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ORIGINAL RESEARCH - GASTROINTESTINAL IMAGING
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Background: Advanced confounder-corrected chemical shift-encoded MRI-derived proton density fat fraction (PDFF) is a leading
parameter for fat fraction quantification in nonalcoholic fatty liver disease (NAFLD). Because of the limited availability of this MRI
technique, there is a need to develop and validate alternative parameters to assess liver fat.

Purpose:  To assess relationship of quantitative US parameters to MRI PDFF and to develop multivariable quantitative US models
to detect hepatic steatosis and quantify hepatic fat.

Materials and Methods:  Adults with known NAFLD or who were suspected of having NAFLD were prospectively recruited between
August 2015 and February 2019. Participants underwent quantitative US and chemical shift—encoded MRI liver examinations.
Liver biopsies were performed if clinically indicated. The correlation between seven quantitative US parameters and MRI PDFF
was evaluated. By using leave-one-out cross validation, two quantitative US multivariable models were evaluated: a classifier to dif-
ferentiate participants with NAFLD versus participants without NAFLD and a fat fraction estimator. Classifier performance was
summarized by area under the receiver operating characteristic curve and area under the precision-recall curve. Fat fraction estima-
tor performance was evaluated by correlation, linearity, and bias.

Results: Included were 102 participants (mean age, 52 years = 13 [standard deviation]; 53 women), 78 with NAFLD (MRI PDFF
= 5%). A two-variable classifier yielded a cross-validated area under the receiver operating characteristic curve of 0.89 (95% confi-
dence interval: 0.82, 0.96) and an area under the precision-recall curve of 0.96 (95% confidence interval: 0.93, 0.99). The
cross-validated fat fraction predicted by a two-variable fat fraction estimator was correlated with MRI PDFF (Spearman p = 0.82
[P < .001]; Pearson 7 = 0.76 [P < .001]). The mean bias was 0.02% (P = .97), and 95% limits of agreement were £12.0%. The
predicted fat fraction was linear with MRI PDFF (R* = 0.63; slope, 0.69; intercept, 4.3%) for MRI PDFF of 34% or less.

Conclusion: A multivariable quantitative US approach yielded excellent correlation with MRI proton density fat fraction for hepatic
steatosis assessment in nonalcoholic fatty liver disease.
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for hepatic steatosis quantification (5-7). However, chemical

Nonalcoholic fatty liver disease (NAFLD) affects approxi-
shift—encoded MRI is not routinely available.

mately 25% of the human population (1,2) and may soon

overtake hepatitis C as the leading cause of liver transplanta-
tion (3). The earliest and characteristic histologic feature of
NAFLD is hepatic steatosis, defined as the accumulation of
fat droplets within hepatocytes. Steatosis can lead to non-
alcoholic steatohepatitis, a more rapidly progressive variant
of NAFLD. Nonalcoholic steatohepatitis occurs in 20% of
adults with NAFLD, and can contribute to development of
fibrosis, cirrhosis, and even hepatocellular carcinoma (1,2).
Liver biopsy is the current reference standard for NAFLD
diagnosis (4). Proton density fat fraction (PDFF) measured
at confounder-corrected chemical shift—-encoded MRI is an
accurate, repeatable, and reproducible noninvasive method

There is a critical need to develop noninvasive, widely
available, accurate, and cost-effective methods to assess ste-
atosis. US is a promising modality for this purpose, but
conventional US is limited by its qualitative nature, sys-
tem and operator dependency, and modest accuracy (4).
Various methods have been investigated to extract quan-
titative information from US to improve steatosis assess-
ment (8-16), each with its own strengths and weaknesses.
For example, the hepatorenal index is accurate for steatosis
assessment (8), but it depends on the right kidney being
normal and disease-free. The right kidney is not always
visible on US images. Controlled attenuation parameter is
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Abbreviations

AC = attenuation coefficient, BSC = backscatter coefficient, NAFLD
= nonalcoholic fatty liver disease, PDFF = proton density fat fraction

Summary

A multivariable quantitative US approach showed feasibility as an
accurate method for hepatic steatosis assessment in nonalcoholic fatty
liver disease compared with MRI proton density fat fraction.

Key Results

= A multivariable quantitative US approach had an area under the
receiver operating curve of 0.89 for diagnosis of nonalcoholic fatty
liver disease.

= Hepatic fat fraction estimates from quantitative US were cor-
related with confounder-corrected chemical shift—encoded MRI
proton density fat fractions (Spearman rank correlation coefficient
p = 0.82 [P < .001]; Pearson linear correlation coefficient 7 = 0.76
[P < .001]) and were linear to proton density fat fractions up to
34%.

a nonimaging quantitative index used for steatosis assessment
(9,10), but this technique is proprietarily owned by FibroScan
(Echosens, Paris, France), and is not available on most US sys-
tems. Notably, most existing methods use only one parameter
to quantify steatosis. A multivariable approach may be benefi-
cial. Exploring new parameters can facilitate the development of
multivariable approaches.

A variety of quantitative US parameters can be extracted by
using two quantitative US techniques: spectral analysis and enve-
lope statistics (17). Example parameters include attenuation co-
efficient (AC, in decibels per centimeter-megahertz), backscatter
coeflicient (BSC, in 1 per centimeter-steradian), Lizzi-Feleppa
slope, intercept, and midband, and envelope statistics param-
eters (eg, #and ). AC is an objective measure of the spatial rate
of US energy loss in tissue, whereas BSC is an objective measure
of the fraction of US energy returned from tissue. AC and BSC
represent two fundamental system-independent quantitative US
parameters (18-22). Linear regression of log-transformed BSC
against frequency yields the Lizzi-Feleppa slope, intercept, and
midband (23,24). Fitting a homodyned K distribution to the
envelope yields the £ parameter (the ratio of coherent to incoher-
ent backscatter signal energy) and the . parameter (the number
of scatterers per resolution cell) (25). Among those parameters,
AC and BSC have been shown to be strongly correlated with
steatosis, whereas to our knowledge others have not been studied
in humans for steatosis assessment.

The purpose of our study was therefore to examine the cor-
relation between MRI PDFF and quantitative US parameters
(Appendix E1 [online]). We sought to develop a multivariable
quantitative US approach to diagnose nonalcoholic fatty liver
disease and quantify hepatic fat by comparing with MRI as the
standard of reference.

Materials and Methods

Our prospective, cross-sectional study was Health Insurance Por-
tability and Accountability Act—compliant and institutional re-
view board approved. Written informed consent was obtained.
Our study was supported in part by Siemens Healthineers (Mu-
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nich, Germany) through a research grant and US scanner loan.
‘The authors had control of the data and information submitted
for publication. Some study participants were previously reported
in work by Han et al (20-22), which assessed the repeatability and
reproducibility of AC and BSC measurements.

Study Participants and Design

Research participants were consecutively and prospectively re-
cruited from the University of California, San Diego NAFLD
Research Center between August 2015 and February 2019
by a hepatologist (R.L., with >10 years of experience). Inclu-
sion criteria were age 18 years or older, with known NAFLD
or suspected of having NAFLD, and willingness and ability to
participate. Exclusion criteria were clinical, laboratory, or histo-
logic evidence of a liver disease other than NAFLD, excessive
alcohol consumption (=14 and =7 drinks per week for men
and women, respectively), steatogenic or hepatoxic medication
use, and missing MRI or quantitative US data. Demographic
and anthropometric data were recorded by research coordinators
(nonauthors). The primary end point of the study was the diag-
nostic accuracy of multivariable quantitative US for diagnosing
and quantifying hepatic steatosis.

US Data Acquisition

All participants underwent US liver examinations by using a US
system (Siemens S3000; Siemens Healthineers) with a 4C1 (14
MHz nominal) transducer and/or 6C1HD transducer (1-6 MHz
nominal) by one or two of six registered diagnostic medical sonog-
raphers. To eliminate potentially confounding physiologic effects
on quantitative US data, participants were asked to fast for 4 hours
prior to the US examinations. Each participant underwent at least
one but up to four same-day examinations. The multiple exami-
nations were performed as part of separate studies that assessed
the repeatability and reproducibility of the measurements of two
quantitative US parameters, AC and BSC (20-22).

During each examination, a sonographer made at least 10
data acquisitions in the same location in the right liver lobe by
using a lateral intercostal approach. Participants were positioned
in the dorsal decubitus position with the right arm at maximum

Eligible participants
(N = 139)

No MRI data due to
exceeding bore
diameter, the
scanner being
nonoperational, or
scheduling issues
(N=27)

No QUS data due to
scheduling issues or
missing phantom
scans (N = 10)

Total participants
includedin study
(N =102)

! !

MRI-PDFF = 5% || MRI-PDFF < 5%
(N =78) (N = 24)

Figure 1: Inclusion and exclusion flowchart. PDFF = proton density fat fraction,
QUS = quantitative US.
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abduction. Before the first data

Table 1: Demographic, Physical, Imaging, and Histologic Characteristics of Participants

acquisition, system settings were

adjusted for each participant to op- Parameter Men (n = 49) Women (7 = 53) P Value
timize right hepatic lobe visualiza- Demographic
tion and to identify a region of the Age (y)* 48 + 13 55 + 13 <.05
parenchyma without major vascu- Height (cm)* 176.9 = 7.7 161.9 = 7.7 <.001
latures. Settings remained constant Weight (kg)* 96.9 * 17.1 81.4 + 14.9 <.001
for the subsequent acquisitions in BMI (kg/m?)* 31.0 £5.0 31.1 £5.2 92
the examination. Each acquisition Ethnicity .52
consisted of a single operator but- White 49.0 (24/49) 49.1 (26/53)
ton press that recorded a B-mode Hispanic 30.6 (15/49) 39.6 (21/53)
image and the underlying radiofre- Asian 16.3 (8/49) 11.3 (6/53)
quency data. Acquisitions were re- Black 2 (1/49) 0 (0/53)
peated during separate shallow ex- Other 2 (1/49) 0 (0/53)
piration breath-holds separated by | Quantitative US*
about 15 seconds. After comple- AC (dB/cm-MHz) 0.96 £ 0.15 0.97 £ 0.13 .78
tion of the liver acquisitions, a cali- BSC (1/cm-sr) 0.0044 * 0.0055 0.0045 * 0.0054 .50
brated reference phantom (CIRS, LF slope (dB/MHz) —0.27 = 1.64 0.27 = 1.70 A1
Norfolk, Va) with known AC and LF intercept (dB) —26.0 7.3 —26.8 £ 6.8 .56
BSC was imaged by using the same LF midband (dB) —26.7 £54 —26.1 £ 4.9 .53
method without changing the sys- k value 0.73 *+ 0.06 0.74 = 0.05 .56
tem settings. W value 9.86 = 1.96 9.81 = 2.30 91
Chemical shift—encoded MRI*

Quantitative US Parameter MRI PDFF (%) 11.1 £7.9 145 £ 9.7 .06
Computation Histologic features’
Quantitative US parameters were Fibrosis stage A6
computed offline on a personal Fo 61.5 (24/39) 432 (19/44)

. F1 23.1 (9/39) 15.9 (7/44)
computer by using an open-

. F2 5.1 (2/39) 13.6 (6/44)
source software tool (in Matlab F3 7.7 (3139) 18.2 (8/44)
20163;.Mathwo.rks, Natick, Mass) P4 2:6 (1/39) 9:1 (4/44)
(19). First, a trained image analyst Lobular infl . 58
. ) obular inflammation .

(A.S.B., with 2 years of .exper.l— 0 7.7 (3/39) 4.6 (2/44)
ence) SC.ICCth five acquisitions in ) 74.4 (29/39) 70.5 (31/44)
no specific order but excluded ac- 5 12.8 (5/39) 22.7 (10/44)
quisitions that appeared to be de- 3 5.1 (2/39) 2.3 (1/44)

graded by participant breathing or
rib shadowing. The analyst drew
a freechand field of interest within
the margins of the liver boundary
on the corresponding five B-mode
images. No efforts were made to fat fraction.
exclude the vessels. A biomedical

engineer (A.H., with 10 years of

Note.—Unless otherwise indicated, data are percentages; data in parentheses are numerator/
denominator. P values were calculated by using the x? test (for ethnicity and histologic features),
the two-sided Mann-Whitney U test (for backscatter coefficient) or the two-sided ¢ test (for other
characteristics), and P less than .05 indicated statistical significance. AC = attenuation coefficient,
BMI = body mass index, BSC = backscatter coeflicient, LF = Lizzi-Feleppa, PDFF = proton density

* Values were reported in mean = standard deviation.

" Liver histologic analysis was available in 83 participants.

experience) then analyzed the field
of interest in each of the five selected acquisitions by using cus-
tom software to compute AC (18,19), BSC (18,19), # param-
eter (25), and p parameter (25). AC and BSC were computed
between 2.3 and 3.1 MHz, a bandwidth around the center fre-
quencies of both transducers (ie, best signal-to-noise ratio). Lizzi-
Feleppa slope, intercept, and midband were obtained by using
linear regression of 10log, (BSC) against frequency. For each
quantitative US parameter, the five measurements per examina-
tion were averaged to yield a single value. Multiexamination data
were used for reproducibility analysis, but only the first examina-
tion in each participant was used for steatosis assessment.

US acquisition and quantitative US parameter computation
were made without knowing the MRI results.

108

Chemical Shift—encoded MRI and PDFF

All participants underwent contemporaneous chemical shift—en-
coded liver MRI by using a 3.0-T system (Signa HD; GE Health-
care, Waukesha, Wis). The order between MRI and quantitative
US examinations was not controlled. The chemical shift—encoded
MRI method used magnitude reconstruction, as described previ-
ously (26,27). A low flip angle (10°) relative to repetition time
(=120 msec) was used to minimize T1 bias. Six two-dimensional
gradient-recalled-echo images were acquired at successive nomi-
nally out-of-phase and in-phase echo times, with an imaging ma-
trix of 192-224 X 128-192 and an 8-10-mm slice thickness.
PDFF maps were reconstructed automatically at MRI by using
a custom algorithm that measured and corrected for R2* signal

radiology.rsna.org = Radiology: Volume 295: Number 1—April 2020



Axial distance (mm)

-50 0 50 100
Lateral distance (mm)

Transverse plane liver B mode US image reconsfructed from ra-

Figure 2:
diofrequency data in a 68-year-old man with nonalcoholic fatty liver disease
(average MRI proton density fat fraction in liver segments 5—8 was 25.3%). The
pink field-of-inferest line was drawn on the reconstructed B mode image within the
margin of the liver boundary.

Table 2: Pearson Correlation Coefficient between each
Quantitative US Parameter and MRI Proton Density Fat
Fraction for All Participants

Pearson Correlation Two-tailed

Correlation Pair Coefficient P Value
AC vs MRI PDFF 0.59 <.001
BSC vs MRI PDFF 0.58 <.001
LF slope vs MRI PDFF —0.04 .69
LF intercept vs MRI PDFF 0.54 <.001
LF midband vs MRI PDFF 0.71 <.001
kvs MRI PDFF 0.54 <.001
. vs MRI PDFF 0.55 <.001

Note.—# is the ratio of coherent to incoherent backscatter signal
energy (an envelope statistics parameter) and  is the number of
scatterers per resolution cell (an envelope statistics parameter).
AC = attenuation coeflicient, BSC = backscatter coefficient, LF =
Lizzi-Feleppa, PDFF = proton density fat fraction.

loss, assuming exponential decay, while accounting for the multi-
peak complexity of fat by using the triglyceride model proposed by
Hamilton et al (28). Blinded to quantitative US results, a trained
image analyst placed 1-cm circular radius regions of interest on
each of the nine Couinaud segments.

MRI PDFF values from liver segments 58 were averaged and
used as the reference standard for hepatic fat content. The pres-
ence of NAFLD was defined as MRI PDFF of 5% or greater (13),
which was justifiable because other causes of steatosis had been
excluded.

Clinical Liver Biopsy and Fibrosis Stages

A subset of participants underwent nontargeted percutaneous bi-
opsies of the right liver lobe if needed for clinical care (not for
research purposes). A 2-cm biopsy sample was obtained by using
a 16- or 18-gauge needle. When histologic analysis was available,
fibrosis stages (ordinally scaled from 0 to 4) and lobular inflam-
mation scores (ordinally scaled from 0 to 3) were determined

Radiology: Volume 295: Number 1—April 2020 = radiology.rsna.org
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by a hepatopathologist (M.A.V., with >10 years of experience)
according to the Nonalcoholic Steatohepatitis Clinical Research
Network histologic scoring system (29).

Statistical Analysis

Univariable quantitative US parameter versus MRl PDFF analy-
sis.—The Pearson correlation coeflicient between each quantita-
tive US parameter and MRI PDFF was calculated in all partici-
pants. To assess the potential confounding effect of fibrosis and
inflammation, a two-tailed ¢ test or Mann-Whitney U test was
performed for each quantitative US parameter (and MRI PDFF)
to determine if the mean of the quantitative US parameter (and
MRI PDFF) was statistically significantly different between dif-
ferent groups of participants. The level of significance was set at
P <.05.

Multivariable quantitative US models.—We developed two
quantitative US-based multivariable models: () a classifier on
the basis of generalized logistic regression to differentiate par-
ticipants with NAFLD (PDFF = 5%) versus without NAFLD
(PDFF < 5%), and (5) a fat fraction estimator on the basis of
generalized linear regression to predict PDFF (Appendix E2
[online]). Stepwise regression was used for parameter selection.
Leave-one-out cross validation was performed by using data
from all participants to evaluate both models to avoid overes-
timating the model performance. Feature selection and model
training were repeated for each fold of the cross validation. Clas-
sifier performance was summarized by area under the receiver
operating characteristic curve and, in the case of class imbalance,
also by the area under the precision-recall curve (30). Fat fraction
estimator performance was evaluated by correlation (Spearman
p and Pearson 7), linearity (31), and bias. All statistical analy-
ses were performed by using existing software (Matlab 2016a,
Mathworks; and R 3.4.2, R Foundation for Statistical Comput-
ing, Vienna, Austria, http:/fwww.r-project.org).

‘The sample size was derived on the basis of feasibility. A sam-
ple size of 100 was targeted. No formal power analysis was per-
formed because no preliminary data were available. Data from
this study will help inform the sample size for future studies.

Results

Participant Characteristics

We enrolled 102 participants (mean age, 52 years * 13 [stan-
dard deviation]; 53 women; Fig 1). Participant characteristics are
summarized in Table 1. Mean age for men and women, respec-
tively, was 48 years = 13 and 55 years = 13. Mean MRI PDFF
for men and women, respectively, was 11.1% * 7.9 and 14.5%
+ 9.7. The MRI PDFF ranged from 0.7% to 41.1%, and 78
of 102 (76.5%) participants had NAFLD as defined previously.
Among those with liver biopsy (1 = 83), 62% (24 of 39) of men
had no fibrosis (F0), and 43% (19 of 44) of women had no
fibrosis. Average time duration between MRI and US examina-
tions was 3 days (range, 0—67 days), and the duration between
biopsy and US examinations was 50 days (range, 1-258 days).
An example US image (reconstructed from the radiofrequency
data) with a field of interest is shown in Figure 2.
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Table 3: Distribution of Quantitative US Parameters and MRI Proton Density Fat Fraction in Participants with and without

Fibrosis
Participants with Fibrosis Participants with Fibrosis ~Participants with Fibrosis P Value, Fibrosis P Value, Fibrosis
Parameter Stage FO ( = 43) Stage =F1 (n = 40) Stage =F2 (n = 24) Stage FO vs =F1 Stage FO vs =F2
AC (dB/cm-MHz) 0.94 £ 0.13 0.99 = 0.14 0.98 £ 0.14 .10 .27
BSC (1/cm-sr) 0.0036 = 0.0053 0.0049 * 0.0053 0.0041 * 0.0056 .07 44
LF slope (dB/MHz) 0.06 £ 1.69 0.14 = 1.73 0.56 £ 1.59 .82 24
LF intercept (dB) —27.8 £6.2 —259*+7.4 —279 £6.7 .20 .94
LF midband (dB) =27.7-== 52 —25.5*+ 4.8 —26.4 *+ 4.5 .05 34
k 0.74 + 0.05 0.74 £ 0.06 0.73 = 0.06 .84 .33
v 9.93 = 1.65 9.85 = 2.43 9.40 + 2.67 .85 .32
MRI PDFF (%) 11.5 9.2 14.8 £ 9.3 12.1 = 6.6 11 .80

Note.—Mean data are * standard deviation. The P values were calculated by using the two-sided Mann-Whitney U test (for backscatter co-
efficient) or the two-sided 7 test (for other parameters), and significance was indicated by P value less than .05. AC = attenuation coeflicient,
BSC = backscatter coeflicient, LF = Lizzi-Feleppa, PDFF = proton density fat fraction.

Table 4: Distribution of Quantitative US Parameters and MRI PDFF in Participants with and without Lobular Inflammation

Lobular Lobular P Value, Lobular Lobular Lobular P value, Lobular
Inflammation Inflammation Score Inflammation Inflammation Inflammation Inflammation
Parameter Score 0 (= 5) =1 (n=78) Score 0 vs =1 =1 (n=065) Score =2 (n=18) Score =1 vs =2
AC (dB/cm-MHz) 0.89 = 0.14 0.97 £ 0.13 .20 0.95 = 0.14 1.00 = 0.13 .15
BSC (1/cm-sr) 0.0040 * 0.0046 0.0042 £ 0.0054 .71 0.0038 = 0.0052 0.0057 = 0.0055 .08
LF slope (dB/MHz) 0.66 = 2.63 0.06 = 1.64 45 0.11 = 1.67 0.06 * 1.85 .90
LF intercept (dB) —29.8 £9.6 —26.7 £ 6.7 .33 —27.5 £ 6.7 —247 +7.2 .13
LF midband (dB) —28.0 = 7.7 —26.5*+ 4.9 .52 —272*5.1 —24.6 = 4.6 .05
k 0.74 = 0.03 0.74 = 0.06 .95 0.74 * 0.06 0.74 + 0.05 78
i 10.65 = 1.84 9.84 = 2.06 40 9.87 £ 2.12 9.97 £ 1.82 .86
MRI PDFF (%) 98 +7.3 133 £9.4 42 123 £ 9.6 163 7.9 11

Note.—Mean data are * standard deviation. P values were calculated by using the two-sided Mann-Whitney U Test (for backscatter coeffi-
cient) or the two-sided # test (for other parameters), and P less than .05 indicated statistical significance. AC = attenuation coefficient, BSC
= backscatter coefficient, LF = Lizzi-Feleppa, PDFF = proton density fat fraction.

Reproducibility of Quantitative US Parameters

Examinations to assess the intersonographer reproducibility
of quantitative US parameters were performed in 29 partici-
pants. The intersonographer intraclass correlation coefficient
values obtained from those participants for the seven quantita-
tive US parameters were as follows: AC, 0.80; BSC after log
transformation, 0.88; Lizzi-Feleppa slope, 0.45; Lizzi-Feleppa
intercept, 0.81; Lizzi-Feleppa midband, 0.90; # = 0.82; and
= 0.88. All intraclass correlation coefficient values were higher
than 0.8 except for one.

Correlation between Quantitative US Parameters and MRI PDFF
Six of the seven quantitative US parameters were correlated
with MRI PDFF (r = 0.59, 0.58, 0.54, 0.71, 0.54, and 0.55 for
AC, BSC, Lizzi-Feleppa intercept, Lizzi-Feleppa midband, 4,
and p, respectively; P <.001 for all six correlation coefficients;
Table 2). The Lizzi-Feleppa slope was not correlated with MRI
PDFF (r= —0.04; P = .69).

Potential Confounders

No confounding effect of either liver fibrosis or lobular inflam-
mation was observed from the limited data set (83 participants
with histologic analysis). Specifically, the seven quantitative US

110

parameters and MRI PDFF were not different between partici-
pants without and with fibrosis, or between participants without
fibrosis and who were at fibrosis stage F1 or greater (Table 3
shows numerical data and P values). Quantitative US parameters
and MRI PDFF were not different between participants without
and with lobular inflammation, or between participants with
lobular inflammation scores of 0 and 1 versus 2 and 3 (Table 4
shows numerical data and P values).

Multivariable Quantitative US Model Classifier

The Lizzi-Feleppa midband and # parameters were selected for
the multivariable classifier in all 102 folds. Leave-one-out cross
validation of the multivariable classifier yielded an area under
the receiver operating characteristic curve of 0.89 (95% con-
fidence interval: 0.82, 0.96) for diagnosing NALFD and an
area under the precision-recall curve of 0.96 (95% confidence
interval: 0.93, 0.99). The receiver operating characteristic and
precision-recall curves are shown in Figure 3.

Multivariable Quantitative US Model Fat Fraction Estimator

The Lizzi-Feleppa midband and # parameters were selected for
the multivariable fat fraction estimator in all 102 folds. The re-
sulting fat fraction estimator was in the form of the following

radiology.rsna.org = Radiology: Volume 295: Number 1—April 2020
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Figure 3: leave-one-out cross validated (@) receiver operating characteristic

curve and (b) precision-recall curve identifying nonalcoholic fatty liver disease by
using the multivariable classifier. AUC = area under the receiver operating char-
acteristic curve, AUPRC = area under the precision-recall curve, Cl = confidence
interval, PPV = positive predictive value.

equation: estimated fat fraction = z - midband + & - £ + ¢ - mid-
band - % + 4, where 4, b, ¢, and d are coefficients. Fat fraction val-
ues predicted by this multivariable fat fraction estimator through
leave-one-out cross validation were correlated with MRI PDFF
(Fig 4), with Spearman correlation coeflicient of 0.82 (2 < .001)
and Pearson correlation coefficient of 0.76 (P < .001).

There was no nonlinearity between predicted fat fraction and
MRI PDEFF for MRI PDFF 34% or less (2 = .10 for the third-
order term of a three-degree polynomial regression, and P = .05
for the second-order term of a quadratic polynomial regression).
Linear regression of the predicted fat fraction against MRI PDFF
within the linear range (MRI PDFF = 349%) yielded slope of
0.69, intercept of 4.3%, and R* of 0.63. The multivariable fat
fraction predictor tended to underestimate the fat fraction for
MRI PDFF greater than 34%, suggesting a saturation effect out-
side the linear range. Linear regression of the predicted fat frac-
tion against MRI PDFF over the entire MRI PDFF range (MRI
PDFF = 41.1%) yielded a slope of 0.59, intercept of 5.2%, and
R of 0.57.

The mean bias of the predicted fat fraction over the entire
MRI PDFF range was 0.02%, not different from 0 (P = .97).
The 95% limits of agreement were within +12%.
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Figure 4: Predicted fat fraction versus MRI-derived proton density fat fraction

(PDFF) scatterplot, along with the identity line, the linear regression line, and the lin-
ear range. Predicted fat fractions were obtained by leave-one-out cross validation.

Discussion

The earliest characteristic histologic feature of nonalcoholic
liver disease (NAFLD) is hepatic steatosis. Liver biopsy is the
current reference standard for NAFLD diagnosis although
MRI proton density fat fraction (PDFF) is an effective nonin-
vasive method for hepatic steatosis quantification. Because of
complexity and lack of availability of MRI PDFE, we sought
to evaluate the use of quantitative US for this purpose. Two
multivariable quantitative US models were developed, one for
hepatic steatosis diagnosis and the other for hepatic fat quanti-
fication. For diagnosis of steatosis, the area under the receiver
operating characteristic curve value was 0.89 (95% confidence
interval: 0.82, 0.96), and the area under the precision-recall
curve was 0.96 (95% confidence interval: 0.93, 0.99). The fat
fraction estimator predicted fat fraction values that were lin-
ear with MRI PDFF over a broad range of clinically relevant
MRI PDFF values and that correlated with MRI PDFF over
the entire MRI PDFF interval. However, a saturation effect
was observed when MRI PDFF exceeded 34%. No differences
in quantitative US parameters between fibrosis groups or be-
tween inflammation groups was observed, which might indi-
cate the absence of a significant confounding effect of fibrosis
and inflammation.

Quantitative US parameters AC, BSC, Lizzi-Feleppa inter-
cept, Lizzi-Feleppa midband, £, and p were correlated with MRI
PDFF in our study. The confounding effect of fibrosis for quan-
titative US parameters was examined. The feasibility of the use
of a multivariable quantitative US approach for hepatic steatosis
diagnosis and quantification was demonstrated. To put the mul-
tivariable classifier and fat fraction estimator results into context,
a study of 153 patients (9) showed that controlled attenuation
parameter was correlated with the percentage of steatosis (p =
0.47) by using biopsy as the reference standard. The area under
the receiver operating characteristic curve of the controlled at-
tenuation parameter for identifying 5% or greater steatosis was
0.79. Controlled attenuation parameter performance was influ-
enced by fibrosis; performance was higher in patients with mild
(FO-F1) fibrosis (area under the receiver operating characteristic
curve, 0.89 vs 0.72 with F2-F4; P = .03). A study (32) of 107
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participants who underwent both controlled attenuation pa-
rameter and MRI PDFF assessment showed a 0.57 correlation
coeflicient between controlled attenuation parameter and MRI
PDFE Noncontrast agent—enhanced CT is another noninvasive
imaging modality for diagnosis of steatosis. This modality has a
sensitivity of 82% and a specificity of 100% for the diagnosis of
30% or greater histologic steatosis (33,34). However, CT has
poor sensitivity for mild steatosis and is not reliable for liver fat
quantification, in addition to requiring the use of ionizing ra-
diation (35). Advanced MRI techniques can help to accurately
and precisely measure hepatic fat fraction. A randomized clini-
cal trial showed that MRI PDFF was able to show changes in
liver fat longitudinally, which histologic analysis could not (5).
MRI PDFF was used as an accurate reference standard in our
study. Despite its high accuracy, precision, and repeatability and
reproducibility, advanced MRI for liver fat remains relatively
inaccessible.

Our study had several limitations. First, the participants were
biased toward NAFLD; the percentage of participants without
NAFLD was 23.5% (24 of 102). Second, radiofrequency data are
not yet readily available on all commercial US systems. However,
most manufacturers are starting to provide radiofrequency out-
put capabilities. Third, the field of interest was manually drawn.
Fourth, the quantitative US method can be implemented on a
clinical system but requires calibration with a phantom, which
may be impractical for clinical applications. Approaches without
phantoms are needed. Finally, the sample size might be too small
to analyze confounding factors.

In conclusion, a multivariable quantitative US approach
showed promise in our study for hepatic steatosis assessment in
nonalcoholic fatty liver disease. A possible direction for future
studies is to automate the field of interest process by assessing
the use of fixed fields of interest or incorporating state-of-the-art
liver image segmentation algorithms to automatically segment
the liver boundary.
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