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Excessive liver fat (steatosis) is now the most common cause of chronic liver disease worldwide and is an independent risk factor
for cirrhosis and associated complications. Accurate and clinically useful diagnosis, risk stratification, prognostication, and therapy
monitoring require accurate and reliable biomarker measurement at acceptable cost. This article describes a joint effort by the
American Institute of Ultrasound in Medicine (AIUM) and the RSNA Quantitative Imaging Biomarkers Alliance (QIBA) to
develop standards for clinical and technical validation of quantitative biomarkers for liver steatosis. The ATUM Liver Fat
Quantification Task Force provides clinical guidance, while the RSNA QIBA Pulse-Echo Quantitative Ultrasound Biomarker
Committee develops methods to measure biomarkers and reduce biomarker variability. In this article, the authors present the
clinical need for quantitative imaging biomarkers of liver steatosis, review the current state of various imaging modalities, and
describe the technical state of the art for three key liver steatosis pulse-echo quantitative US biomarkers: attenuation coefficient,
backscatter coefficient, and speed of sound. Lastly, a perspective on current challenges and recommendations for clinical translation

for each biomarker is offered.

© RSNA, 2022

The abnormal accumulation of liver fat, known as steato-
sis, has significant clinical implications. The most com-
mon form is nonalcoholic fatty liver disease (NAFLD)
(1). Given the association with obesity, type 2 diabetes,
hyperlipidemia, and hypertension, a new term has been
proposed: metabolic dysfunction—associated fatty liver dis-
ease, or MAFLD (2). NAFLD affects nearly one-quarter of
the general population and up to two-thirds of individuals
with type 2 diabetes mellitus (2,3). Other causes of liver
steatosis include excessive alcohol intake, viral hepatitis,
metabolic storage disorders, and drugs and toxins (4).
NAFLD encompasses a wide range of disease states,
including isolated steatosis and nonalcoholic steatohep-
atitis; the latter is defined by the presence of steatosis,
lobular inflammation, hepatocyte ballooning, and peri-
sinusoidal fibrosis deposition (5). Nonalcoholic steato-
hepatitis affects 1.5%—6.5% of the worldwide population
and may progress to advanced fibrosis (incidence 67.95
in 1000 person-years), with associated liver-specific mor-
tality (11.77 per 1000 person-years) and hepatocellular
carcinoma (5.29 per 1000 person-years) (1). NAFLD

is now the most common cause of chronic liver disease

worldwide, affecting nearly 1 billion individuals, and is
an increasingly common indication for liver transplant in
the United States (6,7). NAFLD is also an independent
risk factor for cardiovascular disease, which remains the
most common cause of death in this population (3,8).
Although hepatic steatosis is a common finding with
multiple modalities, including US, CT, and MRI, radi-
ologists must remain vigilant regarding its presence and
severity. The simple presence of steatosis can be a sign
of systemic metabolic derangements (metabolic syn-
drome) for which other imaging markers exist, includ-
ing increased visceral fat, fatty pancreatic replacement,
and epicardial and pericardial fat (9). The degree of liver
fat during the initial diagnostic study is also important.
At least one longitudinal study (10) has shown signifi-
cantly higher odds of fibrosis progression in patients
with higher liver fat content at baseline. Several clinical
trials have adopted changes in liver fat as an end point to
assess the efficacy of interventional treatments (11,12).
According to one study, a 30% reduction in liver fat,
estimated with the MRI proton density fat fraction
(PDFF), was associated with a two-point improvement
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Abbreviations

AC = attenuation coefficient, AIUM = American Institute of
Ultrasound in Medicine, BC = backscatter coefficient, NALFD =
nonalcoholic fatty liver disease, PDFF = proton density fat fraction,
PEQUS = pulse-echo quantitative US, QIBA = Quantitative Imaging
Biomarkers Alliance, SOS = speed of sound

Summary

Standardization of technical performance and clinical implementation
of pulse-echo quantitative US is essential for the development of
fic-for-purpose sonographic liver steatosis biomarkers.

Essentials

m There is an urgent need for practical, objective, and noninvasive
means for diagnosing, stratifying, and monitoring liver steatosis.

= This need has prompted efforts to implement pulse-echo quantitative
US (PEQUES) technology in commercial US scanners.

= PEQUS is based on quantifying acoustic properties of tissue,
including the attenuation coefficient, backscatter coefficient, and
speed of sound, in a system-independent manner.

= Continuous development over the past 40 years has produced
evidence of the potential value of PEQUS properties as liver
steatosis biomarkers.

= To facilitate the translation of these biomarkers into clinical
practice, health care professionals, scientists, and industry and
government representatives are working together in a public-private
partnership facilitated by the RSNA Quantitative Imaging
Biomarkers Alliance.

in the NAFLD activity score as assessed by liver histologic
findings (13). Increasing NAFLD incidence combined with
the emergence of liver fat-reducing therapies has created an
important unmet need for a widely available and cost-effec-
tive liver fat quantification test that will permit at-risk patient
screening and risk stratification, and that can be safely ap-
plied serially for disease monitoring.

Biomarkers of Liver Steatosis
Biopsy has traditionally been considered the standard of care
for liver disease assessment. Histologically, liver fat content is
subjectively graded by the number of involved hepatocytes,
from SO (no steatosis) to S3 (severe steatosis). Scoring algo-
rithms for NAFLD, such as the Nonalcoholic Steatohepatitis
Clinical Research Network system, the fatty liver inhibition
of progression (FLIP) score, and the NAFLD activity score,
rely on the steatosis grade as well as the inflammation activ-
ity and fibrosis stage (14-16). However, histologic assessment
is known to be limited by sampling error and interobserver
variability (17,18). Moreover, biopsy is relatively expensive
and invasive, with a slight, although definite, risk of serious
complications; thus, it is impractical for disease screening and
monitoring, particularly given the high prevalence of NAFLD
and nonalcoholic steatohepatitis (19-21). Accurate, cost-ef-
fective, and noninvasive steatosis biomarkers are needed.
According to the Biomarkers, EndpointS, and other Tools
(BEST) glossary developed jointly by the U.S. Food and Drug
Administration and National Institutes of Health, a biomarker
is a “characteristic that is measured as an indicator of a normal
biological process or a pathogenic process, or the biological re-
sponse to an exposure or intervention, including therapeutic
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Figure 1: Image shows the controlled attenuation parameter (CAP), which is

a nonimaging sonographic method to estimate steatosis available on a vibration-
controlled fransient elastography point-of-care device (FibroScan; Echosens).

interventions” (22). Biomarkers can be used for risk stratifica-
tion, diagnosis, surveillance, prognosis, or safety monitoring,.

Many biomarkers are currently in clinical use for the manage-
ment of chronic liver disease, with varying sensitivity and speci-
ficity for steatosis. Combinations of patient characteristics and
individual serum values may be used in scoring systems such
as the fatty liver index, hepatic steatosis index, SteatoTest
(BioPredictive), and nonalcoholic fatty liver screening score,
which predict NAFLD with an area under the receiver operating
characteristic curve of 0.84, 0.82, 0.80, and 0.83-0.86, respec-
tively (23,24). However, these panels perform poorly in mild
steatosis and may not be sensitive enough to detect changes on a
scale needed for disease monitoring.

The controlled attenuation parameter (Fig 1), a nonimag-
ing sonographic method of estimating steatosis, is available on a
vibration-controlled transient elastography point-of-care device
(FibroScan; Echosens). In a recent meta-analysis (25), areas un-
der the receiver operating characteristic curve to detect patients
with a histopathologic steatosis stage of SO versus S1-3 and S0-1
versus S2-3 were 0.81 (95% CI: 0.76, 0.86) and 0.75 (95%
CI: 0.72, 0.78), respectively. Liver stiffness, measured with the
same device, was recently combined with the controlled attenu-
ation parameter and serum levels of aspartate transaminase and
alanine transaminase in a logistic regression model called Fi-
broScan-AST (or FAST). Variable positive predictive values were
found in an external validation cohort, with a negative predictive
value of 73%-100% (26). Cutoffs vary in the literature, with
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variations in negative and positive predictive values reported,
and with overlap across different steatosis grades (27). In patients
with obesity, NALFD steatosis grading can be limited by body
wall thickness (25,28,29).

Imaging devices may also provide liver steatosis measure-
ments. CT measurements of x-ray attenuation, in Hounsfield
units, can estimate liver fat by the decrease in absorption.
Although CT has high sensitivity (72%-95%) and specificity
(90%-99%) for the detection of moderate steatosis, it does not
perform as well in mild steatosis (30-32). Noncontrast CT is
more accurate than contrast-enhanced CT, as iodinated contrast
material increases normal liver attenuation (31,32). Dual-energy
CT is more accurate than single-energy CT in liver fat quanti-
fication, particularly for examinations performed with intrave-
nous contrast material (33-35). Unfortunately, CT attenuation
is also affected by edema, iron, copper, glycogen, and amioda-
rone (36). CT may play a role in opportunistic screening when
performed for other purposes (37); however, because ionizing
radiation is required, other modalities, such as MRI and US,
may be preferred for surveillance.

Various MRI techniques are available for detecting and quan-
tifying liver fat, which are well summarized in a recent review
by Starekova et al (32), leveraging the differences in precession
frequency between water and lipid-associated hydrogen. MR
spectroscopy is arguably the most accurate method, relying on
the measurement of the lipid peak on a 'H MR spectrum, al-
though it is limited to a small sampling region of interest and
is only available at centers with specific expertise (31,32). Dual-
echo chemical shift imaging is widely available and reproducible,
allowing for the qualitative detection of intracellular lipid by loss
of signal when opposing magnetizations of water and fat within
the same voxel are summed (31). The MRI-derived proton den-
sity fat fraction (PDFF) has emerged as an accurate and precise
quantitative technique (38,39) for measuring the confounder-
corrected proportion of lipid-associated hydrogen signal within
a specified volume, and correlates well with histologic grade
(r = 0.743) (40). PDFF thresholds of 5%, 15%, and 25% have
been proposed for mild, moderate, and severe steatosis, respectively
(32). Benefits of the MRI PDFF include whole-liver assessment
and the ability to perform elastography and iron quantification
in the same setting (20,32,41). Although the MRI PDFF may
function as a robust confirmatory test, cost and lack of wide-
spread availability may impact the practicality of population
screening and longitudinal disease monitoring.

B-mode US has been used for decades as an inexpensive
noninvasive method of hepatic fat evaluation. Liver fat increases
acoustic absorption (conversion of acoustic energy to heat) and
scattering (redirection of acoustic energy); both phenomena
contribute to increased attenuation (31). In addition, increased
acoustic energy reflected back to the transducer (ie, backscat-
tered) is seen as increased echogenicity or brightness on an im-
age. Although echogenicity increases with worsening steatosis,
B-mode US brightness is also dependent on factors such as trans-
mit power, focusing, and gain, as well as attenuation by interposed
soft tissues such as subcutaneous fat. Therefore, the qualitative as-
sessment of echogenicity requires a comparison with an internal
reference such as the spleen or right kidney cortex, which itself
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requires an absence of conditions that may alter echogenicity
of these adjacent organs. Other visual features include loss of
the echogenic portal walls and appearance of areas of focal fat
sparing. Increased acoustic attenuation causes the far field to
appear progressively darker without adjustments to the transmit
pulse power, transmit frequency, and time-gain compensation.
This, as well as the relative increase in parenchymal echogenicity,
leads to reduced conspicuity of the diaphragm. Liver fat also de-
creases the speed of sound (SOS) in tissue, which leads to flawed
beam focusing and degraded spatial resolution.

A meta-analysis of 34 studies, which included 2815 patients
and liver biopsy as the reference (42), reported a pooled sensi-
tivity and specificity of 85% and 93%, respectively, for US
in distinguishing moderate-to-severe steatosis from normal.
However, qualitative US is insensitive to mild steatosis (43) and
subjective assessment is likely dependent on the manufacturer,
transducer, frequency, waveform characteristics, and experience
of the operator (44). The hepatorenal index was developed as a
semiquantitative method to overcome some of these challenges
by measuring the ratio of mean brightness of liver and adja-
cent renal cortex at the same depth (45,46). Chauhan et al (47)
found that both subjective evaluation and the hepatorenal index
reached 100% sensitivity, although the latter was more specific
at 95.2%. The hepatorenal index assumes a normal renal cortex
and, therefore, it may be inaccurate in various stages of acute or
chronic kidney disease. The hepatorenal index is also of limited
utility in differentiating between mild and no steatosis, and there
is no consensus on cutoff values (47). For all these techniques,
confounders include fibrosis, glycogen, and infiltrative processes,
which may also increase liver echogenicity. True quantitative US
biomarkers may offer a pathway to overcome these limitations of
qualitative assessment.

Potential PEQUS Biomarkers for Liver Steatosis

The system and operator dependence of B-mode US has limited
its efficacy as an objective clinical decision-support tool thus far.
To overcome this limitation, quantitative features that describe
attenuation, backscattering, and SOS can serve as pulse-echo
quantitative US (PEQUS) imaging biomarkers. These features
are the attenuation coefficient (AC), backscatter coefficient
(BC), and SOS (48). The following sections expand on the tech-
nical principles for the quantification of these three parameters
and provide a perspective on the history of their development
and challenges to implementation.

Attenuation Coefficient

The AC describes the rate of amplitude decrease of the ultra-
sound waves as they travel through tissue. Ultrasound waves
that travel in more attenuating tissue lose more amplitude
(aloss quantified in decibels) over the same propagation distance
(expressed in centimeters) than in less-attenuating tissues. On
average, attenuation in the liver increases approximately pro-
portionally with frequency. As a result, the AC is expressed in
decibels per centimeter at a specified frequency (units of dB/
cm-MHz). Several attenuation estimation methods have been
proposed, including spectral shift, sound field correction, spec-

tral difference, spectral log difference, and hybrid methods (49).
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Studies in the 1980s showed a clear association between
the AC and steatosis (50-53). However, limitations, such
as system and operator dependence and measurement vari-
ability, and confounding factors, such as fibrosis, fasting
state, glycogen accumulation, and breathing, were not well
understood at that time. These concepts are now the sub-
ject of several clinical trials. Currently, AC measurement
methods are commercially available with several clinical
US imaging systems (54). Some implementations are based
on point-wise measurements producing a single AC value
from a region of interest, while other implementations pro-
duce parametric images of the AC, which show the spatial
distribution of AC values in a color scale. In a recent meta-
analysis that included implementations from several manu-
facturers, the pooled sensitivity and specificity of the AC fea-
ture were 76% (95% CI: 73, 80) and 84% (95% CI: 77, 89),
respectively, to detect patients with a histopathologic steatosis
stage greater than or equal to S1 and 87% (95% CI: 83, 91)
and 79% (95% CI: 77, 89), respectively, to detect patients
with a steatosis stage greater than or equal to S2 (55).

Understanding the overall bias, variability, and operator
dependence of AC implementations requires large clinical
trials. For example, the accuracy and variability of AC values
in patients with thick subcutaneous fat might be affected by
various artifacts, such as reverberations and clutter (56). Con-
sidering the correlation between high subcutaneous fat-tissue
thickness and hepatic steatosis, understanding the impact of
these artifacts will be necessary. Additionally, in patients with
steatosis, superimposed hepatic inflammation and fibrosis may
also confound estimates of technical and clinical performance
(57). Because most vendors provide shear-wave elastography
and attenuation technologies in the same US system, the for-
mer could be used to assess for co-occurrence of fibrosis. Pro-
spective multivendor, multisite clinical trials may be needed
to understand the magnitude of these limitations. Currently,
vendors use different methods to measure the AC; therefore,
merging all published results and performing a cumulative
analysis is challenging for meta-analyses.

Backscatter Coefficient

Backscatter, the primary determinant of gray-scale brightness on
B-mode images (ie, tissue echogenicity), occurs when the inci-
dent wave interacts with unresolvable submillimeter variations
in density and compressibility that compose the tissue stroma.
Backscatter may be quantified for a volume of tissue (such as
liver) by the BC, an absolute metric of the acoustic power (W)
redirected back to the transducer (scattered at 180°) within a
small solid angle (steradian [Sr], which is a unit of solid angle
and technically defined as the solid or three-dimensional angle
subtended at the center of a sphere with a radius of 1 cm by an
area of 1 cm? on its surface) over the incident intensity (W/cm?),
divided by the volume containing the scatterers (cm?). Thus, the
units for BC are one over centimeter per steradian (\W/St/[W/
cm?]/cm?® = 1/cm—Sr) (58).

The most common method for measuring BC in vivo with
a clinical US system is the reference phantom method (59).
This requires paired pulse-echo measurements in vivo and in a
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reference phantom with known AC and BC reference values. US
imaging system settings are kept constant between human and
phantom measurements to correct for gain and region of interest
location. In practice, the need to acquire data from a reference
phantom can be eliminated by integrating previously acquired
reference data in the scanner (60,61). This strategy would
require ensuring consistency in scanner and transducer perfor-
mance, thus making routine quality control even more impor-
tant. For studies in human liver, the most common choice of US
frequency is near 3 MHz (61-65) because higher frequencies can
have inadequate penetration depth.

Early in vivo measurement of human liver BCs in small
cohorts (7 = 13, 15, 35) established a normal mean range of
approximately 4 X 1074 1/cm-Sr = 2 (SD) for frequencies from
2.25 MHz to 3 MHz (61,62,66). In one of these early studies,
liver fat in seven patients resulted in a mean BC of 68 X 10~*
1/em-Sr * 37 (66), an elevation of more than an order of mag-
nitude. Recently, the BC has been tested in larger-scale clinical
trials. In one study (7 = 204, 3 MHz), the BC correlated with the
MRI PDFE with a Spearman rank correlation coefficient of 0.80
(64). In another study (7 = 102, 2.7 MHz), patients with MRI
PDFFs ranging from 0.7% to 41% (mean, 12.8%) exhibited an
elevated mean BC of 45 X 107 1/cm-Sr = 55 (65). In another
study (7 = 101, 3 MHz), a quadratic model of log-transformed
BC (dB/cm-Sr) resulted in a coefficient of determination
of R? = 0.76 for MRI PDFF estimates of liver steatosis (61). In
summary, these studies suggest that the BC could potentially be
used as a surrogate for the MRI PDFE

Improving the clinical performance of US backscatter for as-
sessing liver fat fraction will involve addressing several challenges.
First, an accurate, consistent method must be developed to com-
pensate backscatter measurements for the effects of attenuation
from abdominal wall fat and muscle, and the liver itself (66,67).
Second, an optimal method must be developed for positioning
the transducer, which might include efforts such as avoiding
blood vessels, portal tracts, and focal lesions (68); avoiding large
bile ducts (69); and situating the ultrasound beam as close to
perpendicular to the liver capsule as possible, likely using simi-
lar techniques as those for performing shear-wave elastography
(69). Third, measurement variations due to operator dependence
(70), fasting state (71), system parameters (eg, transducer geom-
etry, center frequency, bandwidth, beamforming algorithm), and
phase aberration caused by subcutaneous adipose tissue must be
understood and minimized.

Speed of Sound

The SOS describes how fast ultrasound waves travel through
a tissue, and its square value is inversely related to the density
of tissue and its compressibility. Thus, ultrasound waves travel
faster in less compressible tissues. The SOS should not be con-
fused with the speed of shear waves used in shear-wave elastog-
raphy to evaluate tissue stiffness. Shear-wave speed is related to
the shear modulus, which quantifies the resistance of a material
to change its shape, while the SOS is mainly defined by the bulk
modulus (inverse compressibility) (72). The shear-wave speed
has been proposed as a biomarker for liver fibrosis, which has
been reviewed excellently by Barr (73). Conventionally, clinical
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Summary of Pulse-Echo Quantification of Liver Fat Using Transabdominal US

Characteristic Attenuation

Backscatter

Speed of Sound

Rate of acoustic power loss
due to absorption and scatter;
frequency dependent

Physics principle

Correlation with biologic Observed to increase with
concept (steatosis) increasing liver fat

Attenuation coefficient;
decibels per centimeter per
megahertz (dB/cm-MHz)

0.5 to 1.3 dB/cm-MHz at

3 MHz (43,48,54,61)

Biomarker; unit of
measurement

Approximate reference
range, from healthy to
advanced steatosis

Opportunities and Already available in

benefits scanners by several vendors
Challenges and Bias introduced by reverberations,
limitations clutter, and blood vessels;

variability

in quantification methods may
complicated standardization;
possible confounding effects of
inflammation and fibrosis

Proportion of acoustic power reflected
back to transducer; frequency dependent

Observed to increase with increasing
liver fat

Backscatter coefficient; 1 over centimeter
per steradian (1/cm-Sr) or decibels with
respect to this unit

1074 to 1072 1/cm-Sr at 3 MHz
(43,61,63,65,606)

Provides objective assessment of liver
echogenicity without the need of a
reference tissue (eg, kidney)

Depends on accurate compensation
for intervening tissue attenuation; the
need for reference calibration may result
in stricter system and transducer
performance criteria; possible confounding
effects of inflammation and fibrosis

Velocity of sound in specific
tissue; relatively independent
of frequency

Observed to decrease with
increasing liver fat

Speed of sound; meters per
second (m/sec)

1590 to 1470 m/sec (92)

Physically intuitive and easy
to interpret

Small percentage change
between normal and disease
states; limited number of
methods that provide local
speed of sound estimates;
possible confounding effects
of inflammation and fibrosis

US systems assume a fixed value for SOS during beamforming
(1540 m/sec in most cases), as a key input when performing
echolocation for image formation. The assumed SOS is typi-
cally held constant for the whole image. However, different tis-
sues may have different SOS values, resulting in image quality
degradation.

‘The three most promising strategies to quantify SOS are based
on focusing (74,75), spatial coherence (76-78), and compound-
ing methods (79-81). Focusing techniques estimate SOS by ad-
justing the assumed sound speed in beamforming to maximize
image quality metrics, such as lateral resolution. Compounding
methods estimate the SOS by applying varying transmit beam
directions to measure the resultant local phase changes. Spatial
coherence methods estimate the SOS by maximizing the coher-
ence of echoes from a target region.

Several SOS values for in vivo human liver tissue
(74,77,78,81-85) and liver specimens (82,86) have been re-
ported in different studies. Overall, hepatic SOS varies from
1450 m/sec to 1650 m/sec, depending on the underlying
pathologic abnormality. Normal liver has an SOS value of
approximately 1560 m/sec, while steatotic and cirrhotic livers
have shown a lower and higher SOS, respectively. For example,
Chen et al (84) reported mean SOS values of 1547 m/sec *
17.8 for fatty livers and 1610 m/sec = 30 for cirrhotic livers.
The mean values reported by Hayashi et al (74) were 1423 m/
sec & 34 and 1558.3 m/sec * 23.2 for fatty and cirrhotic liv-
ers, respectively. On the other hand, Boozari et al (87) reported
mean SOS values of 1575 m/sec = 21 and 1594 m/sec = 18
for hepatic fibrosis for stages FO—F3 and F4, respectively. More
recently, Popa et al (88) determined a cutoff value of 1537 m/
sec or lower for predicting the presence of liver steatosis. Stud-
ies have shown reliability between operators as well as accuracy

Radiology: Volume 305: Number 2—November 2022

when compared with pathologic findings (89) or MRI PDFF
results (78,90). Likely confounders include liver fibrosis, in-
flammation, subcutaneous fat effects, and depth dependence,
which are similar to those of the AC and BC (48,91,92).
While promising, additional studies are needed to standardize
the measurement of hepatic SOS and to determine the expected
measurement variability. This is particularly important for SOS
due to the relatively small percentage change in disease states
compared with normal. Thus, high precision measurement will
be required. Further studies are also needed to confirm correla-
tion with hepatic fat levels, to define specific thresholds, and to
detect and mitigate covariates that may influence hepatic SOS.

Summary of PEQUS Biomarkers

The three proposed PEQUS biomarkers are summarized in the
Table, where the physical principles underlying each biomarker
(represented graphically in Fig 2), observed correlation with ste-
atosis, unit of measurement, approximate reference range, and
opportunities and challenges for implementation are described.
Figures 3—6 show examples of commercial implementations of
PEQUS biomarkers. Currently, there are insufficient data and
head-to-head comparisons to recommend one PEQUS bio-
marker or implementation over another.

Standardization of Quantitative Imaging
Biomarkers

Quantitative measurements derived from medical images
yield quantitative imaging biomarkers, which are defined as
“an objective characteristic derived from an in vivo image
measured on a ratio or interval scale as an indicator of normal
biological processes, pathogenic processes or a response to a
therapeutic intervention” (93).
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Diagrams depict the physics principles behind three PEQUS biomarkers—attenuation coefficient (AC), backscatter coefficient, and

speed of sound (SOS)-for (left) healthy liver and (right) steatotic liver. The color bar legend at the top right indicates ultrasound pulse amplitude
as it travels through tissue and is attenuated to a great extent in steatotic liver [AC of 1.0 dB/cm-MHz). The inserts show the liver microstructure
that produces backscattered echo, which is greater in steatotic liver due to hepatocytes filled and expanded by lipid vacuoles. The vertical array
of numbers on the left side of each diagram indicates the propagation depth and time of ulirasound pulse arrival based on the SOS reported at

the top of the array.

Evaluation of technical and clinical performance is a cen-
tral challenge in quantitative imaging biomarker development.
Technical performance is defined as a measure of the level of
confidence in the measuring process itself, whereas clinical per-
formance is defined as the correlation between the biomarker
and the biologic process of interest. These processes require
rigorous development, followed by validation in the intended
biomarker context of use. There are currently several organized
efforts to develop standardized strategies to assess biomarker
technical and clinical performance. The RSNA Quantitative
Imaging Biomarkers Alliance (QIBA) was created in 2007 to
address the need for standardization of technical performance,
with a mission to “improve the value and practicality of quan-
titative imaging biomarkers by reducing variability across de-
vices, patients, and time” (94). QIBA is divided into biomarker
committees, with each committee working toward developing
biomarker profiles. The profiles are guidelines for standardiz-
ing biomarker quantification to meet technical performance
claims, including bias (difference between the expected value
of the measured characteristic and its true value) and sources
of variability, such as levels of repeatability (measurement error
when measuring conditions do not vary [same sample, same
measuring device, same operator]) and reproducibility (mea-
surement error when conditions vary [different measuring de-
vice, different operator]) (95). In addition to the performance
claims, the profile defines a series of activities that different ac-
tors, such as the manufacturer, a quality assurance manager,
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a technologist, and a radiologist, must perform when imple-
menting the profile.

The American Institute of Ultrasound in Medicine (AIUM)
formed the Liver Fat Quantification Task Force in 2019, com-
prised of academic physicians, physicists and engineers, and
representatives from US manufacturers, pharmaceutical com-
panies, and government agencies. The Task Force goals are to
(a) advocate for liver fat quantification techniques; (4) advise
on the development of new techniques, such as preferred ref-
erence standards and target diagnostic performance; and (¢)
provide recommendations during the translation of emerging
techniques into clinical practice, including use cases and tar-
get populations, acquisition techniques, and reporting. It was
clear that knowledge regarding the diagnostic performance of
the many possible emerging techniques, and inter- and intra-
manufacturer variability, was needed to achieve these goals.
Members of the AIUM Liver Fat Quantification Task Force
and AIUM leadership joined ongoing efforts within the RSNA
QIBA regarding the formation of a new biomarker committee
to address the need for the technical standardization of AC,
BC, and SOS measures.

The AIUM-RSNA QIBA Pulse-Echo Quantitative Ultra-
sound Biomarker Committee was created in 2020 to address the
interests of the AIUM Liver Fat Quantification Task Force and
to reach consensus on how to measure, report, and test PEQUS
features, among manufacturers and under equivalent conditions,
to be used as biomarkers for hepatic steatosis.
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US images show various commercial implementations of the attenuation coefficient, including (A) ATl (Canon Medical Systems), (B)

ATT (FujiFilm Medical Systems), (€) UGAP (GE Healthcare), (D) Atten (Philips Healthcare), and (E) TAl (Samsung Medison). Images A, €, and D
were acquired at the Massachusetts General Hospital Center for Ulirasound Research & Translation laboratory as a component of the Non-Invasive
Biomarkers of Metabolic Liver Disease (NIMBLE) study, which is supported by the Foundation for the National Institutes of Health and the private sector.

To address the challenge of assessing the technical and clini-
cal performance of multiple possible biomarkers, a three-level
framework was defined by the biomarker committee as follows:
(a) single biomarker measurement level, focused on establish-
ing measurement standards to reduce variability and bias when
measuring a given physical parameter (eg, measuring attenua-
tion in a manner that minimizes variability and bias); (4) single
biomarker predictor level, developed jointy with the AIUM
Liver Fat Quantification Task Force and aimed at demonstrating

Radiology: Volume 305: Number 2—November 2022

the relationship between the individual biomarker and the bio-
logic concept of interest (eg, demonstrating the relationship be-
tween hepatic steatosis and attenuation, measured in the manner
recommended at the single biomarker measurement level); and
(¢) multiple biomarker predictor level, focused on investigating
the relationship between multiple simultaneous biomarker mea-
surements and the biologic concept of interest (eg, developing
a model that combines AC, BC, and SOS to create a synthetic
biomarker for liver steatosis).
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Figure 5:
Mindray, a commercial implementation of the speed of sound.

US image shows sound speed index (SSI) quantification by

The single biomarker measurement level is the current fo-
cus of the PEQUS biomarker committee. Current activities are
based on developing the biomarker profile and releasing it for
public comment.

AIUM-RSNA QIBA PEQUS Committee
Groundwork

Standardization of measurement results across devices from
different manufacturers is important. Inconsistent measure-
ment values among devices have multiple negative conse-
quences, including confusion for interpreting physicians
(the end users), misdiagnosis, and requirement for duplicate
studies with different systems, which may increase costs. All
these factors can hamper clinical adoption of a new feature or
technology, even when that technology shows great promise.
To help standardize PEQUS biomarker measurements, the
AIUM-RSNA QIBA PEQUS biomarker committee is plan-
ning a prospective, multisite liver-mimicking phantom study,
with the goal of defining lower bounds of bias, repeatabil-
ity, and reproducibility in phantoms with ranges of acoustic
properties (AC, BC, SOS) that are relevant to the disease of
interest (ie, NAFLD).

One challenge of this study is creating a method to spec-
ify the phantom properties. The SOS and AC are relatively
straightforward to characterize and control in a phantom
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US images show commercial implementations of the attenuation coefficient and speed of sound, including (A) Att and SSp (Hologic

Liver Site 10

Depth=4.9 cm

US image shows a fat fraction tool (Siemens Healthineers)

Figure 6:
derived from pulse-echo quantitafive US features. The image was acquired at the
Massachusetts General Hospital Center for Ultrasound Research & Translation
laboratory as a component of the Non-Invasive Biomarkers of Metabolic Liver
Disease (NIMBLE| study, which is supported by the Foundation for the National
Institutes of Health and the private sector.

(96-98). SOS has very little frequency dependence in the
range of frequencies used for diagnostic US. Attenuation is
approximately proportional to frequency and is specified in
units of decibels per centimeter of megahertz (dB/cm-MHz).
BC is dependent on frequency and is typically controlled
through the inclusion of microscopic glass or ceramic beads,
graphite powder, or other fine particles. To emulate a variety
of tissue types, a range of scatterer sizes that provides levels
of scattering similar to those observed in healthy and stea-
totic liver is proposed for the phantoms in the study. Con-
sidering these challenges, we have specified four phantoms
with acoustic properties within the ranges expected for stea-
totic liver (0.5=AC=1.0 dB/cm-MHz, 4X104=BC=10""
1/cm-Sr at 3MHz, and 1500=SOS=1580 m/sec). In addi-
tion, because methods for analyzing the BC typically require
a reference phantom with a known AC and BC, this study
will include two additional phantoms with known proper-
ties for use in reference phantom studies. Reference AC, BC,
and SOS values of the phantoms will be measured using
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Figure 7:
Quantitative Imaging Biomarkers Alliance Pulse-Echo Quantitative Ulirasound Biomarker Committee. The study will include the participation of 10 US vendors
and 24 clinical, academic, and government institutions for an expected total of 34 sites. At least three sites will perform measurements on at least one speci-
fied imaging system from each vendor. Each site will perform measurements on the four phantoms with two appraisers, and each appraiser will perform 10

repefitions at three different depths.

well-accepted immersion-based techniques with single-ele-
ment piezoelectric transducers (99,100). These values will be
used in the analysis of bias.

The planned study will include the participation of 10 US
vendors who have implemented PEQUES features on their sys-
tems, as well as 24 clinical, academic, and government institu-
tions from North and South America, Europe, and Asia. Each
vendor will specify the imaging system (scanner model, trans-
ducer, and software version) to be tested in the study. At least
three sites will perform measurements on at least one specified
imaging system from each vendor. Each site will perform mea-
surements on the four phantoms with two appraisers, and each
appraiser will perform 10 repetitions at three different depths
(Fig 7). This strategy will allow us to assess intraoperator and
interoperator variability, as well as intersite and intervendor
reproducibility. Statistical analysis will follow the strategy
defined by the QIBA technical performance working group
(95). In addition, each biomarker working group within the
PEQUS biomarker committee will define specific questions
to address during the study, which will depend on the ex-
tent of evidence on technical performance available in the
literature. These questions include, for example, whether the
values of the biomarkers vary with the depth or estimation al-
gorithm. It is important to note that only PEQUS techniques
supported by evidence of continuous development in the lit-
erature (simulations, phantom-based studies, preclinical and
clinical implementations) will be included in the study. The
results from the study will be used to refine the draft of claims
included in the first versions of the PEQUS biomarker com-
mittee profiles.
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Challenges and Perspectives

The goals of the AIUM Liver Fat Quantification Task Force and
AIUM-RSNA QIBA PEQUS biomarker committee require
convergence of the interests of multiple stakeholders, including
clinicians, academics, government experts, and industry part-
ners. These interests are considered within the scientific activities
of QIBA, such as the proposed multisite phantom study, which
will help define the diagnostic performance of PEQUS methods.
A better understanding of the sources of measurement bias and
variability will ultimately help manufacturers to minimize them
across systems and to realize the benefits of PEQUS quantitative
imaging biomarkers for liver fat quantification.

The biggest challenge facing US manufacturers is meeting the
cost of compliance to agreed-upon standards. For vendors that al-
ready have a commercial implementation of a technology, there
is a high cost to make changes. This is especially so when there is
an established user base and experience. With the large number
of US vendors engaged in liver fat quantification methods, there
is substantial opportunity for divergence in methods and, conse-
quently, a large effort may be needed to harmonize methods that
have evolved independently. However, there is an even greater cost
to patient care and the industry as a whole if measurements are not
repeatable and comparable across devices.

Besides the value of measurement, additional features of fat
quantification tools on US systems could influence outcomes
(quality metrics), visualization tools (color maps), and report-
ing metrics (fat percentage or steatosis stage). Standardization of
these features across systems will also reduce user confusion and,
hopefully, improve adoption. Continuous feedback between
manufacturers and end users will help refine the measurement
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protocol, technique, and interpretation. The AIUM and QIBA
initiatives provide manufacturers with an opportunity to work
with clinical, academic, and government experts to reach con-
sensus on many of these challenges. Guidance from organiza-
tions such as AIUM and QIBA is valuable for designing the ap-
propriate user interface and the necessary tools that will enable
users to perform quantitative imaging biomarker measurement
efficiently and consistently.

Conclusion

The pathophysiologic complexity of liver disease creates chal-
lenges in the validation of practical quantitative imaging bio-
markers such as those for liver steatosis. Imaging biomarkers
based on diagnostic US hold great potential due to the wide-
spread availability, safety, and relatively low cost of US systems,
and these factors will likely impact adoption of such biomarkers
for screening, surveillance, and patient management. The recent
introduction by US system manufacturers of pulse-echo quan-
titative US imaging measures, including the attenuation coefhi-
cient, backscatter coefficient, and speed of sound, represents sig-
nificant progress in this direction. However, coordinated efforts
among end users, manufacturers, academics, and government
and clinical experts to standardize the implementation of these
new technologies will be essential to achieve their full potential
as biomarkers.
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