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ABSTRACT 

An abundance of fat stored within the liver, or steatosis, is the beginning of a broad 

hepatological spectrum, usually referred to as fatty liver disease (FLD). For studies on 

FLD, quantitative hepatic fat ultrasonography would be an appealing study modality. 

Objective of the present study was to developed a technique for quantifying hepatic fat 

content by ultrasonography and validate this using proton magnetic resonance spectroscopy 

(1H MRS) as gold standard. Eighteen White volunteers (BMI range 21.0 to 42.9) were 

scanned by both ultrasonography and 1H MRS. Altered ultrasound characteristics, present 

in the case of FLD, were assessed using a specially developed software program. Various 

attenuation and textural based indices of FLD were extracted from ultrasound images. 

Using linear regression analysis, the predictive power of several models (consisting of both 

attenuation and textural based measures) on log 10-transformed hepatic fat content by 1H 

MRS were investigated. The best quantitative model was compared with a qualitative 

ultrasonography method, as used in clinical care. A model with four ultrasound 

characteristics could modestly predict the amount of liver fat (adjusted explained variance 

43.2%, p=0.021). Expanding the model to seven ultrasound characteristics increased 

adjusted explained variance to 60% (p=0.015), with r=0.789 (p<0.001). Comparing this 

quantitative model with qualitative ultrasonography revealed a significant advantage of the 

quantitative model in predicting hepatic fat content (p<0.001). This validation study shows 

that a combination of computer-assessed ultrasound measures from routine ultrasound 

images can be used to quantitatively assess hepatic fat content.  
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INTRODUCTION 

 

A continuous accumulation of lipids in the liver may result in a broad hepatological 

spectrum, usually referred to as fatty liver disease (FLD) 1, 2. An abundance of fat within the 

liver, or steatosis, can progress to steatohepatitis (fat and inflammation, with or without 

fibrosis) and cirrhosis (maximum fibrosis score) 3, and has also been associated with 

hepatocarcinoma 4. Additionally, FLD, particularly non-alcoholic FLD (NAFLD), is an 

underlying condition for cardiovascular disease 5, 6. As alcoholic FLD (AFLD) and NAFLD 

are histologically indistinct 7, distinction between both is neither possible nor relevant in 

relation to measurement of hepatic fat content. The estimated FLD prevalence is one third 

of the general adult Western population 8-10, and may have been increasing in parallel with 

the global increase of obesity 11. 

Hepatic fat content can be determined by histological 2 or biochemical 12, 13 analysis of liver 

tissue by biopsy, magnetic resonance techniques 14, computed tomography 15 and 

ultrasonography 16, 17. Ultrasonography is, in contrast to other diagnostic modalities, an 

appealing method for large population studies on FLD, as is it non-invasive (painless, no 

harmful radiation), portable and relatively inexpensive. In the case of parenchymal liver 

disease, reflections of liver tissue by ultrasonography are altered 16, 17. In clinical care, 

ultrasonography is the most often used diagnostic modality, but in a qualitative way. 

Steatosis can be qualitatively assessed by: i] hyperechogenity of liver tissue (‘bright liver’) 

as often compared to hypoechogenity of the kidney cortex, ii] fine, tightly packed echoes, 

iii] fall of echo amplitude with depth (posterior beam attenuation), iiii] loss of echoes from 

the walls of the portal veins (featureless appearance) 16, 17. As this is a qualitative scoring 

method and also subjective 18, quantitative approaches for identification of liver disease 

have been suggested. However, these methods have never been validated by an appropriate 

quantitative gold standard. The purpose of the present study was to develop and validate 

quantitative analysis of ultrasonography images, for assessment of hepatic fat content, using 

proton magnetic resonance spectroscopy (1H MRS) as gold standard.  
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METHODS AND PROCEDURES 

 

VOLUNTEERS 

Volunteers were recruited by advertisement, and a heterogenic study population was strived 

after. Exclusion criteria were current presence of hepatic pathology, previous hepatic or 

renal surgery, and standard MR-contraindications. The volunteers underwent both hepatic 

ultrasonography and 1H MRS, and a short physical examination. All volunteers gave 

written informed consent. This study was approved by the Medical Ethics Committee of the 

University Medical Center Groningen. 

 

ULTRASONOGRAPHY 

Ultrasonography was performed using a Philips ATL ultrasound machine (Philips, Best, the 

Netherlands), with a 5 – 2 MHz curved array transducer. 

Quantitative ultrasonography 

Imaging 

In one ultrasound image both liver and right kidney were visualised 17, as shown by figure 

І. Imaging was performed by an experienced radiologist. One standard image, with ‘persist’ 

(med), ‘2D opt’ (gen), ‘frame rate’ (high), ‘gain’ (40) and ‘image depth’ (14.7 cm), was 

used for analysis.  

Analysis 

Images were analysed by an operator (operator 1) twice, with a one month interval, and the 

average values by operator 1 were used in this study. In order to study inter-operator 

reliability, another operator (operator 2) analysed the images, while untrained for the 

method and blinded for all study outcomes. 

Data extraction and data 

Data were extracted from ultrasound images using a modified version of a specially 

developed software program (dept. of BME, Technion IIT, Haifa, Israel) in the MATLAB 

programming environment, previously described by Gaitini et al. 19. Figure І shows an 

example of data extraction. According to a standard protocol, regions of interest and 

attenuation lines were interactively placed in the liver images in order to calculate several 

attenuation indices and several textural indices. Figure ІІ shows a scheme on quantitative 

ultrasonography measures, including the presently validated indices in the white boxes. 
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Both a region of interest (quadrangle) and an attenuation 

line (closed line) were placed according to a standard 

protocol.  

The region of interest had to be placed in a bright area, 

while avoiding large artefacts like rib shadows and large 

blood vessels, at a depth of 4 to 6 cm. The attenuation line 

had to be placed in a bright pathway, while avoiding large 

artefacts, at a straight line from the ‘origin’ of ultrasound 

(intermittent line).  

The region of interest served for the determination of 

several textural indices. The attenuation line was used for 

determining attenuation estimates 19. 

Figure І. Ultrasonography image analysis   

 

Qualitative ultrasonography 

In addition to the quantitative approach, the radiologist made an ultrasound image with 

optimum settings, as used in clinical care. This image was qualitatively scored by the 

radiologist, according to standard qualitative criteria 16, 17, 26, while blinded for all study 

outcomes.     
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MULTI-VOXEL PROTON MAGNETIC RESONANCE SPECTROSCOPY 

In general, by means of radiofrequency transmission and reception, a magnetic resonance 

scanner detects resonance signals of both hepatic lipids (mainly methylene, i.e. CH2, from 

fatty acyl chains) and hepatic water 27. As previously described in detail 14, 28, 1H MRS was 

performed, using a 1.5 Tesla whole-body scanner (MAGNETOM Avanto; Siemens 

Medical Solutions, Erlangen, Germany) equipped with gradients of up to 40 mTm-1 

(maximal slew rate = 200 mT m-1/ms) and a six-channel spine array coil. Subjects were in 

supine position with a large flex coil placed over the liver, which was simultaneously used 

with the spine array coil as receiver. T1-weighted gradient-echo images were recorded to 

assess the anatomy of liver. Using a field of view of 16×16 cm2 and a volume of interest of 

5×8×4 cm3 positioned within the liver, hybrid 2D-spectroscopic imaging (chemical shift 

imaging or CSI), point resolved spectroscopy (PRESS) with a repetition time (TR) of 5000 

ms and an echo time (TE) of 30 ms was performed. The CSI measurement lasted 16×16×5 

= 1280 s, corresponding to approximately 21 min. Shimming was automated and water 

suppression was not applied in order to be able to calculate the fat-water ratio distributions 

in the liver directly. At the used TR of 5 s, T1 saturation of the water and fat signals is 

negligible, i.e. TR > 5T1. At the used TE of 30 ms the correction applied to our data to 

compensate for the fact that the fat signal has a longer T2 (78 ms) than water (60 ms) was 

12.2 %. Hepatic fat content was calculated by the peak CH2 signal (at 1.3 parts/ million) 

divided by the sum of the peak CH2 signal and peak H2O signal (at 4.7 parts/ million), using 

water as an internal reference 14, 28. 1H MRS has been validated, by comparison with both 

histological and biochemical analysis of liver tissue by biopsy 27, 29, 30. 

A hepatic fat content of 5.56% by 1H MRS is used as cut-off value for diagnosing FLD, 

based on the 95th percentile hepatic fat distribution of a low risk group 10.  

 

STATISTICS 

Univariate analysis and multiple regression analysis 

As distribution of hepatic fat content by 1H MRS was skewed, values were log 10 

transformed. Plotting and correlation (Pearson) was used to explore univariate concordance 

with log 10 1H MRS. The classification of variables in figure ІІ (white boxes), followed by 

‘backward selection’, was used for variable selection in a linear regression model. Firstly, 

the variables from separate boxes of figure ІІ were assessed, i.e. separate ultrasonography 
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aspects. Secondly, variables from combinations of boxes of figure ІІ were assessed, i.e. 

information from several ultrasonography aspects.  

Evaluation and bootstrap 

Models were evaluated on adjusted explained variance (adj. R2) and explained variance 

(R2). By means of bootstrap, 95% confidence intervals were estimated for regression 

coefficients, and adj. R2 and R2. Moreover, a 95% prediction interval was calculated. 

Quantitative versus qualitative ultrasonography 

The Chi-square test was used to test differences between the two methods. Additionally, 

sensitivity and specificity of both methods were calculated. In addition to the 95% 

prediction interval of the quantitative method, a 95% prediction interval was calculated for 

the qualitative method as well. 

Reliability 

Both intra-observer and inter-observer reproducibility of algorithms were studied, using the 

Bland & Altman method 31.  

Statistical analysis was performed using software programs SPSS version 14 and R version 

2.6.2. 
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RESULTS 

 

STUDY POPULATION 

Twenty apparently healthy White volunteers were examined. One volunteer was excluded 

because of hepatic pathology (haemangioma), and one volunteer was excluded because of 

rib shadows over the liver-kidney image. 

The study population (n = 18) consisted of 10 males and 8 females, with a mean ±sd age of 

46.0 ±14.1 year, body mass index of 28.7 ±6.4 kg/m2 (range 21.0 to 42.9), and waist to hip 

ratio of 0.93 ±0.11. Hepatic fat content by 1H MRS ranged from 0.32% – 18.55%, with a 

median of 1.75%. 

 

UNIVARIATE ANALYSIS 

Plots and correlation coefficients revealed no associations. Only slope and co-entropy were 

borderline significantly associated with log 10 1H MRS, with r=−0.423 (p=0.081) and 

r=−0.418 (p=0.084), respectively.  

 

MULTIPLE ANALYSIS 

Information from separate ultrasonography aspects, i.e. separate boxes from figure ІІ, 

revealed no associations with log 10 1H MRS (data not shown). Combining information 

from different ultrasonography aspects, i.e. by combining boxes from figure ІІ, was 

associated with hepatic fat content by log 10 1H MRS (model 1, table І). Including more 

ultrasonography characteristics, further improved the association (model 2, table І).  

Algorithms 

The algorithms derived from these models are: 

Algorithm 1:  

log 10 1H MRSpred.  =  –37.67 –0.07*offset –0.78*slope  

                                    −3.85*co entropy + 3.56*co sum entropy.                   

Algorithm 2:  

log 10 1H MRSpred.  =  −72.68 −0.07*offset −0.81*slope  

                                    −3.63*co entropy + 3.34*co sum entropy  

                                    −0.20*diff contrast + 84.84*inv diff mom + 5.98*FP1.                   
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A scatter plot of algorithm 2 with log 10 1H MRS, including a prediction interval, is shown 

in figure ІІІa. This means that by applying our algorithm to ultrasound images of new 

volunteers, 95% of their predicted values will fall within this interval.  

 

Table І. Prediction by combinations of ultrasound characteristics 

Model 

ID 

Independent 

variables a 
B [95% CIb] 

p-

value 

Model 

p-value 

Model adj. R2 

[95% CIb] 

Model R2  

[95% CIb] 

1 

(constant) 

offset 

slope 

co entropy 

co sum entropy 

−37.67 [−57.45 – −18.07] 

−.07 [−0.10 – −0.03] 

−.78 [−1.19 – −0.37] 

−3.85 [−5.95 – −1.79] 

3.56 [0.81 – 6.31] 

.007 

.009 

.007 

.008 

.052 

.021 

43.2% 

[−2.9% – 

97.2%] 

56.5% 

[21.3% – 97.9%] 

2 

(constant) 

offset 

slope 

co entropy 

co sum entropy 

diff contrast 

inv diff mom 

FP1 

−72.68 [−96.70 – −48.76] 

−.07 [−0.10 – −0.04] 

−.81 [−1.17 – −0.44] 

−3.63 [−5.33 – −1.93] 

3.34 [1.24 – 5.40] 

−.20 [−0.30 – −0.09] 

84.84 [40.42 – 129.65] 

5.98 [2.97 – 9.01] 

.001 

.012 

.009 

.011 

.039 

.019 

.019 

.016 

.015 

60.0% 

[49.1% – 

99.6%] 

76.5% 

[70.0% – 99.8%] 

a = dependent variable is log 10 1H MRS, b = bootstrapped 95% confidence interval. 

Adj. R2 = adjusted explained variance, B = regression coefficients, R2 = explained variance. 

 

 

QUANTITATIVE VERSUS QUALITATIVE ULTRASONOGRAPHY  

Validity of algorithm 2, in comparison with a qualitative ultrasonography method used in 

clinical care, is shown in figure ІІІ. Using cut-off value 0.75 log 10 1H MRS, which is 

5.56% by 1H MRS 10, 3 people had FLD. Quantitative ultrasonography was significantly 

better associated with the presence of FLD than qualitative ultrasonography (
χ 2 = 32.8, 

with df = 1, p<0.001). Sensitivity and specificity were 66.7% and 100%, respectively, for 

quantitative ultrasonography. Sensitivity and specificity were 100% and 40%, respectively, 

for qualitative ultrasonography. Additionally, the prediction interval of the quantitative 

method was much narrower in comparison to the prediction interval of the qualitative 

method (figure ІІІ).    
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a. Quant. ultrasonography 
r = .789 (p<.001) 
R2 = 62.3% 

b. Qual. ultrasonography 
r = .353 (p=.151) 
R2 = 12.4% 

 

1H MRS 

FLD no FLD 

Quant. 

FLD 2 0 

no FLD 1 15 

Qual. 

FLD 3 9 

no FLD 0 6 
 

c. Comparison 
Quantitative cut-off: ≥.22  Qualitative cut-off: ≥1 

Figure ІІІ. Quantitative versus qualitative ultrasonography, using correlation coefficients, 

sensitivity and specificity, and prediction intervals 

Qual. = qualitative, Quant. = quantitative, r = Pearson’s correlation coefficient, R2 = 

explained variance. 

 

RELIABILITY  

Intra-operator and inter-operator reproducibility, regarding algorithm 2, are shown in figure 

ІV. If we tolerate an operator difference smaller than 0.5, as shown by the interrupted lines, 

5 people had a larger intra-operator difference of 0.55 to 2.66 log 10 1H MRSpred. Eleven 

people had a larger inter-operant difference of 0.53 to 1.98 log 10 1H MRSpred. These 

differences were independent of hepatic fat content (figure ІV). 
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a. 1st attempt by op. 1 minus 2nd attempt by 
op. 1 

b. 1st attempt by op. 1 minus attempt by op. 
2 

Figure ІV. Reliability  

op. = operator  
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DISCUSSION 

 

This study shows that combinations of quantitative ultrasonography measures are 

significantly associated with hepatic fat content by (log 10) 1H MRS (table І), and even 

better than a qualitative method currently used in clinical care (figure ІІІ). Reliability was 

reasonably well (figure ІV). 

These results suggest that combinations of computer-assessed ultrasonography measures 

quantify the ultrasonographic characteristics of FLD 16, 17, i.e. i] hyperechogenity, by offset 

in a certain degree, ii] fine, tightly packed echoes in the case of hepatic fat, and coarse pin 

head echoes in the case of fibrosis, by the textural based measures, and iii] fall of echo 

amplitude with depth, by slope, and by offset in lesser degree (table І).  

 

VALIDITY 

Previously, ‘slope’ 19, 20 and ‘offset’, ‘mean grey level’, ‘co entropy’ and ‘co sum entropy’ 

19, revealed discriminative power in the FLD spectrum. In the present study, none of the 

measures were univariately associated with hepatic fat content by 1H MRS. The attenuation 

based measure ‘slope’ did not significantly predict hepatic fat content, whereas the slope 

previously did reveal power for discriminating pure fatty livers (steatosis) from healthy 

livers, with an area under the curve of 1 19, 20. However, the slope lost discriminative power 

in the total FLD spectrum 19, 20. It is known that both hepatic fat content 3, 32, 33 and 

(therefore) attenuation 17 are decreased in the case of (advanced) fibrosis and cirrhosis, 

which might have caused the fall in discriminative power of the slope in the total FLD 

spectrum 19, 20. Fibrosis itself does not produce attenuation 34. This may also explain why, in 

models, the attenuation based indices must be accompanied by textural indices of 

coarseness/ fibrosis, in particular ‘co entropy’ 19, 35.    

In this apparently healthy study population, we obviously did not perform hepatic biopsy 

for histological scoring of fibrosis stage, nor magnetic resonance elastography (MRE), 

which determines liver stiffness as a marker of fibrosis 36. Therefore, it was not possible to 

verify the effect of fibrosis on ultrasonography algorithms. Additionally, because of both 

inclusion of the right kidney 17 and rib shadows in ultrasound images, it was not always 

possible to draw the attenuation line to the bottom of the liver for realization of a ‘far field’ 

slope 19, 20. However, inclusion of length of the attenuation line in models on slope did not 
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lead to an improvement in the prediction of hepatic fat content by 1H MRS (data not 

shown). Adjusting for focus depth and frequency was not possible, because of the small 

ranges.   

A limitation of the present study is the small study population (n = 18), however, bootstrap 

of model 2 revealed good 95% confidence intervals (table І). Additionally, model 1 with 

only 4 variables already showed significant results.  

Because the performance of a test depends on the prevalence of an underlying disorder, e.g. 

FLD, the sensitivity of quantitative ultrasonography may be lower in a clinical population. 

 

RELIABILITY 

Intra-operator difference was reasonably well, but inter-operator difference was less (figure 

ІV). This may be explained by operator 1 being experienced, while operator 2 was not. 

Retrospective analysis of the outliers from figure ІV (print screens’ of analysed images 

were saved), revealed insight in the differences in analysis.   

 

FUTURE RESEARCH 

While histological scoring of liver tissue by biopsy is often considered the gold standard for 

diagnosis of FLD, 1H MRS is more reliable, and may be more valid for quantification of 

hepatic fat content. Reproducibility of qualitative histological analysis regarding steatosis 

grade is good as weighted kappa scores range from 0.64 to 0.90 2, 37, whereas 

reproducibility regarding hepatic fat content by 1H MRS is excellent with reported 

correlation coefficients of up to 0.99 (p<0.001) 10. For future studies, 1H MRS combined 

with MRE 36 would be an interesting gold standard.  

 

CONCLUSION 

This is the first in vivo validation study on quantitative hepatic fat ultrasonography, using 

an excellent quantitative gold standard, i.e. multi-voxel 1H MRS 14, 28. Therefore, we feel 

that the method needs to be improved before used as clinical diagnosis modality.  

This validation study shows that a combination of computer-assessed ultrasound measures 

from routine ultrasound images can be used to quantitatively assess hepatic fat content. 

Reliability should be improved by more protocolized procedures and training of operators.  

Please also see ‘additional remarks and recommendations for future research’  
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Online Appendix І. Realization of attenuation based indices 
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Schematic display of offset and slope realization 

Along the attenuation line (figure І), each pixel was automatically 

selected.  

For each pixel under the line, the grey level value was averaged with the 

grey level values of 3 pixels to the left and 3 pixels to the right 

horizontally, and stored together with depth information. A linear 

regression line was applied, using the least-squares approximation, and 

its corresponding slope (grey level units/ mm) and offset (grey level) 

were generated 19.  

Additionally, the length of the attenuation line (number of pixels) was 

generated.   
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Online Appendix ІІ. Realization of textural based indices 

 

Indices of the spatial grey level dependence matrix 19, 21, 22, 24, 25, 35_ The aim of co-occurrence features is to capture 

texture characteristics, i.e. heterogeneity. Elements of the co-occurrence matrix (algorithm [1]) designate the 

probability that two pixels located within a region, separated by distance d along direction θ , have grey level 

values of i and j:  
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where θ  = 0º and d = 4 pixels 19, θdΝ  is the number of pixel pairs, and Ν  is the number of grey level 

transitions, in a region (Lx, Ly).  
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Indices of the grey level difference matrix 22, 24, 25_ The aim of difference features is to capture texture 

characteristics, i.e. homogeneity. Elements of the difference matrix (algorithm [4]) designate the probability that 

after a displacement along vector δ  within a region, pixels will have grey level value i: 

o Difference: ( ) ( )( ) [ ]yx LLiyxIPif ,,|' ∈== δδ ,                                                                    [4]                                 

where ( )yx ∆∆= ,δ  and ( ) ( ) ( ) |,-yx,|, yyxxIIyxI ∆+∆+=δ , in a region (Lx, Ly).   
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