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Purpose: The present study compared the performance of computed tomography (CT), magnetic 
resonance imaging-derived proton density fat fraction (MRI-PDFF), controlled attenuation 
parameter (CAP), grayscale ultrasonography (US), and attenuation imaging (ATI) for the 
diagnosis of hepatic steatosis (HS).
Methods: In total, 120 prospectively recruited patients who underwent hepatic resection 
between June 2018 and June 2020 were retrospectively analyzed. CT, MRI-PDFF, CAP, grayscale 
US, and ATI were performed within 3 months before surgery. Diagnostic performance for HS 
≥5% and HS >33% was compared using the area under the curve (AUC) of receiver operating 
characteristic curves. Histopathologic examinations served as the reference standard for the 
degree of HS. 
Results: For detecting HS ≥5%, MRI-PDFF (AUC, 0.946) significantly outperformed CT, CAP and 
grayscale US (AUC, 0.807, 0.829, and 0.761, respectively) (P<0.01 for all). ATI (AUC, 0.892) was 
the second-best modality and significantly outperformed grayscale US (P=0.001). In pairwise 
comparisons, there were no significant differences between the AUC of ATI and the values of 
MRI-PDFF, CT, or CAP (P=0.133, P=0.063, and P=0.150, respectively). For detecting HS >33%, 
all the modalities provided good diagnostic performance without significant differences (AUC, 
0.887-0.947; P>0.05 for all).
Conclusion: For detecting HS ≥5%, MRI-PDFF was the best imaging modality, while ATI 
outperformed grayscale US. For detecting HS >33%, all five imaging tools demonstrated good 
diagnostic performance.

Keywords: Fatty liver; Nonalcoholic fatty liver disease; Diagnostic imaging
Key points: For detecting hepatic steatosis ≥5%, magnetic resonance imaging-derived proton 
density fat fraction (MRI-PDFF) was the best imaging modality, while attenuation imaging (ATI) 
outperformed grayscale ultrasonography (US). For detecting hepatic steatosis >33%, all five 
imaging tools (computed tomography, MRI-PDFF, controlled attenuation parameter, grayscale US, 
and ATI) demonstrated good diagnostic performances.
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Introduction

Hepatic steatosis (HS) is defined as the intracellular accumulation of 
triglycerides in more than 5% of hepatocytes [1]. HS has attracted 
interest because it is a signature feature of nonalcoholic fatty liver 
disease (NAFLD), which affects up to one-third of the global adult 
population and can progress to nonalcoholic steatohepatitis (NASH), 
fibrosis, or liver cirrhosis [2]. Ultimately, NAFLD can lead to end-
stage liver disease, which necessitates liver transplantation, or to 
the development of hepatocellular carcinoma [3]. Indeed, NASH is 
currently the leading cause of liver transplantation for women in the 
United States [3]. NAFLD has also been reported to be associated 
with metabolic syndrome and cardiovascular disease [4]. However, 
NAFLD can be treated in its early stages by lifestyle modifications 
such as weight loss, and currently, there are a few ongoing clinical 
trials on the treatment of NAFLD [4,5]. Therefore, it is of substantial 
clinical importance to detect and quantify HS and to monitor the 
changes in HS.

Although liver biopsy has been the reference standard for the 
evaluation of HS [6], its invasiveness renders it unsuitable for use 
in clinical practice and research. Therefore, various tools, such 
as grayscale ultrasonography (US), computed tomography (CT), 
magnetic resonance imaging-derived proton density fat fraction 
(MRI-PDFF), and the controlled attenuation parameter (CAP) from 
transient elastography (TE), have been used for the noninvasive 
evaluation of HS [7,8]. Among them, MRI-PDFF is the most accurate 
method for HS detection and it has been used as a noninvasive 
reference standard for the evaluation of HS in recent clinical trials 
[7]. In contrast, quantitative US techniques, such as attenuation 
imaging (ATI), based on two-dimensional US images have been 
recently introduced and have demonstrated promising results for the 
assessment of HS [9-17]. These quantitative US techniques have 
the advantages of being more accessible and less expensive than 
CT or MRI-PDFF [8]. Although a few studies have compared the 
diagnostic performance of US, CT, and MRI for the assessment of 
HS [18-20], no study has compared the diagnostic performances of 
all available imaging tools, including CAP or other quantitative US 
techniques (e.g., ATI), using robust reference standards. Considering 
the emerging role of quantitative US techniques, including CAP, 
for the management of patients with NAFLD [10,21], information 
on the relative diagnostic performance of imaging tools would be 
valuable for selecting optimal imaging examinations to evaluate 
patients with HS. Therefore, the aim of this study was to compare 
the diagnostic performance of CT, MRI-PDFF, CAP, grayscale US, and 
ATI for the evaluation of HS in patients using pathologic reference 
standards.

Materials and Methods

Compliance with Ethical Standards
This retrospective study was approved by the institutional review 
board (IRB No. H-2007-027-1139) with a waiver of informed 
consent. 

Patients
A retrospective analysis was conducted of 134 prospectively 
enrolled consecutive patients who underwent liver resection 
for suspected malignancy at Seoul National University Hospital 
between June 2018 and June 2020. The study coordinator (J.S.B., a 
board-certified radiologist with 8 years of experience in abdominal 
imaging) reviewed their electronic medical records and imaging 
examinations to identify patients who met the following inclusion 
criteria: (1) patients who underwent liver resection for suspected 
malignancy and (2) patients ≥19 years old. Among the 134 patients, 
14 patients were excluded for the following reasons: MRI-PDFF was 
not performed in patients who were referred from outside hospitals 
(n=11); the interval between any of the imaging examinations 
and liver resection was >3 months (n=1); heterogeneous fatty 
infiltration in the liver was visible on MRI-PDFF (described below) 
(n=1); and splenectomy was performed (n=1) (Fig. 1). Patients 
who underwent splenectomy were excluded because splenic 
attenuation was required for the assessment of HS on CT. Finally, 
this study included 120 patients who underwent CT, MRI-PDFF, TE, 
grayscale US, and ATI within 3 months before surgery and whose 
baseline characteristics are presented in Table 1. Of note, the final 
120 patients were assessed in a previous study [22]. However, 
the previous study assessed the role of shear wave elastography 
in predicting post-hepatectomy complications, whereas this study 
compared the diagnostic performance of imaging modalities in 

Fig. 1. Study flow diagram. MRI-PDFF, magnetic resonance 
imaging-derived proton density fat fraction.

134 Consecutive adult patients who underwent hepatic 
resection for suspected malignancy between 

June 2018 and June 2020 

120 Patients were enrolled

14 Excluded 
- 11 MRI-PDFF was not performed 
- 1 The interval between any of the imaging 
  examinations and hepatic resection >3 
  months
- 1 Heterogeneous fatty infiltration in the liver 
- 1 Splenectomy was performed
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detecting HS. 

CT Examination
Unenhanced CT scans were used for the assessment of HS by using 
the previously established CT index, which was calculated as hepatic 
attenuation minus splenic attenuation [23]. The study coordinator 
(J.S.B.) performed measurements of hepatic and splenic attenuation 
by placing regions of interest (ROIs) on the CT images 1 month after 
patient inclusion to avoid recall bias (Fig. 2A). The details of the CT 
protocol and ROI measurements are described in the Supplementary 
Data 1.

MRI Examinations Including MRI-PDFF
At the authors’ institution, multiecho Dixon MRI-PDFF is 
incorporated into routine liver MRI examinations. PDFF is calculated 
as the ratio of MRI-visible fat protons to the sum of MRI-visible fat 
and bulk (free) water protons [24]. On the PDFF map automatically 
generated by each vendor's algorithm, the radiologist (J.S.B.) 
performed measurements by manually placing circular ROIs in each 
of the nine Couinaud segments of the liver, and the average PDFF 
value was used [25] (Fig. 2B). The heterogeneity of fatty infiltration 
of hepatic parenchyma on the PDFF map was also assessed, and 
patients with suspected uneven fatty liver were excluded because it 
could be difficult to determine the degree of HS. The details of MRI-
PDFF are provided in the Supplementary Data 1.

CAP Examinations
At the authors’ institution, TE is routinely performed in surgical 
candidates for hepatic resection to predict postoperative outcomes 
[26]. The CAP was measured by using a TE device (Fibroscan, 
Echosens, Paris, France) (Fig. 2C). TE examinations were performed 
until a minimum of 10 valid liver stiffness values were obtained, 
and CAP was calculated only when the liver stiffness measurements 
were confirmed to be valid. The median CAP value (dB/m) obtained 
from reliable TE examinations was used for analysis. The details are 
described in the Supplementary Data 1.

Grayscale US Examinations
The grayscale US examinations were performed by one of two 
radiologists (D.H.L. and J.S.B. with 15 and 8 years of experience 
in abdominal imaging, respectively) who were informed that the 
patients would undergo hepatic resection but were blinded to other 
clinical information. The patients fasted for at least 6 hours, and 
a US machine (Aplio i900, Canon Medical Systems, Tokyo, Japan) 
equipped with a 1-8-MHz convex probe was used (Fig. 2D). The 
radiologist (J.S.B.) qualitatively graded HS on grayscale US according 
to the following criteria: mild steatosis for increased hepatorenal 
contrast due to bright hepatic parenchymal echogenicity; moderate 
steatosis for vessel blurring; and severe steatosis for nonvisualization 
of the diaphragm due to posterior beam attenuation [27]. The 
details are described in the Supplementary Data 1.

ATI Examinations
Immediately after the grayscale US examination, ATI examinations 
were performed. While securing an adequate sonic window through 
an intercostal window for the right liver lobe, the ATI mode was 
activated. A color-coded sampling box was positioned in the liver 
parenchyma. In the sampling box, structures other than the liver 
parenchyma such as large vessels were automatically excluded by 

Table 1. Characteristics of the study population 
Characteristic Value (n=120)

Age (year) 60.7±10.5

Male sex 81 (67.5)

BMI (kg/m2) 24.0 (22.5-26.5)

Etiology of chronic liver disease

HBV 74 (61.7)

NAFLD 8 (6.6)

HCV 6 (5.0)

Alcohol 4 (3.3)

HBV and alcohol 2 (1.7)

Unknown 3 (2.5)

No chronic liver disease 23 (19.2)

Laboratory results

AST 27 (21-34)

ALT 24 (18-37)

Albumin (g/dL) 4.2±0.4

Bilirubin (mg/dL) 0.6 (0.5-0.8)

PT-INR 0.99 (0.96-1.05)

Platelet count (×103/mm3) 189±58

Liver cirrhosis on pathology

Yes 43 (35.8)

Degree of HS on pathology (%)

<5 54 (45.0)

≥5-33 50 (41.7)

≥5-10 30 (25.0)

≥10-33 20 (16.7)

>33-66 14 (11.7)

>66 2 (1.7)
Values are presented as mean±SD, number (%), or median (interquartile range). 
BMI, body mass index; HBV, hepatitis B virus; NAFLD, nonalcoholic fatty liver disease; 
HCV, hepatitis C virus; AST, aspartate transaminase; ALT, alanine transaminase; PT-
INR, prothrombin time-international normalized ratio; HS, hepatic steatosis.   
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Fig. 2. Representative examples of the 
findings obtained using noninvasive 
tools in a 53-year-old man. 
A. On unenhanced ax ia l  computed 
tomography images, 1.5×1.5-cm regions 
of interest (ROIs) (yellow squares) were 
placed in the liver and spleen. B. On a 
proton density fat fraction map of magnetic 
resonance imaging, 1×1 cm ROIs (yellow 
circles) were placed in each Couinaud 
segment of the liver. C. The controlled 
attenuation parameter was obtained from 
transient elastography. D. On grayscale 
ultrasound images, the echogenicity of the 
hepatic parenchyma was compared with 
that of the right kidney. E. Attenuation 
imaging was performed to measure the 
attenuation coefficient. On pathologic 
examination, the degree of hepatic 
steatosis was ≥5%-33%.

A B

C D

E
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the ATI algorithm. An ROI was then placed in the middle portion of 
the sampling box avoiding the liver capsule for the measurement of 
the attenuation coefficient (AC) (dB/cm/MHz) (Fig. 2E). According 
to the manufacturer’s recommendation, ATI examinations were 
performed until five valid AC values were obtained. The median AC 
value was used for the analysis. The details of the ATI examinations 
are provided in the Supplementary Data 1.

Pathologic Examination
Hepatic resection was performed in all patients, and histological 
slides stained using hematoxylin-eosin and Masson trichrome were 
prepared from surgical specimens. All surgical specimens were 
assessed by one pathologist (H.K., with 20 years of experience 
evaluating liver pathology) who was blinded to the results of the HS 
assessed based on the imaging examinations. The degree of HS was 
scored based on the percentage of macrovesicular lipid vacuole-
containing hepatocytes according to the NAFLD scoring system: 
<5%, ≥5%-33%, >33%-66%, and >66% [28]. HS of ≥5%-33% 
was further divided into two categories using a cutoff of 10%, which 
is considered a safe threshold for liver donation [29]. In addition to 
the degree of HS, the degree of fibrosis and inflammatory activity 
were evaluated using the standardized guidelines proposed by the 
Korean Study Group for the Pathology of Digestive Diseases [30].

Statistical Analysis
Data are presented as the mean±standard deviation, median 
(interquartile range), or number (percentage), as appropriate. 
Continuous variables were compared using the independent t-test or 
the Mann-Whitney U test, and categorical variables were compared 
using the chi-square test or the Fisher exact test. For comparisons 
between multiple groups, analysis of variance or Kruskal-Wallis test 
with the post-hoc Bonferroni correction was used. The diagnostic 
performance of each imaging tool in detecting varying degrees of 
HS was compared using the area under the curve (AUC) obtained 
from receiver operating characteristic curve analysis. Sensitivity, 
specificity, and positive and negative predictive values (PPVs and 
NPVs, respectively) were calculated by using the cutoff values 
obtained from the Youden index. Thereafter, the sensitivities and 
specificities of the imaging tools were compared using the McNemar 
test. A subgroup analysis was also performed in patients with HS 
≥5%. Lastly, an additional review of grayscale US, CT, and MRI-PDFF 
images for evaluating HS was performed by a second radiologist 
(D.H.L.) to assess interobserver agreement using intraclass 
correlation coefficients; ATI and CAP were not assessed owing to 
the retrospective nature of this study. All statistical analyses were 
performed using commercial statistical software (MedCalc, version 
19.0.7, MedCalc Software, Ostend, Belgium). A two-sided P-value 

less than 0.05 was considered to indicate statistical significance.

Results

Patients
The baseline characteristics of the study participants are presented 
in Table 1. The median body mass index was 24.0 kg/m2 (interquartile 
range, 22.5 to 26.5 kg/m2). The majority of the patients had an 
underlying chronic liver disease due to viral infection (66.7% 
[80/120]), and eight patients fulfilled the criteria for the diagnosis of 
NAFLD (i.e., without any primary chronic liver disease). Among the 
eight patients with NAFLD, two patients were diagnosed with NASH 
on pathology. The pathologic diagnosis of the tumors is presented in 
Supplementary Table 1. In terms of the degree of HS on pathology, 
there were 54 patients without HS (HS <5%), 50 patients with 
HS of ≥5%-33%, 14 patients with HS of >33%-66%, and two 
patients with HS >66%.

Quantitative Estimation of Hepatic Steatosis
The distribution of the quantitative estimates of HS on CT, MRI-PDFF, 
CAP, and ATI according to the degree of HS on pathology are shown 
in Fig. 3. The CT index decreased as the degree of HS increased, 
while the fat fraction measured by MRI-PDFF, CAP, and AC from ATI 
increased as the degree of HS increased. Except for HS >66% (n=2), 
there was a significant difference between each group of different 
degrees of HS for the indices of all four quantitative imaging tools 
(P<0.01 for all). The P-values for each comparison are presented 
in Supplementary Table 2. The quantitative estimates of HS on CT, 
MRI-PDFF, CAP, and ATI did not differ significantly between groups 
according to different degrees of fibrosis on pathology (P>0.05 for 
all) (Supplementary Fig. 1). For inflammatory activity, however, there 
was a significant difference between each group for the quantitative 
estimates of HS on CT and ATI (P=0.026 and P=0.045, respectively) 
while there was no significant difference for MRI-PDFF and CAP 
(P=0.104 and P=0.577, respectively) (Supplementary Fig. 2). The 
post-hoc test revealed that with CT, the estimates of HS of patients 
with moderate inflammatory activity (n=7) were significantly 
lower than the values of patients with minimal activity (n=63) 
(P=0.006). However, the post-hoc test demonstrated that there was 
no significant difference using ATI between patients with different 
degrees of inflammatory activity (P≥0.012, which is greater than 
the 0.008 threshold obtained by considering multiple comparisons). 
In terms of interobserver agreement, the intraclass correlation 
coefficients for grayscale US, CT, and MRI-PDFF were 0.68 (95% 
confidence interval [CI], 0.47 to 0.80), 0.95 (95% CI, 0.87 to 0.98), 
and 0.97 (95% CI, 0.93 to 0.99), respectively.
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Comparison of Imaging Tools for Detecting Hepatic Steatosis
For the detection of HS ≥5%, the AUC of MRI-PDFF (0.946; 95% 
CI, 0.889 to 0.979) was significantly higher than that of CT (0.807; 
95% CI, 0.724 to 0.873), CAP (0.829; 95% CI, 0.750 to 0.892), 
and grayscale US (0.761; 95% CI, 0.674 to 0.834) (P<0.01 for 
all) (Table 2). In pairwise comparisons, there were no significant 
differences between the AUC of ATI and the values of MRI-PDFF, 
CT, or CAP (P=0.133, P=0.063, and P=0.150, respectively). 

Meanwhile, the AUC of ATI was significantly higher than that of 
grayscale US (P=0.001) (Fig. 4). For the detection of HS >33%, 
there was no significant difference in diagnostic performance 
among the various imaging tools (P>0.05 for all) (Table 3, Fig. 4). 
The results for the detection of HS ≥10% and for the subgroup 
analysis of patients with HS ≥5% are summarized in Supplementary 
Table 3 and Supplementary Fig. 3, and Supplementary Table 4 and 
Supplementary Fig. 4, respectively.

Fig. 3. The distribution of quantitative estimates obtained from CT (A), MRI-PDFF (B), CAP (C), and AC from attenuation imaging (D) 
according to the HS grade on pathology. 
Red squares indicate outliers; central box represents the values from the lower to upper quartile (25 to 75 percentile); error bars indicate 
the 95% confidence intervals of the proportions. CT, computed tomography; HU, Hounsfield unit; HS, hepatic steatosis; MRI-PDFF, magnetic 
resonance imaging-derived proton density fat fraction; CAP, controlled attenuation parameter; AC, attenuation coefficient.
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The cutoff value, sensitivity, specificity, accuracy, PPV, and NPV 
of the imaging tools for detecting HS ≥5% and HS >33% are 
presented in Tables 2 and 3, respectively. For detecting HS ≥5%, 
MRI-PDFF showed the highest sensitivity (90.9%), and CAP showed 
the lowest sensitivity (62.1%). Meanwhile, MRI-PDFF and ATI 
showed the highest specificity (96.3%), and grayscale US showed 
the lowest specificity (79.6%). For detecting HS >33%, grayscale 
US showed significantly lower sensitivity (62.5%) than CAP and ATI 
(100% for both) (P=0.03 for both). Regarding specificity, MRI-PDFF 
demonstrated the highest value (98.1%), which was significantly 
higher than CT, CAP, and ATI (P<0.001 for all). The detailed results 
of the pairwise comparisons among the imaging tools for sensitivity 
and specificity for detecting HS ≥5% and HS >33% are presented 
in Supplementary Tables 5 and 6. The results of the pairwise 
comparisons for detecting HS ≥10% are presented in Supplementary 
Table 7.

Discussion

The present study demonstrated that MRI-PDFF significantly 
outperformed CT, CAP, and grayscale US (AUC, 0.946 vs. 0.761-
0.829) (P<0.01 for all) but was not significantly better than ATI (AUC, 
0.892; P=0.133) in the detection of HS. For detecting HS >33%, 
all of the imaging tools demonstrated comparable, satisfactory 
diagnostic performances (AUC, 0.887 to 0.947), and MRI-PDFF 
had the highest accuracy (96.7%). This result suggests that MRI-
PDFF is the most accurate imaging modality in detecting patients 
with HS, which reconfirms the results of previous studies [20,31]. 
In particular, considering that patients with metabolic syndrome 
or NASH commonly have only a mild degree of HS [32], MRI-PDFF 
may be the best imaging modality for screening patients for HS. 
However, MRI-PDFF has drawbacks such as high cost and limited 
availability, which limits its use as a screening tool [7]. Meanwhile, 
ATI significantly outperformed grayscale US in detecting HS ≥5%. 
As a two-dimensional US image-based technique, ATI retains the 

Table 2. Diagnostic performance of imaging tools for detecting HS ≥5% 
Imaging tool AUC Cutoff value Sensitivity (%) Specificity (%) Accuracy (%) PPV (%) NPV (%)

CT 0.807 
[0.724-0.873]

≤6 71.2 (47/66) 
[58.7-81.7]

85.2 (46/54) 
[72.9-93.4]

77.5 (93/120) 
[62.6-94.9]

85.5 (42/48) 
[75.3-91.9]

70.8 (41/56) 
[62.0-78.2]

MRI-PDFF 0.946 
[0.889-0.979]

>3.1 90.9 (60/66) 
[81.3-96.6]

96 3 (52/54)
[87.3-99.5]

93.3 (112/120) 
[76.9-100.0]

96.8 (60/62) 
[88.5-99.2]

89.7 (52/58) 
[80.1-94.9]

CAP 0.829 
[0.750-0.892]

>248 62.1 (41/66) 
[49.3-73.8]

92.6 (50/54) 
[82.1-97.9]

75.8 (91/120) 
[61.1-93.1]

91.1 (41/45) 
[79.7-96.4]

66.7 (50/75) 
[59.3-73.3]

Grayscale US 0.761 
[0.674-0.834]

≥Mild HS 69.7 (46/66) 
[57.1-80.4]

79.6 (43/54) 
[66.5-89.4]

74.2 (89/120) 
[59.6-91.3]

80.7 (46/57) 
[70.7-87.9]

68.3 (43/63) 
[59.3-76.1]

ATI 0.914 
[0.843-0.960]

>0.66 100 (16/16)
[79.4-100.0]

73.1 (76/104) 
[63.5-81.3]

76.7 (92/120) 
[61.8-94.0]

36.4 (16/44) 
[29.4-44.0]

100 (77/77)

Values are percentages, with numerators and denominators in parentheses and 95% confidence intervals in brackets. 
HS, hepatic steatosis; AUC, area under the curve; PPV, positive predictive value; NPV, negative predictive value; CT, computed tomography; MRI-PDFF, magnetic resonance 
imaging-derived proton density fat fraction; CAP, controlled attenuation parameter; US, ultrasound; ATI, attenuation imaging.

Table 3. Diagnostic performance of imaging tools for detecting HS >33%
Imaging tool AUC Cutoff value Sensitivity (%) Specificity (%) Accuracy (%) PPV (%) NPV (%)

CT 0.887
[0.810-0.941]

≤1 87.5 (14/16) 
[61.7-98.4]

87.5 (91/104) 
[79.6-93.2]

87.5 (105/120) 
[71.6-100.0]

51.9 (14/27) 
[38.5-64.9]

97.8 (91/93) 
[92.5-99.4]

MRI-PDFF 0.947
[0.884-0.981]

>8 87.5 (14/16) 
[61.7-98.4]

98.1 (102/104) 
[93.2-99.8]

96.7 (116/120) 
[79.9-100.0]

87.5 (14/16) 
[63.7-96.5]

98.1 (102/104) 
[93.3-99.5]

CAP 0.900
[0.826-0.950]

>250 100 (16/16)
[79.4-100.0]

74.0 (77/104) 
[64.5-82.1]

77.5 (93/120) 
[62.6-94.9]

37.2 (16/43) 
[30.0-45.0]

100 (77/77)

Grayscale US 0.914
[0.842-0.960]

≥Moderate HS 62.5 (10/16) 
[35.4-84.8]

96.2 (100/104) 
[90.4-98.9]

91.7 (110/120) 
[75.3-100.0]

71.4 (10/14) 
[47.1-87.5]

94.3 (100/106) 
[89.8-96.9]

ATI 0.914
[0.843-0.960]

>0.66 100 (16/16)
[79.4-100.0]

73.1 (76/104) 
[63.5-81.3]

76.7 (92/120) 
[61.8-94.0]

36.4 (16/44) 
[29.4-44.0]

100 (77/77)

Values are percentages, with numerators and denominators in parentheses and 95% confidence intervals in brackets. 
HS, hepatic steatosis; AUC, area under the curve; PPV, positive predictive value; NPV, negative predictive value; CT, computed tomography; MRI-PDFF, magnetic resonance 
imaging-derived proton density fat fraction; CAP, controlled attenuation parameter; US, ultrasound; ATI, attenuation imaging.
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advantage of US, including high accessibility, relatively low cost, 
and no radiation exposure [8], although it is a vendor-specific 
technique. Compared with CAP, ATI can easily be performed during 
a grayscale US examination, obviating the need to perform a 
separate examination (i.e., TE). Moreover, the evaluation of hepatic 
parenchyma for both the degree of HS and the presence of focal 
liver lesions is possible with ATI, but not with CAP. Therefore, ATI 
may be more suitable than grayscale US or CAP as a screening tool 
to assess patients for HS. If patients are positive on ATI, MRI-PDFF 
could be used as a confirmatory tool, considering its high accuracy 
but limited availability. The present study may have essential 
clinical value for clinicians who diagnose and treat patients with 
HS, as the present study compared the diagnostic performance 
of representative noninvasive tools for the evaluation of HS using 
pathologic results as a reference standard.

Although both ATI and CAP share the same physics of attenuation 
of US [9,33], ATI is based on two-dimensional images that can 
be used to evaluate the hepatic parenchyma while avoiding large 
vessels or focal liver lesions, whereas CAP lacks two-dimensional 
images. Therefore, CAP has a theoretical disadvantage for evaluating 
HS compared to ATI, especially in patients with focal liver lesions 
in the right lobe of the liver where CAP is measured. In addition, 
the sample volume of ATI from grayscale US images is larger than 
that of CAP [9,34]. The lower diagnostic performance of CAP than 

ATI in detecting HS ≥5% in this study might have been caused by 
this inherent limitation of CAP, although the difference was not 
statistically significant. A similar tendency was observed in some 
previous studies that compared ATI and CAP for detecting HS 
[13,15]. However, CAP has been extensively validated in various 
clinical scenarios, and the impact of technical details on its accuracy, 
including the selection of probes tailored to patients, has been 
established [34,35], while ATI has only been recently introduced into 
clinical practice and requires further validation. Therefore, further 
studies comparing ATI to other quantitative tools, including CAP, in 
different clinical scenarios (e.g., patients with or without focal liver 
lesions) are warranted to more accurately establish the role of ATI in 
the management of fatty liver disease.

Although detecting the presence of HS itself is required to 
diagnose patients with NAFLD, ruling in/out patients with moderate 
or severe HS (i.e., HS >33%) has clinical importance, as it is 
associated with NASH and progression to cirrhosis and liver cancer 
in patients with NAFLD [36]. Moderate or severe HS has also been 
reported to be associated with complications following hepatic 
resection and the coronary artery atherosclerosis burden [37,38]. In 
the present study, all five imaging modalities provided satisfactory, 
comparable diagnostic performance for the detection of HS >33% 
in terms of the AUC (0.887-0.947). However, a closer look into the 
results reveals that MRI-PDFF demonstrated the highest specificity 

Fig. 4. Comparison of receiver operating characteristic curves among the five imaging tools for detecting ≥5% (A) and >33% (B) 
hepatic steatosis on pathology. 
CT, computed tomography; MRI-PDFF, magnetic resonance imaging-derived proton density fat fraction; CAP, controlled attenuation 
parameter; US, ultrasound; ATI, attenuation imaging.
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(98.1%), while CAP and ATI, which are both attenuation-based 
examinations, showed the highest sensitivity values (100% for 
both). Indeed, the AUC of MRI-PDFF to detect HS >33% was higher 
than that of ATI or CAP, although a statistically significant difference 
was not achieved. Considering these results, the authors speculate 
that either CAP or ATI might be used as a screening tool for the 
detection of patients with HS >33%, and MRI-PDFF, with its high 
specificity, could be used as a confirmatory noninvasive diagnostic 
method for patients with positive results on ATI or CAP.

There are a few limitations of the present study that should 
be noted. First, the study participants consisted of relatively lean 
surgical candidates, mainly with chronic viral hepatitis infections. 
In the general population or among patients with NAFLD with a 
higher degree of HS than the surgical candidates in this study, the 
diagnostic performance of the imaging tools may be different from 
the present results. Second, the degree of HS on pathology was 
categorized but not quantitatively estimated. Thus, the correlation 
between the exact amount of HS on pathology and the results of 
quantitative imaging tools was not assessed. Third, the degree 
of iron deposition in the liver was not assessed on pathology. 
However, the MRI-PDFF technique has a T2* correction that could 
compensate for the effect of iron, and the prevalence of hereditary 
hemochromatosis or β-thalassemia, which could result in hepatic 
iron overload, is very low in the East Asian population [39]. Thus, in 
the authors’ opinion, the effect of iron overload in the evaluation 
of HS may not have been significant. Fourth, the CT index may 
have been affected by using peak tube voltages of both 100 kVp 
and 120 kVp [40], although most examinations (92.5% [111/120]) 
were obtained with 100 kVp. In addition, the degree of HS may 
have changed in the time interval of 3 months between the imaging 
study and surgery. Lastly, the interobserver agreement for ATI and 
CAP was not assessed due to the retrospective nature of this study. 

In conclusion, MRI-PDFF was the best imaging modality for 
detecting any degree of HS based on pathologic reference standards, 
while ATI outperformed grayscale US. In detecting HS >33%, all five 
imaging tools demonstrated good diagnostic performance. 
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Supplementary Fig. 2. The distribution of quantitative estimates 
obtained from CT (A), MRI-PDFF (B), CAP (C), and AC from 
attenuation imaging (D) according to the grade of hepatic 
inflammatory activity on pathology. Central box represents the 
values from the lower to upper quartile (25 to 75 percentile); error 
bars indicate the 95% confidence intervals of the proportions. CT, 
computed tomography; HU, Hounsfield unit; MRI-PDFF, magnetic 
resonance imaging-derived proton density fat fraction; CAP, 
controlled attenuation parameter; AC, attenuation coefficient 
(https://doi.org/10.14366/usg.21150).

Supplementary Fig. 3. Comparison of receiver operator characteristic 
curves among the five imaging tools for detecting ≥10% hepatic 
steatosis on pathology. CT, computed tomography; MRI-PDFF, 
magnetic resonance imaging-derived proton density fat fraction; 
CAP, controlled attenuation parameter; US, ultrasonography; ATI, 
attenuation imaging (https://doi.org/10.14366/usg.21150).

Supplementary Fig. 4. Subgroup analysis: comparison of receiver 
operator characteristic curves among the five imaging tools for 
detecting ≥33% hepatic steatosis on pathology in patients with 
hepatic steatosis ≥5%. CT, computed tomography; MRI-PDFF, 
magnetic resonance imaging-derived proton density fat fraction; 
CAP, controlled attenuation parameter; US, ultrasonography; ATI, 
attenuation imaging (https://doi.org/10.14366/usg.21150).
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