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Abstract—The purpose of our study was to investigate the diagnostic performance of 2-D ultrasound attenuation
imaging (ATI) for the assessment of hepatic steatosis in patients with chronic liver disease using magnetic reso-
nance imaging proton density fat fraction (MRI-PDFF) as the reference standard. We prospectively analyzed
87 patients with chronic liver disease who had reliable measurements at both ATI and MRI-PDFF. For the detec-
tion of hepatic steatosis of MRI-PDFF �5% and MRI-PDFF �10%, ATI measurements yielded areas under the
receiver operating characteristic curve of 0.76 and 0.88, respectively (95% confidence intervals: 0.66�0.85 and
0.79�0.94). Attenuation coefficients at ATI were moderately correlated with MRI-PDFF (r = 0.66). In conclusion,
attenuation coefficients at ultrasound ATI were well correlated with MRI-PDFF and, thus, may provide good
diagnostic performance in the assessment of hepatic steatosis, making these coefficients a promising tool for the
non-invasive assessment and quantification of hepatic steatosis. (E-mail: jmsh@snu.ac.kr) © 2019 World
Federation for Ultrasound in Medicine & Biology. All rights reserved.
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INTRODUCTION

Hepatic steatosis is one of the most common conditions

in chronic liver disease (CLD), with an increasing preva-

lence ranging between 16% and 45% in Western socie-

ties and between 9% and 29% in Eastern societies

(Blachier et al. 2013). In addition to patients with non-

alcoholic fatty liver disease (NAFLD), hepatic steatosis

can also be found in patients with CLDs of other etiolo-

gies, including chronic hepatitis C virus (HCV) infec-

tions and alcoholic liver disease, as they are themselves

steatogenic, and the metabolic syndrome can be super-

imposed on other liver diseases (Berzigotti 2014). Fur-

thermore, metabolic risk factors such as obesity, hepatic

steatosis and diabetes mellitus have been reported to be
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associated with poor treatment response in HCV infections

(Elgouhari et al. 2009; Fabiani et al. 2018; Modaresi Esfeh

and Ansari-Gilani 2016) and with increased risk for hepa-

tocellular carcinoma in patients with CLDs (Huang et al.

2018; Yu et al. 2017). Therefore, evaluation of hepatic

steatosis and fibrosis is crucial in the management of

patients with CLDs (Berzigotti 2014). At present, liver

biopsy is the reference standard for hepatic fibrosis and

steatosis; however, it is an invasive procedure with inher-

ent risks of peri- and postprocedural complications as well

as inter-observer variability (Rockey et al. 2009). There-

fore, a reliable, non-invasive, quantitative diagnostic tool

for the assessment of hepatic steatosis would be desirable

in terms of both risk assessment and monitoring of patients

with CLDs.

To date, ultrasonography (US) has been the most

common imaging modality used to evaluate hepatic steato-

sis owing to its availability, low cost and tolerability

(Mishra and Younossi 2007; Saadeh et al. 2002). However,
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a previous report suggested that it may underestimate the

prevalence of hepatic steatosis in the presence of<20% fat

(Dasarathy et al. 2009). On the other hand, multi-echo

Dixon methods and magnetic resonance spectroscopy,

which measure the magnetic resonance imaging proton

density fat fraction (MRI-PDFF), have been proven to cor-

relate well with histology-based steatosis grades and, thus,

have emerged as leading non-invasive modalities for stea-

tosis quantification (EASL-EASD-EASO 2016; Idilman et

al. 2013; Permutt et al. 2012; Reeder et al. 2011; Tang et

al. 2013). Yet, despite its strengths, magnetic resonance

imaging (MRI) remains expensive and may not be rou-

tinely accessible at many geographic locations, thereby

limiting its use in clinical practice.

Recently, ultrasound-based attenuation techniques

such as the controlled attenuation parameter (CAP) and

2-D attenuation imaging (ATI), which measures the

attenuation coefficient (dB/cm/MHz) of ultrasound sig-

nals, have been developed as novel techniques for the

assessment of hepatic steatosis (Chon et al. 2014; Fujii

et al. 2002; Fujiwara et al. 2018; Lee et al. 2017b;

Lin et al. 1988; Sasso et al. 2012). Two-dimensional

ATI, in particular, can also provide additional advan-

tages of simultaneous acquisition of gray-scale diagnos-

tic images and a larger sample volume compared with

CAP (Sasso et al. 2010), potentially allowing rapid, non-

invasive, bedside assessment of hepatic steatosis, which

would be more accessible than MRI (Han et al. 2018;

Runge et al. 2018; Sasso et al. 2010). To the best of our

knowledge, however, no studies have investigated the

diagnostic performance of ATI in the evaluation of

hepatic steatosis in patients with CLDs.

Therefore, the purpose of this prospective study was

to investigate the diagnostic performance of ATI for the

assessment of hepatic steatosis using MRI-PDFF as the

reference standard.
METHODS

Patients

This prospective study was approved by our institu-

tional review board, and written informed consent was

obtained from all patients. Between January 2018 and

July 2018, 92 patients (68 men and 24 women; age,

mean § standard deviation: 65.1 § 10.2 y; range:

33�86 y) who met the eligibility criteria and gave writ-

ten informed consent were included in this study.

Included in this study were (i) patients with CLD or liver

cirrhosis who were referred to our radiology department

for US evaluation of the cause of liver function test

abnormalities or for surveillance of hepatocellular carci-

noma, and (ii) patients who had undergone MRI-PDFF

and magnetic resonance elastography (MRE) within the

3 mo before the US examination.
The median interval between MRI-PDFF and

ATI was 21.5 d (range: 0�76 d). Presence of type 2

diabetes, body mass index (BMI), etiology of chronic

liver disease and laboratory data including alanine

aminotransferase (ALT) and aspartate aminotransfer-

ase (AST) levels on the day of the ATI examination

were recorded.

2-D ultrasound attenuation imaging

All patients underwent conventional gray-scale

ultrasound and ATI performed by one operator (J.M.L.

with 26 y of experience in abdominal ultrasound) who

was blinded to the patients’ clinical details as well as

MRI-PDFF and MRE results. US and ATI examinations

were performed using a diagnostic ultrasound system

(Aplio i800, Canon Medical Systems, Tochigi, Japan)

with a 1- to 8-MHz convex probe in patients who had

fasted for at least 6 h. All images were obtained in the

supine position and in the intercostal planes.

During the gray-scale US examinations, the operator

evaluated and categorized the degree of hepatic steatosis

into four groups (S0 = no steatosis, S1 = mild steatosis,

S2 = moderate steatosis and S3 = severe steatosis) accord-

ing to Hamaguchi’s ultrasonographic scoring system,

which is based on the following US features: increased

echogenicity of the liver parenchyma, altered hepatorenal

contrast, deep attenuation and blurred blood vessels

(Hamaguchi et al. 2007).

For ATI examinations, two sessions of attenua-

tion coefficient measurements were performed on the

same day with each person, with each session includ-

ing 10 consecutive attenuation coefficient measure-

ments. For attenuation coefficient measurement, an

approximately 4£ 8-cm sample box was positioned in

the right lobe of the liver via an intercostal approach

during several seconds of breathholding. The degree

of attenuation was color-coded and displayed in the

sampling box of ATI. There are three major mecha-

nisms of attenuation when ultrasound passes through a

depth: (i) absorption by conversion of sound energy

into heat, (ii) reflection by removal of sound energy

from its re-direction of some sound back to transducer

and (iii) scattering by removal of sound energy from

its re-direction in various directions. So, we tried to

acquire ATI color maps as uniform as possible. There

are two factors that affect attenuation in ultrasound

waves: (i) the media through which ultrasound travels,

and (ii) the frequency at which the ultrasound is trans-

mitted through the media. If the transmitting

frequency is fixed, the attenuation depends on the

medium. This means that the same media have the

same attenuation in the same depth range. So, the sys-

tem receives the returning echo signal and eliminates

the focus-dependent beam profile and compensated
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gain profile from the original receiving signal. Then,

the system calculates adjusted echo intensity and esti-

mates the attenuation coefficient as

a ¼� 1

2f
dIc
dz

where a = attenuation coefficient (dB/cm/M), Ic = adju-

sted intensity (dB), f = central frequency (MHz) and

z = depth (cm).

Non-homogeneous areas such as large vessels and

cystic structures were automatically excluded from the

ATI map by using the structure removal filtering sys-

tem internally and were presented as vacancies. By

careful avoidance of large vessels and areas of rever-

beration artifacts, a 3£ 3-cm region of interest (ROI)

for measurement was set within the sampling box of

ATI (Fig. 1). Then, the average attenuation coefficient

result was displayed in units of dB/cm/MHz. The

coefficient of determination was also displayed as an

R2 value along with the attenuation coefficient at each

acquisition, allowing the operator to confirm the opti-

mal location for ROI placement to improve accuracy.

The R2 values were classified as poor (R2
< 0.80),

good (R2 = 0.80�0.89) or excellent (R2 � 0.90). Only

the attenuation coefficient with R2 � 0.80 was consid-

ered to be a valid acquisition, and technical success

was defined as a success rate (computed as the number

of valid acquisitions divided by the total number of

acquisitions) �60%. Reliable measurements were

defined as an interquartile range ([IQR] the difference

between the 75th and 25th percentiles) less than 30%

of the median value (Ferraioli et al. 2015).
Fig. 1. Two-dimensional ultrasound attenuation imaging. Dur-
ing the attenuation imaging examination, a B-mode ultrasound
image (left) and a color-coded attenuation map (right) are pro-
vided simultaneously. Areas of significant errors in attenuation
calculation, such as large vessels and areas with reverberation
artifacts, are excluded on the attenuation map and are presented
as vacancies. The attenuation coefficient and the coefficient of
determination (R2 value) are displayed in each acquisition.
MRI-PDFF and MR elastography

At our institution, MRI-PDFF and MRE are incor-

porated into the routine liver MRI protocol to assess

hepatic steatosis and fibrosis in patients with chronic

liver diseases. In this study, all patients underwent chem-

ical shift 3-D spoiled gradient-recalled echo sequences

for PDFF measurements and MRE examinations using

one of the 3.0-T magnetic resonance (MR) systems at

our institution: Ingenia 3.0-T (Philips Medical System,

Best, Netherlands: n = 54); Skyra 3.0-T (Siemens

Healthineers, Erlangen, Germany: n = 29); and Discov-

ery MR 750w 3.0-T (GE Medical Systems, Milwaukee,

WI, USA: n = 9). PDFF is defined as the ratio of MR

imaging-visible fat protons to the sum of MR imaging-

visible fat and bulk (free) water protons (Yokoo et al.

2018). In this study, we used complex-based chemical

shift-encoded water-fat reconstruction techniques for

MRI PDFF measurements that were provided by the MR

vendors. All of the MRI-PDFF sequences used six ech-

oes, T2* correction calculated from signal decay, a low

flip angle to minimize the T1 bias between fat and water

and a multipeak fat model (Reeder et al. 2009). PDFF

maps were generated from corrected water and fat

images as fat signal intensities/(fat signal intensi-

ties + water signal intensities) (Yokoo et al. 2018). PDFF

and T2* maps were automatically generated by each

vendor’s algorithm, and the PDFF map was used for

measurement.

One radiologist (S.K.J., with 5 y of experience in

liver MRI) who was blinded to the ATI measurement

results manually placed circular ROIs in each of the nine

Couinaud liver segments on the MRI-PDFF map of each

patient. Each ROI with a diameter of 1 cm was placed

near the center of each segment, while taking care to

avoid major vessels, the liver edge and artifacts. The

PDFF in each of the nine ROIs was recorded, and the

PDFF value across the entire liver was reported as the

mean of the PDFF values of all nine ROIs (Tang et al.

2013). No images had substantial artifacts that disrupted

ROI measurements. Detailed imaging parameters of

MRI-PDFF are provided in Appendix A.

On the same day, MRE was also performed in the

supine position with 60-Hz vibrations applied to the

abdominal wall on the basis of a 2-D gradient echo

sequence, and the four sections were acquired in four

consecutive breathholds at the end of expiration. MR

elastogram maps were automatically generated from the

scanner using a direct inversion algorithm (Lee et al.

2017a). Liver stiffness (LS) was measured by one

abdominal radiologist (S.K.J.) using a free-draw method,

excluding large hepatic vessels, fissures and focal liver

lesions (Yoon et al. 2013). LS values (in kPa) of each

patient were calculated as the median value of the

regions of interest (mean area = 2620.5 § 132.7 mm2).



Table 1. Baseline characteristics of patients (N = 87)

Age (y) 65.1 § 10.2

Sex
Male 64 (73.6)
Female 23 (26.4)

Body mass index (kg/m2) 25.4 § 3.6
Type 2 diabetes 16 (18.4)
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To discriminate between various METAVIR fibrosis

stages at MRE, we used recently published meta-

analysis cutoff values (Xiao et al. 2017) of 2.99 kPa for

significant fibrosis (�F2), 3.62 kPa for severe fibrosis

(�F3) and 4.63 kPa for liver cirrhosis (F4). Detailed

imaging parameters of MR elastography are provided in

Appendix B.

Skin-to-liver capsular distance (mm) 17.0 § 4.5
Etiology of liver disease
Hepatitis B virus-related 69 (79.3)
Hepatitis C virus-related 8 (9.2)
Alcoholism 3 (3.4)
Non-alcoholic fatty liver 3 (3.4)
Cryptogenic 4 (4.6)

Aspartate aminotransferase (U/L) 31.7 § 12.5
Alanine aminotransferase (U/L) 27.7 § 13.9
Visual grade of hepatic steatosis
S0 (no steatosis) 38 (43.7)
S1 (mild) 29 (33.3)
S2 (moderate) 17 (19.5)
S3 (severe) 3 (3.4)

Hepatic steatosis at MRI-PDFF
MRI-PDFF<5% 37 (42.5)
MRI-PDFF 5%�10% 30 (34.5)
MRI-PDFF �10% 20 (23.0)

Liver stiffness at MRE (kPa) 4.1§1.9
Fibrosis grade according to MRE
F0 or F1 26 (29.9)
F2 14 (16.1)
F3 21 (24.1)
F4 26 (29.9)

MRI-PDFF =magnetic resonance imaging proton-density fat frac-
tion, MRE =magnetic resonance elastography
Data are expressed as the mean § standard deviation for continuous

variables and as the number (percentage) for categorical variables.
Statistical analyses

All patients’ demographic data and imaging data were

summarized using the mean and standard deviation for con-

tinuous variables and numbers and percentages for categori-

cal variables. Correlations between attenuation coefficients

at ATI and MRI-PDFF or the visual grade of hepatic steato-

sis were assessed using the Spearman rank correlation coeffi-

cient. Kruskal�Wallis and Mann�Whitney U-tests were

used to compare the attenuation coefficients obtained at ATI

with the different categories of hepatic fat content assessed

with MRI-PDFF. Receiver operating characteristic (ROC)

curve analyses were used to assess the diagnostic accuracy

of attenuation coefficients at ATI for the detection of hepatic

steatosis (defined as MRI-PDFF �5%) and of hepatic fat

content �10% steatosis (MRI-PDFF �10%) (Caussy et al.

2018). For each ROC analysis, the area under the ROC

curve (AUC), optimal thresholds, sensitivity and specificity

were calculated. The optimal threshold was determined

using the Youden index (Youden 1950). Multivariate linear

regression analysis was used to identify significant determi-

nant factors for attenuation coefficients at ATI. To evaluate

intra-operator reliability (repeatability), intra-class correla-

tion coefficients (ICCs) and coefficients of variation (CVs)

were obtained for comparison of the two ATI sessions. ICCs

were reported with a 95% confidence interval (CI) and were

classified as poor (ICC= 0.00�0.20), fair to good

(ICC= 0.40�0.75) or excellent (ICC >0.75) (Hudson et al.

2013). CVs �10%, 10%�25% and �25% were considered

to indicate good, moderate and poor reproducibility, respec-

tively (Iellamo et al. 1996). All p values<0.05 were consid-

ered to indicate a statistically significant difference. All

statistical analyses were performed using MedCalc software

(Version 16.4.1, Ostend, Belgium).
RESULTS

Eighty seven patients were included for analysis,

after excluding 5 patients because of either technical

failure (n = 4) or unreliable results (n = 1, IQR/

median = 34%) on ATI. Among the 87 patients, the prev-

alence of hepatic steatosis (MRI-PDFF �5%) and

hepatic fat content �10% (MRI-PDFF �10%) was

57.5% (n = 50) and 23.0% (n = 20), respectively. The

demographic characteristics of the study patients

whose data were analyzed (n = 87) are summarized in

Table 1.
Correlation between ATI and visual grade of hepatic

steatosis and between ATI and MRI-PDFF

Attenuation coefficients at ATI were found to be

well correlated with visual grades of hepatic steatosis

(r = 0.77, 95% CI: 0.67�0.84, p < 0.001). There was a

moderate correlation between attenuation coefficients at

ATI and MRI-PDFF (r = 0.66, 95% CI: 0.52�0.76, p <

0.001). In patients who underwent ATI and MRI-PDFF

on the same day (n = 12), attenuation coefficients at ATI

and MRI-PDFF also were moderately correlated (r = 0.6,

95% CI: 0.22�0.83, p = 0.005). Attenuation coefficients

in patients with MRI-PDFF �10% (median: 0.73, range:

0.69�0.82 dB/cm/MHz) were significantly higher than

those in patients with MRI-PDFF 5%�10% (0.65,

0.65�0.69 dB/cm/MHz) and MRI-PDFF <5% (0.58,

0.53�0.64 dB/cm/MHz) (p < 0.001 and p < 0.001,

respectively). The distribution of attenuation coefficients

at ATI measurements across different categories of

hepatic fat content as assessed by MRI-PDFF is illus-

trated in Figure 2. In patients with a METAVIR fibrosis

score �F2 (patients without severe hepatic fibrosis,

n = 40), attenuation coefficients at ATI and MRI-PDFF

exhibited a moderate correlation (r = 0.72, 95% CI:

53�0.84, p < 0.001), whereas attenuation coefficients at



Fig. 2. Distribution of attenuation coefficients at attenuation
imaging (ATI) stratified by the hepatic fat content assessed by
magnetic resonance imaging proton-density fat fraction (MRI-
PDFF). Attenuation coefficients at ATI increase with the grade
of hepatic steatosis assessed by MRI-PDFF, with median atten-
uation coefficients of 0.58, 0.65 and 0.73 dB/cm/MHz, respec-
tively (Kruskal�Wallis test, p < 0.001). Asterisks indicates a
significant p value between the two groups (Mann�Whitney

U-test, p < 0.001).
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ATI and MRI-PDFF in patients with a fibrosis score of

F3 or F4 (patients with severe fibrosis or cirrhosis,

n = 47) exhibited a weak correlation (r = 0.40, 95% CI:

0.13�0.62, p = 0.005).

Diagnostic accuracy of ATI for the detection of hepatic

steatosis (MRI-PDFF �5%) and hepatic fat content

�10% (MRI-PDFF 10%)

The AUC of attenuation coefficients at ATI for the

detection of hepatic steatosis (MRI-PDFF �5%) was 0.76

(95% CI: 0.66�0.85) using a cutoff point of 0.59 dB/cm/

MHz. Sensitivity and specificity were 88.0% and 62.2%,

respectively. The AUC for the detection of hepatic fat con-

tent �10% (MRI-PDFF �10%) was 0.88 (95% CI:

0.79�0.94) using a cutoff point of 0.65 dB/cm/MHz with

85.0% sensitivity and 71.6% specificity (Table 2, Fig. 3).

Factors affecting the attenuation coefficient at ATI

The attenuation coefficient at ATI significantly

increased along with the fat fraction at MRI-PDFF, BMI,

skin-to-liver capsular distance, ALT level and liver stiffness
Table 2. Performance of ATI in the

MRI-PDFF Optimal cutoff of attenuation coefficients on ATI (dB/cm/M

�5% 0.59
�10% 0.65

ATI = attenuation imaging; AUC = area under the receiver operating char
nance imaging proton-density fat fraction.
at MRE. Conversely, age, sex, presence of type 2 diabetes

and AST were not significantly associated with the attenua-

tion coefficient at ATI. Multivariate linear regression

analysis revealed that hepatic fat fraction at MRI-PDFF

(p < 0.001) and stage of hepatic fibrosis (p = 0.004) had a

significant positive effect on attenuation coefficients at ATI

(Table 3). There was a moderate correlation between atten-

uation coefficient at ATI and MRI-PDFF in patients with

skin-to-liver distances <20 mm (n = 72) and <25 mm

(n = 81) (r = 0.66 and 0.63, 95% CI: 0.51�0.77 and

0.49�0.75, p values < 0.001, respectively). There was no

statistically significant correlation in patients with skin-

to-liver distances �20 mm (n = 15) and �25 mm (n = 6)

(p = 0.103 and p = 0.327, respectively). In terms of BMI,

there was a moderate correlation between attenuation coef-

ficient at ATI and MRI-PDFF in patients with BMI <25

kg/m2 (n = 47) and 25 � BMI < 30 kg/m2 (n = 33)

(r = 0.70 and 0.65, 95% CI: 0.52�0.82 and 0.39�0.81,

p values <0.001, respectively), whereas there was no

statistically significant correlation in patients with BMI

�30 kg/m2 (n = 7, p = 0.324).

Intra-operator reliability (repeatability) of ATI

The intra-operator reliability of ATI was excellent

with an ICC of 0.81 (95% CI: 0.71�0.88) and a CV of

9.4% (95% CI: 8.0�10.9). Intra-operator reliability of

ATI was excellent with an ICC of 0.83 (95% CI:

0.51�0.94) and a CV of 7.3% (95% CI: 4.4�10.3) in

patients with skin-to-liver distances <20 mm (n = 72)

and an ICC of 0.78 (95% CI: 0.65�0.86) and a CV of

9.8% (95% CI: 8.1�11.5) in patients with skin-to-liver

distances �20 mm (n = 15). The intra-operator reliability

of ATI was excellent, with ICCs of 0.86 (95% CI:

0.73�0.92) and 0.89 (95% CI: 0.78�0.95) and CVs of

8.3% (95% CI: 6.4�10.3) and 7.3% (95% CI: 5.4�9.3)

in patients with BMIs < 25 kg/m2 (n = 47) and 25 �
BMI < 30 kg/m2 (n = 33), respectively, whereas intra-

operability of ATI was fair with an ICC of 0.56 (95%

CI: �1.58 to 0.93) and a CV of 11.9% (95% CI:

4.0�20.5) in patients with BMI � 30 kg/m2 (n = 7).

DISCUSSION

We found that attenuation coefficients at ATI had a

significant correlation with MRI-PDFF as well as excel-

lent intra-operator reliability. Moreover, the attenuation
detection of hepatic steatosis

Hz) AUC (95% CI) Sensitivity (%) Specificity (%)

0.76 (0.66�0.85) 88.0 (44/50) 62.2 (23/37)
0.88 (0.79�0.94) 85.0 (17/20) 71.6 (48/67)

acteristic curve; CI = confidence interval; MRI-PDFF =magnetic reso-



Fig. 3. Diagnostic accuracy of attenuation imaging for the (a)
detection of hepatic steatosis defined by magnetic resonance
imaging proton-density fat fraction (MRI-PDFF) �5% and (b)
detection of hepatic fat content �10% defined as MRI-PDFF

�10%. AUC = area under the curve.
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coefficient at ATI was able to provide reasonably good

diagnostic performance as a screening test for the detec-

tion of hepatic steatosis (MRI-PDFF �5%) and hepatic

fat content �10% (MRI-PDFF �10%) (AUC: 0.76 and

0.88), respectively. In addition, although we did not

directly compare the ATI and CAP with respect to diag-

nostic performance, the diagnostic accuracy of ATI in
our study was comparable to the previously reported

diagnostic performance of CAP for the detection of

hepatic steatosis (AUC: 0.77�0.91) (Caussy et al. 2018;

Chon et al. 2014; Karlas et al. 2017; Runge et al. 2018;

Sasso et al. 2012; Shi et al. 2014). To date, MRI-PDFF

measured by MR spectroscopy or multi-echo Dixon

techniques has been proven to be the most accurate non-

invasive quantitative modality for the assessment of

hepatic steatosis, providing excellent correlation with

histology-proven hepatic steatosis grades (Imajo et al.

2016; Noureddin et al. 2013; Runge et al. 2018). How-

ever, despite its high accuracy, MRI has a significantly

higher cost than US-based techniques and limited avail-

ability, which has limited its adoption worldwide. In this

regard, ultrasound-based techniques such as attenuation

coefficient evaluation and acoustic structure quantifica-

tion may represent alternative, easier options for the

non-invasive assessment of hepatic steatosis (Fujiwara

et al. 2018; Karlas et al. 2015; Lee et al. 2017b; Sasso

et al. 2010; Son et al. 2016). To the best of our knowl-

edge, this is the first prospective study to evaluate the

diagnostic performance of ATI on a clinical US system

in assessing hepatic steatosis using MRI-PDFF as the

reference standard. Considering the high applicability

and significant correlation of ATI with MRI-PDFF

obtained in our study, ATI may be used as a first-line

diagnostic tool for the assessment of hepatic steatosis.

The AUC of ATI for the detection of hepatic steato-

sis (MRI-PDFF �5%) was found to be 0.76 in our study

patients. Compared with the results of previous studies

using B-mode US-guided attenuation parameters in

patients with NAFLD, however, the diagnostic accuracy

of ATI in our study is slightly lower (Fujiwara et al.

2018; Lee et al. 2017b; Son et al. 2016). This may be

due to differences in our study populations, as our study

population comprised patients with various etiologies of

CLDs, whereas previous studies included patients

with only NAFLD or hepatitis C virus-related CLDs

(Fujiwara et al. 2018; Son et al. 2016). Therefore, for the

comparison of diagnostic accuracy between different

ultrasound-based tools for hepatic steatosis staging, fur-

ther studies with equivalent study populations (e.g.,

patients with NAFLD) are warranted. We also investi-

gated several factors that had the potential to affect ultra-

sound attenuation coefficients at ATI and determined

that the degree of steatosis assessed at MRI-PDFF and

the stage of fibrosis at MRE were significant determinant

factors in the attenuation coefficient measured with ATI,

which is in good agreement with the results of a previous

study by Lee et al. (2017b). Moreover, we found that the

correlation coefficient between ATI and MRI-PDFF was

lower in patients with severe hepatic fibrosis than in

those without severe fibrosis in our study. This may be

because as speckles of the liver parenchyma change



Table 3. Factors affecting attenuation coefficients at attenuation imaging

Factor Univariate analysis Multivariate analysis

Coefficient 95% CI p Value Coefficient 95% CI p Value

Male gender �0.010 �0.057, 0.036 0.664
Age �0.001 �0.002, 0.002 0.822
Type 2 diabetes 0.021 �0.032, 0.074 0.426
Body mass index 0.011 0.005, 0.016 <0.001 0.003 �0.003, 0.009 0.274
Skin-to-capsular distance 0.009 0.005, 0.014 <0.001 0.002 �0.003, 0.007 0.371
Aspartate aminotransferase 0.001 �0.001, 0.002 0.418
Alanine aminotransferase 0.002 0.001, 0.003 0.036 0.001 0.000, 0.002 0.069
Fibrosis stage 0.019 0.003, 0.036 0.024 0.017 0.006, 0.029 0.004
Liver stiffness at MRE 0.007 �0.004, 0.018 0.202
MRI-PDFF 0.007 0.005, 0.009 <0.001 0.006 0.005, 0.008 <0.001

CI = confidence interval; MRE =magnetic resonance elastography; MRI-PDFF =magnetic resonance imaging proton-density fat fraction.
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from homogeneous to heterogeneous during the progres-

sion of hepatic fibrosis (Toyoda et al. 2009), the presence

of fibrosis may have also changed the US attenuation of

the liver (Fujii et al. 2002; Lin et al. 1988). Therefore, in

clinical application of ATI for the assessment of hepatic

steatosis in patients with CLDs, the possibility of con-

current hepatic fibrosis should also be considered.

Liver fibrosis and steatosis are the two major features

that need to be evaluated during assessment of the disease

process or evaluation of treatment response in patients with

NAFLD or steatogenic CLDs such as HCV infections and

alcoholic liver disease (Park et al. 2017). Therefore, there is

a clear clinical need to evaluate both liver fibrosis and stea-

tosis quantitatively during longitudinal follow-up in the

management of these patients (Angulo 2002; Berzigotti

2014; Elgouhari et al. 2009; Fabiani et al. 2018; Yu et al.

2017). In this regard, as both ATI and shear wave elastogra-

phy can be made available on clinical scanners, the addition

of 2-D shear wave elastography to ATI would be helpful in

evaluating parenchymal damage in patients with CLDs and

hepatic steatosis. Considering that several studies have

already reported the reasonably good diagnostic perfor-

mance of 2-D SWE in the staging of hepatic fibrosis (Lee

et al. 2017c; Maruyama et al. 2016), further studies regard-

ing the diagnostic performance of the combined use of ATI

and shear wave elastography for the evaluation of hepatic

fibrosis and steatosis in patients with CLDs are warranted.

Our study results also revealed the excellent intra-

operator repeatability of ATI, which would be critical for

the longitudinal evaluation of liver steatosis. Indeed, the

repeatability of ATI was reported to be comparable to that

of CAP (Ferraioli et al. 2014) and B-mode US-guided atten-

uation parameters reported in previous studies (Fujiwara

et al. 2018; Son et al. 2016). Considering that ATI measure-

ments are displayed in B-mode, whereas CAP is displayed

in A-mode, ATI enables visual confirmation of the part to

be measured with exclusion of structures that affect the

measured values, such as vessels and extrahepatic areas
(Fujiwara et al. 2018). In addition, ATI measurements and

diagnostic gray-scale US evaluation can be performed con-

currently in a single session, using a single probe and

machine, which would be advantageous in clinical practice.

However, a prospective head-to-head comparison between

CAP and ATI using either MRI-PDFF or histologic assess-

ment is warranted to determine the ideal screening test or

the most optimal first-line diagnostic test for patients with

NAFLD or CLD with steatosis.

There are some limitations to this study that need to be

mentioned. First, histologic assessment of hepatic steatosis

was not performed in this study. In its stead, we used

MR-PDFF which is widely accepted as a reliable, novel

standardized biomarker for the assessment of hepatic steato-

sis (Reeder et al. 2012). Indeed, according to several previ-

ous studies, MRI-PDFF has been proven to correlate well

with magnetic resonance spectroscopy and histology-proven

hepatic steatosis grades (Idilman et al. 2013; Le et al. 2012;

Loomba et al. 2015; Permutt et al. 2012; Tang et al. 2013).

Second, the etiology of liver diseases in our study population

was heterogeneous. Third, inter-operator reproducibility

could not be evaluated in this study, which may be important

in the clinical application of ATI. Future studies are war-

ranted in this regard. Fourth, there was a relatively long time

delay between the two modalities. However, in subgroup

analysis for the patients who underwent both ATI and

MRI-PDFF on the same day, ATI had a correlation with

MRI-PDFF similar to that for all study patients.

In conclusion, ATI was found to be well correlated

with MRI-PDFF and thus may be a promising tool for the

non-invasive assessment and quantification of hepatic

steatosis that can provide good diagnostic performance.
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APPENDIX A. IMAGING PARAMETERS FOR

MRI-PDFF
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APPENDIX B. IMAGING PARAMETERS OF

MRE

Magnetic resonance elastography was performed

using a gradient echo sequence with the following imag-

ing parameters: Repetition time and echo time = 50/20

ms; slice thickness = 6 mm; number of slices = 1; flip

angle = 24; field of view = 30£ 35�40£ 45 cm2;

matrix = 256£ 80; one acquisition, number of excita-

tions = 1, parallel imaging factor = 2, and one motion

encoding gradient direction (craniocaudal) with four

phase offsets. To obtain a consistent position of the liver

for each phase offset, patients were instructed to hold

their breath at the end of expiration. Four MRE slices

were obtained for each patient. When acquisition was

completed, wave images were automatically processed

by the MR scanner, and images depicting tissue stiffness

(elastograms) quantitatively (in kPa) were generated. In

addition, the scanner software produced confidence

maps to exclude areas of unreliable results caused by

artifacts such as significant wave interference and obli-

que wave propagation, and elastograms with a 95% con-

fidence threshold were produced.
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