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ABSTRACT

Due to the steatosis epidemic, methods for noninvasive quantification of the liver fat content are of great
interest. Magnetic resonance (MR)-based techniques, including proton MR spectroscopy and MR chemi-
cal shift imaging can quantify liver fat by measuring, directly or indirectly (the latter method), the proton
density fat fraction, with excellent diagnostic accuracy. These techniques are currently the reference
standard for noninvasive assessment of liver steatosis and are used in clinical trials for evaluation of
changes in the liver fat content over time. Using ultrasonography (US), 3 different quantitative parameters
can be obtained to estimate the liver fat content: attenuation coefficient, backscatter coefficient, and
speed of sound. Controlled attenuation parameter (CAP), which estimates attenuation of the US beam,
was the first available method for measuring fat content in the liver, and is performed with a nonimaging
US system. Currently, several other algorithms are available on B-mode imaging US systems, and their
accuracy is similar to or higher than that of CAP. This review summarizes the current knowledge about
the application of these methods in patients with metabolic dysfunction—associated steatotic liver disease.

Introduction Metabolic dysfunction—-associat-
ed steatotic liver disease (MASLD), previous-
ly referred to as nonalcoholic fatty liver disease
(NAFLD), is currently the leading cause of chron-
ic liver disease worldwide. Its prevalence has in-
creased over the last few years, from 25.5% re-
ported before 2005 to 37.8% in 2016 or later.'
MASLD is often a silent disease, even at the late
stage of severe fibrosis, and the diagnosis is fre-
quently made incidentally.?

In patients with MASLD, the risk of cardiovas-
cular disease, liver-related events, and all-cause
mortality is higher than in the general popula-
tion.** Moreover, it has been shown that the ste-
atosis grade predicts mortality and the risk of type
2 diabetes mellitus (T2DM) development in pa-
tients with MASLD.® Conversely, the risk of de-
veloping diabetes diminishes along with the de-
crease in the amount of liver fat. In a study of
1051 patients, in whom the prevalence of fatty
liver was 18% at baseline, greater baseline liver
fat levels were associated with a higher risk of in-
cident hypertension and T2DM..¢

Liver biopsy has been considered the gold stan-
dard for detecting and grading liver steatosis.
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However, it is an invasive procedure with consid-
erable rate of interobserver variability in evaluat-
ing the specimens.” El-Badry et al® reported poor
agreement among pathologists with respect to
the assessment of steatosis (intraclass correlation
coefficient, 0.57), and the assessment of histolog-
ic features of steatohepatitis was inconsistent.

On the other hand, in light of the steatotic liv-
er disease epidemic, biopsy is not the optimal ap-
proach for screening purposes in patients with
MASLD, a majority of whom have simple steato-
sis. Furthermore, liver steatosis is a dynamic pro-
cess, and its severity may change over a short pe-
riod of time (months); therefore, a possibility of
a noninvasive assessment is crucial.

B-mode ultrasonography (US) allows for a sub-
jective estimation of the degree of liver steatosis,
which is usually based on a series of US findings,
including liver echogenicity, hepatorenal echo
contrast, as well as visualization of intrahepat-
ic vessels and the diaphragm.’ However, in addi-
tion to a substantial interobserver variability in
scoring steatosis, the performance for its detec-
tion (fat content 25%) is low, with reported sen-
sitivity of 53.3% to 63.6%."°



has been reported, and the 2 techniques showed
a comparably high diagnostic accuracy.!’

In a meta-analysis including 1100 patients
with biopsy-proven liver steatosis, the area un-
der the curve (AUC) for grading liver steatosis us-
ing MR-PDFF ranged from 0.91 to 0.98."

It must be underscored that MRS-derived
PDFF measurements are limited to a small re-
gion of interest (ROI); therefore, the quantifica-
tion may be inadequate in patients with uneven
fat infiltration. MR-PDFF enables fat mapping of
the entire liver, and can be implemented on any
platform. Moreover, the MR-PDFF variability is
low across readers, reading centers, platforms,
and scanner manufacturers.'??0

It is worth mentioning that the PDFF percent-
age does not correspond to the percentage of fat
visually assessed on a histologic specimen. It has
been reported that the measurements of triglyc-
eride by biochemical extraction include some ma-
terials that are not visible on MR and thus do not
contribute to PDFF estimation.'® Therefore, even
though PDFF and histology correlate strongly, the
2 metrics are different and not interchangeable.?’

According to literature reports, both MR-based
techniques are more accurate in detecting the true
fat content than the histopathologic examination,
which has been considered the gold standard for
several decades.'®?%?* In particular, it has been
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FIGURE 1 Magnetic resonance—derived proton density fat fraction (MR-PDFF)
obtained using a Canon Galen 3T magnetic resonance imaging unit (Canon Medical
Systems, Otawara, Tochigi, Japan) in a 52-year-old woman with pancreatic insufficiency
and fatty liver. Four 2-cm regions-of-interest (ROIs) are placed in the liver, avoiding large
vessels, focal lesions, artifacts, and the liver capsule. The mean value from the 4 ROIs is
reported. The average MR-PDFF value is 13.5%, which indicates moderate steatosis.

This review describes recent advances in non-
invasive quantitative assessment of the liver fat
content using imaging techniques.

Magnetic resonance—based techniques Quanti-
fication of the amount of fat in the liver can be
achieved using magnetic resonance (MR)-based
techniques, including proton MR spectroscopy
(MRS) and MR chemical shift imaging (FIGURE 1).
With MRS, the signal intensities from fat and wa-
ter are directly measured and the proton densi-
ty fat fraction (PDFF) is obtained by calculating
the ratio of fat proton signal intensities to the to-
tal proton signal intensities from fat and water."!
MR chemical shift imaging consists in assessing
the difference in resonance frequency between
water and fat protons: during the opposed-phase,
water protons and fat protons are placed in oppo-
site direction, whereas during the in-phase they
are placed in the same direction. MR-PDFF is de-
rived from calculating the difference between in-
-phase and opposed-phase signal intensities."!
MRS-PDFF and MR-PDFF are highly correlat-
ed, and they have shown excellent diagnostic accu-
racy for detecting and grading liver steatosis.'?'®
MR-PDFF was demonstrated to be equivalent to
MRS-PDFF in quantifying changes in the liver
fat content, both cross-sectionally and longitu-
dinally, over a period of 6 months.'® An excellent
correlation between MRS-PDFF and MR-PDFF
and histopathology-determined liver fat content
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shown that MR-PDFF could detect small chang-
es in the liver fat content that were not appreci-
ated with histology but were of clinical or bio-
chemical significance.'®?* Moreover, in contrast
with histology,? the MR-based techniques are
highly reproducible.'®-?' Currently, both of them
are widely accepted as alternative means to liver
biopsy for diagnosing and quantifying liver ste-
atosis and for monitoring changes over time in
clinical trials.?® In this regard, a systematic re-
view and meta-analysis?® reported that a decline
in MR-PDFF by 30% or greater was associated
with higher odds of histologic response, defined
as a 2-point improvement in the NAFLD activ-
ity score, with at least 1-point improvement in
lobular inflammation or hepatocyte ballooning,
and resolution of steatohepatitis in MASLD pa-
tients. Moreover, it has been shown that a rela-
tive decline in MR-PDFF by 30% or greater was
associated with 1-stage regression of fibrosis in
MASLD, suggesting that this threshold of rela-
tive decline in MRI-PDFF may be used as a ther-
apeutic target in clinical trials.?’

The Pulse-Echo Quantitative Ultrasound Ini-
tiative Working Group of the American Insti-
tute of Ultrasound in Medicine and the Radio-
logical Society of North America, Quantitative
Imaging Biomarkers Alliance has recommend-
ed that MR-PDFF be used as the reference stan-
dard in diagnostic studies aimed at evaluating
the accuracy of the new US-based techniques
of fat quantification.?® A similar recommenda-
tion was included in a position paper endorsed
by the World Federation for Ultrasound in Med-
icine and Biology.?*



However, it must be noted that both MR-based
techniques are expensive and not widely avail-
able; therefore, they are not recommended for
screening purposes.

Ultrasound-based techniques General information
Currently, 3 different quantitative parameters
can be obtained to estimate the liver fat content
using US: attenuation coefficient (AC), backscat-
ter coefficient (BSC), and speed of sound (SoS).
All of them are obtained by analyzing the US sig-
nals that return to the transducer, and before
any postprocessing is applied, that is, the raw
echo (radiofrequency) data are used. The met-
rics differ depending on the set of information
analyzed. AC estimates the rate of the amplitude
loss of the US beam traversing the tissue; it is
directly related to the amount of fat in the liver.
BSC is a measure of US energy scattered by re-
flectors that are smaller than or equal to the US
wavelength, and that is returning to the trans-
ducer. As in the case of AC, the BSC value in-
creases along with an increase in the liver fat
content. In contrast, SoS is inversely related
to the amount of liver fat. More details can be
found elsewhere.?

The hepatorenal index (HRI) is a semiquantita-
tive estimate of the liver fat content obtained by
calculating the ratio of the US signals backscat-
tered by the liver to those backscattered by the re-
nal cortex. The kidney serves as the reference;
therefore, its function must be normal for an ac-
curate estimate. This requirement limits the appli-
cability of HRI and may partly explain the differ-
ences in the cutoff value for detecting steatosis,
ranging from 1.12 to 2.2 in published studies.?’

Controlled attenuation parameter Controlled atten-
uation parameter (CAP) is the algorithm available
on the FibroScan system (Echosens, Paris, France)
for quantification of the liver fat content. The sys-
tem calculates the attenuation slope in decibels
per meter (dB/m). CAP values range from 100 to
400 dB/m, and they are obtained together with
the value of liver stiffness.

CAP has been available since 2010, and there
are abundant literature reports on its perfor-
mance and clinical value. Currently, it can be mea-
sured using 2 probe sizes, M and XL. The latter
has been developed for the assessment of indi-
viduals with obesity. The FibroScan system au-
tomatically recommends the correct probe size
depending on the thickness of the subcutane-
ous tissue. Choosing a correct probe is of ut-
most importance for reliable readings. It has been
shown that the use of an M probe in patients with
a skin-to-liver capsule distance greater than or
equal to 25 mm may overestimate the grade of
liver steatosis.®

It is still unclear whether the 2 probes yield
the same results. Chan et al*? demonstrated that
the CAP values obtained with 2 probes were simi-
lar, whereas in another study, the CAP values ob-
tained with the M probe were lower than those

REVIEW ARTICLE Noninvasive assessment of liver steatosis

obtained using the XL probe, and this difference
was not related to body mass index (BMI).*?

The recent upgrade of the CAP algorithm
uses the raw US data continuously acquired dur-
ing the imaging phase of the examination with
the FibroScan system for stiffness assessment
(SmartExam), and unreliable measurements are
automatically rejected.®* A preliminary study re-
ported improved precision of the CAP measure-
ment®*; however, detailed data on the accuracy of
the upgraded algorithm are still lacking.

Specific quality criteria for a reliable CAP mea-
surement have not been defined yet, and there
are conflicting results in the literature. It has been
shown that the validity of CAP for the diagnosis
of liver steatosis was higher when the interquar-
tile range (IQR) of 10 acquisitions was lower than
40 dB/m.* Another study proposed an IQR below
30 dB/m.*¢ A third, more recent study did not find
any difference in CAP performance when these
criteria were applied.’” The latter result was con-
firmed in a meta-analysis that included individual
data of 2346 patients assessed with an XL probe.*®

One of the reasons why CAP has become
a point-of-care technique for quantification of
the liver fat content is because it does not re-
quire expertise in B-mode imaging US. Howev-
er, it must be highlighted that the threshold for
detecting steatosis (grade S >0) is rather variable
among published studies, ranging from 219 dB/m
in a cohort of patients with chronic hepatitis C to
294 dB/m in a meta-analysis including individu-
als with MASLD.*#:*? It has been shown that BMI,
diabetes, and etiology of liver disease may have
a significant and relevant impact on CAP values.*’
Therefore, it has been proposed to add 10 dB/m to
the optimal cutoffs in the case of MASLD / met-
abolic dysfunction—associated steatohepatitis
(MASH) or T2DM, and to adapt the values also
to BMI. However, differences in the threshold for
steatosis detection might be also partly due to
a spectrum effect, that is, different pretest prob-
ability of having steatosis in the diverse study co-
horts. A recent meta-analysis has shown that CAP
performs suboptimally for grading liver steato-
sis in patients with MASLD (AUC = 0.74 for S >1
and AUC = 0.71 for S »2).38

As observed in adults, the CAP threshold for
detecting steatosis ranges from 225 dB/m in
an unselected pediatric population®! to 277 dB/m
in a series of children with severe obesity.*?

The FibroScan-aspartate aminotransferase
(FAST) score is an algorithm designed to identi-
fy patients with MASH, significant liver fibrosis,
and elevated NAFLD activity score from among in-
dividuals with suspected MASLD. It has been de-
veloped in a derivation cohort of 350 patients and
validated in 7 independent international biopsy-
-proven cohorts.*? It combines measurements of
liver stiffness, CAP, and aspartate aminotrans-
ferase levels. Thresholds for excluding and con-
firming the risk of progressive MASH were 0.35
and 0.67, respectively. The discriminatory val-
ue of the FAST score for fibrotic MASH has been



a ROI that is either fixed-size or user-adjustable.
The field of view is color-coded in most US sys-
tems, allowing an operator to visualize artifacts
that should not be included in the ROI. They usu-
ally appear in the near field (due to reverberation)
or in the far field (due to low signal-to-noise ra-
tios). Most US systems automatically identify ar-
tifacts, such as blood vessels, and do not include
them in the AC estimate. The software on the US
system calculates the AC in decibel/centimeter/
megahertz (dB/cm/MHz).

Through combining AC with BSC, one of US
system manufacturers has obtained a parame-
ter that yields the results in percentage (FIGURE 3).
Of note, this percentage does not correspond to
the percentage of liver fat derived from histol-
ogy. Rather, it is a quantitative estimate that is
highly correlated (in an almost linear manner)
with MR-PDFE.®' Recently, a different manufac-
turer has developed an algorithm that combines
AC with a parameter related to BSC, also giving
results in percentage.®? It is expected that other
manufacturers will follow this approach. In fact,

0.99 dB/cm/MHz ( R*2 0.98)

FIGURE 2 Evaluation of the liver fat content with the attenuation imaging algorithm
implemented on the Aplio i800 ultrasound system (Canon Medical Systems, Otawara,
Tochigi, Japan) in a 54-year-old woman with steatotic liver disease. The attenuation
coefficient is 0.99 dB/cm/MHz, indicating severe steatosis. The field of view (the larger
box) is color-coded; the trapezoid with yellow borders is the measurement box.

verified in 2 independent studies with accept-
able results.** "5

When CAP is used to evaluate changes in liv-
er steatosis over time, it must be considered that
the change should be greater than the mean dif-
ference observed in the studies performed to as-
sess the intra- and interobserver variability in
CAP measurements, that is, 20 dB/m.*% A recent
small study involving a series of MASLD patients
reported that a ACAP cutoff of -46 dB/m predict-
ed a decline in the baseline MR-PDFF value by
30% or greater with sensitivity of 53.8%, speci-
ficity of 90.3%, and an AUC of 0.81.*’

In advanced fibrosis or cirrhosis, steatosis may
disappear; this condition is known as burnt-out
MASH."® Indeed, the leading cause of what was
once defined as cryptogenic cirrhosis is MASLD.*?
A study performed in a cohort of patients with
histologically proven MASLD reported that the in-
cidence of liver-related events was greater in indi-
viduals with high liver stiffness value (8.7 kPa)
and low CAP values (<295 dB/m) than in those
with both high stiffness value and high CAP val-
ues (P <0.03).%0

Quantification of liver fat with B-mode imaging ultra-
sound systems Tools for measuring liver fat us-
ing conventional B-mode imaging US systems al-
low for visualizing the area to be sampled while
avoiding artifacts. Moreover, the same US sys-
tem can be used for a morphologic evaluation of
the liver with B-mode imaging, assessing the por-
tal hemodynamics with Doppler flowmetry, as-
sessing liver stiffness with shear wave elastogra-
phy, and for characterizing focal liver lesions (if
any) with contrast-enhanced US.

Most of the commercially available algorithms
implemented on US imaging systems are based on
AC estimation (FIGURE 2). AC is calculated within
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percentage is a more practical and intuitive ex-
pression of the liver fat content.

Performance of these new tools has been
evaluated using either histology or MR-based
techniques as reference standards. A majority
of the published studies used AC algorithms.
It has been shown that these algorithms are
accurate in detecting and grading liver steato-
sis, with an AUC above 0.8 for S >0 in most re-
ports.?*6% Studies that have compared the AC
algorithms with CAP, using liver biopsy or
MR-PDFF as the reference, demonstrated that
the performance of AC is comparable with or
better than that of CAP.53:5556.60 Iy particular,
a study including 114 consecutive adults poten-
tially at a risk of steatosis and 15 healthy con-
trols found that the correlation of AC (ATI, Can-
on Medical Systems, Otawara, Tochigi, Japan)
with MR-PDFF was higher (r = 0.81) than that
of CAP (r = 0.65), and the AUCs of AC and CAP,
respectively, were 0.91 and 0.85 for detecting
S >0 (MRI-PDFEF >5%) and 0.95 and 0.88 for
detecting S >1 (MRI-PDFF >16.3%).5° A perfor-
mance higher than that of CAP for grading ste-
atosis was also reported for an AC algorithm
developed by another manufacturer (UGAP, GE
HealthCare, Chicago, Illinois, United States).°

A recent meta-analysis,®* which included stud-
ies performed using AC algorithms developed by
different manufacturers in 1509 patients, has re-
ported that the pooled sensitivity and specifici-
ty of AC were 76% and 84%, respectively, for de-
tecting S 21, and 87% and 79%, respectively, for
detecting S 22.5%

However, it must be noted that the AC cut-
off values for detecting and grading liver ste-
atosis vary between studies, even when an al-
gorithm developed by the same manufacturer
is used.?®2° These differences might be due to
a lack of a standardized protocol for perform-
ing the AC measurement. Indeed, it has been
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FIGURE 3  Evaluation of the liver fat content with the ultrasound-derived fat fraction
(UDFF) algorithm implemented on the Sequoia ultrasound system (Siemens Healthineers,
Erlangen, Germany) in a 63-year-old man with steatotic liver disease. The UDFF
algorithm combines the attenuation coefficient and backscatter coefficient data, and

the results are presented as percentages. In this case, the value is 15%, indicating
moderate steatosis.

shown that the AC value depends on the depth
of measurement, with a progressive decrease
in the AC values with depth.?® This effect has
been observed for different AC algorithms, and
may account for the differences in the AC cut-
off values observed in the published studies.
Moreover, the ROI size also affects the AC value,
with higher AC values reported for a 1-cm ROI,
as compared with a 3-cm ROL®% On the oth-
er hand, the highest repeatability of AC mea-
surement was observed when the upper edge
of the ROI was positioned 2 cm below the liver
capsule, avoiding reverberation artifacts, and
using an ROI size of 3 cm.*®

A few studies carried out in small cohorts as-
sessed the performance of an algorithm that com-
bines AC with BSC, known as US-derived fat frac-
tion (UDFF). In a study enrolling 56 overweight
and obese adolescents and adults, UDFF was pos-
itively associated with MR-PDFF (p = 0.82) and
the mean bias between UDFF and MR-PDFF was
4%.°7 UDFF greater than 5% had sensitivity of
94.1% and specificity of 63.6% for diagnosing
MR-PDEFF above 5.5%, with an AUC of 0.9. UDFE
can also be measured using a deep abdominal
transducer, which has been specifically designed
for evaluation of patients with obesity.

A recent study performed in a large series of
patients with chronic liver disease has shown that
a combination of multiple parameters, namely in-
tegrated BSC, signal-to-noise ratio, and US-guided
attenuation parameter (UGAP), had an accura-
cy higher than that of UGAP alone (AUC = 0.96
vs AUC = 0.92) for assessing hepatic steatosis.®?

Using histology as the reference standard, it
has been reported that the AC values are not af-
fected by liver fibrosis.®®-
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Some studies have evaluated the performance
of BSC, reporting good results’’73; however, this
parameter is not commercially available alone.

The literature data regarding SoS estimate for
fat quantification are scarce.”*’® Several factors
may affect the accuracy and precision of SoS mea-
surement; some of them are within the operator’s
control, whereas others are patient-related (eg,
BMI and abdominal circumference).’® Moreover,
all grades of liver steatosis are comprised with-
in a narrow SoS range; therefore, high accuracy
and precision of the technique are needed to de-
tect changes in the liver fat content.

Conclusions  Early diagnosis of liver steatosis
is critical, as patients with MASLD are at an in-
creased risk of cardiovascular diseases, T2DM,
and all-cause mortality, as compared with the gen-
eral population. Moreover, MASLD may progress
to MASH, which can lead to severe fibrosis, liver-
-related events, and an increased risk of hepato-
cellular carcinoma.

Currently, several noninvasive techniques are
available for quantification of liver steatosis. MR-
-based techniques are the most accurate, and are
used as valid substitutes of liver biopsy for diag-
nosing and grading liver steatosis, and for moni-
toring changes over time in clinical trials. Indeed,
they can appreciate even small changes in the liv-
er fat content. The accepted therapeutic target in
clinical trials is a decline in PDFF values by 30%
or greater. It must be highlighted that the MR-
-based techniques are highly expensive, and their
availability is limited. Therefore, they are not in-
dicated for an everyday diagnostic workup of pa-
tients with chronic liver disease.

CAP, which is a nonimaging US-based algo-
rithm performed with a standalone system, has
been available for more than a decade, and has
become a point-of-care technique. CAP thresh-
olds for detecting and grading the liver fat con-
tent are highly variable between studies, and de-
pend on the etiology of liver disease. The highest
thresholds have been obtained in cohorts of pa-
tients with MASLD.

The algorithms commercially available on
B-mode imaging US systems have been devel-
oped in the last few years. Their performance is
similar to or better than that of CAP; however,
fewer studies evaluating their accuracy have been
published to date. A standardized protocol for ac-
quiring the measurements is needed to mitigate
the differences in liver fat content estimates ob-
served across published studies.

Further research is warranted to assess for
the presence of confounding factors in quantifi-
cation of the liver fat content using US-derived
metrics.
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