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Abstract 

Background: To assess the degree of hepatic fat content, simple and noninvasive 

methods with high objectivity and reproducibility are required. Magnetic resonance 

imaging (MRI) is one such candidate, although its accuracy remains unclear. We aimed 

to validate an MRI method for quantifying hepatic fat content by calibrating MRI 

reading with a phantom and comparing MRI measurements in human subjects with 

estimates of liver fat content in liver biopsy specimens. 

Methods: The MRI method is performed by the combination of MRI calibration using a 

phantom and double-echo chemical shift gradient-echo sequence (double-echo fast 

low-angle shot sequence) that has been widely used on a 1.5-T scanner. Liver fat 

content in patients with nonalcoholic fatty liver disease (NAFLD, n = 26) was derived 

from a calibration curve generated by scanning the phantom. Liver fat was also 

estimated by optical image analysis. The correlation between the MRI measurements 

and liver histology findings was examined prospectively. 

Results: Magnetic resonance imaging measurements showed a strong correlation with 

liver fat content estimated from the results of light microscopic examination (correlation 

coefficient 0.91, P < 0.001) regardless of the degree of hepatic steatosis. Moreover, the 

severity of lobular inflammation or fibrosis did not influence the MRI measurements.  

Conclusion: This MRI method is simple and noninvasive, has an excellent ability to 

quantify hepatic fat content even in NAFLD patients with mild steatosis or advanced 

fibrosis, and can be easily performed without special devices. 



Introduction 

Recently, the prevalence of nonalcoholic fatty liver disease (NAFLD) has been 

increasing throughout the world, with NAFLD considered to be a common cause of 

chronic liver disease in Western countries, as well as in Japan.1-6 NAFLD exhibits a 

wide spectrum ranging from simple steatosis to nonalcoholic steatohepatitis (NASH). 

NASH is a histological condition characterized by fatty infiltration of the liver, 

hepatocyte ballooning, lobular inflammation, and perisinusoidal fibrosis,1-3,5,7,8 and the 

degree of hepatic steatosis is one of the essential components used to evaluate the 

histological activity of NASH. Thus, it is important to correctly know the degree of fatty 

infiltration when we assess the therapeutic effect in NAFLD/NASH patients. 

Liver biopsy is currently considered as the gold standard for the assessment of 

NAFLD/NASH, but its invasive nature makes dose not justify repeated biopsies to 

study the natural history of NAFLD or the response to therapeutic interventions for 

NAFLD. Furthermore, the large numbers of NAFLD patients means that the routine use 

of liver biopsy in this context is unrealistic. Additionally, liver biopsy is subject to the 

risk of sampling error, especially in patients with advanced NASH, which shows severe 

fibrosis and heterogeneously distributed fatty infiltration in the liver. Hence, a simple, 

accurate, and noninvasive method to assess temporal changes in fatty infiltration of the 

liver is strongly desired. 

Radiological imaging studies such as ultrasonography (US), computed tomography 

(CT) and magnetic resonance imaging (MRI) have so far been employed as noninvasive 

methods for assessing hepatic steatosis.2,3,9-11 US is a simple and common examination 

modality, but is subject to technician-related bias. CT is able to assess fatty deposition 

objectively, but exposes the patient to radiation. In addition, according to the study of 



Saadeh et al,11 CT and US have a low sensitivity, of <33%, in the case of fatty 

infiltration, and these modalities may miss some cases of mild steatosis. On the other 

hand, MRI has better objectivity and has the advantage of no radiation exposure. 

Moreover, MRI has a greater ability to differentiate tissue characterization than US and 

CT, thereby facilitating the detection of slighter degrees of fatty infiltration of the 

liver.11-16 

Of all MRI techniques, double-echo chemical shift gradient-echo technique is the 

most sensitive to detect fat,14,15,17-23 and many studies have used this technique to 

evaluate hepatic steatosis. However, these studies lacked a basic experiment using a 

phantom or quantitative evaluation in histopathological assessment of hepatic fat 

content, or prospective study design, and were semi-quantitative in nature because of 

inclusion of a classification of the fat content rate. 

Against this background, we formulated a simple and accurate MRI method to 

quantify the degree of fatty infiltration of the liver using double-echo chemical shift 

gradient-echo sequence [double-echo fast low-angle shot (FLASH) sequence] on a 

1.5-T scanner. This method does not require specialized software or hardware. For this 

investigation, we designed a 3-step process comprising (1) a basic experiment using 

phantom, (2) a prospective clinical study using liver biopsy specimens and (3) 

quantitative histopathological estimation of liver fat by optical image analysis using 

commercial software. Furthermore, we sought to demonstrate the accuracy and 

usefulness of this convenient method for quantifying liver fat content by comparing 

MRI measurements with liver fat content calculated by light microscopic findings in 

biopsy-proven NAFLD patients.  



Methods 

Theory 

The principle of diagnosing hepatic steatosis by double-echo chemical shift 

gradient-echo MRI is based on the utilization of the difference in the precessional 

frequency between water and fat protons.12-15 At 1.5-T, fat protons precess in the 

xy-plane at a rotational velocity 225 Hz slower than that of water protons. This 

translates into one less rotation every 4.4 ms or one-half rotation differences every 2.2 

ms. In chemical shift imaging, the difference in resonance frequency of water and fat is 

exploited to create “in-phase (IP)” and “opposed-phase (OP)” images (Fig. 1). By 

varying the time between excitation and signal acquisition in gradient echo imaging, the 

magnetic moments of fat and water can be manipulated to lie in either parallel (IP) or 

anti-parallel (OP) positions. In voxels (volume elements of an MR image) containing a 

mixture of fat and water, magnetic moment cancellation occurs for OP (but not for IP) 

images. Thus, a measurable loss of signal in an OP image relative to that of an IP image 

indicates the presence of voxels containing both water and fat. 

 

MRI Technique 

All MR scans were performed with one of two 1.5-T scanners (Symphony or Avanto; 

Siemens, Erlangen, Germany) with a body-array coil. All software used for the study 

was included in scanners as standard equipment. 

An in vitro phantom (water-oil phantom) was used to establish a calibration of fat 

determination based on the double-echo FLASH technique. An in vivo study, using this 

phantom calibration and the same MRI methodology, was then performed to assess liver 

fat content in patients. 



For the phantom study, double-echo FLASH imaging was performed with a repetition 

time (TR) of 100 ms, double echo times (TEs) of 2.2 ms for OP and 4.4 ms for IP, flip 

angle of 80° (Avanto) and 90° (Symphony), slice thickness of 5 mm, 32×32 cm field of 

view and 320×320 matrix, with use of a body-array coil. 

For the clinical study, MR scans were performed with TR of 145 ms (Avanto) and 

80-103 ms (Symphony), TEs of 2.2 and 4.4 ms (both Avanto and Symphony), and a flip 

angle of 80° (Avanto) and 90° (Symphony), 256×(256-192) matrix and the field of view 

was increased to 26×26cm – 34×34cm depending on the patient size, with a body-array 

coil. Transverse images were obtained with a 6 mm slice thickness and a 2 mm 

inter-slice gap. 

 

Study 1 (Phantom Study) 

We used a phantom model that consisted of a test tube filled with water 

(physiological saline; Otsuka, Tokyo, Japan) and mineral oil (Johnson’s baby; Johnson 

& Johnson, New Brunswick, NJ, USA). The oil was layered on water, which provided 

an oil-water interface in which to test various fractions of fat to water (Fig. 2). Imaging 

of the water-oil phantom was repeated with the phantom in a horizontal position. Six 

sections that were each composed of 5-mm-thick slices were obtained parallel to the 

water-oil interface by using the double-echo FLASH sequence. The location of the six 

sections was then processed in increments of 0.5mm at a time to create a stepwise 

quantifiable transition across the water-oil interface [i.e., from 0% to 50% oil (in 

increments of 10%) in each slice, respectively]. 

Data were analyzed using a region of interest (ROI) of 9.8cm2 on each IP and OP 

image. Data acquisition was repeated three times, and the average value of three 



measurements was appropriated to a calibration reference for liver fat quantification.  

Quantitative measurement of signal intensity (SI) changes between IP and OP images 

was calculated as follows: the signal intensity (SI) ratio= SIop/SIin, where SIin is SI 

measured on IP images and SIop is SI measured on OP images. The SI ratio was plotted 

against known fat percentages and the data were fit to a polynomial function using 

Microsoft Office Excel 2003 (Microsoft corporation, Redmond, WA, USA), which 

served as a calibration reference for hepatic fat quantification. 

 

Study 2 (Clinical Study) 

The study protocol was approved by the Committee for Medical Ethics of Shinshu 

University School of Medicine (the approved ID number is 927). Informed consent was 

obtained from all patients. 

For validation analysis, 26 consecutive patients with NAFLD were enrolled (12 men, 

14 women; mean age, 44.7 years; range, 20-80 years). The possibility of NAFLD was 

considered according to the following criteria: (1) the presence of hepatorenal contrast 

and increased hepatic echogenicity on abdominal US; (2) no consumption of alcohol; 

(3) the absence of other causes of liver dysfunction such as chronic viral hepatitis, 

drug-induced liver injury, autoimmune liver disease, primary biliary cirrhosis, primary 

sclerosing cholangitis, Wilson’s disease, hereditary hemochromatosis and α1-antitrypsin 

deficiency. The diagnosis of NAFLD/NASH was confirmed by US-guided percutaneous 

liver biopsy. The histological activity and severity of NAFLD were assessed by an 

independent pathologist (KS) in a blinded fashion according to the scoring system 

proposed by Kleiner et al.5 NASH is defined as the presence of macrovesicular steatosis 

(> 5% of hepatocyte affected), hepatocyte ballooning, and lobular inflammation.  



Body height and weight were measured before liver biopsy in the fasting state, and 

any underlying diseases, medical interventions, and past medical history were also 

recorded. The presence of obesity was defined as having a body mass index (BMI) of 

more than 25 kg/m2, based on criteria released by the Japan Society for the Study of 

Obesity.24 Patients were considered hypertensive if their systolic/diastolic pressure was 

greater than 140/90 mmHg, or if they were taking anti-hypertensive drugs. Patients 

were considered to have hyperlipidemia if their fasting serum levels of cholesterol and 

triglycerides were equal to or higher than 220 mg/dL and 150 mg/dL, respectively, or if 

they were taking lipid-lowering drugs.25-27 All laboratory data were obtained in a fasting 

state before liver biopsy. 

All patients had an MRI scan immediately before US-guided percutaneous liver 

biopsy. The MR images were analyzed with a commercial software package, EV client 

(PSP Corporation, Tokyo, Japan). Using this software, we can set out an ROI in the 

same location and the same area for each IP and OP image pair (Fig. 3). For each case, 

hepatic SI was measured by three oval ROIs that were selected in the anterior segment 

of the right lobe of the liver in three slices in an effort to include the biopsy area, and 

were placed in the liver parenchyma to exclude contamination from blood vessels, 

motion artifacts, or partial volume effects. The area of these ROIs varied between 

269-1501 mm2 because the ROIs were set apart from large vessels. 

Mean pixel SI levels for each ROI were used to calculate the SI ratio. The SI ratio 

within the ROI was entered into the polynomial function representing the calibration 

curve and a measurement of hepatic fat content was obtained by solving the equation. 

 

Histopathological Analysis 



Liver biopsy specimens were obtained from segment 5 or 8 using 14-G needles and 

immediately fixed in 10% neutral formalin. Sections were cut at 4-μm thickness and 

stained using hematoxylin and eosin and Azan-Mallory methods. 

Digital images of hematoxylin and eosin-stained liver biopsy sections were converted 

into a gray scale, and evaluated to maximize the contrast between fat droplets and 

hepatocytes, connective tissue, and vascular or biliary structures (Fig. 4). PhotoShop 7.0 

(Adobe, San Jose, CA, USA) was used to inspect the digital images and to count the 

total number of pixels corresponding to fat globules. The total number of pixels 

corresponding to fat globules was divided by the total number of pixels in an entire field 

to calculate the area fraction representing fat. Twenty microscopic fields (×400) of each 

case were selected at random, and the fat fraction of each field was measured. The 

average of the measurements for all 20 fields was used as the representative liver fat 

content of each patient. 

In addition, hepatic iron deposition that was identified with Perls’ Prussian blue stain 

was evaluated in all biopsy specimens. The severity of iron deposition was classified 

into five grades according to a previous report28, as follows: grade 0, granules were 

absent or barely discernible at ×400 magnification; grade 1, granules were barely 

discernible at ×250 magnification or were easily confirmed at ×400 magnification; 

grade 2, discrete granules were visible at ×100 magnification; grade 3, discrete granules 

were visible at ×25 magnification; and grade 4, masses were visible at ×10 

magnification or with visual observation. 

 

Statistical Analysis 

Statistical analysis was performed with Microsoft Excel 2003 (Microsoft, Redmond, 



WA, USA). Linear regression analysis and the Pearson’s correlation coefficient were 

used to examine the association between MRI measurements and optical image analysis 

results. Data were expressed as mean ± standard error (SE). In addition, we analyzed the 

effects of significant fibrosis (stage 2-4) or lobular inflammation (score 2 and 3) on the 

correlation between the MRI measurements and optical image analysis results. A value 

of P < 0.05 was considered to indicate a statistically significant difference. 



Results 

Study 1 (Phantom study) 

The fat fractions versus measured SI ratio with the phantom are plotted in Fig. 5. The 

association between mean SI ratio and fat content was well approximated by a cubic 

polynomial function, independently of the degree of fat fractions. This result suggests 

that substituting the SI ratio obtained from this MRI method can reflect hepatic actual 

fat content.  

 

Study 2 (Clinical study) 

To examine whether this system can apply to measurement of hepatic fat content in 

vivo, MRI measurements were performed in 26 NAFLD patients just before liver 

biopsy and compared with histological findings. The baseline characteristics of the 

patients and the liver biopsy findings are summarized in Table 1 and 2, respectively. 

Twenty-one patients (81%) had obesity, and 15 (58%) were diagnosed as having NASH.  

The results of optical image analysis and MRI determined percentage of fat for all 

patients was 21.5 ± 8.6 and 22.9 ± 9.5%, respectively. MRI measurements were 

significantly correlated with estimates of liver fat content made by optical image 

analysis (Fig. 6, r = 0.91, P < 0.001). In addition, even in patients with mild steatosis 

(5-33% of hepatocytes affected), the MRI measurements correlated well with the 

estimates (r = 0.91, P < 0.001). The error between MRI measurements and optical 

image analysis in patients with fatty deposit less or equal 33% and more than 33% are 

3.2 ± 2.5% and 3.9 ± 1.0%, respectively. As shown in Fig. 7 and 8, such a favorable 

correlation was maintained even in patients with significant fibrosis (stage 2-4, n = 6) or 

active lobular inflammation (score 2 and 3, n = 13) (r = 0.93 and r = 0.94, P < 0.001, 



respectively).  

NAFLD, especially NASH, is reported to be sometimes associated with increased 

iron deposition in the liver, and severe iron deposition may affect MR SI. Liver iron 

deposition was detected in 3 patients, and all the patients met the criteria for grade 1. 

The error between the MRI measurements and the optical image analysis in patients 

without and with iron deposit are 3.3 ± 2.5% and 2.4 ± 2.1%, respectively. 



Discussion 

In the present study, hepatic fat content estimated by MRI on the basis of MR theory, 

was significantly correlated with hepatic fat content calculated by histological 

evaluation. Furthermore, even in patients with mild steatosis or significant fibrosis, 

quantification using this method tended to show a good correlation. These results 

demonstrate that the combination of a detailed MRI calibration using a water-oil 

phantom and double-echo FLASH sequence has accuracy comparable to that of 

estimates from liver histology in quantifying hepatic fat content. As far as we know, this 

is the first prospective study to validate the accuracy and utility of this convenient MR 

method for quantifying liver fat content.  

MR approaches for quantification of hepatic fat content are divided into two 

categories: MRI and MR spectroscopy (MRS). Investigating the chemical shift by 

application of spin echo pulse sequences, the so-called Dixon method,12 has already 

shown significant correlations for the quantitative assessment of hepatic fat content. 

However, this MR technique was limited by an increased scanning time, which had to 

rely on the patient’s ability to hold their breath. MRS has also been validated as a 

reliable test for quantifying liver fat,29,30 but it relies on a single measurement from a 

predetermined ROI. Thus, it does not provide an assessment of the whole liver, or 

retrospective selection of an ROI. 

We selected chemical shift MRI technique, i.e. the double-echo FLASH technique, in 

this study, because this technique has the following advantages: 1) it ensures that both 

IP and OP images are obtained from the same anatomic position, regardless of the 

patient’s ability to hold their breath, so that it eliminates the problem of slice 

misintegration that can occur when two acquisitions are performed, 2) all of the 



parameters except the TE are similar between in-phase and opposed-phase, and 

therefore the differences in MR SI between the two images are based only on parallel, 

respectively opposed water and fat protons. The 2-point and 3-point Dixon method 

should be compared with double-echo FLASH MRI, but the latter method is superior to 

the former in that the 3-point Dixon method was less affected by iron than the 2-point 

one.31,32 Though the 3-point Dixon method has not become widely used, the 

fat-quantification method using phantom-calibration in this study is directly applicable 

to it. 

The remarkable advantage of our method is that there is no need for special hardware 

and software. Therefore, at any institution having a 1.5-T MRI scanner, the 

quantification of hepatic steatosis based on this method can be performed, alhough the 

preparatory step that the collection of phantom data of each MRI scanner is needed for 

the evaluation of patient data. This preparation step appears to be difficult, but is 

actually simple and easy when a skilled MRI technician cooperates with the radiologist 

because the phantom study can be performed without any special material and software. 

Admittedly, it takes some time to prepare this step. However, this preparation is the only 

indispensable step for accurate quantification. Recent studies have demonstrated that a 

technique using selective saturation with a 3.0-T MRI scanner quantified liver fat 

content relatively well,21,33 but 3.0-T MRI scanners are not commonly available at 

present.  

Many previous studies using MRI were not calibrated through comparison with a 

phantom, and less reproducibility was obtained with the technique described here.19-23 In 

contrast with there previous studies, we compared MRI findings with optical image 

analysis data using software and found that measurements from the two modalities were 



linearly related and highly correlated. In most previous studies to compare MRI 

measurements with actual hepatic fat contents, histopathological evaluation was limited 

to subjective semiquantitative grading by pathologists. Therefore, if the grade of fat 

deposition after therapy was the same as before, this conventional method could not 

reveal small changes in fat deposition. This problem, however, could be resolved by our 

methods. 

In our MRI method, there is a possibility to underestimate the degree of fat deposition 

in the patients having severe steatosis. Because the OP images accurately reflect the 

differences in water and fat signals, it is impossible to identify whether fat or water is 

the dominant signal. For example, the SI on OP images in the condition with “water: fat 

= 40: 60” and that in the condition with “water: fat = 60: 40” are equal. Therefore, the 

combination with other methods (e.g., MRS) or imaging moderlities (e.g., CT) is 

needed to evaluate hepatic fat content accurately if severe steatosis is suspected.  

Gradient-echo sequences have high sensitivity to local magnetic field inhomogeneity 

caused by iron deposition, and iron deposition in the liver could mask the presence of 

fat on opposed-phase MR imaging. Westphalen et al34 showed that MRI evaluation was 

significantly correlated with histopathologically determined liver fat percentage in 

patients without iron deposition, while no such correlation was found in patients with 

iron deposition. It is necessary to consider the influence of iron concentration on the 

application of our method to liver fat evaluation depending on objective disease (e.g., 

hepatitis C). The 3-point Dixon method has the advantage that there is no need to take 

into account the influence of iron deposits, but this sequence is inferior to our method 

with respect to general versatility because this sequence is cannot be performed without 

using special software at the present time. 



To follow the clinical course and therapeutic response in NAFLD/NASH patients, 

appropriate means to quantitatively evaluate hepatic fat content are needed. 

Quantification of hepatic fat content using MRI was comparable to that based on 

histological evaluation even in humans with mild fatty deposition in the liver. 

Additionally, the present method is noninvasive and can be performed easily and 

repeatedly. Therefore it may be applicable to not only routine follow-up and evaluation 

of therapeutic response for NAFLD/NASH patients, but also annual health check-up in 

healthy individuals and preoperative examination of candidate donors of living-related 

liver transplantation. 

Clinically, accurate and noninvasive methods to distinguish NASH from NAFLD are 

desired. Recently, Iijima et al35 reported that the contrast enhanced US (using Levovist) 

is a useful screening examination of NASH. In their study, the differential finding 

between NASH and NAFLD in delayed phase contrast enhancement was attributed to a 

change in the sinusoidal endothelial system. If a new MRI contrast agent is developed 

that reflects pathological changes such as the perisinusoidal fibrosis seen in NASH, both 

the accurate quantification of hepatic fat content and the diagnosis of NASH might be 

obtained with a single MRI examination.  

In conclusion, the double-echo FLASH technique on a 1.5-T MRI scanner provides a 

simple, accurate and noninvasive means to quantify liver fat content. Although this is a 

prospective validation study, the number of patients enrolled was small and mild stetosis 

was the predominant condition. Further studies are needed to confirm the clinical 

usefulness of this convenient method. 
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Table 1. Baseline characteristics of the patients 
 

Parameter          Mean ± SD or n  
   
 Age (years)  45 ± 16 
 Female   14 (54%) 
 Obesity  21 (81%) 
 Diabetes  6 (23%) 
 Hypertension  3 (12%) 
 Hyperlipidemia  9 (35%) 
 BMI (kg/m2)  28.4 ± 4.4 
 Platelet (×103/μL)  245 ± 70 
 ALT (IU/L)  85 ± 59 
 AST (IU/L)  53 ± 31 
 γGT (IU/L)  71 ± 59 
 Total cholesterol (mg/dL)  222 ± 44 
 Triglycerides (mg/dL)  161 ± 86 
 HDL-C (mg/dL)  54 ± 10 
 FPG (mg/dL)  109 ± 23 
 IRI (μU/mL)  18 ± 12 
 HbA1c (%)  5.8 ± 1.0 
HOMA-IR  5.2 ± 4.0 

 Iron (μg/dL)  120 ± 37 
 Transferrin saturation (%)  32.8 ± 12.9 
 Ferritin (ng/mL)  172 ± 176 

 

Quantitative data are expressed as means and standard deviation (SD), and qualitative 

data are expressed as percentages. BMI, body mass index; ALT, alanine 

aminotransferase; AST, aspartate aminotransferase; γGT, γ-glutamyltransferase; HDL-C, 

high-density lipoprotein cholesterol; FPG, fasting plasma glucose; IRI, immunoreactive 

insulin; HOMA-IR, homeostasis model assessment of insulin resistance.  



Table 2. Histological activity and severity, and fat content determined by optical 

imaging analysis and magnetic resonance imaging (MRI) of the patients 

 

Patient 
No. 

Macrovesicular 
steatosis 

Fibrosis 
Lobular 

Inflammation
Ballooning NAS 

% Fat  
by optical 
imaging 

% Fat 
by MR 
imaging

        
1 3 1A 2 1 5 38.6 43.2
2 1 1A 1 0 2 15.9 23.2
3 1 1A 1 0 2 16.4 19.2
4 1 1A 1 1 3 20.6 27.0
5 1 1A 1 1 3 25.3 24.2
6 2 1A 2 1 5 24.3 27.6
7 3 1A 3 2 7 32.8 35.4
8 1 2 1 0 1 3.8 5.0
9 3 1A 2 2 7 29.6 34.7
10 2 1A 1 0 3 18.1 22.4
11 2 1A 2 0 4 29.1 29.7
12 2 0 1 0 3 30.2 30.3
13 1 3 2 2 5 9.3 10.3
14 3 0 1 1 5 33.5 36.7
15 1 1A 3 1 5 19.8 21.0
16 1 1A 1 0 2 12.5 14.7
17 2 2 2 2 6 21.2 24.2
18 1 3 2 1 4 6.2 6.7
19 2 1A 2 1 5 20.0 22.0
20   2 0 2 1 5 20.6 27.4
21 3 0 1 1 5 30.7 31.3
22 3 2 3 2 8 27.7 21.2
23 1 0 1 0 2 18.6 9.9
24 
25 
26 

2 
1 
2 

2 
0 
0 

3 
1 
1 

1 
1 
0 

6 
3 
3 

18.3
14.1
23.6

15.2
14.8
18.4

Histological findings were scored according to criteria proposed by Kleiner et al.5 NAS, 
nonalcoholic fatty liver disease activity score



Figure legends 
 

 

Fig. 1. 

Schematic diagram demonstrating the principle of chemical shift imaging. With 

in-phase imaging (TE = 4.4 ms), the water and fat vectors are aligned, and the total 

signal intensity is additive. In opposed-phase imaging (TE = 2.2 ms), the vectors lie 

anti-parallel, resulting in partial signal cancellation by vector addition.  

 



 

Fig. 2. 

Schematic presentation of a water-oil phantom. The water-oil phantom using 

physiologic saline water was layered with mineral oil, which provided a water-oil 

interface in which to test various fractions of fat to water. Images were obtained in the 

transverse plane from the bottom (0% oil) to the top (50% oil) of the phantom for 

various proportions of fat and water protons within each voxel. MR, Magnetic 

resonance 



 

Fig. 3.  

Quantitation of hepatic fat using magnetic resonance imaging (MRI). MR images of the 

liver are obtained with (a) opposed-phase and (b) in-phase technique. The regions of 

interest drawn on each image (circles) measure the mean signal intensities of all cases.  



 

Fig. 4.  

Digital images of hematoxylin and eosin-stained liver biopsy sections were converted 

into a gray scale (a), and evaluated to maximize the contrast between fat globules and 

liver and connective tissue (b). 



 
Fig. 5.  

The fat fraction versus signal intensity (SI) ratio measurements with the phantom and 

the approximate curve derived from the phantom data ([a: Avanto] and [b: Symphony]).  

 



 

Fig. 6. 

Relationship between MRI measurements of liver fat content in nonalcoholic fatty liver 

disease (NAFLD) patients and estimates made by optical image analysis of liver biopsy 

specimens (n = 26). 

 



 

Fig. 7. 

Relationship between MRI measurements of liver fat content and estimates made by 

optical image analysis of liver biopsy specimens in patients with (a) significant fibrosis 

(stage 2-4, n = 6) or (b) not (stage 0 and 1A, n = 20). 

 



 

Fig. 8. 

Relationship between MRI measurements of liver fat content and estimates made by 

optical image analysis of liver biopsy specimens in patients with lobular inflammation 

score (a) 0 and 1 (n = 13), (b) 2 and 3 (n = 13). 


