
Vol.:(0123456789)1 3

European Radiology (2023) 33:8353–8365 
https://doi.org/10.1007/s00330-023-09731-9

PAEDIATRIC

Noninvasive assessment of paediatric hepatic steatosis by using 
attenuation imaging

Sook Min Hwang1 · Ky Young Cho2 

Received: 12 November 2022 / Revised: 20 April 2023 / Accepted: 26 April 2023 / Published online: 17 May 2023 
© The Author(s), under exclusive licence to European Society of Radiology 2023

Abstract
Objectives  To evaluate the diagnostic performance of attenuation imaging (ATI) with an ultrasound scanner (US) in the 
detection of paediatric hepatic steatosis.
Methods  Ninety-four prospectively enrolled children were classified into normal weight and overweight/obese (OW/OB) 
groups according to body mass index (BMI). US findings, including hepatic steatosis grade and ATI value, were examined by 
two radiologists. Anthropometric and biochemical parameters were obtained, and nonalcoholic fatty liver disease (NAFLD) 
scores, including the Framingham steatosis index (FSI) and hepatic steatosis index (HSI), were calculated.
Results  After screening, 49 OW/OB and 40 normal weight children aged 10–18 years old (55 males and 34 females) par-
ticipated in this study. The ATI value was significantly higher in the OW/OB group than in the normal weight group and 
showed a significant positive correlation with BMI, serum alanine transferase (ALT), uric acid, and NAFLD scores (p < 0.05). 
In the multiple linear regression adjusted for age, sex, BMI, ALT, uric acid, and HSI, ATI showed a significant positive 
association with BMI and ALT (p < 0.05). The receiver operating characteristic analysis showed a very good ability of ATI 
to predict hepatic steatosis. The intraclass correlation coefficient (ICC) of interobserver variability was 0.92, and the ICCs 
of intraobserver variability were 0.96 and 0.93 (p < 0.05). According to the two-level Bayesian latent class model analysis, 
the diagnostic performance of ATI showed the best performance for predicting hepatic steatosis among other known non-
invasive NAFLD predictors.
Conclusions  This study suggests that ATI is an objective and possible surrogate screening test for detecting hepatic steatosis 
in paediatric patients with obesity.
Clinical relevance statement  Using ATI as a quantitative tool in hepatic steatosis allows clinicians to estimate the extent of 
the condition and track changes over time. This is helpful for monitoring disease progression and guiding treatment deci-
sions, especially in paediatric practice.
Key Points 
• Attenuation imaging is a noninvasive US-based method for the quantification of hepatic steatosis.
• Attenuation imaging values were significantly higher in the OW/OB and steatosis groups than in the normal weight and no  
   steatosis groups, respectively, with a meaningful correlation with known clinical indicators of nonalcoholic fatty liver disease.
• Attenuation imaging performs better than other noninvasive predictive models used to diagnose hepatic steatosis.
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GGT​	� Gamma-glutamyl transpeptidase
HDL	� High-density lipoprotein
HSI	� Hepatic steatosis index
Ht	� Height
ICC	� Intraclass correlation coefficient
LCA	� Latent class model analysis
LDL	� Low-density lipoprotein
MRI-PDFF	� MRI-proton density fat fraction
MRS	� MR spectroscopy
NAFLD	� Nonalcoholic fatty liver disease
NASH	� Nonalcoholic steatohepatitis
OW/OB	� Overweight/obese
ROC	� Receiver operating characteristic
TG	� Triglyceride
WC	� Waist circumference

Introduction

Paediatric obesity is a major personal and societal health 
problem [1], and the prevalence of nonalcoholic fatty liver 
disease (NAFLD) is approximately 26–59% among obese 
children [2, 3]. The well-known cause of NAFLD is obe-
sity, and especially during the COVID-19 pandemic period, 
school closures and increased desk-bound behaviour have 
been major factors related to the increase in NAFLD [4, 
5]. According to Feldstein AE et al, children with NAFLD 
have a significantly shorter life expectancy and approxi-
mately 13.8-fold higher mortality related to end-stage liver 
disease than the general population of the same sex and age 
[6]. They also found that some patients progressed to liver 
fibrosis, but this fibrosis was not detected on the initial liver 
biopsy specimen a short period before. A small percent-
age of these patients may have advanced fibrosis requiring 
tertiary care and may develop hepatocellular carcinoma [2, 
7]. NAFLD is a progressive disease, and early detection 
of NAFLD is important, especially in children with a long 
remaining life expectancy.

To date, liver biopsy has been considered the gold stand-
ard for diagnosing NAFLD [8]. However, liver biopsy is not 
easy to perform on paediatric patients because of the associ-
ated invasiveness and the risk of bleeding and the intra- and 
interobserver variability in specimen readings. Additionally, 
it is not practical for screening and follow-up purposes [1, 8]. 
Regarding imaging, ultrasound (US) is the most widely used 
modality for screening and assessing hepatic steatosis [1, 8]. 
However, US also has a few weaknesses, including subjec-
tive characteristics of examination, qualitative evaluation, 
intra- and interobserver variability, poor ability to detect 
mild steatosis, and its nonquantitative imaging methodol-
ogy [9, 10]. As a consequence, an objective and quantitative 
surrogate evaluation method is needed for the detection and 
follow-up care of NAFLD in children.

Attenuation imaging (ATI) measures the characteris-
tics of US beam attenuation in specific tissues. Regarding 
hepatic steatosis, as the degree of fatty infiltration increases, 
the attenuation also increases [11]. ATI produces an attenu-
ation coefficient (AC), which corresponds to the change in 
US beam intensity with the depth of US images [8]. With 
these characteristics, ATI is a promising noninvasive method 
for measuring the degree of fat accumulation in the liver. 
However, few studies have investigated the utility of ATI for 
the evaluation of fatty liver in paediatric patients.

Therefore, the purpose of this study was to evaluate the 
diagnostic performance and inter- and intraobserver vari-
ability of ATI in the detection of hepatic steatosis compared 
with the various other noninvasive predictive models used 
to diagnose hepatic steatosis.

Methods

Study design and patients

In this cross-sectional study, we recruited 94 children to 
evaluate the diagnostic performance of ATI with US from 
September 2019 to March 2022 at a single centre. The sub-
jects were divided into two groups according to BMI: the 
normal weight and overweight/obese (OW/OB) groups. The 
OW/OB group included patients with BMIs that exceeded 
the 85th percentile for their age and sex, and the normal 
weight group included patients with BMIs  < 75th percentile 
based on the 2017 Korean growth chart [12]. Furthermore, 
based on the presence or absence of hepatic steatosis in US, 
we divided the patients into two groups: the no steatosis and 
steatosis groups. The study protocol was approved by the 
ethics committee of the Hallym University Kangnam Sacred 
Heart Hospital (reference number 2022-05-005). Informa-
tion regarding the US and the risks and benefits related to 
US was given to the parents of each child. Written informed 
consent was obtained from all the participants and their par-
ents on behalf of any participants under the age of 18 years 
old prior to the start of the study.

Inclusion and exclusion criteria

The inclusion criteria of the OW/OB group were as follows: 
(a) patients under 18 years of age and (b) children referred 
to our institution for obesity by a paediatric clinician who 
specialised in childhood obesity and scheduled for abdomi-
nal US examination. The exclusion criteria were as follows: 
(a) individuals with a history of liver disease, (b) individuals 
with focal lesions in the liver, and (c) patients with difficulty 
measuring ATI in US due to difficulty of breath holding.

The inclusion criteria of the normal weight group 
were as follows: (a) patients under 18 years of age and 
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(b) children referred to US examination from the outpa-
tient clinic of the paediatric department of our institu-
tion for abdominal pain. The exclusion criteria were as 
follows: (a) individuals with history of liver disease, (b) 
individuals with focal lesions in liver, and (c) patients 
with difficulty measuring ATI in US due to difficulty of 
breath holding.

Anthropometric and blood biochemical parameters 
and NAFLD scores

The anthropometric parameters of the participants 
included height (Ht), weight, BMI, waist circumference 
(WC), and blood pressure. Blood biochemical parameters 
included fasting blood glucose, 25(OH)-vitamin D, uric 
acid, liver function tests, including aspartate aminotrans-
ferase (AST), ALT, and gamma-glutamyl transpeptidase 
(GGT), and lipid profiles, including total cholesterol, 
high-density lipoprotein (HDL) cholesterol, low-density 
lipoprotein (LDL) cholesterol, and triglycerides (TGs). 
The Framingham steatosis index (FSI) and hepatic stea-
tosis index (HSI) NAFLD scores were obtained using 
established formulas [13, 14].

Hepatic steatosis grade and ATI examination

All ATI examinations were performed with an US scanner 
equipped with a 1–8-MHz convex probe on an Aplio i900 
system (Canon Healthcare) by two radiologists with 12 and 
3 years of experience in paediatric US imaging at the same 
time. The patients fasted for at least 6 h prior to undergoing 
ATI, and both operators were blinded to the clinical details 
of the patients, except for their apparent body shape. In this 
study, mild steatosis was defined as the presence of hyperecho-
genicity of the liver parenchyma and increased hepatorenal 
contrast with US features. Moderate steatosis was defined as 
both hyperechogenicity of the liver parenchyma and increased 
hepatorenal contrast, as well as blurred vessel wall echogenic-
ity. Severe steatosis was defined when, in addition to the cri-
teria for moderate steatosis, there was posterior beam attenu-
ation obscuring the diaphragm margin (Fig. 1) [9, 15, 16]. 
ATI examinations were performed on the right lobe through 
an intercostal window with the transducer perpendicular to 
the skin. After setting an adequate sonic window on the grey-
scale ultrasound image, an ATI examination was performed. 
A fan-shaped sampling box measuring 2 × 4 cm or larger was 
positioned in the hepatic parenchyma while the breath was 
held. The sampling box was located at least 2 cm below the 

Fig. 1   US images of mild (a, b), moderate (c, d), and severe (e, f) hepatic steatosis
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liver capsule to avoid reverberation artefacts (Fig. 2). On the 
ATI examination, a conventional greyscale ultrasound image is 
shown on the left side, and the same ultrasound image overlain 
with an attenuation map is simultaneously shown on the right 
side. The degree of attenuation was colour-coded and demon-
strated in the sampling box. Structures such as blood vessels or 
areas with reverberation artefacts cause significant errors in the 
attenuation calculation and are excluded from the attenuation 
map. In the lower-left corner, the attenuation coefficient and 
the goodness of fit (R2) are presented. The AC value, which is 
dB/cm/MHz, is displayed. Additionally, the reliability of the 
result was displayed as an R2 value. The R2 values were catego-
rised into poor (R2 < 0.80), good (0.80 ≤ R2 < 0.90), or excellent 
(R2 > 0.90). ACs with R2 ≥ 0.80 were regarded as valid meas-
urements. ATI examinations were performed until five valid 
measurements were obtained, and the median value among the 
obtained results was used. In each patient, all measurements 
were performed at the same intercostal sonic window while 
the patient held his or her breath.

Statistical analysis

The Shapiro‒Wilk test was used to assess the normal dis-
tribution of continuous variables. The normally distributed 
data were analysed using the t test and are presented as the 
means and standard deviations. The nonnormally distributed 
data were analysed using Wilcoxon’s rank sum test and are 
presented as medians and interquartile ranges. Categorical 
variables were analysed by the chi-square test and are pre-
sented as frequencies and percentages. For a two-sample t 
test with a power of 0.8, a significance level of 0.05, and an 
effect size of 0.55 from the previous study, a sample size 
of 45 per group was determined using G*Power (version 
3.1.9.7) [17]. Pearson’s correlation coefficient was used to 

test the association between two quantitative continuous 
variables. A correlogram was constructed using the corrplot 
package. The linear regression and receiver operating char-
acteristic (ROC) analysis used variables showing a signifi-
cant difference between the normal and OW/OB groups in 
the univariate analysis. Stepwise multiple linear regression 
used backward elimination methods. The diagnostic perfor-
mance of ATI in predicting hepatic steatosis detected by US 
was analysed by the ROC analysis, and the results were com-
pared with other NAFLD scores using the pROC package. 
Inter- and intraobserver variability was analysed by the ICC 
package. In the absence of the gold standard test, such as 
liver biopsy, we used a two-level Bayesian latent class model 
analysis (LCA) with discrete latent variables to evaluate the 
diagnostic performance and accuracy of ATI for predict-
ing hepatic steatosis. The data were analysed by R (version 
4.1.2), Prism (version 9.4.1), and the MICE website [18]. 
Statistical significance was declared at a p value < 0.05.

Results

Patient characteristics

This prospective study was conducted among participants 
who met the inclusion criteria. Five patients in the normal 
weight group were excluded for the following reasons: 
abnormal findings on US (2 haemangiomas, 1 focal nodular 
hyperplasia, calcified nodular lesion, and 1 poor coopera-
tion). After screening, 49 OW/OB (38 males and 11 females, 
mean age 12.24 years) and 40 normal weight (17 males and 
23 females, mean age 15.25 years) children participated in 
this study. There were 41 children in the no steatosis group 
on US (16 males and 25 females, mean age 15.17 years) 

Fig. 2   Performance of ultrasound attenuation imaging. After setting an adequate greyscale ultrasound image (a), an ATI examination was per-
formed (b)
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and 48 children in the steatosis group on US (39 males and 
9 females, mean age 12.29 years). The characteristics of 
the participants are presented in Table 1. As expected, the 
weight, BMI, WC, and WC-to-Ht ratio in the OW/OB group 
were significantly higher than those in the normal weight 
group (p < 0.05, Table 1). For the blood biochemical profile, 

the OW/OB group showed significantly higher levels of glu-
cose, uric acid, AST, ALT, AST-to-ALT ratio, GGT, total 
cholesterol, TGs, LDL cholesterol, and 25-OH vitamin D 
than the normal weight group (p < 0.05, Table 1).

Regarding the prevalence of hepatic steatosis detected by 
US, a significantly higher grade was detected in the OW/OB 

Table 1   Characteristics of 
participants in the normal 
weight and overweight/obesity 
groups

Data are expressed as the means ± standard deviations or medians (interquartile ranges) or n (%). p values 
were obtained from the Student t test, Wilcoxon rank-sum test, or chi-square test comparing the normal 
weight and overweight/obesity groups. BMI; body mass index; WC, waist circumference; BP, blood pres-
sure; AST, aspartate aminotransferase; ALT, alanine aminotransferase; γ-GT, gamma-glutamyl transferase; 
HDL, high-density lipoprotein; LDL, low-density lipoprotein; US, ultrasound; NAFLD, nonalcoholic fatty 
liver disease

Normal weight (N = 40) Overweight/obesity (N = 9/40) p value

Demographic findings
Age (years) 15.25 [12.09; 16.74] 12.24 [10.97; 14.88] 0.009
Male 17 (42.50%) 38 (77.55%) 0.002

Anthropometric measurements
Weight (kg) 49.00 [43.10; 57.20] 66.30 [58.70; 76.10]  < 0.001
Weight (z score)  − 0.40 ± 1.29 2.01 ± 1.00  < 0.001
Height (cm) 160.32 ± 10.97 158.97 ± 11.22 0.570
Height (z score) 0.25 ± 1.19 0.60 ± 1.27 0.184
BMI (kg/m2) 19.31 ± 3.02 27.12 ± 3.02  < 0.001
BMI (z score)  − 0.42 [− 1.98; 0.31] 2.04 [1.67; 2.48]  < 0.001
WC (cm) 68.00 [63.00; 72.20] 89.00 [84.50; 97.75]  < 0.001
WC-to-height ratio 0.43 ± 0.06 0.57 ± 0.004  < 0.001
Systolic BP (mmHg) 110.0 [104.0; 119.0] 110.0 [108.0; 120.0] 0.151
Diastolic BP (mmHg) 65.5 [60.5; 70.0] 62.0 [61.0; 70.0] 0.579

Blood biochemical profiles
Glucose (mg/dL) 96.50 [90.00; 100.50] 98.00 [91.00; 102.00] 0.517
Uric acid (mg/dL) 5.23 ± 1.53 6.53 ± 1.76  < 0.001
AST (IU/L) 21.50 [19.00; 31.00] 40.00 [28.00; 54.00]  < 0.001
ALT (IU/L) 13.00 [9.00; 27.50] 64.00 [35.00; 107.00]  < 0.001
AST-to-ALT ratio 1.74 [1.21; 2.22] 0.63 [0.54; 0.79]  < 0.001
γ-GT (IU/L) 12.00 [11.00; 19.50] 27.00 [21.00; 41.00]  < 0.001
Total cholesterol (mg/dL) 155.00 ± 34.64 171.84 ± 30.94 0.019
Triglycerides (mg/dL) 79.00 [64.50; 110.00] 110.50 [90.50; 157.00] 0.001
HDL cholesterol (mg/dL) 48.85 ± 10.56 45.50 ± 9.50 0.169
LDL cholesterol (mg/dL) 89.50 ± 24.31 110.00 ± 26.80 0.002
25-OH vitamin D (ng/mL) 25.47 ± 5.84 17.47 ± 6.06 0.037

Radiologic findings by US
Liver steatosis grade  < 0.001

No 36 (90.00%) 5 (10.20%)
Mild 4 (10.00%) 5 (10.20%)
Moderate 0 (0.00%) 34 (69.39%)
Severe 0 (0.00%) 5 (10.20%)

Attenuation imaging value
  Observer 1 0.50 ± 0.11 0.72 ± 0.13  < 0.001
Observer 2 0.47 ± 0.09 0.71 ± 0.13  < 0.001

NAFLD score
  Hepatic steatosis index 26.36 [22.70; 29.08] 39.69 [36.90; 42.85]  < 0.001
  Framingham steatosis index 3.04 [1.98; 4.46] 41.26 [28.79; 56.13]  < 0.001
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group than in the normal weight group (p < 0.05, Table 1 and 
Fig. 3A). In the OW/OB group, hepatic steatosis above grade 
1 was detected in 44 participants (91.67%). The ATI values 
of observers 1 and 2 in the OW/OB group were significantly 
higher than those in the normal group (p < 0.05, Table 1 and 
Fig. 3B). The NAFLD scores, including the HSI and FSI, 
were significantly higher in the OW/OB group than in the 
normal weight group (p < 0.05, Table 1).

The characteristics of participants 
with and without steatosis detected with US

In this study, the no steatosis group was defined as no detect-
ible hepatic steatosis with US, and the steatosis group was 
defined as children with hepatic steatosis of more than a 
mild degree according to US. A total of 41 children were 
included in the no steatosis group, and 48 children were 
included in the steatosis group. The prevalence of steato-
sis was significantly higher in the OW/OB group (91.7%) 
than in the normal group (12.2%) (p < 0.001, Table 2). The 
weight, BMI, WC, and WC-to-Ht ratio in the steatosis group 
were significantly higher than those in the no steatosis group 
(p < 0.05, Table 2). Regarding the blood biochemical profile, 
the steatosis group showed significantly higher levels of uric 
acid, AST, ALT, AST-to-ALT ratio, GGT, total cholesterol, 
TGs, LDL cholesterol, and 25-OH vitamin D than the nor-
mal weight group (p < 0.05, Table 2).

In the steatosis group, 9 (18.75%), 34 (70.83%), and 5 
(10.42%) children showed mild, moderate, and severe degrees, 
respectively. The ATI values of observers 1 and 2 in the steato-
sis group were significantly higher than those in the no steatosis 
group (p < 0.05, Table 2 and Fig. 3C). The NAFLD scores, 
including the HSI and FSI, were significantly higher in the stea-
tosis group than in the no steatosis group (p < 0.05, Table 2).

The correlations among the anthropometric 
and blood biochemical parameters, US findings, 
and NAFLD scores in the normal and OW/OB groups

The correlogram in Fig. 4 displays positive correlations in 
blue and negative correlations in red for significant cor-
relations between variables (p < 0.05). The intensity of the 
colour is proportional to the correlation coefficients.

Regarding the US findings, the hepatic steatosis grade 
and ATI showed a significant positive correlation with 
BMI, WC, WC-to-Ht ratio, ALT, TGs, uric acid, and 
NAFLD scores, including the HSI and FSI (p < 0.05, 
Fig. 4). Regarding relationships with the hepatic steato-
sis grade detected by US, the highest significant positive 
coefficient was observed for FSI (0.74), and the highest 
significant negative coefficient was observed for the AST-
to-ALT ratio (− 0.66) (p < 0.05, Fig. 4). Regarding the 
relationships with ATI in US, the WC-to-Ht ratio showed 
the highest significant positive coefficient (0.42), and the 
AST-to-ALT ratio had the highest significant negative 
coefficient (− 0.30) (p < 0.05, Fig. 4).

Regarding the anthropometric measures, BMI and WC 
showed a significant negative correlation with the AST-to-
ALT ratio and vitamin D values and a significant positive 
correlation with the US findings, including the hepatic 
steatosis grade and ATI, and the NAFLD scores, including 
the HSI and FSI (p < 0.05, Fig. 4). Regarding the blood 
biochemical profiles, the AST-to-ALT ratio showed a neg-
ative correlation with BMI, WC, US findings, including 
the hepatic steatosis grade and ATI, NAFLD scores, uric 
acid, and TGs (p < 0.05, Fig. 4). Significant positive cor-
relations were found between ALT and BMI, WC, US find-
ings, including the hepatic steatosis grade and ATI, and 
NAFLD scores, including HSI and FSI (p < 0.05, Fig. 4).

Fig. 3   A The prevalence of hepatic steatosis detected in abdominal 
ultrasonography according to the steatosis grade in the normal and 
overweight/obesity (OW/OB) groups. The distribution of attenuation 

imaging values (ATI) between the normal and overweight/obesity 
(OW/OB) children (B) and in children without and with liver steato-
sis (C) detected by ultrasound (p < 0.0001)
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Table 2   Characteristics of the 
participants with and without 
liver steatosis detected on 
ultrasound

Data are expressed as the means ± standard deviations or medians (interquartile ranges) or n (%). p value 
was obtained from the Student t test, Wilcoxon rank-sum test, or chi-square test comparing the children 
with steatosis and without steatosis detected on ultrasound. BMI, body mass index; WC, waist circumfer-
ence; BP, blood pressure; AST, aspartate aminotransferase; ALT, alanine aminotransferase; γ-GT, gamma-
glutamyl transferase; HDL, high-density lipoprotein; LDL, low-density lipoprotein; US, ultrasound; 
NAFLD, nonalcoholic fatty liver disease

No steatosis group (N = 41) Steatosis group (N = 48) p value

Demographic findings
Group  < 0.001
  Normal 36 (87.80%) 4 (8.33%)
Overweight/obesity 5 (12.20%) 44 (91.67%)

Male 16 (39.02%) 39 (81.25%)  < 0.001
Age (years) 15.17 [12.09; 16.61] 12.29 [11.04; 15.25] 0.025
Anthropometric measurements
 Weight (kg) 51.17 ± 9.44 68.33 ± 16.20  < 0.001
 Weight (z score)  − 0.12 ± 1.54 1.82 ± 1.16  < 0.001
 Height (cm) 160.21 ± 10.51 159.04 ± 11.60 0.621
 Height (z score) 0.31 ± 1.35 0.55 ± 1.14 0.354
 BMI (kg/m2) 20.01 ± 3.69 26.68 ± 3.60  < 0.001
 BMI (z score)  − 0.40 [− 1.73; 0.42] 1.99 [1.50; 2.47]  < 0.001
 WC (cm) 69.27 ± 8.61 89.23 ± 10.57  < 0.001
 WC to height 0.43 ± 0.06 0.56 ± 0.06  < 0.001
 Systolic BP (mmHg) 110.0 [106.0; 119.0] 110.0 [108.0; 119.0] 0.340
 Diastolic BP (mmHg) 69.0 [61.0; 70.0] 61.5 [60.5;70.0] 0.292

Blood biochemical profiles
 Glucose (mg/dL) 97.00 [91.00; 100.00] 97.00 [90.50; 103.00] 1.000
 Uric acid (mg/dL) 5.33 ± 1.47 6.47 ± 1.86 0.002
 AST (IU/L) 22.00 [19.00; 30.00] 41.00 [28.00; 62.50]  < 0.001
 ALT (IU/L) 13.00 [9.00; 24.00] 64.00 [35.50; 112.00]  < 0.001
 AST-to-ALT ratio 1.71 [1.12; 2.11] 0.64 [0.55; 0.79]  < 0.001
 γ-GT (IU/L) 12.00 [11.00; 19.00] 27.00 [22.00; 42.00]  < 0.001
 Total cholesterol (mg/dL) 155.46 ± 35.16 171.81 ± 30.49 0.023
 Triglycerides (mg/dL) 79.00 [64.00; 113.00] 111.00 [91.00; 157.00]  < 0.001
 HDL cholesterol (mg/dL) 48.45 ± 10.29 45.53 ± 9.65 0.221
 LDL cholesterol (mg/dL) 93.79 ± 26.06 108.60 ± 27.28 0.023
 25-OH Vitamin D (ng/mL) 22.80 [18.80; 27.90] 15.00 [12.60; 21.55] 0.027

Radiologic findings by the US
Liver steatosis grade  < 0.001
 No 41 (100.00%) 0 (0.0%)
 Mild 0 (0.0%) 9 (18.75%)
 Moderate 0 (0.0%) 34 (70.83%)
 Severe 0 (0.0%) 5 (10.42%)

Attenuation imaging value
 Observer 1 0.50 ± 0.10 0.72 ± 0.12  < 0.001
 Observer 2 0.47 ± 0.09 0.72 ± 0.13  < 0.001

NAFLD score
 Hepatic steatosis index 27.14 ± 5.17 39.59 ± 6.08  < 0.001
 Framingham steatosis index 3.23 [2.02; 4.68] 42.22 [29.16; 56.17]  < 0.001
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Fig. 4   Correlation of anthro-
pometric measures, blood 
biochemical profiles, ultrasound 
findings, and hepatic steatosis 
indexes in normal weight and 
obese children. In this correlo-
gram, positive correlations are 
expressed in blue, and negative 
correlations are expressed in 
red. The intensity of the colour 
is proportional to the correlation 
coefficients. The coefficients 
in the expressed variables are 
statistically significant (BMI, 
body mass index; WC, waist 
circumference; WC to Ht, waist 
circumference-to-height ratio; 
HSI, hepatic steatosis index; 
FSI, Framingham steatosis 
index; AST, aspartate ami-
notransferase; ALT, alanine 
aminotransferase; AST to 
ALT, AST-to-ALT ratio; GGT, 
γ-glutamyl transferase; HDL, 
high-density lipoprotein; LDL, 
low-density lipoprotein; TG, 
triglyceride; vitamin, 25-OH 
vitamin D; US, ultrasound; ATI, 
attenuation imaging values)

Fig. 5   A The association between attenuation imaging values (ATI) 
and age, sex, body mass index (BMI), alanine aminotransferase 
(ALT), hepatitis steatosis index (HSI), and uric acid using simple and 

multiple linear regression. B The positive association between ATI 
and BMI and ALT using multiple linear regression
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The association between ATI and the predictors 
using simple and multiple linear regression

When the predictors involved in the linear regression model 
were not normally distributed, the predictors were log-
transformed. Simple linear regression analysis showed a 
significant association between ATI and age, sex, BMI, ALT, 
HSI, and uric acid (p < 0.05, Fig. 5A). Then, we performed 
stepwise multiple linear regression using backward elimina-
tion methods using the predictors (sex, log age, BMI, log 
ALT, HSI, and uric acid), which showed that the significant 
predictors were BMI and log ALT (p < 0.05). The multiple 
linear regression showed a significant positive association 
among BMI, log ALT, and ATI (p < 0.05, Fig. 5A). To visu-
alise this model, we used the predict function in the R pro-
gram, and Fig. 4B shows the significant positive associations 
between ATI and BMI and log ALT (p < 0.05, Fig. 5B).

The diagnostic performance of ATI for hepatic 
steatosis and the intraclass correlation 
between observers

The ROC analysis revealed that the area under the ROC 
curve (AUC) of the ATI was 0.923 (95% CI: 0.866–0.979), 
that of the HSI was 0.926 (95% CI: 0.864–0.988), that of the 
FSI was 0.921 (95% CI: 0.864–0.979), and that of BMI plus 
ALT was 0.866 (95% CI: 0.783–0.950) (p < 0.05, Fig. 6A). 
The best threshold (sensitivity, specificity) of ATI in the 
ROC analysis was 0.585 (90.2%, 85.4%), that for the HSI 
was 34.5 (95.1%, 87.5%), that for the FSI was 6.180 (85.4%, 
89.6%), and that for BMI plus ALT was 44.285 (78.0%, 
93.8%) (Fig. 6B). The comparison of the diagnostic per-
formance using the ROC analysis showed no significant 

differences between ATI and HSI, FSI, and BMI plus ALT 
according to pROC in the R program (p > 0.05). The intra-
class correlation coefficient (ICC) of interobserver vari-
ability was 0.92 (95% CI: 0.88–0.95) between observers 1 
and 2 (p < 0.05). The ICCs of intraobserver variability were 
0.96 (95% CI: 0.94–0.97) for observer 1 and 0.93 (95% CI: 
0.89–0.95) for observer 2 (p < 0.05).

Diagnostic performance of the noninvasive 
predictors for hepatic steatosis using Bayesian LCA

Due to the paucity of liver biopsy results, we analysed 
the diagnostic performance of noninvasive predictors for 
hepatic steatosis using two levels of Bayesian LCA with 
the imperfect gold-standard methodology. To fit the model, 
the predictors were changed to dichotomous variables. The 
ATI cut-off level was 0.59; US results were categorised as 
hepatic steatosis or not (grade 0, and grades 1, 2, 3). The HSI 
cut-off level was 35, and the FSI cut-off level was 23. BMI 
plus ALT was defined as overweight (BMI 85 percentile or 
more) plus ALT (male 30 or more, female 22.1 or more) [19, 
20]. We constructed two models (model 1: ATI, US, FSI, 
and BMI plus ALT; model 2: ATI, US, HSI, and BMI plus 
ALT). In both models, ATI showed the best performance for 
predicting hepatic steatosis among other known noninvasive 
NAFLD predictors (Table 3).

Discussion

Our study suggests that ATI could be a novel method for 
the detection of hepatic steatosis in paediatric patients. In 
our study, ATI showed a significant association with BMI 

Fig. 6   Diagnostic performance of median ATI values for predicting 
hepatic steatosis by ultrasound (A, B). ATI, attenuation imaging; HSI, 
hepatic steatosis index; FSI, Framingham steatosis index; BMI, body 

mass index; ALT, alanine aminotransferase; US, ultrasound; AUC, 
area under the curve; CI, confidence interval
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and ALT in the multivariate regression analysis. When we 
compared diagnostic performance by Bayesian LCA with 
other screening methods, ATI was superior to US only, FSI, 
HSI, and BMI plus ALT.

Several studies have been conducted to find noninvasive 
screening methods for NAFLD, including the use of anthro-
pometric and biochemical characteristics [21, 22]. Various 
characteristics in obese children, including elevated BMI, 
WC, serum ALT, alkaline phosphatase (ALP), insulin resist-
ance, lipid profile, GGT, and uric acid levels, and decreased 
serum vitamin D levels, have been suggested as markers 
of NAFLD in children [21–26]. In our study, there were 
concordant significant differences in various anthropometric 
and biochemical markers between the normal weight and 
OW/OB groups and the group with and without steatosis 
according to US. The significant abnormalities in blood bio-
chemical findings in the OW/OB group and subjects with 
hepatic steatosis according to US could imply that NAFLD 
may coexist or appear later. The significant differences in 
age and sex between the OW/OB and normal weight groups 
are associated with the fact that this study design did not use 
a matching method. In the statistical analysis, age and sex 
were considered covariates.

For the diagnosis of NAFLD, liver biopsy is the gold 
standard method for the quantification of hepatic steatosis 
[8, 27, 28]. Owing to limitations of liver biopsy, including 
sampling error and invasiveness, there have been several 
attempts to find an objective surrogate method to quantita-
tively evaluate hepatic steatosis. Currently, MR spectroscopy 
(MRS) and MRI proton density fat fraction (MRI-PDFF) 
have been regarded as possible tools [29–31]. However, MRI 
evaluation is expensive and time-consuming and, particu-
larly in young children, often requires sedation [17, 24].

US is a widely used convenient method for evaluating 
hepatic steatosis. Greyscale US imaging allows for the 

subjective estimation of the degree of hepatic steatosis. 
These methods are noninvasive but provide semiquantita-
tive results, and occasionally, additional image data process-
ing steps are needed. Recently, US-based methods for the 
quantification of hepatic steatosis have been developed by 
using the nature of the interaction of the US beam with tis-
sue [32–36]. The controlled attenuation parameter (CAP) 
using FibroScan® and ATI are representative methods [24]. 
The quantity of fat droplets reflects changes in the viscoe-
lastic characteristics of the liver [37]. CAP measures the 
attenuation of the US beam as it passes through the liver 
and reflects increased attenuation of the US beam in the 
liver with steatosis [24, 34]. However, in clinical situations, 
CAP has limitations of a lack of anatomical information and 
requires additional equipment to measure CAP [34].

ATI is a more up-to-date method than CAP, and it can 
provide objective information on hepatic steatosis with 
conventional greyscale echogenicity and structural infor-
mation simultaneously [34]. According to several recent 
studies in adults, ATI demonstrated a good diagnostic 
performance and correlation with the degree of steato-
sis with reference values based on liver biopsy or MRI-
PDFF [8, 24, 33–44]. Only one study has been conducted 
with children thus far; in the study by Song et al, ATI was 
found to be useful for the quantitative evaluation of hepatic 
steatosis in children as well [17]. The suggested cut-off 
value of AC to discriminate normal and fatty liver was 
0.59 dB/cm/MHz and to discriminate moderate-to-severe 
and mild fatty liver was 0.69 dB/cm/MHz in their study 
[17]. In our study, the mean AC value in the normal group 
was 0.47–0.5, and that in the steatosis group was 0.72. 
This was the corresponding value in the normal group. 
Regarding the AC value in the steatosis group, we can 
consider that most of the patients in our study belonged 
to the moderate-to-severe fatty liver group, considering 

Table 3   Diagnostic performance of the noninvasive predictors for liver steatosis according to the Bayesian latent class model analysis

PPV, positive predictive value; NPV, negative predictive value; 95% CI, 95% confidence interval; ATI, attenuation index; US, ultrasound; FSI, 
Framingham steatosis index; HSI, hepatic steatosis index; BMI, body mass index; ALT, alanine aminotransferase
* Performance = Sensitivity + Specificity − 100

Parameter Sensitivity (95% CI) Specificity (95% CI) PPV (95% CI) NPV (95% CI) Performance*

Model 1
 ATI 89.1 (78.6–95.8) 100 (100–100) 100 (100–100) 87.7 (75.6–95.2) 89.1
 US 89.6 (78.9–96.0) 92.5 (81.1–98.7) 94.0 (84.9–99.0) 87.1 (74.0–95.2) 82.1
 FSI 77.4 (64.4–87.2) 97.3 (89.0–100) 97.4 (89.4–100) 76.7 (63.2–86.9) 74.7
 BMI + ALT 81.0 (68.5–90.1) 99.3 (92.9–100) 99.4 (93.3–100) 80.0 (66.7–89.5) 80.3

Model 2
 ATI 89.4 (79.0–96.0) 100 (100–100) 100 (100–100) 88.0 (76.2–95.6) 89.4
 US 89.7 (79.7–95.9) 92.3 (81.2–98.3) 93.8 (84.3–98.6) 87.5 (75.3–95.1) 82
 HSI 85.6 (74.3–93.5) 99.4 (93.3–100) 99.5 (94.0–100) 84.2 (71.3–92.7) 85
 BMI + ALT 81.5 (69.0–90.4) 99.4 (93.8–100) 99.4 (93.9–100) 80.6 (67.9–90.0) 80.9
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that more than 80% of the patients had US grades 2 and 
3 in our study, which also showed corresponding values. 
Our study results also showed significant correlations with 
BMI and ALT, with high ROC values. This is the first 
study to reveal the relationship between clinical features 
and ATI in children.

There were several advantages of using ATI as a quan-
titative tool in this clinical scenario. By measuring the 
degree of attenuation in different parts of the liver, a cli-
nician can estimate the extent of liver steatosis and track 
changes over time, which can be helpful in monitoring 
the progression of the disease and guiding treatment deci-
sions. Especially in paediatric clinical practice, the use of 
an attenuation tool reduces the need for sedation.

Our study has several limitations. First, we did not 
perform a histologic confirmation of hepatic steatosis 
in children, and therefore, we analysed the diagnostic 
performance of ATI using two levels of Bayesian LCA. 
Bayesian LCA can analyse the accuracy of each imperfect 
diagnostic test, as well as the dependence between tests, 
to simultaneously estimate disease prevalence and the sen-
sitivity and specificity of all tests [45, 46]. Bayesian LCA 
uses known information about test performance and yields 
accuracy estimates that are easier to interpret. Second, we 
did not evaluate fibrosis [8]. In ATI, the AC value is deter-
mined only by hepatic steatosis, and the stage of fibrosis 
is not associated with AC. This is similar to the results of 
CAP [17, 29, 31]. In our study, there was no patient with 
cirrhosis on greyscale US. For obese children, it is impor-
tant to detect and screen for NAFLD before NAFLD pro-
gresses to hepatic fibrosis. Therefore, it is more important 
to objectively evaluate hepatic steatosis initially. Third, a 
relatively small number of participants were included in 
our study. A larger study population is required to validate 
the ATI technique for paediatric NAFLD. Fourth, none of 
the patients had undergone MR study. Given the age of 
our study population, it was feasible for most patients to 
undergo MR study without sedation. However, this was not 
implemented due to time and cost constraints.

Conclusion

The results of our study show that the diagnostic perfor-
mance of ATI in the detection of hepatic steatosis is higher 
than that of various imperfect gold standards in children. In 
addition, ATI has several merits for the evaluation of pae-
diatric NAFLD compared to other methods, including its 
noninvasiveness, objective and precise ability to reflect the 
degree of hepatic steatosis, meaningful value with clinical 
indicators, and convenience.
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