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Nonalcoholic fatty liver disease (NAFLD) is recognized as a 
clinical state that can develop to end-stage liver disease.1 This 
disease eventually can lead to cirrhosis and hepatocellular car-
cinoma, which in its advanced stage is associated with increased 
risk of death.3 The prevalence of NAFLD has increased with the 
increased adoption of a sedentary lifestyle and changes in dietary 
habits.20,29,31,32 Therefore, accurate diagnosis of NAFLD is an im-
portant issue. Until recently, liver biopsies were the ‘gold stan-
dard’ for the diagnosis and grading of NAFLD.5 However, liver 
biopsy is an invasive method that is inappropriate for screening 
or frequent monitoring in humans.9 Likewise, although histopath-
ologic analysis of the liver is the accepted standard for NAFLD 
grading in animal models, this method is unsuitable for longi-
tudinal studies.12,24 Many studies have focused on developing 
accurate, noninvasive tools for the diagnosis of NAFLD.

MRI techniques to noninvasively quantify hepatic steatosis and 
to analyze other important features of NAFLD in humans have 
been developed and sufficiently validated through many clinical 
studies.4,22,30 However, MRI has not been widely used in preclini-
cal animal studies, mainly because it has not been fully validated 

against a histopathologic reference.30 To incorporate MRI in lon-
gitudinal animal studies as a means to monitor the degree of he-
patic steatosis, the accuracy of MRI techniques to diagnose and 
grade hepatic steatosis must be validated thoroughly.

To this end, we sought to validate the diagnostic performance 
of an MR technique in a murine NAFLD model by using his-
topathologic data as reference standard. Specifically, we aim to 
evaluate the correlation between the fat fraction estimated by 
using this MR technique and the histologic grade of hepatic ste-
atosis and the diagnostic accuracy of MRI to differentiate severe 
steatosis from mild to moderate steatosis. Moreover, we aim to 
identify any potential factors that might influence the MRI-based 
estimation of hepatic fat.

Materials and Methods
Animals. We used a murine model in which NAFLD is induced 

through the administration of a methionine- and choline-defi-
cient diet (Dyets, Bethlehem, PA); this model approximates most 
of the histologic features of NAFLD.11,13,18 The MCD diet is high 
in sucrose and fat and low in methionine and choline. Methio-
nine and choline are essential elements for hepatic β-oxidation 
and VLDL production.26 The mice that consume this MCD diet 
develop severe pericentral steatosis and lobular inflammation 
with mononuclear and polymorphonuclear infiltration. In addi-
tion, the MCD diet impairs mitochondrial β-oxidation and cause 
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Table 1. Body weight, liver weight (relative to body weight), and blood chemistry (mean ± 1 SD) of mice fed the normal or MCD diet for 8 or 12 wk

Body weight (g) Relative liver weight (%) AST ALT

8 wk
  Normal chow 30.18 ± 1.06 3.93 ± 0.21 36.12 ± 2.26, 21.17 ± 1.8
  MCD diet 19.60 ± 0.30b 4.83 ± 0.20a 638.8 ± 223.7a 450.2 ± 134.0a

12 wk
  Normal chow 31.57 ± 0.79 3.51 ± 0.21 141.80 ± 19.54 24.52 ± 3.00
  MCD diet 15.59 ± 0.36b 4.67 ± 0.41a 458.3 ± 48.6a 236.7 ± 58.5a

aValue significantly (P < 0.005) different from that for the mice fed the normal diet for the same time period.
bValue significantly (P <0.0001) different from that for the mice fed the normal diet for the same time period.

high oxidative stress, mitochondrial DNA damage, and apop-
totic cell death, which are important factors in the progression 
from steatosis to nonalcoholic steatohepatitis.14,17 C57BL/6 mice 
(age, 7 wk; Orient Bio, Yongin, Korea) were housed at the labora-
tory animal facility at the Asan Institute for Life Sciences under 
SPF conditions. The mice were free of viral pathogens (Sendai 
virus, mouse hepatitis virus, ectromelia virus, lymphocytic cho-
riomeningitis virus), bacterial pathogens (Mycoplasma pulmonis, 
Clostridium piliforme, Bordetella bronchiseptica, Salmonella spp., 
Streptococcus pneumoniae, Pasteurella pneumotropica, Staphylococcus 
aureus, Citrobacter rodentium), and parasites (Eimeria spp., Sypha-
cia spp., and ectoparacites). Cages and bedding were sterilized 
and changed weekly. The room was kept on a 12:12-h light:dark 
cycle, at 22 ± 2 °C, and a relative humidity of 55% ± 5%. This 
study was reviewed and approved by the IACUC of the Asan  
Institute for Life Sciences, Asan Medical Center (IACUC no. 
2014-12-058).

C57BL/6 mice were divided into 4 experimental groups (n 
= 6 per group) and fed as follows: 1) normal chow for 8 wk, 2) 
MCD diet for 8 wk, 3) normal chow for 12 wk, and 4) MCD diet 
for 12 wk. The body weight and food intake of each group were 
recorded weekly. At the end of the experimental period, mice 
were evaluated by MRI, weighed, and then euthanized by ex-
sanguination under isoflurane anesthesia. Blood was collected 
from the inferior vena cava, centrifuged at 2091 × g for 10 min at 
4 °C, and serum collected. AST and ALT was determined by us-
ing a commercial kit (no. 7180, Hitachi, Tokyo, Japan). Livers were 
removed rapidly, weighed, and fixed in formalin for histologic 
analyses.

Tissue processing, histologic analysis, and criteria for patho-
logic assessment. After 48 h of fixation in 10% neutral buffered 
formalin, a slice of the median lobe of the liver was trimmed, pro-
cessed, sectioned into slices approximately 3 μm thick, mounted 
on a glass slide, and stained with hematoxylin and eosin. Liver 
sections were examined histopathologically for NAFLD-specific 
lesions, during which they were blindly evaluated for steatosis, 
ballooning, and inflammation and thus scored for NAFLD activ-
ity. Steatosis was graded as: 0, 0% to 5% of the hepatocytes in the 
section are steatotic; 1, greater than 5% to 33% of hepatocytes are 
steatotic; 2, greater than 33% to 66%; and 3, greater than 66%. Bal-
looning was scored as: 0, absent; 1, mild (focal; involving fewer 
than 3 hepatocytes); 2, moderate (focal and involving 3 or more 
hepatocytes or multifocal); and 3, severe (multifocal, with more 
than 2 foci of 3 or more hepatocytes). Inflammation was graded 
as: 0, absent; 1, minimal (0 or 1 focus per 20× field); 2, mild (2 
foci); 3, moderate (3 foci); and 4, severe (4 or more foci per 20× 
field). We performed 2 statistical analyses of correlation with MRI 

findings: one that considered only steatosis when evaluated and 
another analysis was considered steatosis, inflammation and bal-
looning degeneration.

MRI to estimate the FSF in liver. MRI was performed by us-
ing a 9.4-T, 160-mm small-animal imaging system (Agilent, Palo 
Alto, CA) with a 30-mm ‘millipede’ volume coil. For MRI, all mice 
were anesthetized with 1% to 2% isoflurane in air delivered via 
a nose cone. Respiratory rate, ECG, and rectal temperature were 
monitored. To evaluate NAFLD, we adopted an MRI method for 
calculating the fat-signal fraction (FSF) that includes common fat-
suppression techniques to suppress the signal from adipose tissue 
and chemical shift-based techniques that induce phase differences 
to allow for more robust water–fat separation. We chose MRI be-
cause it is the most widely used technique in clinical practice, and 
a good correlation between the fat fraction estimated by hepatic 
MRI and the histologic steatosis grade can be achieved.25 Axial 
T2-weighted fast spin-echo imaging (also known as rapid acqui-
sition with relaxation enhancement) was used to scan the entire 
liver. The parameters of the T2-weighted imaging were: relax-
ation time, 4000 ms; k0, 4; echo spacing, 12 ms; 32 segments, echo 
train length, 8; effective echo time, 48 ms; 2 averages; matrix, 256 
× 256; field of view, 25 × 30 mm; slice thickness, 0.8 mm; and total 
scan time, 4 min 24 s. To measure the fat–lipid signal, both the 
fat–lipid-saturated and -unsaturated images were acquired, and 
the off-resonance radiofrequency pulse for the fat–lipid-saturated 
images was set at 1300 to 1400 Hz from the water signal. For im-
age processing, the region of interest was positioned in the right 
part of medial lobe that relatively close to the stomach, to avoid  
motion artifact that made by lung. The signal intensity from non-
fat-suppressed images was the sum of the water and fat signals, 
the signal intensity from fat-suppressed images was the water 
signal, and the difference in signal intensity between nonfat-
suppressed and fat-suppressed images was the fat signal. The 
fat-fraction signal (η) of the region of interest was calculated as:

	 η =
−SNFS  SFS

SNFS
	

where SNSF is the signal from the nonfat-suppressed images and 
SFS is that from fat-suppressed images.

Statistical analyses. All results are presented as mean ± 1 SD; 
differences with a P value of 0.05 or less were considered sig-
nificant. The estimated FSF was compared between the control 
group and NAFLD group by using Student t test. The correlation 
between the FSF and histopathologic grade of hepatic steatosis 
was determined by using the Pearson correlation coefficient (r2). 
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Table 2. Individual NAFLD activity scores

Score

Mouse No. of weeks on MCD diet Steatosis Lobular inflammation Hepatocyte ballooning Total

1 8 3 1 1 5
2 8 3 2 1 6
3 8 2 1 1 4
4 8 2 1 2 5
5 8 3 2 2 7
6 8 2 2 1 5

7 12 1 2 2 5
8 12 1 2 2 5
9 12 2 2 2 6
10 12 3 2 2 7
11 12 3 2 2 7
12 12 2 2 1 4

Figure 1. Sections of liver from (A) normal C57BL/6J mice, (B) mice fed an MCD diet for 8 wk, and (C) mice fed an MCD diet for12 wk. Much greater 
lobular inflammation is present in mice fed MCD for 12 wk (panel C) than for 8 wk (B). Hematoxylin and eosin stain; magnification, 200×.

Receiver operating characteristic (ROC) analysis was used to 
evaluate the diagnostic performance of MRI–FSF to differenti-
ate severe hepatic steatosis from that mild to moderate in grade. 

ROC analysis yields a plot of the true-positive rate against the 
false-positive rate for all possible cut points for a diagnostic test. 
The area under the ROC curve and 95% confidence interval 
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Figure 2. Signal fat-fraction (FSF) obtained using a fat-suppression MRI technique. (A) Images of the liver acquired without fat saturation in normal 
mice, (B) with fat saturation, (C) MR images acquired as no fat saturation– fat saturation, showingthe fat signal, (D) images of the liver acquired with 
no fat saturation in mice fed an MCD diet, (E) with fat saturation, (F) MRI fat signals revealed greater fat infiltration in the liver of MCD mice than in 
that of normal mice (white arrow).

were calculated. The optimal cut-off value of FSF to maximize 
sensitivity and specificity for differentiating moderate from se-
vere steatosis was determined. For all statistical analyses, Prism 6 
(GraphPad Software, La Jolla, CA) was used.

Results
Disease model. The body weight of mice fed an MCD diet was 

lower (P < 0.0001) than that of the normal mice (Table 1). The rela-
tive liver weight (%) of mice fed an MCD diet was higher (P < 
0.0001) than that of mice fed a normal diet (Table 1). Median se-
rum AST and ALT levels (Table 1) of MCD mice were higher (P < 
0.005) than those of mice fed a normal diet.

Histopathology. The NAFLD activity scores of all mice are 
presented in Table 2. The livers of MCD mice exhibited more 
pronounced steatosis, inflammation, and ballooning degenera-
tion of hepatocytes (Figure 1 B and 1 C) than did those of con-
trol mice fed a normal diet (Figure 1 A). These histopathologic 
findings demonstrate that prolonged provision of an MCD diet 
induced NAFLD in our mice. In terms of hepatic steatosis, 58.3% 
of the MCD-fed mice had grade 2 lesions, with the remaining 
41.3% having grade 3 changes; all normal mice were negative 
(grade 0) for hepatic steatosis. Lobular inflammation affected the 
mice with induced NAFLD (grade 1, 25% of the group; grade 2, 
75%), but none of the normal mice exhibited any inflammatory 
foci. Hepatocyte ballooning in NAFLD-induced mice was grade 
1 in 41.3% of the mice and grade 2 in 58.3%. Whereas the degree 
of steatosis did not differ between the mice fed the MCD diet 
for 8 compared with 12 wk, both inflammation and hepatocyte 
ballooning were greater in the 12-wk group (Figure 1 B and 1 C, 
Table 2). We consequently categorized mice according to histo-
logic scores for each feature and then compared these data with 
the MRI–FSF values.

MRI and the estimated FSF. In all mice, we achieved cross-sec-
tional MRI with high spatial resolution and good image quality. 
As illustrated in Figure 2, cross-sectional MRI revealed marked 
lipid infiltration in the livers of NAFLD model mice, whereas 
little lipid was apparent in the livers of control mice. Subtracting 
the fat-suppressed images from nonfat-suppressed images (Fig-
ure 2) enabled us to evaluate the degree of hepatic steatosis and 
the distribution of fat infiltration, which is an advantage of MRI 
over liver biopsy.

The estimated MRI–FSF ranged from 42.5% to 71.5% in NAFLD 
mice and from 7.7% to 39.3% in normal mice. The mean FSF was 
higher in NAFLD mice than in control mice: at 8 wk, the FSF of 
normal liver was 21.74% ± 5.34% but that of NAFLD liver was 
64.76% ± 2.69% (P < 0.005; Figure 3); this same trend was apparent 
in the 12-wk groups (control, 25.44% ± 5.81%; NAFLD, 54.18% ± 
4.62%; P < 0.005, Figure 4).

Correlation of FSF and histologic grade. Pearson correlation (r2) 
analysis revealed strong correlation between MRI–FSF and the 
histopathologic steatosis grade (r2 = 0.820, P = 0.0053; Figure 5).

Diagnostic performance of MRI technique. When steatosis was 
considered, the AUC of the MRI–FSF was 0.92 and the cut-off 
point measurement was 58.50% (95% confidence interval, 0.7384 
to 1.102; P = 0.0283, Figure 6) for differentiating moderate from 
severe steatosis with a sensitivity of 100.0% and a specificity of 
80.0%. The cut-off point of the FSF value with the highest specific-
ity (sensitivity; 60%; specificity; 100%) was 67.65%. When lobular 
inflammation and hepatocellular ballooning were considered in 
addition to steatosis, the AUC of the MRI–FSF was 0.75 (95% con-
fidence interval, 0.4250 to 1.075; P = 0.2008; Figure 7). Under these 
conditions, the cut-off point was 58.50% to differentiate moderate 
from severe NAFLD with a sensitivity of 100.0% and a specific-
ity of 66.67%. The cut-off point of the FSF value with the highest 
sensitivity (sensitivity, 100%; specificity, 66.67%) was the same 
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Figure 4. Comparison of normal mice and mice fed an MCD diet for 12 
wk. MRI–FSF revealed a greater percentage (P = 0.0046) of fat in the liv-
ers of MCD mice than in control mice.

Figure 3. Comparison of normal mice and mice fed an MCD diet for 8 
wk. MRI–FSF revealed a greater percentage (P < 0.0001) of fat in the liv-
ers of MCD mice than in control mice.

Figure 5. In liver with induced NAFLD, MRI–FSF measurements of he-
patic fat content (%) and histologic measurements of steatosis (%) are 
highly correlated (P = 0.0053).

as the cut-off point with the highest specificity (sensitivity, 50%; 
specificity, 83.33%), which was 67.65%.

Discussion
This study demonstrated the value of the MRI–FSF index in the 

diagnosis of NAFLD in murine models by using histopathologic 
analysis as a reference standard.

The MRI–FSF revealed large differences in lipid content (per-
centage) in the liver of control mice and those with NAFLD, 
suggesting that MRI–FSF provides good diagnostic accuracy for 
quantifying steatosis. However, MRI–FSF measured a maximum 
fat content of 39.3% in the livers of normal mice, whereas these 
mice exhibited a lipid content of only 5% in the histopatholog-
ic analysis. This erroneous estimate of hepatic fat content was 
produced by using fat-suppression MRI techniques. Incomplete 
fat saturation and inadvertent water suppression are potential 
risk factors (disadvantages) of using fat-suppression MRI tech-
niques.25 We observed a close correlation between the MRI–FSF 
and the grade of steatosis as determined by histopathologic re-
sults (r = 0.820, P = 0.0053). The MRI–FSF generally increased 
with a higher histologically determined steatosis grade. This re-
sult suggests that several potential factors (lobular inflammation, 
hepatocellular ballooning, and nonalcoholic steatohepatitis) did 

not greatly affect the correlation between MRI–FSF and the histo-
logic steatosis grade in the current study.

The MR–FSF differentiated severe steatosis from mild or 
moderate steatosis in our murine model, with 100.0% sensitiv-
ity and 80.0% specificity. However, when lobular inflammation 
and hepatocellular ballooning were included with steatosis, the 
AUC decreased. This decreased sensitivity and specificity in-
dicated that MRI techniques based only on fat content had a 
limited ability to evaluate NAFLD. It is important to note that 
MRI shows the proportion of protons that are in a lipid environ-
ment compared with an aqueous environment,25 whereas patho-
logic analyses measure the number of hepatocytes that show 
lipid vacuolation or inflammatory and degenerative changes. 
NAFLD should be differentiated from steatosis, with or with-
out hepatitis. Although the quantity of lipid in the liver is an 
important feature, the degree of inflammation is integral to the 
diagnosis of NAFLD as well.1 Therefore MRI that is based on 
solely on calculating of the quantity of hepatic lipid is problem-
atic when establishing an accurate diagnosis of NAFLD, and 
additional markers or MR techniques are required to evaluate 
nonlipid factors, such as fibrosis or inflammation in nonalco-
holic steatohepatitis.6,27

Several recent studies have demonstrated the value of MRI, 
particularly its noninvasiveness, for diagnosing various diseases, 
assessing the efficacy or toxicity of a drug, and tracing tumor 
progression in animal models.2,8,28,33 For example, iron oxide-en-
hanced MRI has been used to evaluate the phagocytic activity 
in atherosclerotic plaques in mice treated with irbesartan, an an-
tagonist of the angiotensin II receptor that may decrease athero-
sclerotic lesion formation.28 Another study evaluated the ability 
of MR techniques to identify subtle metabolic disorders induced 
by antipsychotic drugs in C57BL6 mice.2 Other MR techniques 
need to be validated for proving their value in other medical ap-
plications.

Prior studies evaluated the correlation between histologic 
results and MRI–MR spectroscopy data in a rodent NAFLD 
model.7,15,19,21,34 According to one report,34 in vivo proton MR spec-
troscopy enabled the noninvasive assessment of hepatic lipid 
levels and, as a result of its high spectral resolution, yielded in-
formation regarding fat composition. Another study21 found that 
the preenhancement fat-fraction ratio on T2-weighted images 
was a useful measurement for estimating the progression of liver 
fat deposition and fibrosis in nonalcoholic steatohepatitis and 
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Figure 6. Receiver operating characteristic analysis of MRI–FSF and the histologically determined grade of steatosis for mice with induced NAFLD. 
MRI–FSF can distinguish between histologic degrees of steatosis: moderate (33% to 66%) and severe (66% to 100%) hepatic steatosis. (B) Receiver op-
erating characteristic curve of MRI–FSF for steatosis.

Figure 7. Receiver operating characteristic analysis of MRI–FSF for histologically determined NAS grades for mice with NAFLD. (A) MRI–FSF dis-
criminates between moderate (score; 4 to 5) and severe (score; 6 to 7) NAS grade. (B) The receiver operating characteristic curve for NAS grade showed 
a lower sensitivity and specificity than that for steatosis.

identified a relationship between the histologic grade and the fat-
fraction ratio obtained by MRI. Other colleagues19 reported that 
hepatic fat content as determined by proton MR spectroscopy 
was highly correlated with histologic determinations of steatosis 
in a rat MCD model and that MR spectroscopy accurately distin-
guished between degrees of clinical steatosis. In addition, several 
human studies have evaluated the correlation between histologic 
findings and MRI.10,16,23 The identification of markers that can 
be used in clinical trials is a very important issue for the devel-
opment of new therapeutics; thus our current study provides  
a useful reference. Our findings are in agreement with those of 
previous studies, and our current study is the first to demon-
strate that the evaluation accuracy of MRI–FSF decreased when 
estimating the correlation between all three NAFLD activity 
scores.

One limitation of our study is that MCD diets induce malnutri-
tion and subsequent weight loss in mice,14 whereas most humans 

with nonalcoholic steatohepatitis are obese and insulin-resistant. 
Therefore this represents an important difference between the 
mouse MCD model and human nonalcoholic steatohepatitis. 
Another limitation is that the grade of steatosis was higher than 
expected. That is, none of our MCD-fed mice exhibited minimal 
steatosis (5% to 20%). Given that feeding durations of 1, 2, 3, and 5 
wk have been recommended previously,19 the 8- and 12-wk dura-
tions we used may have been too long.

In conclusion, this study demonstrated concurrence between 
MRI–FSF and histopathologic steatosis in a murine model of 
NAFLD. MRI–FSF provided an accurate estimation of the pres-
ence of hepatic steatosis and was diagnostically valuable for dis-
tinguishing between mild and severe forms of hepatic steatosis 
in a murine model. MRI–FSF showed moderate sensitivity and 
specificity. These results would confirm that MRI is a useful di-
agnostic marker of hepatic steatosis during NAFLD in a murine 
model.
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