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Abstract

Liver fibrosis (LF) is the wound healing response to chronic liver injury. LF is the endpoint of
chronic liver disease (CLD) regardless of etiology and the single most important determinant

of long-term liver-related clinical outcomes. Quantification of LF is important for staging, to
evaluate response to treatment and to predict outcomes. LF is traditionally staged by liver biopsy.
However, liver biopsy is invasive and suffers from sampling errors when biopsy size is inadequate;
therefore, non-invasive tests (NITs) have found important roles in clinical care. NITs include
simple laboratory-based serum tests, panels of serum tests, and imaging biomarkers. NITs are
validated against the liver biopsy and will be used in the future for evaluation of nearly all CLDs
with invasive liver biopsy reserved for some cases. Both serum tests and some imaging biomarkers
such as elastography are currently used clinically as surrogate markers for LF. Several other
imaging biomarkers are still considered research and awaiting clinical application in the future.
As the evaluation of imaging biomarkers will likely become the norm in the future, understanding
pathogenesis of LF is important. Knowledge of properties measured by imaging biomarkers

and its correlation with LF is important to understand the application of NITs by abdominal
radiologists. In this review, we present a brief overview of pathogenesis of LF, spatiotemporal
evolution of LF in different CLD, and severity assessment with liver biopsy. This will be followed
by a brief discussion on properties measured by imaging biomarkers and their relationship to the
LF
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Introduction

Liver fibrosis (LF) is a wound healing response to chronic liver parenchymal injury with
extracellular matrix (ECM) deposition [1]. Common causes of chronic liver disease (CLD)
include chronic hepatitis B, (CHB), chronic hepatitis C (CHC), alcoholic liver disease
(ALD), non-alcoholic fatty liver disease (NAFLD), primary biliary cholangitis (PBC),
primary sclerosing cholangitis (PSC), and autoimmune hepatitis (AlH). When the injury
to liver parenchyma is persistent due to a CLD, excessive and abnormal ECM deposition
leads to progressive replacement of liver parenchyma by LF [2]. Untreated and progressive
LF leads to cirrhosis and its associated complications, including hepatic insufficiency,
portal hypertension, and the development of hepatocellular carcinoma, which often has
poor outcomes and high mortality. LF is the single most important factor associated with
increased likelihood of liver-related complications and increased overall and liver-related
mortality in CLD [3, 4]. Fortunately, LF is reversible and near complete resolution is
possible when the active injury can be treated, especially in early fibrosis stages. Therefore,
the detection and determination of severity of LF has important implications in the
management of CLD.

The historical standard for assessment of LF is histological evaluation by liver biopsy.
Although liver biopsy is the only method that provides direct visualization of liver fibrosis,
etiologic diagnosis, and assessment of inflammation, the fibrosis burden evaluation is semi-
quantitative [5]. Furthermore, liver biopsy evaluation is a single timepoint assessment and
repeat biopsies are generally avoided due to its invasiveness and associated non-negligible
risk of complications. For these reasons, non-invasive tests (NITs) including serum tests,
liver test panels, and imaging biomarkers have emerged as important biomarkers in the
assessment of LF for both baseline assessment and in the serial evaluation of LF [6-8].

Therefore, the understanding of pathogenesis of LF in CLD, relationship of fibrosis burden
with outcome, and regression with successful treatment would be useful for practising
abdominal radiologists. Nearly all the imaging biomarkers are quantitative as compared to
semi-quantitative histologic staging of LF [5]. Knowledge of physical properties measured
by imaging biomarkers and their correlation with severity of fibrosis is important in

the interpretation of imaging biomarkers [9-11]. Although excellent reviews on different
imaging techniques for evaluation of liver fibrosis exist, a description of pathogenesis of
fibrosis, regression of fibrosis, subclassification of cirrhosis, an overview of blood-based
and imaging biomarkers and their correlation of fibrosis has been lacking, particularly for
abdominal radiologists [5, 9, 12, 13]. In this review, we will first provide an overview

of pathogenesis of LF, spatiotemporal evolution of LF in different CLD, and severity
assessment with liver biopsy. This will be followed by discussion on blood-based tests and
imaging biomarkers and their relationship to the LF.

Pathology of liver fibrosis

In the normal liver parenchyma, the ECM provides the architectural support in the form
of Glisson capsule, as the interstitial matrix around the vessels and portal tracts, and
as low-density basement membrane within the space of Disse around the sinusoids.
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The ECM comprises less than 3% of normal liver tissue cross-section at histology

and approximately 0.5% of wet weight [14] and is composed mainly of proteins such

as collagen, glycoproteins, and proteoglycans. Collagen is the major protein and bulk
component and normal ECM mostly contains type | and type 111 collagen and basement
membrane components. The normal liver parenchyma collagen content is about 2 to 8 mg/g
of wet tissue [15], but in LF, two to tenfold or more increase in total collagen content occurs
[16, 17]. The factors determining the degree of collagen deposition (fibrosis burden) in LF is
not well known and different degrees of collagen deposition may occur in patients with the
same CLD, and between patients with different CLDs at similar stages of LF [15, 18].

LF is the result of dynamic and complex interactions between fibrinogenesis and fibrinolysis
that occur simultaneously in CLD. When fibrinogenesis dominates and exceeds fibrinolysis,
progressive accumulation of ECM occurs, and conversely fibrinolysis dominates over
fibrinogenesis during regression of LF. Although several cellular processes are identified,
the basic mechanisms of fibrinogenesis and fibrinolysis, and the factors controlling the two
interactive processes remains incompletely understood.

Fibrinogenesis

Fibrogenesis is the process of deposition of abnormal ECM which is quantitatively (total
content and collagen type) and qualitatively (disorganized, fibrillar collagen) different from
the normal liver ECM. The source of ECM are myofibroblasts which are not normally
present in healthy liver but are either activated and/or recruited in response to chronic

liver injury [16, 17]. Myofibroblasts are stellate or spindle shaped cells with contractile
properties and have abundant intracellular proteins including actin and myosin and are
predominantly derived from transdifferentiated (activated) hepatic stellate cells (HSC)
[17]. The other possible sources of myofibroblasts include peribiliary fibroblasts and
myofibroblasts in the portal tract, myofibroblasts around the centrolobular vein, smooth
muscle cells localized in the vessel walls, myofibroblasts recruited from bone marrow and
from epithelial-mesenchymal transition [17, 18]. The recruitment of myofibroblasts occurs
in response to increased tension in the ECM and release of proinflammatory cytokines.
Injury to liver parenchyma including hepatocytes, endothelial cells, cholangiocytes, and
Kupffer cells result in release and/or secretion of proinflammatory cytokines. These
cytokines can activate both HSCs and Kupffer cells. Kupffer cells also stimulate matrix
synthesis, cell proliferation, and release of retinoids by HSCs through cytokines [18]. The
activated HSCs acquire contractile, proinflammatory and fibrogenic properties and become
myofibroblasts [19, 20].

Collagen that is deposited for a long duration becomes stiffer due to non-reducible
crosslinking by the action of several matrix enzymes which makes them resistant to protease
digestion or removal during fibrosis regression [19, 20]. Other proteins that are found in the
abnormal ECM include proteoglycans, glycosaminoglycans, matricellular proteins, matrix-
bound growth factors, fibronectin, and elastin. Elastin typically accumulates in greater
quantities in advanced stages when there is less degradation [21]
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Fibrinolysis

Fibrinolysis involves active degradation of abnormal ECM, a task mainly performed by
matrix degrading proteases also know matrix-metalloproteinases (MMPs). There are several
families of MMPs found in liver. HSCs are the principal source of MMP-2 and the sources
of other MMPs are not well established [18]. The MMPs may be regulated by the tissue
inhibitors of metalloproteinases (TIMPs) [21]. HSCs are also source of some of these
TIMPs, making HSCs the center of both fibrogenesis and fibrinolysis.

Spontaneous resolution of LF can occur after successful treatment or removal of underlying
disease/injury, and the duration to achieve complete resolution is variable. During fibrosis
resolution, MMP activity increases due to rapid decrease in expression of TIMP-2.
Degradation of fibrillar collagen and altered interaction between activated HSCs and ECM
favors apoptosis [22] which leads to fibrosis resolution [20]. Several ongoing research
studies are focused on identifying key factors in the fibrinolysis and fibrinogenesis to
modulate the LF process and delay progression of disease.

Hepatic fibrosis progression

ECM deposition typically occurs in the regions of chronic inflammation/injury. LF develops
with different spatial and temporal patterns that is directly related to initial injury site
within the liver, and influenced by the relative concentration of proinflammatory and pro-
fibrinogenic factors and the prevalent mechanisms depending on the cause of parenchymal
damage [22].

LF progresses through several steps (Fig. 1): (1) portal fibrosis (a synonym is periportal
fibrosis): collagen deposition that expands the portal tracts; (2) bridging fibrosis: this is
characterized by portal-central or portal to portal bridging fibrosis; (3) cirrhosis: this is

defined as a diffuse process with bands of fibrosis surrounding regenerative nodules. In
addition, pericellular and central vein fibrosis can be seen prior to or alongside of portal
fibrosis in cases of steatohepatitis and chronic venous outflow obstruction (Fig. 1).

The onset of LF is usually insidious, and progression depending on the inciting etiology is
typically slow, occurring over years or decades. Symptoms typically occur late in CLD with
few exceptions. The severity of the inflammation or active liver injury correlates with the
rate of progression of LF, albeit imperfectly. LF progresses at variable rates in different CLD
depending on the etiology, environmental factors, and the host factors. Concurrent injury by
more than one agent is synergistic for the progression of LF. Some factors are known to

be associated with faster progression to advanced stages such as age at infection, obesity,
diabetes mellitus, male gender, daily alcohol intake, and hepatic iron content [22, 23]. LF
can rapidly progress when patients are immunocompromised as in post-transplant status or
hepatitis C and human immunodeficiency co-infection [24, 25].

The total amount of fibrosis, i.e., fibrosis burden, is different in different patients and may
represent the influence of several host factors and disease mechanisms. The same disease
process at the same stage may result in different fibrosis burdens in different individual
patients (Fig. 2), and fibrosis burden is different at same stage of disease from different
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etiologies (Fig. 3). Progression of LF leads to cirrhosis, which is characterized by conversion
of normal liver architecture into regenerative nodules that are separated and encapsulated by
fibrous tissue (fibrous septa) and accompanied by major vascular remodeling [1].

Vascular remodeling

In addition to the ECM deposition, LF causes changes in endothelial cell porosity,

vascular thrombosis, increased sinusoidal resistance, and vascular flow reorganization [26-
28]. In normal liver, sinusoidal endothelial cells lack a basement membrane and exhibit
fenestrations through which exchange of substances between hepatocytes and blood in the
sinusoid occurs across the space of Disse. With increased ECM in the space of Disse, the
fenestrations reduce or disappear and the microvilli of hepatocytes on the sinusoidal aspect
reduce leading to impairment of exchange of substances between hepatocytes and sinusoidal
blood [26, 27]. These changes in the structure of sinusoids is termed capillarization of
sinusoids [28, 29].

Increased ECM in the space of Disse reduces the sinusoidal lumen leading to presinusoidal
vascular resistance [28]. Activated HSC with contractile properties also cause constriction of
sinusoids contributing to increased resistance. Fibrosis around the perivenular region causes
increased post-sinusoidal resistance, and along with increased presinusoidal resistance forms
the basis for portal hypertension. In addition, vascular thrombosis mainly affecting portal
vein branches occur and propagate the effects of LF on portal flow. Bridging fibrous septa
between portal veins and hepatic veins provide avenues for portovenous and arteriovenous
shunting to occur. Direct interconnections between arteriolar branches and portal venules
may develop [30, 31]. As fibrosis progresses around the perivenular region, more blood gets
shunted through the arteriovenous shunts which also contributes to the development of portal
hypertension.

Regression of liver fibrosis

Removal of etiology is the most effective method in the treatment of liver fibrosis

[8]. Once the causative agent of CLD is removed, regression of LF occurs through
decreased production of pro-inflammatory and fibrogenic cytokines, increased fibrinolysis,
suppression of ECM production, suppression of hepatocyte apoptosis, inhibition of hepatic
inflammation, inhibition of myofibroblast activation, modulation and suppression of ECM
deposition, and finally removal/disappearance of hepatic myofibroblasts [32]. All these
processes lead to dissolution of fibrous scar [16]. However, note that term regression is
used instead of reversal or resolution of LF. As mentioned earlier, longstanding collagen
fibrils in LF may form non-reducible links which prevents their complete removal, and
vascular remodeling that occurs during advanced stages of LF do not completely disappear.
Therefore, the architectural changes and residual collagen fibrils may persist even after near
complete removal of ECM, particularly in cirrhosis, hence the term regression is preferred as
it indicates improvement in fibrosis but does not imply return to normal histology or normal
parenchyma architecture [33].
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Regression of fibrosis has been demonstrated in nearly all CLDs including hepatitis B,
hepatitis C, secondary biliary fibrosis, autoimmune hepatitis, alcoholic liver disease, and
NASH [34-44]. Histologically, regression of LF is seen as broken or thinned out fibrous
septa with residual lobulations, and islands of hepatocytes within the fibrous septations
suggesting regrowth of hepatocytes (Fig. 4).

Histological evaluation of liver fibrosis

Histological staging with liver biopsy is considered the historical standard and is the only
method that allows direct observation of LF. LF can be seen on routine histological sections
stained with hematoxylin and eosin but is formally assessed with special histochemical
stains such as Masson’s trichrome (Fig. 1, 2, 3, and 4) and Sirius red. Masson’s trichrome
stain imparts a blue color to collagen against a background of red hepatocytes and other
structures. The trichrome stain typically stains type | collagen which is also present in
normal portal tracts and vessel walls [18].

The first proposal of a formal grading and staging system for chronic viral hepatitis was

by Knodell et al. [45] who combined scores for fibrosis stage and inflammation grade into

a single numerical value. Subsequently, other scoring methods separated the inflammation
grade and fibrosis stages. These methods include the Ishak system [46], Scheuer system
[47], Batt-Ludwig system [48], and recently the METAVIR system [49]. These systems were
mainly used in the evaluation of predominant CLD, which at that time was primarily chronic
hepatitis C (CHC), chronic hepatitis B (CHB), and autoimmune hepatitis. Non-alcoholic
fatty liver disease (NAFLD) uses a new system for staging—NASH clinical research
network (NASH CRN) scoring system [50]. In this system, stage 1 fibrosis is divided into
1A and 1B, which shows pericellular fibrosis alone, and 1C which describes portal fibrosis
only, with stage 2 indicating portal and pericellular fibrosis, stage 3 bridging fibrosis, and
stage 4 cirrhosis. A congestive hepatic fibrosis score has also been proposed, in which

stage 1 describes central zone fibrosis only and stage 2 describes central and periportal
fibrosis with subdivisions into 2A and 2B depending on central or periportal predominance
of fibrosis [51]. In most staging systems, the final stage is 4, or cirrhosis, with the exception
of the Ishak system, where stage 6 is cirrhosis.

Histological evaluation provides semi-quantitative descriptors of architectural changes [52—
54]. In order to provide fully quantitative data, morphometric evaluation was introduced
using computer aided digital image analysis of histological sections. Collagen proportionate
area (CPA) is the ratio of collagen area to hepatic tissue area in microscopy using digital
image analysis [18]. Several approaches have been described including manual thresholding
morphometry [55], second-harmonic generation/two photon excitation fluorescence (SHG/
TPEF) microscopy [56, 57], and recently employment of artificial intelligence [58, 59].
However, these morphometric analyses require operator experience in the imaging software
used [55] and are not routinely available [60].
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Extending cirrhosis subclassification?

Traditionally cirrhosis was considered as the irreversible end stage of LF as there was no
definitive treatment available. However, with recent availability of treatment for chronic
viral hepatitis and interventions in NAFLD to prevent progression, LF can be reversed and
therefore cirrhosis is no longer consider a permanent disease pattern [32, 61]. In addition, it
is also recognized that cirrhosis is not a single stage but a spectrum with variable outcomes
which are not fully predicted by either histologic staging systems or standard clinical
parameters in patients with either a low model for end-stage liver disease (MELD) or
Child-Pugh score [62-64]. As mentioned earlier, the fibrosis burden of patients are different
in different diseases and therefore further staging of cirrhosis is important for predicting
outcomes and individualize treatment [62].

Histologically, cirrhosis has been subclassified using the Laennec system. In the Laennec
system, stage 0 indicates no definite fibrosis; stage 1, minimal fibrosis (no septa or rare

thin septum and/or /portal expansion or mild sinusoidal fibrosis), stage 2, mild fibrosis
(occasional thin septa); stage 3, moderate fibrosis (moderate thin septa; up to incomplete
cirrhosis); stage 4A, mild cirrhosis, definite or probable; 4B, moderate cirrhosis (at least

2 broad septa or less than half of biopsy length composed of minute nodules); 4C, severe
cirrhosis (at least one very broad septum or more than half of biopsy length composed

of minute nodules) [65]. Other methods of classification of cirrhosis have focused on
semiquantitatively assessing fibrosis burden either by evaluating septal thickness and nodule
size [63, 64] or by measuring fibrosis area [66] at histological evaluation. All the cirrhosis
subclassification methods have shown correlation with clinical stage (compensated versus
decompensated cirrhosis) and grade of portal hypertension (hepatic venous wedge pressure,
HVPG) [62-65]. In summary, methods of subclassification of cirrhosis are based on
semiquantitatively evaluating fibrosis burden, and the estimated fibrosis burden correlates
with clinical stage of disease.

Non-invasive tests (NITs)

Histological staging of LF is an excellent method for understanding the pathogenesis and
identifying coexistent pathological processes in the CLD. However, it does have limitations,
as it is invasive and associated with rare but definite complications, sampling errors, and
subjectivity in interpretation [8, 52, 67-71]. As more treatment options emerge, it will
become increasingly important to evaluate the response to the treatment and perform serial
follow-up of CLD for assessment, and therefore a non-invasive test (NIT) is desirable for
fibrosis burden quantification. Liver biopsy still has the role of the final arbiter in cases of
inconclusive NIT or when NIT results do not correlate with clinical findings, and when there
is concern for additional or multiple active disease processes. NITs are now increasingly
used clinically to improve diagnosis of LF and assessing prognosis in CLD from various
etiologies. However, some of the NITs are not widely available, are expensive, and not
validated for all etiologies or not validated in different clinical scenarios. Careful selection
of NIT is therefore required depending on its availability, expertise to interpret, cost and
appropriateness for the clinical situation.
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An ideal NIT should be reliable and reproducible, easy to perform and accurate for diagnosis
of LF and quantification of degree of fibrosis burden. Recent European Association for the
Study of the Liver guidelines recommend that a candidate NIT should be able to correctly
classify at least 80% of patients with cut-offs with high sensitivity and specificity chosen

for a particular scenario (i.e., rule out fibrosis or rule in cirrhosis) to be of value in clinical
practice [72].

NITs for LF can be broadly classified into (1) Blood-based tests that includes serum tests or
panel of serum tests for fibrosis and other variables; and (2) imaging-based methods which
can be further classified into: (a) methods assessing liver morphology and other organs and
(b) methods assessing physical properties of liver parenchyma [72].

Blood-based tests

Blood-based or serum tests for LF can be either tests for direct biomarkers or indirect
biomarkers of LF. The direct biomarkers of fibrosis are molecules which are generated
during fibrinogenesis and fibrinolysis, and their serum levels correlate with turnover of

the ECM. The indirect tests evaluate the changes in liver function by assessing molecules
released by the hepatocytes (secondary to direct or indirect injury by the etiologic agent

of the chronic liver disease) into the blood stream or commonly measured for liver
functions (e.g., bilirubin level) and are not directly related to ECM metabolism [73, 74].
The direct biomarkers can be further classified into those associated with ECM deposition,
ECM degradation, and cytokines associated with the process of fibrinogenesis. Note

that direct biomarkers also include the matrix degradation markers as fibrinolysis occurs
simultaneously with fibrinogenesis as discussed in the section on pathogenesis of liver
fibrosis. The markers of ECM turnover are not specific to liver and can be affected by
inflammation and fibrosis occurring simultaneously elsewhere in the body. Furthermore,
most of the markers only reflect the rate of ECM turnover and not deposition and therefore,
do not actually assess the LF burden. Finally, the biomarker levels are affected by their
clearance rate from the circulation which can be impaired due to alterations in renal
function, liver function, and/or impaired biliary excretion. Biomarkers have been combined
into a panel with other patient specific factors to improve sensitivity and specificity. These
panels are formed from various combinations of direct markers, indirect markers, or both.
Many such combinations as well as combination of the panels exists. A list of blood-based
markers and panels of tests are presented in Table 1.

Although blood-based tests are easy to perform and repeatable, several of them still require
validation in different etiologies of CLD. Some of the commonly used blood-based tests
include APRI in chronic hepatitis, and FIB-4 score and Fibrotest, in NAFLD. APRI (AST
to platelet ratio index), a simple test has an accuracy of 0.80 with 84% sensitivity and

41% specificity for significant fibrosis (stage 2 or higher) in CHB [75]. A meta-analysis
showed that APRI had accuracies of 0.77, 0.80, and 0.83 for detecting significant fibrosis,
advanced fibrosis, and cirrhosis in CHC patients, respectively [76]. Fibrosure and Fibrotest
are identical proprietary panels of tests used in USA and Europe, respectively, and the
panel is composed of indirect markers. A meta-analysis showed that Fibrosure/Fibrotest has
an accuracy of 0.84 for significant fibrosis and 0.87 for cirrhosis in CHB [77]. A large
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metaanalyses of 30 studies and pooled 6378 subjects including CHB, CHC, NAFLD, ALD,
and mixed etiologies showed good performance of Fibrosure/Fibrotest with mean observed
accuracy of 0.80 [78]. Interestingly, in the same study, analysis of individual data from about
3300 subjects showed the accuracy for distinguishing adjacent stages of fibrosis (Stage 1 vs
2, stage 2 vs stage 3, etc.) ranging from 0.62 to 0.69. The authors concluded that Fibrotest
could be used as an alternative to liver biopsy for the four common CLDs.

FIB-4 test was found to perform better than APRI and VVCTE for identification of advanced
fibrosis in chronic viral hepatitis [79]. However, the metaanalyses had a limitation of
variable cut-offs used in the individual studies. Recently, enhanced liver fibrosis (ELF)
received Food and Drug Administration (FDA) approval for use in chronic liver disease.

A metaanalysis of 9 studies comprised of subjects with CHB, CHC, NAFLD,ALD, PBC,
and others showed that the accuracy of ELF for assessment of significant fibrosis, advanced
fibrosis, and cirrhosis ranged from 0.82 to 0.98, 0.70 to 0.99, and 0.68 to 0.92, respectively,
suggesting a good diagnostic value for prediction of fibrosis stages [80].

Currently there is no individual marker or panel that is considered standard of care and

the use of a particular blood-based test or panel depends on their availability, and some

are proprietary panels that may require mailing of blood samples for analysis. Overall,

the blood tests perform well for detection of advanced fibrosis but may not be reliable

for differentiating adjacent and intermediate stages of fibrosis [81-84], and their role

in assessing complications, and categorizing patients with CLD into compensated and
decompensated advanced liver disease is not well known or evaluated. However, these blood
tests may be useful in monitoring once fibrosis stage is determined by other NITs or liver
biopsy.

Studies have compared blood-based tests and imaging methods for non-invasive assessment
of liver fibrosis and found variable results with some clearly favoring blood-based tests
while others showing superior performance of imaging methods [79, 80]. Since blood tests
and imaging methods are not widely available and not validated in all causes of CLDs,
various society guidelines, and expert panels have advocated use of both blood-based tests
and imaging methods in combination or in stepwise fashion depending on the etiology of
the CLD for screening, to improve risk stratification and staging [72, 85-88]. They also
recommend the use of blood-based tests only in resource limited settings [85]. Discussion
of various society recommendations is out of scope of this review article and readers are
encouraged to review these published guidelines [72, 85-88].

Imaging methods

Imaging methods are rapidly increasing in popularity and in their acceptance for use in
clinical practice. Conventional methods such as ultrasound, computed tomography (CT),
and magnetic resonance imaging (MRI) are useful in evaluating the morphologic changes
that occur in liver in advanced fibrosis and cirrhosis stages [89]. These changes in liver
anatomy include right lobe atrophy, caudate lobe hypertrophy, left lobe hypertrophy, nodular
outline of the liver, enlarged periportal space, enlarged gall bladder fossa sign, and posterior
hepatic notch sign [5, 90-92] (Fig. 5). Other signs of portal hypertension such as presence
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of portosystemic collaterals and splenomegaly may also be present in advanced fibrosis
and cirrhosis. Although these signs can be specific for diagnosis of cirrhosis, they are not
sensitive signs for detection of early fibrosis stages particularly in CLD such as NAFLD.
The presence or absence of these imaging signs are therefore not useful for assessing early
fibrosis and their utility in the assessment of changes during follow-up after treatment or
intervention remains unknown.

Quantitative imaging methods have evolved in the past few decades particularly using

MRI. Some of the quantitative methods, the parameter assessed, their advantages and
limitations are summarized in Table 2. Detailed description of the methods and their

clinical application are described elsewhere in other articles in this special issue. Among
the currently available methods, elastography methods such as vibration controlled transient
elastography (VCTE), acoustic radiation force impulse (ARFI) based methods including
both point and 2D shear wave elastography (SWE) (Fig. 6) and MR elastography (MRE)
(Fig. 7) are widely available and validated in several studies and in multiple etiologies

[81, 93-96]. Several metaanalysis results have established elastography techniques as very
accurate for prediction of significant fibrosis, advanced fibrosis, and cirrhosis [97-102].
Diffusion weighted imaging (DWI) and intravoxel incoherent imaging (IVIM) are very
attractive non-invasive options [99, 103, 104]. However, the reproducibility and repeatability
across scanners of different magnetic strengths and vendors is poor to moderate and
therefore have not found wide clinical application in the evaluation of LF. Studies have
shown elastography techniques performing significantly better than DWI [99] [105].

Another non-invasive parameter of interest is T1-mapping of liver parenchyma (Fig. 8) [103]
and has been shown to be of value in evaluation of inflammation and fibrosis particularly

in nonalcoholic steatohepatitis [104, 105]. However, the technique is not widely available or
routinely used in clinical practice. Morphological signs as discussed above are not useful

for differentiating early stages of fibrosis; however, methods that quantify the surface
nodularity have been found useful in the diagnosis of fibrosis. Liver surface nodularity

(Fig. 9) is accurate for diagnosis of cirrhaosis in CLD from chronic viral hepatitis and may

be combined with other volumetric indices [106—-109]. The technique has the advantage

that it can be performed on both CT and MRI without need for intravenous contrast and
with routinely obtained images. However, the performance of LSN in NAFLD is somewhat
lesser compared to that in chronic viral hepatitis and therefore needs additional studies

for further validation and in large cohorts [110, 111]. Several emerging techniques include
T1p-mapping, T1-mapping with hepatobiliary contrast agents, dual energy CT, perfusion
CT, and fractional extracellular space quantification. These techniques are promising and the
subject of research projects, and may be of value for clinical practice in the future.

The imaging biomarkers are only surrogate markers and have confounding factors or
processes as outlined in Table 2. Some of the imaging biomarkers have technical limitations
or are not fully validated across imaging systems or not validated in all types of CLD or

for multiple clinical scenarios. Currently there is no perfect imaging biomarker for LF, but
elastography based biomarkers are widely used in clinical practice due to their reliability and
accuracy.
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A summary of sensitivity, specificity, and area under ROC of several NITs for distinguishing
any fibrosis (= stage 1), significant fibrosis (= stage 2), advanced fibrosis (= stage), and
cirrhosis (stage 4) is presented in Table 3. The numbers in the table are derived from several
metaanalysis studies and some individual studies. Several of these studies have limitations

in collection of data, selection bias, and are not applicable to all CLD. Note that most

NITs have excellent performance for distinguishing cirrhosis from lesser stages of fibrosis or
normal liver.

NITs, particularly elastography techniques have been demonstrated to be useful in the
assessment of response to intervention. Interval improvement in stiffness may represent
improvement in inflammation, fibrosis or both depending on the clinical interval and
expected time course for response to treatment. The interval change in stiffness (delta
change) is more useful than absolute values [112]. The same technique, and if possible same
equipment, should ideally be used for follow-up assessment. For example, if the baseline
evaluation was performed with SWE, the follow-up should also be performed with SWE for
meaningful assessment and not be done with VCTE or MRE because of its availability or
superior accuracy, respectively.

When regression of fibrosis occurs in cirrhotic liver with treatment such as in chronic
hepatitis C, improvement in fibrosis burden occurs gradually and the remodeling can take
years to occur. At follow-up, the liver may still have a cirrhotic appearance, and the liver
stiffness may be normal or only mildly elevated and should not be interpreted as failure of
technique. However, a combination of blood markers and liver stiffness measurement would
be useful in determining the response. Morphology based tests including LSN, volumetric
changes and possibly textural analysis may fail to show the changes in the short term and
their utility in the assessment of changes in fibrosis burden is not known.

Textural analysis

Liver parenchyma becomes coarser and appears heterogeneous in LF on ultrasound, CT,
and MRI images. Computer based textural analysis may be able to detect subtle differences
between fibrotic livers and normal livers which are not visible to the human eye. Textural
analysis can be carried out on any imaging modality and does not require prospective
acquisition. In one study using texture analysis of noncontrast enhanced T1W and T2W
images found comparable performance with MRE [113] Although it can be performed

on non-contrast enhanced images, contrast enhanced images appear to produce better
results [114] and this can be a limiting factor in wide application for the purpose of LF
quantification. However, the analysis is not standardized, and requires specialized software
for analysis and the need for additional computing time. The utility of textural analysis in
determining the long term outcome in CLD and response assessment to treatment is not yet
determined.

Artificial intelligence and deep learning algorithms

Given the great interest in application of artificial intelligence (Al) and deep learning
(DL), many research studies have been performed for LF staging using US, CT, or MRI
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images [115-119]. The specific advantage of this approach is that available images can

be used for training. High performance ranging from 0.74 to 0.97 have been demonstrated
for distinguishing LF stages using deep convolutional neural network (DCNN) using non-
contrast enhanced and contrast enhanced CT and MRI images including hepatobiliary
phases [115-118]. The field of Al and DL is exciting with a lot of promising applications;
however, there is no standardized approach and therefore clinical applications are lacking.
However, in the future one may expect to see Al and DL methods integrated with NITs.

Correlation of quantitative NITs with semiquantitative histology staging

Currently several research and clinical studies perform validation of quantitative imaging
biomarkers against semiquantitative histologic staging; however, this is an imperfect
approach. There are several limitations with this approach. First, the histologic stages are
not equidistant but at key points in the continuum between normal and stages of fibrosis.
For example, stage 2 LF does not have double the amount of fibrosis burden as that in stage
1 LF. Furthermore, morphometric analyses have shown that the increase in fibrosis burden
through successive stages of LF is not linear [18, 120, 121]. There is a small incremental
increase in fibrosis burden in early stages and the increase in LF burden is exponential in
advanced fibrosis and cirrhosis stages. Second, studies have spectrum bias toward advanced
fibrosis, which is unavoidable as there are rarely clinical indications for liver biopsy in early
LF. As a consequence, there is less representation of early and intermediate stages of LF.
Third, sampling error of liver biopsy due to heterogeneity of the disease process introduces
variability in the assessment of biomarkers. In addition, liver biopsy analysis has a low level
of diagnostic performance in intermediate stages of fibrosis compared to advanced stages of
fibrosis due to multiple factors including less sampling errors in advanced stages of fibrosis
[122]. In general, NITs tend to have lower accuracy for intermediate stages of LF and high
accuracy for advanced stage fibrosis. The reasons for these are multifactorial as described
above and not necessarily due to low performance of the biomarker.

Even in the best possible scenario of high accuracy of liver biopsy, the “perfect surrogate
biomarker” may only reach accuracy of 0.90 [123]. There may be a perfect surrogate
biomarker existing but it may not be recognized. Also, a biomarker may have a correlated
error with liver biopsy, therefore the same false positive and false negative results as liver
biopsy, and this could be falsely interpreted as high performance.

As the performance of any surrogate biomarker is limited by the presence of confounders,
careful interpretation of the NITs should be performed by considering the clinical
presentation and results from other liver function tests. For example, in acute flare of
viral hepatitis, interpretation of increased stiffness as advanced fibrosis or cirrhosis should
be avoided by correlating with clinical presentation, increased serum transaminase levels,
particularly serum ALT and other inflammatory markers if available.

As mentioned before, the stage of cirrhosis can be further classified for prognostication
and surveillance [62—64]. Subclassification of cirrhosis is an emerging concept and likely
to become integrated into clinical practice in the future. Severe fibrosis and compensated
cirrhosis are difficult to differentiate but it is important to identify subjects at risk
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for screening and surveillance of hepatocellular carcinoma and varices. Therefore, the
concept compensated advanced chronic liver disease (CACLD) has been introduced [72,
115]. cACLD includes patients at risk of developing portal hypertension and clinical
decompensation. Several NITs have proven to be accurate for distinguishing advanced
fibrosis and cirrhosis, and are likely to play role in identifying cACLD patients for clinical
practice. VCTE is the most widely studied NIT and nearly all types of CLD and has shown
accuracy > 0.9 for ruling out advanced liver disease and has been included under Baveno
VI recommendations [72]. MRE is accurate for diagnosing advanced fibrosis in NAFLD
[98]. Recently Gidener et al. [116] showed that MRE can predict future cirrhosis in patients
with NAFLD with 2.93 HR per 1 kPa increment from baseline liver stiffness measurement
(LSM), predict decompensation or death in patients with compensated cirrhosis with 1.32
HR per 1 kPa increment. Another study with > 1200 subjects showed that MRE can
predict long-term progression from baseline LSM. In this study, baseline LSM predicted
development of cirrhosis in non-cirrhotics, future decompensation in cirrhotic patients, and
death or transplant with HR of 2.38, 1.22, and 1.11, respectively [117]. In this study,

the non-decompensated cirrhosis group showed increasing risk of decompensation as the
baseline liver stiffness increased. The cumulative decompensation at 10 years for LSM < 4
kPa, 4 to 5 kPa, 5 to 6 kPa, 6 to 7 kPa, 7 to 8 kPa, and > 8 kPa were 13.4%, 21.6%, 55%,
46%, 76%, and 78%, respectively. These results are encouraging that MRE could be used for
stratifying the cirrhotic subjects for prognostication. Other NITs may also play role in the
subclassification; however, studies with long term outcomes are not yet available.

Similarly, NITs can be useful for predicting clinically significant portal hypertension or

in the assessment of severity of portal hypertension, defining high risk gastroesophageal
varices. Spleen stiffness may be another useful parameter in such assessment. Combination
of NITs may be advantageous for such purposes [72]

NITs can also be useful in the evaluation of patients with non-cirrhotic portal hypertension
(NCPH) as the distinction from cirrhosis is important for management. Nodular regenerative
hyperplasia, a common cause for NCPH often appears similar to cirrhotic liver with portal
hypertension; however, the liver functions are usually normal and liver stiffness is only mild
to moderately elevated [118, 119]. The combination of LSM and spleen stiffness can reliably
distinguish NCPH from cirrhotic livers [119].

In conclusion, with the introduction of NITs into clinical practice, liver biopsies are going

to be fewer and less often performed, and there will be a lack of reference standard for
validation of NITs, particularly newly discovered biomarkers. Non-invasive tests alone or in
combination with clinical and other parameters will play an important role in the diagnosis
and management of chronic liver disease. A new reference standard in the form of quantified
fibrosis burden that correlates with patient outcomes and able to predict complications
related to CLD will be needed.
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Fig. 1.
Histological images (Masson-Trichrome stain) showing a normal portal tract with normal

amount of collagen (black arrow, A) within the portal tract. In portal fibrosis or periportal
fibrosis (B) there is increased collagen deposition that expands the portal tract. The next
stage of bridging fibrosis (C) is characterized by fibrotic bands (black arrow, C) that connect
portal tract to portal tract or portal tract to central vein (cv). At the cirrhosis stage (D),
fibrosis bands surround regenerative nodules (asterisk). Pericellular fibrosis where collagen
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fibrils surround hepatocytes (arrowheads, E and F) is typically seen in steatohepatitis (E)
and chronic venous outflow obstruction (F), respectively
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Fig. 2.
Three examples of hepatitis C cirrhosis showing different degrees of fibrosis deposition. The

regenerative nodules (asterisk) are larger in examples (A) and (B) compared to (C). The
fibrous bands (black arrows) in (B) and (C) are thicker than that in (A)
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Fig. 3.

E)?amples of cirrhosis from chronic hepatitis C (A), NASH-non-alcoholic steatohepatitis
(B), ASH-alcoholic steatohepatitis (C), primary sclerosing cholangitis (D), auto immune
hepatitis (E) and cardiac cirrhosis (F). Note the different degrees of fibrosis deposition. No
hepatic steatosis is seen in both NASH and ASH examples which is common at this stage
of chronic liver disease. Dilated sinusoidal spaces (arrows, F) are seen secondary to chronic
venous outflow obstruction in this case of cardiac cirrhosis
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Fig. 4.
Histologic changes associated with the regression of liver fibrosis. The specimens are

Masson-Trichrome stained, with collagen fibers staining blue and the hepatocytes staining
red. (A) Resorbing bridging fibrosis (arrows). (B) Adhered central vein (arrow) to the portal
tract (PT). (C) Regression of cirrhosis with an early bud of hepatocytes (arrow) in a fibrous
band
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Fig. 5.
Contrast enhanced CT images from different patients illustrating the morphological changes

in liver in chronic liver disease. Nodular outline of the liver (short arrows in A, B, and D),
atrophic right lobe with enlarged caudate lobe (black arrow in B), enlarged left lobe (white
arrow in B and C), increased abdominal fat or creeping fat sign (short black arrow, B),
increased periportal space (double headed arrow, C), enlarged gall bladder fossa sign (white
arrow, D), posterior hepatic notch sign (broken white arrow, B and E). Note splenomegaly
(asterisk, B and D) consistent with portal hypertension. Compare with normal appearance of
liver in a chronic hepatitis B patient (F) with biopsy proven stage 2 fibrosis. Morphological
changes are usually seen in advanced fibrosis or cirrhosis and mostly absent in early fibrosis
stages. GB = gall bladder
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Fig. 6.

E)?amples of vibration controlled transient elastography (VCTE) (A, B), point shear wave
elastography (pSWE) (C, D) and two-dimensional shear wave elastography (2D SWE) (E,
F). A VCTE image in a 70-year-old woman with primary biliary cholangitis. The bulk
modulus (E) is 5.1 kPa and within normal range. B VCTE image in a 49-year-old male
with chronic hepatitis C with E value of 46.4 kPa consistent with cirrhosis. C pSWE image
in a 31-year-old female with congestive hepatopathy with measured median velocity of 2.1
m/s corresponding to calculated value of 13.1 kPa consistent with advanced fibrosis and
confirmed with biopsy. D pSWE image in a 36-year-old female with post Fontan congestive
hepatopathy showing a median velocity of 4.25 m/s corresponding with 54 kPa consistent
with biopsy confirmed cirrhosis. E 2D SWE image in a 50-year-old male with known
hepatitis C. The median liver stiffness is 5.25 kPa which is within normal limits. F 2D SWE
image in 64-year-old female with chronic liver disease of unknown etiology. The median
stiffness is 16.7 kPa consistent with advanced fibrosis
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Fig. 7.
Examples of magnetic resonance elastography (MRE). Axial T2W images (A, D, G), with

corresponding level color wave images (D, E, H) and color stiffness maps with confidence
map overlay (C, F, 1). Regions of interest (solid lines) drawn within the confidence map
which provides mean stiffness of liver parenchyma at that slice level. Top row: A 18-year-
old male with primary sclerosing cholangitis (PSC) with mean liver stiffness of 1.8 kPa
which is within normal limits and excluding significant fibrosis. Middle row: A 62-year-old
male with PSC and mean liver stiffness of 3.3 kPa suggestive of mild fibrosis. Bottom

row: A 70-year-old female with primary biliary cholangitis and non-alcoholic steatohepatitis
overlap with a mean liver stiffness of 7.7 kPa consistent with stage 4 fibrosis or cirrhosis
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Fig. 8.
Examples of T1-maps of liver. A A 50-year-old female with obesity and mean liver T1 of

740 ms. Liver biopsy confirmed a normal liver. B A 65-year-old female with obesity and
mean liver T1 of 901 ms. Liver biopsy showed grade 1 steatosis and fatty liver, mild lobular
inflammation, ballooning of hepatocytes, and stage 4 fibrosis consistent with non-alcoholic
steatohepatitis. (Image courtesy, Drs. Jiahui Li and Meng Yin, Radiology, Mayo clinic,
Rochester, MN, USA)
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Fig. 9.
Examples of liver surface nodularity (LSN) scores derived from routine abdominal CT

images. (A, B wide FOV-top row images; small FOV-bottom images) A A 46-year-old

male with abdominal pain undergoes abdominal CT. The liver has normal morphological
appearance, and the LSN score was normal at 1.59. B A 55-year-old male with abdominal
distension undergoes nonenhanced abdominal CT. The patient had a history of hepatitis C
chronic liver disease. The liver has liver surface nodularity and the LSN score was abnormal
at 2.98 indicating cirrhosis (Image courtesy: Dr. Andrew Smith, University of Alabama
Medical Center, UABC, Birmingham, AL)
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