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Nonalcoholic fatty liver disease (NAFLD) has emerged as a
leading cause of liver-related morbidity and mortality
worldwide, afflicting approximately a billion individuals.
NAFLD is a slowly progressive disease that may evolve in a
subset of patients toward cirrhosis, hepatocellular carci-
noma, and end-stage liver disease. Liver fibrosis severity is
the strongest predictor of clinical outcomes. The emer-
gence of effective therapeutics on the horizon highlights
the need to identify among patients with NAFLD, those
with severe fibrosis or cirrhosis, who are the most at risk
of developing complications and target them for therapy.
Liver biopsy has been the reference standard for this pur-
pose. However, it is not suitable for large-scale population
evaluation, given its well-known limitations (invasiveness,
rare but severe complications, and sampling variability).
Thus, there have been major efforts to develop simple
noninvasive tools that can be used in routine clinical set-
tings and in drug development. Noninvasive approaches are
based on the quantification of biomarkers in serum samples
or on the measurement of liver stiffness, using either ul-
trasound- or magnetic resonance–based elastography tech-
niques. This review provides a roadmap for future
development and integration of noninvasive tools in clinical
practice and in drug development in NAFLD. We discuss
herein the principles for their development and validation,
their use in clinical practice, including for diagnosis of
NAFLD, risk stratification in primary care and hepatology
settings, prediction of long-term liver-related and non–liver-
related outcomes, monitoring of fibrosis progression and
regression, and response to future treatment.

Keywords: Cirrhosis; Blood Biomarkers; Transient Elastog-
raphy; Magnetic Resonance Elastography; Nonalcoholic Fatty
Liver Disease.

Nonalcoholic fatty liver disease (NAFLD) has
emerged as a leading cause of liver-related

morbidity and mortality worldwide.1 Its prevalence
ranges from 20%–30% of the adult population and
10% of children.2 NAFLD has 2 fundamental phenotypes
(ie, nonalcoholic fatty liver and nonalcoholic steatohepa-
titis (NASH)3; NASH is more likely to progress to
cirrhosis and end-stage liver disease.4 With the aging of
the affected population and longer exposure to the dis-
ease, the burden of disease from cirrhosis due to NAFLD
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is increasing and expected to increase 2- to 3-fold from
2015 to 2030 in many regions of the world.5,6

The public health relevance of NASH has spurred
intense research and drug-development efforts. Recent
studies demonstrate that several classes of compounds
may not only cause resolution of NASH, but also improve
fibrosis. The emergence of effective therapeutics on the
horizon highlights the need to identify those with NAFLD,
especially NASH, who are most at risk of development of
cirrhosis or have developed cirrhosis and target them for
therapy.

The reference standard for the evaluation of NAFLD
and determination of prognosis has been the histological
examination of liver tissue sections obtained by a liver
biopsy.7,8 However, liver biopsy is associated with
discomfort and occasionally with severe morbidity and
even mortality.9 Further histological assessment is
limited by sampling variability and both intra- and
interobserver variability.10 There is also a paucity of
trained workforce to perform and interpret liver bi-
opsies. For all these reasons, histological assessment is
not suitable for large-scale population-level evaluation of
patients with risk factors for NAFLD underscoring the
need for simple noninvasive tools (NITs) that can be
used in routine clinical settings and in drug development.

There are 2 characteristics of NAFLD that provide
important information about the disease. The first is the
activity of the disease, which refers to the lipotoxic load
and subsequent injury to the liver. Histologically, this
manifests as steatosis, hepatocellular ballooning, and
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inflammation, the key features of steatohepatitis.11 Dis-
ease activity drives a fibrogenic response in the liver
with progressive fibrosis and architectural disruption
culminating in cirrhosis. Cirrhosis causes portal hyper-
tension a key driver of hepatic decompensation and
death. Fibrosis severity thus reflects proximity to
cirrhosis and is the strongest predictor of clinical out-
comes.12,13 There are thus major efforts to develop NITs
to evaluate fibrosis in the context of NAFLD.14 This re-
view summarizes these results and provides a roadmap
for future development and integration of these NITs in
clinical practice and in drug development.

Scientific Principles of NIT Development

There have been major advances in biomarker sci-
ence that underlie the development of NITs for specific
purposes. These can be broadly categorized as follows
(Figure 1). The first and most important guiding princi-
ple is the context of use (COU).15 The COU defines the
intended use of the NIT and the decisions that will
emanate from the results. Such intended uses could be
establishing a diagnosis, prognosis (ie, risk of future
outcomes based on the test run today, disease moni-
toring to capture the course of disease progression,
treatment response to evaluate response to therapies
with specific mechanisms of action, and ultimately a
surrogate endpoint.16 The COU further defines the pop-
ulation in which the NIT will be used and the setting in
which it will be used (eg, in a primary care clinic or
advanced tertiary clinic). It also defines how the results
will be generated and provided back to the person
ordering the test and the decisions that will follow. The
COU is thus a critical determinant of the type of studies
needed, the populations and settings in which the studies
are needed, and the design of such studies for NIT
development.

The second critical determinant of NIT development
is the analytical robustness of the assays or tools to be
used. Strictly speaking, a biomarker is a measure of
normal physiology or perturbation of physiology; the
biomarker can be measured in 1 or more ways, and the
method itself is not the biomarker. For instance, liver
stiffness is a physical property of liver tissue that can be
Figure 1. Scientific princi-
ples of NIT development.
AUROC, area under the
receiver-operating charac-
teristic curve; NPV, nega-
tive predictive value; PPV,
positive predictive value.
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measured by different elastography techniques. Howev-
er, the method determines the fidelity and accuracy of
the measurement of the biomarker. Some fundamental
steps in NIT development are therefore to have a full
understanding of the accuracy, reproducibility (same
sample, different machines or operators), and repeat-
ability (same patient test-retest) of the assays. The
quality criteria of elastography techniques and condi-
tions of sample collection, transport to the laboratory,
and sample handling are all also relevant because they
define whether the boundaries within which the test
results will be accurate and valid.

The third critical element is clinical performance and
utility. Clinical performance refers to the ability of the
measure to accurately reflect a biological phenomenon
(eg, fibrosis stage), whereas clinical utility takes in to
account the benefit to the patient and society vs the harm
from misclassification. The clinical utility also takes into
account if a given NIT outperforms what is currently
available and the overall benefits in terms of improved
access to care, avoidance of risky procedures, and
eventually better outcomes. These are considered against
the risk of misclassification, which could include leaving
patients with disease at risk of outcomes and unnec-
essary additional testing and stress to patients who do
not have the condition (eg, cirrhosis).

Regulatory Approval and Availability

In the United States, there are several different
pathways by which NITs can be introduced into routine
care. First, as a drug development tool, in which an in-
dividual sponsor evaluates the use of the NIT for a spe-
cific purpose in the context of their drug development
efforts. They carry the risks and burden of generating the
evidence to support the use of the NIT in the context of
the use of their drug. This is written into label language
and the NIT is not approved for similar contexts with
other drugs. The second mechanism is scientific
consensus based on large amount of published peer
reviewed literature. The third mechanism is the
biomarker qualification pathway in which the Food and
Drug Administration approves the use of an NIT for a
specific context of use, which includes the circumstances
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Table 1. Checklist for Design and Interpretation of NIT Studies for NASH

Biomarker properties
Single analyte or multiple analytes
Single or multiple modalities
Assay robustness and conditions within which samples remain viable for the assay
Imaging quality criteria
Assay/imaging repeatability and reproducibility
Diurnal variance
Systematic differences based on race, ethnicity, gender, age, etc.

Study population
Does it reflect the population where the NIT is intended to be used?
Probability of ascertainment bias
Is there a balanced distribution of disease severity (spectrum bias)?

Study design
Time lag from biopsy to sample collection (ideally <90 d)
In comparative studies, are all NITs tested on same sample?
If diurnal variability exists, is sample collection time and procedure standardized
Tracking sample chain of custody and handling/storage/transport conditions
Avoid running reference standard (liver biopsy) on the basis of results of the NIT being tested
Are all histological sections reviewed using a standard protocol and, ideally, need 3þ pathologists to come to consensus; how are

pathologists masked to clinical and NIT data and to each other’s report?
Sample loading on analytic instruments (randomized or in batches)
Power analysis for sensitivity and for specificity

Data analysis
Report sensitivity and specificity at various cutpoints
Identify optimal cutpoint
Report high sensitivity and high specificity cutpoints
AUROC comparison with existing tools to demonstrate superiority
Independent validation of novel biomarkers from model building to validation cohort vs bootstrap validation
Identify predictive values at various population prevalence of disease
Confirm predictive values in selected populations with specific prevalence of disease

AUROC, area under the receiver-operating characteristic curve; NIT, noninvasive test.
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in which it will be used, the population in which it will be
used, the fidelity of the readout, the clinical decision
making based on the readout, and the potential benefits
and harm to patients. The contexts of use can range from
diagnostic to treatment response based on the BEST
(Biomarkers, EndpointS, and other Tools) classification.
A surrogate endpoint requires the highest and most
robust level of evidence. Ideally, it must be in the bio-
logical pathway leading to an outcome, and a certain
degree of change should translate into a predictable
degree in change in the risk of a relevant outcome.

In Europe, there is no unified approval process for
NITs. Vibration-controlled transient elastography (VCTE)
is widely available, whereas few countries have access to
patented serum tests of fibrosis. Magnetic resonance
elastography (MRE) access remains limited.

In other areas including Latin America, Africa, the
Middle East, and the Asia-Pacific region, there is no
unified approval process for NITs. VCTE is relatively
available in many Latin American and Asia-Pacific
countries, whereas few countries have access to
patented serum tests of fibrosis. MRE can be reimbursed
in Japan and Singapore, but access in other countries
remains limited.
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How to Design and Report an NIT
Validation Study

The first step in designing an NIT development study
is to consider if the biomarker assay is reliable (Table 1).
The analytic robustness and variability are essential de-
terminants to define how much of a change is a true and
reliable change. When biomarker panels are being tested,
the analytical characteristics of each analyte and mo-
dality should ideally be known before embarking on an
NIT validation study. Unfortunately, this is often not the
case.

NIT validation can be performed both in prospective
and in retrospective studies. The study population
should reflect the intended-use population for the NIT as
defined by its COU.15 The outcome of interest against
which the performance of the NIT will be tested must be
clearly defined. In the context of NASH, this is usually a
clinical outcome or its surrogate (ie, histological assess-
ment of disease activity or fibrosis), the current refer-
ence standard for the purpose.8 For fibrosis, one must
further distinguish between biomarkers that measure
susceptibility to develop fibrosis (eg, PNPLA3 or
HSD17B13 gene mutation), fibrogenesis (eg, a-smooth
 Health and Social Security de ClinicalKey.es por Elsevier en julio 19, 2023. 
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muscle actin or PRO-C3), fibrosis burden (eg, Enhanced
Liver Fibrosis [ELF] test or elastography), or fibrolysis
(eg, PRO-C6).17–19 This determines the reference stan-
dard that the NIT is designed to reflect.

There are several potential sources of bias in the
design of NIT studies, and interested readers are
referred to several reviews on the subject.20,21 Ascer-
tainment bias is defined by the nature of the clinic and
may enrich or de-enrich the study population with the
disease phenotype of interest. Even more important is
spectrum bias22; simply put, if most of the study popu-
lation has the phenotype of interest, any NIT will have a
high rate of detection and vice versa. It is therefore
important to power the study both to rule in and to rule
out the disease with high specificity and sensitivity.23

The process for sample handling and laboratory testing
or the protocols for imaging should be harmonized
across sites and the concordance across observers
documented.

From an analytical point of view, the reference
standard is very important. This is often histological
scoring of fibrosis in NASH that is limited by sampling
error, reading variability, and a limited dynamic range
of fibrosis. There are several options for evaluation of a
new biomarker when the reference standard is imper-
fect including consensus by expert opinion, develop-
ment of a subjective or derived score that the reference
standard is correct, or a covariance model with other
noninvasive tests measuring the same biological pro-
cess.24,25 The time gap between the liver biopsy and the
collection of the biosample or performance of test is
another important variable and should be kept to a
minimum. For assessment of prognostic biomarkers in
NASH, the ideal study is to relate NITs to future
development of clinical outcomes and the underlying
fibrosis stage. The ELF test is the only approved prog-
nostic NIT for NASH, and its approval was based on
such an approach.19

There are also ongoing attempts to combine multi-
modality, multianalyte biomarkers to create composite
models (eg, the Fibrometer-VCTE and MEFIB.26,27 A key
consideration in such models is to ascertain the contri-
bution of each modality to the overall performance of the
model. For models dependent on ratios of analytes,
additional analyses on the diagnostic performance of the
ratio when the numerator changes or when the denom-
inator changes are required to fully understand how the
biomarker performs.

Finally, given the plethora of published papers on
NITs that do not meet quality metrics and standards for
rigor of the science or transparency of reporting, there is
an urgent need for high-quality studies that can be used
as high-level evidence to support clinical decision mak-
ing and for drug development. Several standards for such
reporting exist and we recommend that all papers on
NITs meet the STARD or TRIPOD standards for reporting
of the data.28,29
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Specific Use

How to Diagnose NAFLD?

The first step in the evaluation is to confirm the diag-
nosis of a chronic liver disease. In the case of NAFLD, the
diagnosis is based on the demonstration of hepatic stea-
tosis and exclusion of other chronic liver diseases, exces-
sive alcohol consumption, and secondary causes of hepatic
steatosis. In routine practice, abdominal ultrasonography
is the most commonly performed test to detect hepatic
steatosis based on bright liver echotexture, deep attenu-
ation of the ultrasound signal, and vascular blunting.

A number of steatosis scores such as the fatty liver
index, hepatic steatosis index, U.S. fatty liver index, and
NAFLD ridge score were developed for the prediction of
hepatic steatosis.30 These scores are all based on liver
enzymes and metabolic risk factors and thus represent
association rather than direct measurement of hepatic
steatosis. The accuracy may be insufficient for individual
case management, but as their calculation is essentially
free of charge, the scores can easily be used in existing
databases to study the epidemiology of NAFLD.

Controlled attenuation parameter measurement by
VCTE estimates the degree of hepatic steatosis through
the determination of ultrasound attenuation in the liver.
It is supposed to be more sensitive than abdominal ul-
trasonography in detecting mild steatosis, but head-to-
head comparisons are lacking. Its area under the
receiver-operating characteristic curve for various stea-
tosis grades is around 0.8.31,32 Magnetic resonance im-
aging proton density fat fraction (MRI-PDFF) is
considered the gold standard to quantify hepatic stea-
tosis but is often reserved for research settings because
of cost and availability.
Risk Stratification in the Primary Care and
Nonhepatology Setting

Although most studies on NITs came from tertiary
hepatology centers, it is important to recognize that most
patients with chronic liver disease are seen at primary
care and nonhepatology settings. This is particularly true
for NAFLD and alcohol-related liver disease, which often
call for a multidisciplinary approach.33 The need for liver
assessment is usually prompted by abnormal liver blood
tests, a history of liver disease, or risk factors of liver
disease such as harmful drinking, metabolic conditions,
or at-risk behaviors.

Availability, test performance, and cost govern the
choice of NITs in primary care and nonhepatology set-
tings. Simple fibrosis scores such as the Fibrosis-4 index
(FIB-4) and NAFLD Fibrosis Score (NFS) can be calcu-
lated with routine clinical and laboratory parameters and
thus add little to the healthcare expense (Table 2).30

Overall, these scores have a high negative predictive
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Table 2. Simple Fibrosis Scores for Primary Care and Nonhepatology Settings and Specific Fibrosis Biomarkers

Test
Components or
Mechanism Accuracy Monitoring Limitations

Simple fibrosis scores

AST-to-ALT ratio AST, ALT AUROC
0.66–0.74
for F3–F4

Insufficient data False positive in patients with
normal ALT

APRI AST, platelets AUROC 0.74
for F3–F4

Insufficient data False positive in patients with
alternative causes of
thrombocytopenia

Fibrosis–F4 index (FIB-4) Age, AST, ALT, platelets AUROC 0.84
for F3–F4

Rising FIB-4 over time associated
with increased risk of cirrhosis,
decompensation, and
hepatocellular carcinoma

Low accuracy overall in patients
younger than 35 y; low
specificity in those older than
65 y

NAFLD fibrosis score Age, body mass index,
hyperglycemia, AST,
ALT, platelets, albumin

AUROC 0.82
for F3–F4

Insufficient data Low accuracy overall in patients
younger than 35 y; low
specificity in those older than
65 y; restricted use to NAFLD

Blood biomarkers

Single marker

PRO-C3 Reflect true synthesis of
type III collagen

AUROC 0.73
for F3–F4

Modest-to-moderate correlation
with changes in histological
fibrosis in clinical trials

Most data from NAFLD

WFAþ-M2BP Changes in N-
glycosylation of Mac-2
binding protein during
liver injury

AUROC 0.82
for F3–F4

Insufficient data Costly; not widely available

Combination markers

ELF score PIIINP, hyaluronic acid,
TIMP-1

AUROC 0.83
for F3–F4

Associated with liver-related
outcomes; monitoring role to
be determined

Less useful for early fibrosis;
costly; not widely available

FibroTest GGT, total bilirubin, a2
macroglobulin,
apolipoprotein AI,
haptoglobin

AUROC 0.88
for F3–F4

Correlates with fibrosis
improvement after treatments
for chronic viral hepatitis

Less useful for early fibrosis;
costly; most data from viral
hepatitis

FibroMeter Depending on the versions
for viral hepatitis or
NAFLD, may include
age, sex, body weight,
prothrombin index,
ALT, AST, GGT, ferritin,
glucose, platelets, urea

AUROC 0.94
for F2–F4

Data on correlation with
histological changes and
clinical outcomes scarce

Costly; not widely available

Hepascore Age, sex, total bilirubin,
GGT, hyaluronic acid,
a2 macroglobulin

AUROC 0.81
for F3–F4

Associated with liver-related
outcomes; monitoring role to
be determined

Not widely available

Imaging biomarkers

Ultrasound elastography

VCTE Measures the velocity of an
elastic shear wave that
propagates across the
liver

AUROC 0.9
for F3–F4

Associated with liver-related
outcomes; some correlation
with regression and
progression of fibrosis and
portal hypertension but
confounded by the degree of
necroinflammation

Confounded by active hepatitis,
food intake, congestive heart
failure, biliary obstruction,
amyloidosis, and possibly the
degree of hepatic steatosis;
less applicable and reliable in
severe obesity
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Table 2.Continued

Test
Components or
Mechanism Accuracy Monitoring Limitations

Point shear-wave
elastography

Detects localized tissue
displacement by
ultrasound wave

AUROC 0.8–
0.9 for
F3–F4

Insufficient data Reliability criteria not well
defined; probably affected by
the same confounders as
VCTE, though success rate is
higher than VCTE in obese
patients

2-dimensional shear-wave
elastography

Captures propagation of
shear waves in real time

AUROC
0.80–0.98
for F3–F4

Insufficient data Probably affected by the same
confounders as VCTE

Magnetic resonance
elastography

Images propagation of
shear waves in the liver

AUROC
0.89–0.96
for F3–F4

Associated with liver-related
outcomes; some correlation
with regression and
progression of fibrosis and
portal hypertension but
confounded by the degree of
necroinflammation

Probably affected by the same
confounders as VCTE and
iron content; costly; not
widely available; some
patients may have
contraindications to magnetic
resonance imaging

ALT, alanine aminotransferase; APRI, aspartate aminotransferase-to-platelet ratio index; AST, aspartate aminotransferase; AUROC, area under the receiver-
operating characteristic curve; ELF, Enhanced Liver Fibrosis; GGT, g-glutamyltransferase; NAFLD, nonalcoholic fatty liver disease; PIIINP, procollagen III
amino-terminal peptide; TIMP-1, tissue inhibitor of metalloproteinases 1; VCTE, vibration-controlled transient elastography; WFAþ-M2BP, Wisteria floribunda
agglutinin-positive Mac-2 binding protein.
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value of over 80%–90% in excluding advanced fibrosis,
but their positive predictive value is modest at best,
especially when applied in low-risk populations in whom
the pretest probability of advanced fibrosis is low
(Figure 2).34 False positive results are also more com-
mon in individuals with normal alanine aminotrans-
ferase (ALT) levels, suggesting that their application
should be restricted to patients with known or risk fac-
tors of liver disease.35 Patients with normal fibrosis
scores have very low risk of cirrhotic complications and
hepatocellular carcinoma and can be safely managed by
primary care.36

Patients with abnormal fibrosis scores need further
assessments to confirm the presence of advanced
fibrosis. The choice would depend heavily on the local
healthcare setting and availability of tests. A number of
studies have confirmed the feasibility of incorporating
VCTE examination in diabetes practices.37 The ELF test, a
proprietary panel of 3 specific fibrosis biomarkers, is
available in the United Kingdom and is recommended by
the National Institute for Health and Care Excellence for
fibrosis assessment. The U.S. Food and Drug Adminis-
tration has also approved the ELF test as a prognostic
biomarker in NASH.

Several prospective studies have examined the
adoption of NITs in primary care. In the Camden and
Islington NAFLD Pathway, primary care physicians per-
formed FIB-4 as the first step in patients with raised ALT
or fatty liver on ultrasonography, followed by the ELF
test if FIB-4 showed indeterminate results of
1.30–3.25.38 The pathway increased the detection of
advanced fibrosis by 5-fold and reduced the number of
inappropriate referrals to hepatologists. The SEAL
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program in Germany screened people older than 35
years of age with the aspartate aminotransferase (AST)-
to-ALT ratio followed by the AST-to-platelet ratio index
(APRI).39 Among 11,859 participants, 488 (4.1%) had
abnormal APRI, and 45 incident cases of advanced
fibrosis were identified. The high percentage of false
positives and missed appointments highlights the need
to refine the clinical care pathway further.

Risk Stratification in Hepatology Settings

While primary care serves as initial screening to
exclude advanced liver disease, hepatologists need to
determine the severity of liver disease with a greater
accuracy, predict future liver-related complications and
make treatment decisions. Liver fibrosis is a dynamic
process. Therefore, hepatologists also need NITs to
monitor for disease progression and treatment response.
Simple fibrosis scores outlined in the last section still
have value in hepatology settings if not already done.
Numerous studies have demonstrated the role of a 2-
step approach.40 In essence, the first test (usually sim-
ple fibrosis score) serves to exclude patients with a low
likelihood of advanced fibrosis and thus enrich a cohort
with a higher pretest probability so that the second test
will achieve a much higher positive predictive value in
confirming the presence of advanced fibrosis.

Specific fibrosis biomarkers are primarily blood or
imaging based. Most blood biomarkers are not accurate
enough when used in isolation, so it is necessary to
combine several biomarkers in patented formulae to
improve the diagnostic accuracy, as is true for the ELF
test, FibroTest, and FibroMeter (Table 2). Other blood
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Figure 2. Impact of the prevalence of F3–F4 fibrosis on the performance of NITs. In this example, the sensitivity and specificity
of an NIT remain static at 80% regardless of the context. In primary care settings (left) with a prevalence of F3–F4 fibrosis of
5%, the number of patients with false positive results increases with the total number of patients with F0–F2 fibrosis, and this
leads to a much lower positive predictive (PPV) value than what would be observed in specialist settings (right), where most
noninvasive tests were developed and validated. NPV, negative predictive value; ROC, receiver-operating characteristic.
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biomarkers such as the PRO-C3 collagen neo-epitope
biomarker and Wisteria floribunda agglutinin-positive
Mac-2 binding protein have been used in isolation for
fibrosis assessment with reasonable performance.

In hepatology settings, imaging-based methods
including ultrasound elastography (VCTE, point shear-
wave elastography, 2-dimensional shear-wave elastog-
raphy) and MRE are usually used for better estimation of
the fibrosis stage.30 In head-to-head comparisons, MRE
has a higher applicability and accuracy than VCTE, but its
wider use is limited by cost and availability.41

The latest Baveno VII consensus recommends the use
of the rule of 5 to assess the severity of liver disease
based on VCTE results.42 A liver stiffness of <10 kPa and
�15 kPa can be used to exclude and rule in compensated
advanced chronic liver disease, respectively. Patients
with liver stiffness <15 kPa and normal platelets are
unlikely to harbor clinically significant portal hyperten-
sion (CSPH) (defined as hepatic venous pressure
gradient �10 mm Hg), whereas one can assume CSPH
when liver stiffness is over 25 kPa. In addition, patients
with liver stiffness <20 kPa and normal platelets seldom
have large varices and can avoid endoscopy. Though
simple to use, the rule does not consider that optimal
cutoffs may differ among different etiologies. The accu-
racy of the rule for CSPH may also be lower in obese
patients with NAFLD.

A few scores have combined imaging biomarkers and
simple laboratory assays to improve the diagnostic ac-
curacy. In NAFLD, it is important to diagnose fibrotic
NASH (NAFLD activity score �4 and fibrosis stage �2)
because this is the inclusion criteria in most biopsy-
based clinical trials, and it is believed that the same
NITs can be used to identify patients for treatment when
a drug is approved for NASH in the future. The FAST
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(FibroScan-AST) score combines controlled attenuation
parameter and liver stiffness measurement by VCTE and
AST level and has an area under the receiver-operating
characteristic curve of around 0.8 for the detection of
fibrotic NASH.43 The MAST (MRI-AST) score is based on a
similar concept and replaces VCTE with MRI-PDFF and
MRE.44 The MEFIB index combining MRE and FIB-4 is
able to achieve a positive predictive value of >90% in
ruling in F2–F4 fibrosis in NAFLD.27
Genetic Biomarkers and Risk Scores

Genetic determinants of liver fibrosis have been more
extensively evaluated in patients with NAFLD and
alcohol-related liver disease.45 In the past decade, a se-
ries of genomic and candidate gene studies have identi-
fied a number of single nucleotide polymorphisms
(SNPs) conducive to the development of hepatic steatosis
and liver injury, among which gene polymorphisms of
PNPLA3, TM6SF2, GCKR, and MBOAT7 have been most
extensively evaluated across multiple ethnicities. In
contrast, the protein-truncating variant of HSD17B13
reduces the risk of NAFLD, alcohol-related liver disease,
and cirrhosis.46 The distribution of some of these genetic
variants, most notably that of PNPLA3, in part explains
the ethnic and geographical patterns of liver disease.47

These include the higher prevalence of fatty liver
among Hispanics and lower prevalence among Blacks in
the United States, and the relatively high prevalence of
fatty liver in East Asia despite a lower metabolic burden.

There have been early efforts to combine these
known genetic markers for disease prediction. For
example, the Polygenic Risk Score-5 combines the 5 SNPs
mentioned previously to predict hepatocellular
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carcinoma in a European NAFLD cohort and the general
population in the UK Biobank.48 Likewise, a combination
of PNPLA3, SUGP1-TM6SF2, and HSD17B13 gene poly-
morphisms and diabetes predicted cirrhosis risk in
heavy drinkers.49 However, although the discrimination
is certainly there, these genetic scores miss a significant
proportion of patients with advanced liver disease, and
their incremental value over existing clinical risk factors
and NITs of fibrosis remains uncertain. Besides, existing
works largely focused on SNPs; the role of other genetic
markers such as epigenetic changes deserves further
studies.
Predictive Biomarkers

Available evidence suggests that NITs can have a
role in predicting long-term outcomes in NAFLD pa-
tients, including liver-related events, hepatocellular
carcinoma (HCC), and mortality.50,51 Among non-
patented serum markers, FIB-4, NFS, and APRI have
been the most extensively studied.52–58 A recent meta-
analysis (13 studies in 9001 NAFLD patients)59

demonstrated their ability to predict liver-related
morbidity and mortality, with a level of performance
that met or exceeded that of a liver biopsy.53 For mor-
tality, FIB-4 (area under the curve [AUC], 0.67–0.82)
and NFS (AUC, 0.70–0.83) outperformed APRI (AUC,
0.52–0.73) in all studies. Another meta-analysis (4
studies in 6324 patients) reported their ability to pre-
dict all-cause mortality.60 It should be kept in mind,
however, that most of these studies were from sec-
ondary/tertiary referral centers, retrospective, and with
highly variable follow-up (1–20 years). Thus, these data
cannot necessarily be extrapolated to primary care even
though the predictive value of these NITs for mortality
has been reported in the general population.61,62 Among
patented tests, the ELF test, at a cutoff of 11.27, pre-
dicted the onset of clinical events in the simtuzumab
trial (250 compensated cirrhotic NAFLD patients and 31
months median follow-up).19 In a combined analysis of
the simtuzumab trial and the phase 3 STELLAR trials
testing selonsertib, the ELF test predicted progression
to cirrhosis in F3 patients and cirrhotic complications in
F4 patients; its change also correlated with changes in
patient-reported outcomes.63

VCTE is the elastography technique with the highest
level of evidence. Liver stiffness measurement (LSM) by
VCTE has been consistently shown to predict hepatic
decompensation, HCC, and liver-related mortality.54,64–66

For instance, in a large multicenter study (1039 NAFLD
patients with a median follow-up of 3 years),66 baseline
LSM was independently associated with occurrence of
hepatic decompensation (hazard ratio [HR], 1.03; 95%
confidence interval [CI], 1.02–1.04; P < .001), HCC (HR,
1.03; 95% CI, 1.00–1.04; P < .003), and liver-related
death (HR, 1.02; 95% CI, 1.02–1.03; P < .005). In
contrast, LSM could not predict cardiovascular events or
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extrahepatic cancers,65,66 and results for prediction of
overall mortality have been conflicting.54,65–67

The ability of LSM by MRE to predict liver-related
outcomes in NAFLD has been reported less exten-
sively.68–70 In a recent meta-analysis (6 retrospective
studies in 1707 patients with a median follow-up of 3
years),71 MRE was able to predict liver-related events
(HR, 15.9; 95% CI, 9.32–27.2; P < .001) for LSM >8 kPa,
compared with those with LSM <5 kPa.

Finally, several composite scores, such as Agile 3þ
(age, sex, AST, ALT, platelet count, diabetes status, and
VCTE)72 and MEFIB (MRE and FIB-4)71 or the European
Association for the Study of the Liver algorithm (FIB-4
followed by VCTE)73 have been shown to predict liver-
related-events.

Further prospective studies in large multicentric co-
horts with longer follow-up are needed, and the use of an
artificial intelligence–based algorithm may be helpful to
improve prediction in the future.
Disease Monitoring Biomarkers

Dynamic changes in NITs over time may be used for
several purposes: (1) to monitor progression of fibrosis
to cirrhosis or its regression; or (2) to refine stratifi-
cation of risk of liver-related events. In a retrospective
longitudinal study in 292 NAFLD patients with paired
liver biopsies (median time interval 2.6 years), changes
over time of APRI, FIB-4, and NFS were significantly
associated with fibrosis progression to advanced
fibrosis (C-statistic of 0.82 for APRI, 0.81 for FIB-4, and
0.80 for NFS).7 However, in another recent retrospec-
tive study in 133 NAFLD patients with paired biopsy or
VCTE with a longer follow-up (12.6 � 8.5 years),
changes of FIB-4, NFS, and APRI were only weakly
associated with disease progression.74 Finally, the ELF
test, at a cutoff of 9.76 (sensitivity 77%, specificity
66%), could predict progression to cirrhosis in patients
with F3 fibrosis.19

As for fibrosis regression, in 200 NAFLD patients
enrolled in a placebo-controlled trial with paired liver
biopsies 72 weeks apart, reductions in APRI but not in
FIB-4 or NFS were significantly correlated with fibrosis
improvement at week 72 (P ¼ .012).75 Similarly, among
1135 NAFLD patients with cirrhosis enrolled in 2 large
placebo-controlled trials with paired liver biopsies 48
weeks apart, those with cirrhosis regression (16%) had a
significant decrease in ELF test and LSM by VCTE over
time and a decrease in liver-related events.76

Data for refining risk stratification remain limited. In
a large population-based Swedish study (40,729 in-
dividuals), FIB-4 progression over a mean time of 2.4
years, from a low-risk (<1.30) or intermediate-risk
(1.30–2.67) group to a high-risk group (>2.67), was
associated with an increased risk of severe liver disease,
defined by International Classification of Diseases codes
(adjusted HR, 7.99 and 8.64, respectively).36 In 533
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NAFLD patients with advanced fibrosis, increase in LSM
by VCTE (>20% from baseline), over a median time of
37 months, was independently associated with hepatic
decompensation, HCC, overall mortality, and liver-related
mortality (HR, 1.96).66

Further prospective studies are needed to assess the
impact of dynamic changes in NITs on long-term out-
comes. Whether decrease in NITs values over time are
associated with improvement in long-term outcomes
remains to be demonstrated. As shown in viral hepatitis,
inflammation, affecting NITs using transaminases, such
as FIB-4, NFS, and APRI, as well as LSM, whatever the
technique, is a major confounding factor.50 In practice,
VCTE is probably the most attractive tool in terms of
efficacy and cost-effectiveness. The optimal time frame
remains to be defined, but VCTE once a year seems
reasonable.
Pharmacodynamic of Response
Biomarkers

In the hierarchy of intended uses, treatment response
biomarkers require a high burden of evidence compared
with diagnostic, prognostic, and disease monitoring bio-
markers that are often foundational to the development
of treatment response biomarkers.

The biological plausibility of the treatment response
biomarker is a fundamental element of NIT development.
The treatment response biomarker should be in the
disease pathway in which it is studied and reflects target
engagement by a drug based on its mechanism of action
or reflect improvement in underlying biology of the
disease (eg, overall fibrosis burden in the liver. Failure to
consider this is a common error (eg, the use of FIB-4,
which is a surrogate measure of fibrosis burden and
not a measure of fibrogenesis to evaluate the anti-
fibrogenic response to treatment).

The analytical aspects of treatment response bio-
markers include its dynamic range and sensitivity to
detect a change. Here, the reproducibility and repeat-
ability data are again relevant because they provide the
confidence limits to define when a change can be
considered a true change from baseline. From an NIT
performance perspective, such information is required to
further define how much of a change in NIT value is
linked to a certain change in likelihood of a clinical
outcome or change in reference surrogate for the
outcome (eg, histological fibrosis stage for NASH). These
can be used to identify specific cutoffs based on the
measurement of a biomarker at a specific point in time
after initiation of therapy to identify treatment response
vs nonresponse. There are no approved treatment
response NITs at this time, but it is hoped that the large
outcomes trials being completed will provide this
information.

A major challenge in development of treatment
response NITs for fibrosis, which is itself a surrogate
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measure of outcomes risk, is the degree of variability in
assessment of fibrosis stage using conventional ap-
proaches on one hand and the relative inability of NITs
to be concordant to such measures of fibrosis. Recently,
multiple NITs were measured in the context of a clin-
ical trial and related to histological measures of treat-
ment response and shown as a heat map. These
identified not only full responders who had both his-
tological and NIT response, but also populations that
were responders by NIT criteria but not histological
criteria. Long-term trials are needed to determine if
these individuals indeed have clinical responses
consistent with a treatment response or if they track
the changes in histology.

Several classes of NITs are currently being evaluated
as treatment response biomarkers. In early-phase trials,
depending on the mechanism of action, a decrease in
liver fat and ALT are commonly used tests. A 30%
decrease in MRI-PDFF is often considered an industry
standard as a predictor of histological response.77 This is
likely to be mechanism of action specific and it is unlikely
that primary antifibrotic therapies will show such a
response. An alternate approach is to use a waterfall plot
to demonstrate the proportion, degree, and distribution
of change in MRI-PDFF, which provides a more holistic
view of the overall de-fatting response of a drug with an
mechanism of action expected to reduce hepatic stea-
tosis. Similarly, a 17-unit or greater decrease in ALT has
also been used to define treatment response in studies.78

There are no validated measures of fibrosis change in
early phase trials that can provide assurance of success
in more advanced phase trials. In a secondary analysis of
the 72-week interim data of the phase 3 REGENERATE
study, fibrosis improvement during obeticholic acid
treatment was associated with a reduction in ALT, AST,
FIB-4, FibroTest, and ELF test , though cutoffs and
diagnostic performance for fibrosis change were not
defined.79 Recently, a 0.5-unit decrease in the ELF score
has been suggested as a treatment response biomarker
and is undergoing additional validation.76 Whether a
reduction in the results of an NIS4 or NIS2 test to values
below the threshold for at-risk NASH or a similar
reduction of the ELF test, Agile 3 or 4 results in a
reduction in clinical outcomes are important future
studies. The utility of PRO-C3, a measure of fibro-
genesis,80 as a treatment response biomarker also re-
quires further validation.

While a decrease in 2-dimensional MRE measures of
liver stiffness have been used to also assess treatment
response,81 the background variance in reproducibility
and repeatability requires large changes to be consid-
ered a true change especially in tightly powered trials.
A corrected T1 measurement has also been used to
evaluate treatment response.82 Additional data,
particularly after correction for steatosis, are needed to
determine if these reflect improvement in fibrosis and
inflammation and in the long-term reduced risk for
outcomes.
 Health and Social Security de ClinicalKey.es por Elsevier en julio 19, 2023. 
ción. Copyright ©2023. Elsevier Inc. Todos los derechos reservados.



Figure 3. The American
Gastroenterological Asso-
ciation clinical care
pathway for the risk strati-
fication of NAFLD. Modi-
fied with permission from
Kanwal et al.83 CBC,
complete blood count;
MR, magnetic resonance.
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Clinical Algorithms for Patient
Evaluation

The American Gastroenterological Association clinical
care pathway focuses on patients at risk of NAFLD,
though similar concepts can be applied to patients with
other chronic liver diseases (Figure 3).83 In essence, the
pathway starts from identifying patients with confirmed
or suspected liver disease based on risk factors and
abnormal liver tests, with an emphasis on the need to
involve primary care physicians and nonhepatologists in
case identification. Simple NITs such as FIB-4 are the
preferred initial assessment because of their availability,
low cost, and high negative predictive value in excluding
advanced fibrosis and future liver-related events. Low-
risk patients (eg, FIB-4 of <1.3) can be safely managed
by primary care, with NIT repeated in 2–3 years unless
clinical circumstances change. Patients with indetermi-
nate results (eg, FIB-4 of 1.3–2.67) can undergo a more
specific NIT such as specific blood biomarker of fibrosis,
VCTE, or MRE depending on the local setting and test
availability, whereas high-risk patients (eg, FIB-4 of
>2.67 or the second test suggests advanced fibrosis)
should be referred to hepatologists. It is recognized that
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a second test may not be available in some settings. In
that case, it is reasonable to refer patients with inde-
terminate simple fibrosis score results to hepatologists
for further evaluation.

The American Gastroenterological Association clinical
care pathway has recently been validated in 2322 par-
ticipants who underwent VCTE during the 2017–2018
National Health and Nutrition Examination Survey.84

Overall, 82% of the participants had low FIB-4, among
whom 90% had liver stiffness <8 kPa, supporting the
notion of using FIB-4 as the first step. In contrast, among
participants with indeterminate and high FIB-4, 13% and
33% had liver stiffness �8 kPa. Thus, although the
clinical care pathway is feasible, one should recognize
the implications of false positive results and the corre-
sponding healthcare burden.

The 2021 update of the European Association for the
Study of the Liver Clinical Practice Guidelines on NITs for
evaluation of liver disease severity and prognosis offers a
similar but slightly different approach.50 In low-
prevalence populations, the role of NITs is to exclude,
rather than to diagnose advanced fibrosis. Again, FIB-4 of
<1.3 and liver stiffness <8 kPa by VCTE are sufficient to
classify patients as low risk. In patients with liver
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Figure 4. Roadmap for future development and integration of NITs in clinical practice and drug development in NAFLD. MOA,
mechanism of action.

2036 Sanyal et al Clinical Gastroenterology and Hepatology Vol. 21, Iss. 8
stiffness �8 kPa, the European guidelines recommend
the use of a patented serum test. If the serum test is also
abnormal (ie, concordant results with VCTE), advanced
fibrosis is highly likely, and the patient can be managed
as such. If patented serum tests are unavailable or there
is discordance between serum tests and VCTE, liver bi-
opsy should be considered.

Future Directions

In conclusion, we have tried in this review to provide
a roadmap for future development and integration of
NITs in clinical practice and in drug development in
NAFLD (Figure 4). The field of NIT development for
fibrosis remains a very active one with considerable
room for innovation to guide future drug development
and clinical care paradigms. For drug development, the
needs of early-phase trials are distinct from those of
advanced-phase trials. In early-phase trials, which are
typically short in duration, it is more likely that fibro-
genic drive will decrease, rather than the burden of
fibrosis, which may take longer. There is a clear cut need
to develop NITs that capture the inflammatory-fibrogenic
drive with greater precision, and specific studies of such
markers such as PRO-C3 and cT1 or 2- or 3-dimensional
MRE for this purpose are needed.

In more advanced-phase trials, it will be important to
define if the short-term changes noted with NITs in
early-phase trials are valid predictors of long-term
decrease in burden of fibrosis measured by decreased
progression to cirrhosis, a generally accepted surrogate
for drug development. Further, NITs will need to be
related to an actual decrease in the fibrosis distribution
and burden and eventually clinical outcomes. Demon-
stration of biological plausibility along with such per-
formance characteristics across multiple mechanisms of
action will be needed to establish a surrogate endpoint
for clinical trials. These are critically needed to accelerate
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drug development and the development of combination
therapies. Also, once multiple therapies are approved, it
will be needed to define complete responders vs partial
responders and nonresponders to guide further
therapeutics.

The integration of NITs into routine clinical practice
will require translation of findings into routine clinical
settings and their validation in such settings. Other key
future directions in routine care are the establishment of
optimized care pathways to guide management strate-
gies. It is now recognized that NASH is not only an iso-
lated liver disease, but also a liver disease that occurs in
the context of multiple end organ diseases that share
common biological pathophysiology. This is evidenced
by substantial collinearity between the incidence of
liver and several nonhepatic outcomes at each stage of
NASH.12 Future directions in clinical settings will need
to include either common measures of multiple end
organ disease or separate measures of key end organ
dysfunction that represent competing threats to life
and contribute to the risk of death. This is likely to
dictate the choice of initial and subsequent add-on
therapies.

In summary, the development of NITs for NASH re-
mains a very active area of investigation. There are
several major initiatives such as NIMBLE (Non-Invasive
Biomarkers of Metabolic Liver Disease) and LITMUS
(Liver Investigation: Testing Marker Utility in Steatohe-
patitis) that are expected to generate key data to support
specific contexts of use for several NITs. These, along
with NIT development in the context of large clinical
trials and investigator-initiated studies, are likely to
transform the drug development approaches and routine
clinical care of patients with NAFLD.
 Health
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