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ABSTRACT

Background: Non-alcoholic fatty liver disease (NAFLD) is a clinicopathologic entity that requires a liver biopsy assessment to diagnose the
progressive form of NAFLD called non-alcoholic steatohepatitis (NASH). Liver biopsy is invasive, subject to sampling and interobserver variability,
and impractical to scale to the affected population of up to 1 billion affected individuals worldwide. Non-invasive imaging biomarkers have
emerged as a key modality to address the major unmet need to diagnose, stage, and longitudinally monitor NAFLD.
Scope of review: In this review, we critically examine the use of non-invasive imaging biomarkers to diagnose NAFLD, NASH, and fibrosis stage.
Major Conclusions: Ultrasound and magnetic resonance imaging (MRI) biomarkers of liver fat can diagnose NAFLD. MRI proton density fat
fraction (MRI-PDFF) is better than liver biopsy, particularly for following longitudinal changes in liver fat in clinical trials. Imaging biomarkers to
reliably diagnose NASH are under investigation, but when used alone, continue to have only modest diagnostic accuracy. However, the fibrosis
stage has the strongest association with liver decompensation and mortality, and elastography has emerged as a reliable biomarker for liver
fibrosis. We review the combination of biomarkers to risk stratify patients and identify individuals needing treatment and the implications of
longitudinal changes in liver stiffness measurement.

� 2021 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

Non-alcoholic fatty liver disease (NAFLD) is defined by the presence of
excessive accumulation of liver fat in the absence of liver fat accu-
mulation secondary to other causes, including excessive alcohol use,
steatogenic medications, or other causes of concomitant liver disease
[1]. NAFLD is subdivided into two primary subtypes, non-alcoholic fatty
liver (NAFL) and non-alcoholic steatohepatitis (NASH), which is
considered the progressive form of NAFLD. Distinguishing between
NAFL and NASH depends on identifying pathologic features of liver
histology, namely steatosis plus lobular inflammation and hepatocyte
ballooning typically in zone 3 with or without peri-sinusoidal fibrosis
[2]. However, the development of liver fibrosis is most strongly
associated with morbidity and mortality [3]. Significant fibrosis, defined
as stage 2 or greater, is associated with an increased risk of liver-
related and all-cause mortality [3]. Therefore, individuals with the
greatest need of therapeutic interventions are those with NASH with
significant fibrosis.
NAFLD is increasingly common with rising prevalence in parallel with
the global epidemic of obesity-related metabolic syndrome [4,5].
NAFLD is closely associated with metabolic risk factors, and a panel of
experts recently advocated changing the definition to metabolic
dysfunction-associated liver disease (MAFLD) to require the presence
of metabolic dysregulation and include overlap with other liver
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diseases; however, the new definition has not been broadly adopted
[6]. NAFLD is a heterogeneous disease, and while cardiovascular
disease is the leading cause of mortality, certain genetic poly-
morphisms that predispose to liver disease may protect against car-
diovascular disease [7]. In the US, NAFLD is the second leading
indication for liver transplantation [8] and an increasingly common
cause of hepatocellular carcinoma [9e11]. While the global prevalence
of NAFLD is projected to be 25%, only a subset of the affected pop-
ulation is at risk for progression. Liver biopsy is the current reference
standard and required to distinguish NAFL from NASH but is imprac-
tical to scale to the affected population and invasive, costly, and results
in high intra- and interobserver variability even among expert pathol-
ogists [12,13].
It is in this context that a significant need for non-invasive biomarkers
of NAFLD has emerged. Biomarkers must address three major do-
mains; (1) quantifying liver fat to diagnose NAFLD, (2) assessing dis-
ease severity, namely the degree of inflammation and fibrosis, and (3)
successfully exploring longitudinal changes over time. The context of
biomarker development in NAFLD has been limited by liver biopsy
serving as an imperfect reference standard. In addition, there is often a
long latency period from diagnosis to objective outcomes of liver-
related morbidity and mortality. Despite these challenges, imaging
biomarkers have emerged as reliable surrogates for diagnosing and
assessing disease severity. Emerging data also support their use to
iego, La Jolla, CA, USA

u (R. Loomba).

11, 2021 � Available online 15 January 2021

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 1

http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:V1ajmera@ucsd.edu
mailto:roloomba@ucsd.edu
https://doi.org/10.1016/j.molmet.2021.101167
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molmet.2021.101167&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com


Review
explore longitudinal changes in disease activity over time. In this re-
view, we evaluate the role of non-invasive imaging biomarkers to di-
agnose NAFLD by quantifying liver fat and assessing disease severity
including identifying the populations in greatest need of treatment. We
also review emerging data on using non-invasive imaging biomarkers
to assess changes in NAFLD activity and severity and the compli-
mentary combination of blood-based tests with imaging to increase
diagnostic accuracy.

2. IMAGING BIOMARKERS OF LIVER FAT

The identification of pathologic liver fat, �5%, is required to diagnose
NAFLD. Currently, the diagnosis of fatty liver is often incidental or found
on examination of elevated liver enzymes. Conventional ultrasound and
computed tomography (CT) have poor sensitivity for detecting mild
levels of steatosis in NAFLD [14,15], and given that liver fat decreases
with advanced fibrosis/cirrhosis [16], these modalities may miss the
population in greatest need of identification and intervention. CT also
exposes patients to ionizing radiation, thereby increasing the risk
associated with its use as a repeated measure of liver fat.

2.1. Ultrasound-based biomarkers of liver fat
While conventional ultrasonography utilizes semi-quantitative ordinal
categories of liver fat as mild, moderate, and severe with poor inter-
observer agreement [17], newer quantitative ultrasound-based tech-
niques demonstrate superior performance. These methods leverage
quantitative data based on the acoustic parameters of liver tissue. The
attenuation parameter, backscatter coefficient, and speed/wavelength
of ultrasonic wave data are the most well-evaluated quantitative
characteristics [18]. Furthermore, combining these parameters may
lead to increased diagnostic accuracy [19].
The controlled attenuation parameter (CAP) is being increasingly uti-
lized and implemented as an ultrasound-based tool to assess liver fat
and can be obtained simultaneous with a liver stiffness measurement
(LSM) by vibration-controlled transient elastography (VCTE) commer-
cially marketed as FibroScan. Measurements are recommended to be
obtained on patients in the supine position after at least a 2-h fast. Two
probes, M and XL, are available and automatic probe selection soft-
ware included in the device recommends using the XL probe when the
skin to liver capsule distance is > 25 mm. Advantages of CAP include
that it is a rapid, point-of-care assessment with good sensitivity and
specificity for diagnosing fatty liver [20]. In addition, CAP is obtained
simultaneously with VCTE. Despite these strengths, specific limitations
of CAP include identifying the optimal cut point, implementing criteria
for validity, and the impact of probe selection.
Karlas et al. conducted an individual patient meta-analysis on CAP
diagnostic accuracy with liver biopsy as the reference and described
248 dB/m as the optimal cut point for identifying fatty liver [20].
Importantly, the majority of patients in the study had non-NAFLD liver
disease, and subsequent studies demonstrated higher optimal cut
points in well-characterized NAFLD populations. Specifically, Caussy
et al. evaluated the optimal CAP cut point for fatty liver with magnetic
resonance imaging proton density fat fraction (MRI-PDFF) as the
reference and identified 288 dB/M [21], which was then replicated in a
population of HIV-associated NAFLD [22]. Eddowes et al. defined the
optimal cut point as 302 dB/M with liver histology as the reference
[23]. Importantly, while CAP could distinguish mild from moderate to
severe steatosis, it has limited reliability to discriminate between
moderate and severe steatosis. Furthermore, CAP measurements with
a high interquartile range (IQR) have demonstrated reduced validity in
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studies with histology [24] or MRI-PDFF [21] as the reference standard.
Probe selection also impacts CAP values, and optimal cut points for the
diagnosis of fatty liver are lower using the M probe vs the XL probe
[25]. Taken together, interpreting CAP measurements should consider
the probe choice and validity and are a reasonable point-of-care
diagnostic for the presence or absence of fatty liver disease.

2.2. Magnetic resonance-based biomarkers of liver fat
Magnetic resonance spectroscopy (MRS) measures proton signals as a
function of their resonance frequency to separate fat and water signal
fractions. MRS can detect small amounts of liver fat and is considered
the most accurate non-invasive method to quantify liver fat [26,27].
However, MRS has significant limitations that prevent its widespread
use including the need for specialized expertise to perform and analyze
MRS as well as possible sampling errors with restricted spatial
coverage. MRI-based assessment of liver fat also utilizes the difference
in resonance frequencies between fat and water. MRI-PDFF corrects
for imaging confounders that can affect liver fat measurement and has
emerged as an accurate, reproducible biomarker of liver fat [28e35].
Importantly, MRI-PDFF overcomes the limitations of MRS by being
widely available in commercial MRI systems with PDFF maps auto-
matically reconstructed. Furthermore, MRI-PDFF maps allow for
assessing multiple regions of interest (ROI) and following them
longitudinally, which can overcome the heterogeneity of liver fat
deposition. MRI-PDFF is reported as a continuous measure from a
direct measurement of physical properties of the liver, whereas liver fat
on a liver biopsy is a visual estimate reported in broad ordinal cate-
gories. In a longitudinal assessment, MRI-PDFF was more accurate at
detecting changes in liver fat than liver biopsy [36] and has been
validated in multiple studies [37].
Head-to-head comparisons have demonstrated that MRI-PDFF out-
performs CAP in diagnostic accuracy with steatosis grade on liver
biopsy as the reference [33,38]. Currently, the main utility of CAP is
diagnosing fatty liver, whereas MRI-PDFF provides additional accurate
quantification of the amount of liver fat that may be useful for evalu-
ating a response to an intervention and is frequently deployed in
clinical trials. Further studies on the prognostic significance of high
liver fat on MRI-PDFF and its cost-effectiveness will be required prior to
broadly implementing its use in clinical practice.

3. ASSOCIATION BETWEEN MRI-PDFF AND HISTOLOGIC
RESPONSE IN NASH

These advantages have led to implementing MRI-PDFF as a key
diagnostic and longitudinal biomarker in NAFLD. In addition to aiding
the diagnosis of NAFLD, the amount of liver fat on MRI-PDFF may be
associated with disease activity and progression. A proof-of-concept
study demonstrated that higher liver fat on MRI-PDFF was associ-
ated with fibrosis progression [39] in patients with sequential liver
biopsies but will require validation in larger cohorts. Longitudinal
change in MRI-PDFF has been used as an endpoint in multiple
phase II clinical trials [30,40,41], particularly when the drug is likely
to have an anti-steatotic effect [42]. Furthermore, MRI-PDFF
improvement by � 30% has been associated with improved liver
histology. Stine et al. conducted a meta-analysis of seven studies
demonstrating that a �30% relative decline in MRI-PDFF is asso-
ciated with 6.98 (95% CI 2.38e20.43, p < 0.001) times higher
odds of � 2-point improvement in NAFLD activity scores and 5.45
(95% CI: 1.53e19.46) times higher odds of histologic NASH reso-
lution compared to non-responders [43].
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4. IMAGING BIOMARKERS OF NASH AND FIBROSIS

4.1. Diagnosis of NASH
Current imaging-based biomarkers have limited diagnostic accuracy
for NASH [44]. Two primary domains of imaging biomarkers have been
evaluated to address this need, corrected T1 (cT1) MRI and elastog-
raphy. T1 relaxation time on MRI is a function of extracellular fluid that
is associated with inflammation and fibrosis. By correcting for the
opposing effects of T2* sequences, a cT1 value can be derived, which
is associated with histologic inflammation and fibrosis with c-statistic
for NASH of 0.80, but limited specificity, 52%, in a small study of 71
patients with suspected NAFLD and liver biopsy [45]. Importantly, cT1
cannot discriminate fibrosis and inflammation, limiting the ability to
distinguish NASH from fibrosis, but may be associated with long-term
liver-related outcomes [46]. Conversely, elastography measures the
elasticity of an object and in liver disease is closely associated with the
degree of fibrosis. Evaluation of 2-dimensional (2D) magnetic reso-
nance elastography (MRE) and 3-dimensional (3D) MRE revealed
excellent diagnostic accuracy for fibrosis, as detailed to follow, but only
modest ability to discriminate NAFL from NASH c-statistics 0.73 and
0.75, respectively [47,48]. Multiparametric MRE is a novel imaging
approach that combines assessment at multiple frequencies with 3D
MRE to provide a more comprehensive analysis of liver stiffness but
also has limited diagnostic accuracy for NASH, c-statistic 0.73 [49].
Similar attempts to diagnose NASH using VCTE at a cutoff of 7 kPa
have also yielded modest diagnostic accuracy, c-statistic 0.75 [50].

4.2. Ultrasound-based biomarkers of fibrosis
Ultrasound-based measurements of liver stiffness can be integrated
into conventional ultrasound devices as in acoustic resonance-forced
impulse imaging (ARFI) and shear wave elastography (SWE) or ob-
tained through a dedicated device, most commonly VCTE, which is
commercially available as FibroScan. ARFI and SWE use high-
frequency ultrasound impulses to generate sheer waves and require
the operator to define a region of interest and obtain a series of liver
stiffness measurements. Limited studies of SWE and ARFI in patients
with NAFLD have demonstrated very good diagnostic accuracy for
advanced fibrosis [51,52]. However, additional data on the optimal cut
points and quality criteria are needed.
VCTE provides a point-of-care liver stiffness measurement using a
single hand-held probe that measures the velocity of low-amplitude
shear waves using ultrasound. As previously detailed regarding CAP,
an M probe and XL probe are both available and the XL probe mea-
sures wave propagation at greater depths to overcome the impact of
larger chest wall depths often from adiposity in NAFLD patients.
Implementing the XL probe decreased the failure rate associated with
FibroScan in NAFLD patients [53]. VCTE has been evaluated exten-
sively leading to the development of quality criteria to guide its use.
Specifically, a minimum of 10 valid measurements of which >60%
should be valid and the ratio of the median valid liver stiffness mea-
surement to IQR should be less than or equal to 0.3 [54]. Ongoing
limitations of VCTE in NAFLD include (1) unclear optimal cut points, (2)
inability to scan or an unreliable scans particularly in the morbidly
obese or with an inexperienced operator, (3) limited publications uti-
lizing the XL probe, and (4) limited diagnostic accuracy for earlier
stages of fibrosis. Importantly, studies reporting cut-offs with fixed
sensitivity and fixed specificity illustrate the wide range of measured
liver stiffness values for each histologic fibrosis stage. Specifically, a
multicenter report from the NASH Clinical Research Network using the
M and XL probes demonstrated a low failure rate and high c-statistic
for advanced fibrosis [55]. However, to exclude advanced fibrosis at a
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fixed sensitivity (0.90), a cut-off of 6.5 kPa is used, and to have a high
specificity (0.90), a cut-off of 12.1 kPa is required. The optimal cut
point using Youden’s index of 8.6 is similar to other reports [56] but
yielded a low PPV, 0.59, in the study.

4.3. MRI-based biomarkers of fibrosis
Magnetic resonance elastography (MRE) utilizes a mechanical driver to
generate shear waves that can be assessed through a modified pulse
sequence. This requires the addition of hardware (driver) and pro-
prietary software. Wave images are converted to elastograms, which
are cross-sectional maps of liver stiffness. Then a region of interest
free of vessels can be selected and a mean liver stiffness measure-
ment in kPa reported. Importantly, despite using the same units, kPa,
results of liver stiffness measurements are not interchangeable be-
tween different modalities. MRE has a low failure rate [57] and is less
affected by obesity with excellent interobserver agreement [58,59].
However, acute inflammation and iron overload can be associated with
overestimations of liver stiffness and failed examinations, respectively.
MRE is most often performed at 60 Hz in 2D with excellent diagnostic
accuracy for advanced fibrosis at a cut point of 3.63 kPa (c-
statistic > 0.90) [33,38,56,60]. However, 3D-MRE can evaluate a
larger volume of the liver and may increase the diagnostic accuracy of
MRE for advanced fibrosis [48]. Currently, 3D MRE requires significant
expertise and further validation before implementation in clinical
practice. Importantly, MRE outperforms VCTE in head-to-head com-
parisons and has a high diagnostic accuracy for earlier stages of
fibrosis, including patients with significant fibrosis who are at risk of
disease progression and are potential candidates for treatment
[33,56]. However, MRE may not be tolerated in a subset of patients
who may be too obese for the MRI scanner, have incompatible metallic
implants, or have claustrophobia. MRI is more costly than VCTE;
however, a cost-effectiveness analysis for detecting cirrhosis in pa-
tients with NAFLD demonstrated that FIB-4 þ MRE was more cost-
effective than proceeding to biopsy after FIB-4 [61]. Further studies
of the cost-effectiveness of diagnostic strategies using MRE to di-
agnose earlier stages of fibrosis are needed.

5. FUTURE DIRECTIONS AND EMERGING DATA

As our understanding of the strengths and weaknesses of imaging
biomarkers evolves, multiple areas remain that require further
research to fill the unmet needs for diagnosing, staging, and moni-
toring NAFLD. Specifically, the optimal combination or sequential use
of imaging and blood-based biomarkers needs to be defined, partic-
ularly in specific contexts of use. For example, the optimal combination
of biomarkers used in a general or primary care practice to guide
specialty referral may be different than those used to evaluate for
biopsy in a specialty practice or consideration of screening for a clinical
trial. Despite extensive study, we have limited data on optimal cut
points and quality criteria in many modalities of non-invasive imaging
biomarkers. There are only limited data on the association with long-
term outcomes and implications of a change in a non-invasive imaging
biomarker.

5.1. Non-invasive biomarkers to identify those in need of treatment
The combinatorial use of biomarkers can be used in a complementary
manner to non-invasively identify patients with NAFLD with significant
fibrosis and NASH who would benefit most from treatment. Newsome
et al. combined VCTE, CAP, and aspartate aminotransferase (AST) in
the FAST score and demonstrated good diagnostic accuracy for pa-
tients with significant fibrosis and a histologic NAFLD activity score of
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Figure 1: Sequential use of FIB-4 and VCTE/MRE for risk stratification in NAFLD.
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�4 [62]. The test was validated in multiple international cohorts and
used an upper and lower cut point; however, 30e40% of the popu-
lation falls into an indeterminate gray zone. In addition, combining the
blood-based enhanced liver fibrosis (ELF) score � 9.8 and
VCTE � 14.0 kPa was demonstrated to have a PPV of 87% for stages
3e4 fibrosis in a secondary analysis of the ATLAS trial.
Detection of� stage 2 fibrosis remains a major unmet need. One of the
major limitations in the past has been a high NPV but low PPV to rule in
patients who are candidates for treatment in NASH (�2 stage fibrosis). A
prospective study including 460 patients who underwent
Table 1 e Studies evaluating longitudinal changes in elastography and change

Author
date

Study design N Mode of
elastography

Median time to
follow up

Petta [64] 2020 Retrospective longitudinal
N ¼ 533 with follow-up LSM

VCTE 37 months

Jayakumar [67] 2019 Prospective longitudinal
N ¼ 54

MRE 2D 5.6 months

Ajmera [68] 2020 Prospective longitudinal
N ¼ 102

MRE 2D 16.8 month

Gidener [66] 2020 Prospective longitudinal
N ¼ 829 of
whom 639 are non-cirrhotic

MRE 2D 4 years non-cirrhot
cohort
4.4 years cirrhotic
cohort
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contemporaneous MRE, FIB-4, and liver biopsy assessment demon-
strated that combining MRE �3.3 kPa and FIB-4 � 1.6 (MEFIB Index)
provided an excellent PPV of 97.1% for significant fibrosis and was
validated in an independent and ethnically and geographically diverse
cohort from Japan. The simultaneous combination ofmultiple biomarkers
is well suited to enriching populations needing treatment, particularly for
clinical trials. However, the sequential use of non-invasive tests will likely
prove more feasible for broad implementation and minimize indetermi-
nate results [63]. We propose an algorithm for sequential use of non-
invasive tests for patients with suspected NAFLD (Figure 1).
s in histology or liver-related outcomes.

Baseline fibrosis
stage

Difference in
liver stiffness

Outcome

F3eF4 or liver
stiffness > 10 kPa

�20% increase Liver decompensation: 14.4% of those
with a 20% increase compared to 6.2%
with a stable reading and 3.8% with
>20% decrease

F2eF3 Any decrease Fibrosis improvement on liver biopsy
48.0% (any decrease in MRE) vs 20.7%
no change in increase in MRE

F0eF1: 62%
F2eF4: 38%

�15% increase Fibrosis progression on liver biopsy:
47.1% (�15% increase) vs 20.0%
(not � 15% increase)

ic Non-cirrhotic cohort
<3.5 kPa:
74%
�3.5 kPa:
26%

Per 1 kPa increase
at baseline

Hazard ratio for future cirrhosis
development 2.93 per kPa increment.
Hazard ratio for future decompensation
or death among patients with
compensated cirrhosis 1.32 per kPa
increment
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5.2. Longitudinal assessment of liver stiffness
Higher baseline liver stiffness [64] and changes in liver stiffness were
recently demonstrated to be associated with liver-related and all-cause
mortality in multiple studies. VCTE data on 1,039 NAFLD patients with
histologically advanced fibrosis or VCTE >10 kPa found that baseline
and changes in liver stiffness values, available in 533 patients, were
associated with hepatic decompensation, HCC, overall mortality, and
liver-related mortality [65]. Importantly, the risk of decompensation
increased in a dose-dependent fashion based on the change in liver
stiffness over time, ranging from 3.8% in those with a>20% decrease
in liver stiffness to 14.4% in those with a >20% increase in liver
stiffness (Table 1). Similarly, Han et al. demonstrated that higher
baseline liver stiffness on MRE was associated with hepatic decom-
pensation [66]. Gidener et al. recently demonstrated baseline LSM on
MRE also predicts future decompensation and death. They then used
longitudinal outcome data on the development of cirrhosis to guide the
optimal interval between non-invasive monitoring [67]. Regarding
changes in MRE, a secondary analysis of 54 patients in a phase II trial
of selonsertib demonstrated that any improvement in MRE was
associated with improved fibrosis albeit with a limited diagnostic ac-
curacy [68]. A separate longitudinal study with paired biopsy
demonstrated that a 15% increase in MRE was clinically significant
[69]. Future studies evaluating the clinical relevance of changes in LSM
on changes in histology and liver-related outcomes are needed.

6. CONCLUSION

Despite being the most common chronic liver disease globally, liver bi-
opsy remains the reference standard for staging NAFLD severity. Given
the projected increase in the burden of advanced liver disease from
NAFLD and emerging therapeutic options, the non-invasive identification
and monitoring of this population is a major unmet need. Current imaging
biomarkers to diagnose NAFLD and quantify liver fat are accurate and in
the case of MRI-PDFF may be more informative than liver biopsy. How-
ever, imaging biomarkers for diagnosing NASH remain limited. Elastog-
raphy can accurately diagnose advanced fibrosis and in the case of MRE
provides high diagnostic accuracy for earlier stages of fibrosis. Strategies
to combine multiple platforms of biomarkers in specific contexts of use
with established cutoff points will be necessary to guide themanagement
of patients with NAFLD. Furthermore, additional multicenter longitudinal
studies of the impact of changes in non-invasive imaging biomarkers on
histology and liver-related events are needed to minimize relying on liver
biopsy in NAFLD.
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