 0.301 0.593∗∗ 0.432∗
BMI (kg/m2) 0.182 0.220 0.076 0.089
PIIINP (ng/mL) 0.276∗ 0.214 0.014 0.147
ALT (U/L) −0.232∗ 0.184 0.339∗∗ 0.256∗∗
Alcohol consumption 
(g/day)

−0.074 −0.026 0.224∗ 0.123

Gender (male:1) −0.106 −0.120 −0.094 −0.119

Parameters are sorted in descending order using the correlations coefficients for ballooning. 
∗P < 0.05; ∗∗P < 0.01 [106] in a large cohort of heavy drinkers. Note that LS is the best noninva-
sive marker for fibrosis, M30/65 for steatohepatitis and ballooning, and CAP for steatosis (all 
highlighted in yellow). US: ultrasound. Data are from [106]

Table A.18 Spleen stiffness (SS) cutoff values for the standard M probe vs the dedicated spleen 
probe to detect esophageal varices [107]

Esophageal varices grade
SS with standard M probe in 
kPa (IQR)

SS with dedicated spleen probe in 
kPa (IQR)

No varices 52.5 (32.5) 34.4 (15.4)
1 62.9 (28.7) 45.8 (19.1)
2 73.9 (19.6) 53.4 (13.7)
3 75.0 (2.5) 57.4 (11.5)
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Table A.19 Knodell histology activity index (HAI) [108]

Knodell histology activity index (HAI) Points

A. Periportal necrosis (PN) with or without bridging necrosis 0
  1. None 1
  2. Mild piecemeal necrosis 2
  3. Moderate PN (<1/2 circumference) 3
  4. Marked PN (>1/2 circumference) 4
  5. Moderate PN + bridging necrosis 5
  6. Marked PNB + bridging necrosis 6
  7. Multilobular necrosis 10
B.  Intralobular 

degeneration and focal 
necrosis

C. Portal inflammation D. Fibrosis

  1. None   1. None   1.  None 0
  2.  Mild (1/3 of lobular)   2.  Mild (1/3 of portal 

tract)
  2.   Fibrous portal 

expansion
1

  3. Moderate (1/3–2/3)   3.  Moderate (1/3–2/3)   3.  Bridging fibrosis 3
  4. Marked (>2/3)   4.  Marked (>2/3)   4.  Cirrhosis 4

Table A.20 Scheuer histological activity index score [109]

Scheuer histological activity index Points

A. Portal/periportal activity

  1. None/minimal 0
  2. Portal inflammation 1
  3. Mild portal necrosis (PN) 2
  4. Moderate PN 3
  5. Severe PN 4
B. Lobular activity C. Fibrosis

  1. None   1. None 0
  2. Inflammation no necrosis   2. Enlarged, fibrotic portal tracts 1
  3. Focal necrosis/acidophil boding   3 Periportal or portal septa 2
  4. Severe focal cell damage   4.  Fibrosis, architectural distortion, no 

cirrhosis
3

  5. Damage includes bridging necrosis   5.  Probable/definite cirrhosis and 
necrosis

4
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Table A.21 Histopathological scores for assessment of liver fibrosis [110–112]

Ishak score Batt and Ludwig Metavir Points

Inflammation and 
necrosis: Absent
No fibrosis

Mild portal inflammation or no 
inflammation, either interface 
necrosis or lobular inflammation. 
No fibrosis

A0: no inflammation or 
necrosis
F0: no fibrosis

0

Portal and periportal 
inflammation in some 
areas, with focal 
necrosis 1 focus10×. 
Fibrous expansion of 
some portal areas with 
or without short septa

Minimum portal inflammation, 
patchy interface-necrosis, and 
occasionally apoptotic 
hepatocytes. Portal fibrosis

A1: mild necro-
inflammatory activity
F1: portal fibrosis

1

Mild swelling in portal 
areas with necrosis 
shown in zone 3 and 
some in zone 2. Focal 
necrosis 2–4 × 10×
Fibrous expansion of 
most portal areas, with 
or without short septa

Mild portal inflammation with 
interface hepatitis in some portal 
tracts and mild apoptosis. 
Periportal fibrosis

A2: moderate necro- 
inflammatory activity
F2: portal fibrosis with few 
septa

2

50% or moderate 
inflammation with 
necrosis in most of 
zone 1, and focal 
necrosis 5–10 × 10×. 
Fibrous expansion of 
most portal areas with 
occasional P-P 
bridges.

Moderate portal inflammation, 
interface and lobular hepatitis, 
frequent necrotic hepatocytes. 
Septal fibrosis

A3: severe necro- 
inflammatory activity
F3: portal fibrosis with 
numerous septa

3

Severe swelling in 
most portal tracts with 
necrosis in zone 1, 
occasional PC, bridges 
and focal necrosis 
10 × 10×. Fibrous 
expansion of most 
portal areas with 
frequent PP and PC 
bridges

Severe portal inflammation, 
interface hepatitis with necrosis 
prominent on bridges and diffuse 
hepatocellular damage. Cirrhosis

F4: cirrhosis 4

Portal and lobular 
inflammation, necrosis 
in zone 1 with 
multiple PC areas 
numerous PP and PC 
bridges with 
incomplete cirrhosis or 
incomplete nodules.

5

Portal inflammation, 
lobular and pan-
glandular necrosis. 
Cirrhosis

6
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Table A.22 Chevalier semiquantitative scoring system (SSS) [113]

Chevallier (SSS) score Points

A. Central lobular vein (CLV)

  1.  Normal vein or absence of vein 0
  2.  Moderately thickened (stellate aspect of vein wall) 1
  3.   Markedly thickened (annular aspect of vein wall with numerous fibrous 

intercellular extensions)
2

B. Portal tract (PT) C. Perisinusoidal space (PS)

  1.  Normal   1.  Normal 0
  2.  Enlarged without septa   2.  Localized fibrosis 1
  3.  Enlarged with septa   3.  Diffuse fibrosis 2
  4.  Cirrhosis 3
D. Number of septa (NS) E. Width of septa (WS)

  1.  Absence   1.  Thin and or incomplete 0
  2.  ≤6 septa/10 mm   2.  Thick and loose connective matrix 1
  3.  >6 septa/10 mm   3.  Very thick and dense connective matrix 2
  4.  Nodular organization   4.  >2/3 of biopsy area 3
Score expression: SSS = CLV + PS + PT + 2(WS × NS)

Table A.23 NASH Clinical Research Network score (modified by Kleiner et al. 2005) [114]

NASH Clinical Research Network scoring system definitions

A.  Steatosis grade B.  Location (predominant) C.  Lobular inflammation Points

   1.  <5%   1.  Zone 3   1.  No foci 0
  2.  5–33%   2.  Zone 1   2.  <2 foci per 200 × field 1
  3.  >33–66%   3.  Azonal   3.  2–4 foci per 200 × field 2
  4.  >66%   4.  Panacinar   4.  >4 foci per 200 × field 3
D.  Micro vesicular 

steatosis
E.  Microgranulomas F.  Large lipogranuloma

  1.  Absent   1.  Absent   1.  Absent 0
  2.  Present   2.  Present   2.  Present 1
G.  Fibrosis stages

  1.  None 0
  2.  Perisinusoidal or periportal 1
  3.  Mild, zone 3, perisinusoidal 1A
  4.  Moderate, zone 3, perisinusoidal 1B
  5.  Portal/periportal 1C
  6.  Perisinusoidal and portal/periportal 2
  7.  Bridging fibrosis 3
  8.  Cirrhosis 4
H.  Portal inflammation I.  Pigmented macrophages J.  Mega mitochondria

  1.  None to minimal   1.  None to rare   1.  None to rare 0
  2.  More than minimal   2.  Many   2.  Many 1
K. Ballooning L.  Glycogenated nuclei M.  Acidophil bodies

  1.  None   1.  None to rare   1.  None to rare 0
  2.  Few ballooned cells   2.  Many   2.  Many 1
  3.  Many cells/

prominent ballooning
2
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Table A.25 Leipzig score for Wilson’s disease [116]

Clinical symptoms and signs Other investigations

Kayser–Fleischer rings Liver copper (in the absence of cholestasis)
Present 2 >5× ULN (>4 μmol/g) 2
Absent 0 0.8–4 μmol/g 1

Normal (<0.8 μmol/g) −1
Rhodamine-positive granules 1

Neurological symptoms Urinary copper (in the absence of acute 
hepatitis)

Severe 2 Normal 0
Mild 1 1–2× ULN 1
Absent 0 >2 ULN 2

Normal, but >5× ULN after d-penicillamine 2
Serum ceruloplasmin Mutation analysis
Normal (>0.2 g/L) 0 Detected on both chromosomes 4
0.1–0.2 g/L 1 Detected on only one chromosome 1
<0.1 g/L 2 No mutations detected 0
Coombs-negative hemolytic 
anemia
Present 1
Absent 0

Table A.24 Desmet and Scheuer staging system for chronic hepatitis [115]

Score Description Histology

0 No fibrosis No fiber multiplication
1 Mild/low fibrosis Fiber propagation portal, no septa
2 Moderate fibrosis Incomplete/complete portoportal septa, architecture 

preserved
3 High grade fibrosis Connective tissue septa with architectural disorder 

(portocentral septa, shifting acinar structures), no 
complete cirrhosis

4 Cirrhosis Probable or definitive cirrhotic remodeling
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