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 Quantifi cation of Hepatic 
Steatosis with 3-T MR Imaging: 
Validation in  ob/ob  Mice 

  Catherine D. G.   Hines ,  MS    
  Huanzhou   Yu ,  PhD  
  Ann   Shimakawa ,  MSE  
  Charles A.   McKenzie ,  PhD  
  Thomas F.   Warner ,  MD  
  Jean H.   Brittain ,  PhD  
  Scott B.   Reeder ,  MD, PhD  

 Purpose: To validate quantitative imaging techniques used to detect 
and measure steatosis with magnetic resonance (MR) im-
aging in an  ob/ob  mouse model of hepatic steatosis.

 Materials and 
Methods: 

The internal research animal and resource center ap-
proved this study. Twenty-eight male  ob/ob  mice in pro-
gressively increasing age groups underwent imaging and 
were subsequently sacrifi ced. Six  ob   /+ mice served as 
control animals. Fat fraction imaging was performed with 
a chemical shift–based water-fat separation method. The 
following three methods of conventional fat quantifi cation 
were compared with imaging: lipid extraction and qualita-
tive and quantitative histologic analysis. Fat fraction im-
ages were reconstructed with single- and multiple-peak 
spectral models of fat and with and without correction 
for T2* effects. Fat fraction measurements obtained with 
the different reconstruction methods were compared with 
the three methods of fat quantifi cation, and linear regres-
sion analysis and two-sided and two-sample  t  tests were 
performed  .

 Results: Lipid extraction and qualitative and quantitative histologic 
analysis were highly correlated with the results of fat 
fraction imaging ( r  2  = 0.92, 0.87, 0.82, respectively). No 
signifi cant differences were found between imaging mea-
surements and lipid extraction ( P  = .06) or quantitative 
histologic ( P  = .07) measurements when multiple peaks of 
fat and T2* correction were included in image reconstruc-
tion. Reconstructions   in which T2* correction, accurate 
spectral modeling, or both were excluded yielded lower 
agreement when compared with the results yielded by 
other techniques. Imaging measurements correlated par-
ticularly well with histologic   grades in mice with low fat 
fractions (intercept,  2 1.0%  6 1.2 [standard deviation  ]).

 Conclusion: MR imaging can be used to accurately quantify fat in vivo 
in an animal model of hepatic steatosis and may serve as 
a quantitative biomarker of hepatic steatosis.

 q  RSNA, 2010

Supplemental material:  http:// radiology.rsna.org/lookup/
suppl/doi:10.1148/radiol.2531090131/-/DC1 
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additional measurement and correction 
of T2* ( 27 ). This method can also be 
used to address T1- and noise-related 
biases, as well as to provide accurate 
spectral modeling ( 20,28,29 ). Although 
validation has already been performed 
for correction of T1 (21,25) and noise 
biases ( 20 ), correction methods for 
T2* decay and accurate spectral model-
ing that consider multiple spectral fat 
peaks have not been validated in vivo. 
In this study, we performed reconstruc-
tions with and without combinations 
of T2* correction and modeling of the 
multiple peaks of fat to validate these 
correction factors. 

 Although MR imaging fat quanti-
fi cation methods have been validated 
in phantoms, in vivo validation is still 
required because phantoms may not ac-
curately simulate fatty accumulation in 
tissue. The use of animal experiments 
is advantageous because the animal’s 
liver can be used for comparison with 
other reference standards. For example, 
extensive histologic assessment and 
biochemical total lipid extraction, both 
of which are highly invasive and/or de-
structive techniques, are not suitable for 
use in human studies because patients 
cannot undergo repeated biopsy. The 
 ob/ob  mouse is an excellent model of 

gradient-echo in-phase and out-of-phase 
imaging ( 11–13 ), and three-point Dixon 
techniques ( 14–17 ). 

 For MR imaging to be considered 
an accurate quantitative fat assessment 
method, several existing confounding 
factors must be addressed. These fac-
tors include T2* decay, the complex 
nuclear MR   spectrum of fat, and T1 
and noise biases. The presence of an 
increased level of iron in the liver is 
a common fi nding in patients with 
NAFLD ( 2,18,19 ); this shortens T2* and 
degrades the fat quantifi cation abilities 
of many MR imaging methods. Second, 
most current chemical shift–based fat-
water separation techniques model fat as 
a single peak at  2 210 Hz relative to water 
(at 1.5 T) ( 11,14,20–22 ), although sev-
eral other spectral peaks arising from 
fat exist ( 23 ). These multiple spectral 
peaks must be considered in the fat sig-
nal model to achieve accurate quantifi -
cation of the total fat signal. In addition, 
differences in T1 values between water 
and fat can lead to overestimation of fat 
when rapid T1-weighted sequences are 
used ( 11,24 ), making the measured fat 
fraction T1 dependent (T1 bias). Use of 
magnitude images causes apparent non-
zero fat fractions in low-signal-intensity 
areas ( 25 ). 

 One approach used to quantify fat is 
the chemical shift–based MR technique 
known as iterative decomposition of 
water and fat with echo asymmetry and 
least-squares estimation (IDEAL). The 
IDEAL water-fat decomposition method 
enables robust separation of fat and 
water ( 16,21,26 ), and modifi cations allow 

              Nonalcoholic fatty liver disease 
(NAFLD) is the most common 
cause of chronic liver disease ( 1 ), 

and its prevalence parallels the current 
epidemic of obesity and diabetes ( 2 ). 
NAFLD is closely linked with diseases 
of the metabolic syndrome  , such as 
type II diabetes mellitus, obesity, and 
hyperlipidemia, and it has a strong as-
sociation with insulin resistance ( 2,3 ). 
The hallmark of NAFLD is fatty infi ltra-
tion of hepatocytes (hepatic steatosis). 
However, in many patients, steatosis 
can progress to infl ammation and fi -
brosis ( 1,2,4,5 ) and eventually cirrho-
sis, which is a predisposing risk factor 
for hepatocellular carcinoma and liver 
failure ( 4–7 ). Methods for early detec-
tion and assessment of NAFLD through 
quantitative measurement of steatosis 
are needed for earlier intervention to 
avoid progression to cirrhosis. 

 The earliest biomarker of NAFLD 
is hepatic steatosis, which currently 
requires biopsy for defi nitive diagno-
sis. Biopsy has an inherent limitation of 
high sampling variability due to the het-
erogeneous nature of steatosis ( 8 ). Al-
though currently the standard of care, 
biopsy is costly, may put the patient at 
risk for potentially severe complications 
( 9 ), and—as a result—is not suitable 
for repeated evaluation ( 2,9 ). Thus, 
a noninvasive alternative to biopsy is 
needed. 

 Magnetic resonance (MR) imaging 
has the potential to address the impor-
tant unmet need of rapid, safe, nonin-
vasive quantitative in vivo fat detection 
and assessment over the entire liver. 
Current techniques for MR fat quan-
tifi cation include chemical shift–based 
methods, such as spectroscopy ( 10 ), 

 Implications for Patient Care 

 Quantifi cation of fat with MR  n

imaging may provide an accurate 
noninvasive alternative to biopsy, 
which is the current standard in 
the detection and assessment of 
steatosis. 

 Noninvasive assessment of ste- n

atosis with chemical shift–based 
MR imaging is feasible in an 
animal model and is a potential 
clinical biomarker in the early 
detection and quantitative grad-
ing of hepatic steatosis. 

 Advances in Knowledge 

 Quantifi cation of fat with MR  n

imaging correlates strongly with 
qualitative and quantitative histo-
logic assessment and quantitative 
lipid extraction over a wide range 
of steatosis in vivo. 

 Correction for T2* decay and  n

accurate spectral modeling are 
essential for accurate fat quantifi -
cation in the liver. 

Published online
10.1148/radiol.09090131

Radiology 2010; 254:119–128

 Abbreviations: 
 IDEAL = iterative decomposition of water and fat with echo 

asymmetry and least-squares estimation 
 NAFLD = nonalcoholic fatty liver disease 
 ROI = region of interest 
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echoes were acquired, with three in-
terleaved fi ve-echo time/repetition time 
acquisitions and the fi rst echo time at 
2.1 msec. Each repetition time had an 
echo spacing of 3.7 msec, and each 
repetition time was shifted by 1.2 msec, 
making the effective echo spacing for 
the equally spaced echoes 1.2 msec. 
Total imaging time was 7 minutes 24 
seconds, and true spatial resolution was 
0.5  3  0.5  3  0.8 mm. Sedation of mice 
with pentobarbital led to no perceptible 
breathing artifacts. 

 Image Reconstruction 
 Several modifi cations have been made 
to the IDEAL algorithm to correct for 
the confounding factors of noise and 
T1 biases, T2* decay, and the spectral 
complexity of fat. The modifi ed T2*-
corrected IDEAL algorithm uses a mag-
nitude discrimination method to calcu-
late fat fraction without noise bias ( 20 ), 
and in this study, we used a low fl ip 
angle (5°) to minimize T1 bias ( 20,24 ). 
The IDEAL technique also uses a re-
gion-growing algorithm for fi eld map 
estimation, rather than phase unwrap-
ping, to prevent fat-water swaps on re-
constructed images ( 35 ). 

 The T2*-corrected IDEAL algo-
rithm accounts and corrects for T2* 
decay by decoupling the effects of T2* 
from those induced by the chemical 
shift of fat by using a modifi ed signal 
model with a complex fi eld map ( 27 ), 
which enables simultaneous estima-
tion of water, fat, and T2*. In addi-
tion, a multipeak IDEAL reconstruc-
tion method that accounts for multiple 
spectral peaks of fat has been devel-
oped recently but not validated in vivo 
( 28,29 ). Bydder et al ( 24 ) also reported 
a related approach with phantom vali-
dation. The multipeak reconstruction 
uses a self-calibrated fat signal evo-
lution model that accounts for mul-
tiple spectral peak amplitudes in the 
acquired data for use in the modifi ed 
IDEAL algorithm ( 28 ). In this man-
ner, multiple peaks of fat are included 
in the algorithm for accurate spectral 
modeling. 

 Reconstructions were performed 
with the same set of acquired complex 
data to create four distinct sets of 

phosphate-buffered saline, and their 
livers were immediately excised. All 
animal preparation was performed by 
one individual (C.D.G.H., 4 years of 
experience with small animal handling). 
The body temperature of the mice may 
decrease when they are sedated. This 
decrease in temperature can cause a 
shift in the proton resonance frequency 
of water ( D  f    ), as shown in the following 
equation: 

   
0

2
f B T  ,  

 where  a  is equal to 0.01 ppm/°C ac-
cording to Taylor et al ( 34 ),  g /2 p  is 
equal to 42.58 MHz/T and is the gyro-
magnetic ratio of protons, and B0 is the 
strength of the main magnetic fi eld. In 
the worst case, a 10°C decrease in body 
temperature ( D  T ) would cause a shift 
in the water resonance of less than 
13 Hz at 3.0 T. This shift is small 
compared with a shift of 420 Hz, and 
simulations indicate that this error 
would have negligible effects on water-
fat separation with the IDEAL tech-
nique. In addition, a 10°C decrease in 
body temperature would likely be fatal 
to the mice. Given that all mice sur-
vived anesthesia, it is highly unlikely 
that body temperature confounded any 
of the fat fraction measurements ob-
tained in this study. 

 Imaging Sequence and Parameters 
 Imaging was performed with a 3.0-T 
clinical imager (Signa TwinSpeed HDx; 
GE Healthcare, Waukesha, Wis) with a 
custom-built quadrature birdcage coil 
sized for rodents (C.D.G.H., 4 years of 
imaging experience). The coil had an 
inner diameter of 8 cm and a length of 
11.5 cm. Data were collected by using 
a three-dimensional spoiled gradient-
echo sequence and reconstructed with 
a T2*-corrected IDEAL algorithm ( 27 ). 

 Imaging parameters for the T2*-
corrected IDEAL sequence were as 
follows: fl ip angle, 5°; fi rst echo time, 
2.1 msec; repetition time, 30 msec; 
fi eld of view, 12  3  7 cm; matrix, 256 
 3  154; bandwidth,  6 100 kHz; one 
signal acquired; 28 sections; and sec-
tion thickness, 0.8 mm. A total of 15 

hepatic steatosis because of its expres-
sion of many NAFLD traits ( 30 ). These 
mice are genetically leptin defi cient, 
which causes excessive overeating and 
development of obesity, steatosis, ste-
atohepatitis, and diabetes, among other 
symptoms of NAFLD ( 31,32 ). 

 The purpose of this study was to 
validate quantitative imaging techniques 
used to detect and measure steatosis 
with MR imaging in an  ob/ob  mouse 
model of hepatic steatosis. 

 Materials and Methods 

 This study was a collaborative effort 
between the University of Wisconsin 
and GE Healthcare; however, there was 
no direct fi nancial support from GE 
Healthcare for this study. In addition, 
all experiments were performed at the 
University of Wisconsin. The authors 
who were not employees of GE Health-
care had control of data and informa-
tion that might have presented a con-
fl ict of interest. 

 Animal Preparation 
 Animal research protocols for this 
prospective study were approved by our 
institutional research animal resource 
center. Twenty-eight 5-week-old (at 
the start of the study) male  ob/ob  mice 
(Harlan-Sprague-Dawley, Indianapolis, 
Ind) were housed in pairs with food 
and water ad libitum. All mice were 
5 weeks old at the start of the study. 
Obese mice ( ob/ob ) were divided into 
four groups, imaged, and subsequently 
sacrifi ced at 5 ( n  = 6), 7 ( n  = 10), 9 
( n  = 6), and 13 ( n  = 6) weeks of age be-
cause the severity of steatosis and obe-
sity increases throughout this age range 
( 31,33 ). Six 5-week-old lean litter-
mate control mice ( ob /+) were exam-
ined and sacrifi ced at 9 weeks of age; 
mice with this genotype do not exhibit 
obesity, hepatic steatosis, or signs of 
NAFLD. 

 Prior to imaging, mice were anesthe-
tized with an intraperitoneal injection 
of pentobarbital (40 mg per kilogram 
of body weight) (Ovation   Pharmaceu-
ticals, Deerfi eld, Ill). Immediately after 
imaging, mice were euthanized with 
CO 2 , their tissues were perfused with 
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percentage across the entire liver (here-
after, imaging fat fraction). ROI mea-
surements were obtained in the same 
locations of each mouse for all image 
reconstructions. To calculate fat frac-
tions across the entire liver for lipid ex-
traction, a normalized average by mass 
of each lobe   was calculated by using 
mass fat fractions from all fi ve lobes. 

 Statistical Analyses 
 All statistical analyses were performed 
by using Excel software (version 
10.6841.6839 SP3; Microsoft, Redmond, 
Wash) with assistance from a statisti-
cian with more than 8 years of expe-
rience. Linear regression analysis was 
performed between average fat fractions 
across the entire liver for each imaging 
fat fraction reconstruction and average 
fat fractions across the entire liver for 
qualitative and quantitative histologic 
analyses and lipid extraction for every 
mouse. Error bars on resulting plots 
represent the corresponding measured 
standard deviation. Perfect agreement 
between imaging fat fraction and another 
fat quantifi cation method would have a 
slope of 1.0 and an intercept of 0.0. 

 Two-sided  t  tests at the .05 sig-
nifi cance level were used to determine 
whether the estimated slope and inter-
cept were signifi cantly different from 
1.0 and 0.0, respectively. To determine 
whether signifi cant differences exist be-
tween imaging fat fractions and the results 
of qualitative and quantitative histologic 
analyses and lipid extraction, two-sample 
 t  tests at the .05 signifi cance level were 
performed. Bonferroni-adjusted  P  values 
less than .05 indicated signifi cant differ-
ences between distributions. 

 Although a high degree of correlation 
and a linear relationship was expected 
between the histologic grade and the 
imaging fat fraction, a one-to-one rela-
tionship between a qualitative technique 
and a quantitative technique was not ex-
pected. These two techniques involve dif-
ferent methods of fat assessment; while 
histologic analysis reports the percent-
age of cells affected by steatosis, imaging 
yields the fat fraction. Thus, a two-sided 
 t  test and a two-sample  t  test were not 
performed against the slopes and distri-
butions, respectively. 

were similar (100–150 mg). Subjective 
grading of steatosis was performed 
by a surgical pathologist (T.F.W., 36 
years of experience) who was blinded 
to imaging and lipid extraction results. 
Grading results were expressed as the 
percentage of cells affected by steatosis 
in 5% increments (qualitative histologic 
analysis) and additionally   according to 
Brunt et al ( 36 ). 

 Digitized hematoxylin-eosin–stained 
slides were also analyzed with image 
analysis software (Image Pro Plus 6.2; 
Media Cybernetics, Bethesda, Md) to 
obtain a quantitative histologic measure-
ment of steatosis (quantitative histologic 
analysis). According to the methods 
described in previous reports ( 13 ), a 
histogram of pixel intensity is generated 
from the image. The area above a set 
threshold is measured, and the results 
are expressed as a fat percentage by 
area ( 13,37,38 ). 

 Lipid Extraction 
 Total hepatic lipid content was deter-
mined with a modifi ed Folch extraction 
procedure, which used less-toxic or-
ganic solvents ( 39 ) (C.D.G.H., 6 years 
of experience). The liver was separated 
into the fi ve major lobes, including the 
remaining majority of the left lateral 
lobe, and lipids were extracted sepa-
rately from all lobes. Fat percentage 
was expressed as the mass of total lip-
ids recovered in the lobe divided by the 
mass of the lobe. The mass fat fractions 
from individual lobes were used to cal-
culate a normalized average by weight 
of the lobe to report a mass fat fraction 
across the entire liver (hereafter, mass 
fat fraction). 

 Imaging Data Analysis 
 ROI measurements were obtained in the 
fi ve major lobes on the fat fraction im-
ages (C.D.G.H., 4 years of experience). 
Since the lobes ranged greatly in size 
and position, ROI size ranged from 6 to 
32 mm 2 . ROIs were chosen to encom-
pass as much of the individual lobe as 
possible while attempting to avoid ma-
jor blood vessels. One ROI was chosen 
per lobe. A normalized average by area 
of ROI measurement   was calculated by 
using all lobes to report a fat fraction 

images per mouse (C.D.G.H., H.Y.; 3 
and 8 years of experience, respectively, 
in data reconstruction). Data were 
reconstructed with and without T2* 
correction, and both of these options 
were constructed with (multipeak) and 
without (single peak) accurate spectral 
modeling; the previously described self-
calibrated multipeak IDEAL technique 
was used for inclusion of multiple peaks 
of fat. The same regions of interest 
(ROIs) were chosen for all reconstruc-
tions for each mouse. 

 One potential method to reduce 
imaging time is to use a shorter echo 
train. A shorter echo train would yield 
a shorter repetition time, which is de-
sirable for breath-hold applications; 
however, this may reduce the accuracy 
of T2* estimation and correction (28). 
Previous work has suggested that ac-
quisition of six echoes may provide a 
reasonable compromise between accu-
rate T2* correction and imaging time 
( 27 ). To investigate this effect as a po-
tential means to reduce imaging time, 
data were also reconstructed by using 
only the fi rst six acquired echoes (trun-
cating the last nine echoes); the same 
four reconstructions and ROI selection 
as described for the full 15-echo data 
set were performed. 

 Reconstructions yielded a fat image 
( S  f ), a water image ( S  w ), a fi eld map, 
and an R2* map. The water and fat 
images were used to obtain a fat frac-
tion image (η) on a pixel-by-pixel basis, 
as follows  : 

   η f

f w

S
S S

   

 Fat fraction images have the advan-
tage of avoiding B 1  coil sensitivity pro-
fi les and enabling normalized and useful 
quantitative fat measurement ( 21 ). 

 Histologic Assessment 
 A sample of the left lateral lobe was ex-
cised from all mouse livers, fi xed in for-
malin, and stained with hematoxylin-
eosin. Although the liver weights ranged 
greatly for all mice because of age and 
genotype (average weight, 2.19 g  6  
0.88 [standard deviation]), sample sizes 
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 Results 

  Figure 1   shows the progression of ste-
atosis through generated fat, water, and 
calculated fat fraction images of a rep-
resentative control  ob /+ mouse and two 
 ob/ob  mice of increasing age. Opposite 
the fat fraction images are the corre-
sponding hematoxylin-eosin–slides of 
these mice. Histologic grading was con-
sistent with imaging fi ndings; both fat 
fraction measurements and histologic 
grading scores consistently increase with 
age and among  ob/ob  mice. 

 Fat fraction measurements from 
each reconstruction were plotted against 
histologic grades and are shown in 
 Figure 2 ,  with statistical results summa-
rized in  Table 1  . Large standard devia-
tions for imaging fat fractions, results 
of quantitatitve histologic analysis, and 
mass fat fractions are seen for all plots, 
which refl ect the heterogeneity of fat 
deposits across the liver. These plots 
show a linear relationship between his-
tologic grading and imaging fat fraction 
and may be useful for conversion be-
tween imaging and histologic steatosis 
assessment. All reconstructions have 
intercepts that are not signifi cantly dif-
ferent from 0.0, which indicates that 
imaging is sensitive at low fat fractions, 
as these two techniques agree particu-
larly well at low fat fractions. For 
three mice, estimated fat was not ad-
equately described within the fi ve per-
centage increments by the pathologist 
(66%, 82%, and 68%). These estimates 
were included unaltered as points in 
 Figure 2 . 

 The fat fraction measurements 
from each reconstruction were plotted 
against the quantitative histologic in-
tensity segmentation technique. These 
plots are shown in Figure E1 (online), 
and the statistical results are shown 
in  Table 2  . An ambiguity was observed 
in the computer segmentation–based 
analysis of histologic slides. According 
to the pathologist, white areas on the 
slides obtained in  ob /+ mice were not 
fat deposits but corresponded to other 
histologic and cellular features that ap-
peared white on hematoxylin- eosin–
stained slides. Although  ob/ob  slides 
also have these features, nonfat white 

 Figure 1 

  
  Figure 1:  Representative coronal IDEAL water, fat, and fat fraction MR   images show the progression of 
steatosis in  ob/ob  mice compared with that in a control  ob /+ mouse. Corresponding slides show increasing 
macro- and microvesicular steatosis accumulation corresponding to imaging fi ndings. (Hematoxylin-eosin 
stain  [H&E  ] ; original magnifi cation,  3 100.) T2* correction and accurate spectral modeling were used for 
these images. A marked increase in visceral and subcutaneous fat and hepatic steatosis can be seen in the 
 ob/ob  mice compared with the  ob /+ mouse, and these features are exaggerated in the 13-week-old  ob/
ob  mouse compared with the 7-week-old  ob/ob  mouse. Fat fraction images enable quantifi cation of fat and 
enable confi rmation of visual suspicion of steatosis: For instance, 0.0%  6  4.5, 14.4%  6  3.9, and 24.7%  6  
6.6 fat was measured in the  ob /+ mouse, 7-week old  ob/ob  mouse, and 13-week old  ob/ob  mouse, respec-
tively. Histologic grading revealed 0%, 50%, and 85% of cells were affected by steatosis in the representa-
tive  ob/ + mouse, 7-week old  ob/ob  mouse, and 13-week old  ob/ob  mouse, respectively.   
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areas are negligible compared with 
the large area of confi rmed fat vacu-
oles, which  ob /+ mice lack. We con-
cluded that threshold-based segmen-
tation could not be used to distinguish 
nonfat white areas from fat vacuoles. 
As a result, the intensity segmentation 
technique reported fat deposits for 
the control mice, which caused the in-
tercepts of these plots to be different 
from 0.0. The locations of the inter-
cepts also resulted in increased slope 
values, as seen if the control mice 
were excluded from linear regression. 
However, no points were excluded from 
analysis or from the fi gures. 

 Figure 2 

  
  Figure 2:  Graphs show histologic grading results (obtained with qualitative histologic analysis) plotted against imaging fat fraction measurements.  (a, b)  Single 
peak  (a)  without and  (b)  with T2* correction.  (c, d)  Multipeak  (c)  without and  (d)  with T2* correction. Statistical parameters are summarized in  Table 1 . The highest 
correlation of determination (  r   2 ) is seen for the reconstruction with accurate spectral modeling and T2* correction. Intercepts from all methods are not signifi cantly 
different from 0.0, indicating all IDEAL correction methods are accurate at low fat fractions. Error bars represent measured standard deviation.   

Table 1

  Comparison of 15-Echo Fat Fraction Measurements with Qualitative Histologic 
Grading  

 Correction Method   r   2  Value  Slope  *  Intercept (%)  *  P  Value  †  

 Single peak without 
 T2 *  correction

0.74 0.18  6  0.02 ( 2 0.04, 0.04) 0.3  6  1.3 ( 2 2.57, 2.57) .8

Single peak with 
 T2 *  correction

0.86 0.21  6  0.02 ( 2 0.03, 0.03)  2 0.3  6  1.0 ( 2 2.0, 2.0) .8

Multipeak without 
 T2 *  correction

0.71 0.23  6  0.03 ( 2 0.05, 0.05) 0.3  6  1.7 ( 2 3.45, 3.45) .9

Multipeak with 
 T2 *  correction

0.87 0.27  6  0.02 ( 2 0.04, 0.04)  2 1.0  6  1.2 ( 2 2.43, 2.43) .4

* Data are means  6  standard deviations. Data in parentheses are 95% confi dence intervals.

 †   P  value greater than .05 indicates no signifi cant difference between obtained intercept and 0.0.
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Table 2

  Comparison of 15-Echo Fat Fraction Measurements with Quantitative Histologic Grading  

 Correction Method   r  2  Value  Slope  *   P  Value   †   Intercept (%)  *   P  Value   ‡    P  Value   §  

Single peak without T2 *  correction 0.74 0.87  6  0.09 ( 2 0.18, 0.18) .2  2 4.9  6  1.8 ( 2 3.63, 3.63) .01 .0007
Single peak with T2 *  correction 0.83 0.97 6  0.08 ( 2 0.16, 0.16) .7  2 6.0  6  1.5 ( 2 3.06, 3.06) .0005 .006
Multipeak without T2 *  correction 0.72 1.09  6  0.12 ( 2 0.24, 0.24) .5  2 6.4  6  2.4 ( 2 4.71, 4.71) .01 .2
Multipeak with T2 *  correction 0.82 1.23  6  0.10 ( 2 0.21, 0.21) .03  2 7.9  6  2.0 ( 2 4.06, 4.06) .0005 .9

* Data are means  6  standard deviations. Data in parentheses are 95% confi dence intervals.

  †    P   .  .05 indicates no signifi cant difference between obtained slope and 1.0.

  ‡    P   .  .05 indicates no signifi cant difference between obtained intercept and 0.0.

 §   P   .  .05 indicates no signifi cant difference between imaging fat fraction and quantitative histologic fat fractions.

  Figure 3   shows the comparison of 
all IDEAL reconstructions to lipid ex-
traction mass fat fractions, with sta-
tistical results summarized in  Table 3  . 
A bias in the intercepts of the plots of 
 Figure 3  exists and is likely due to a dis-
crepancy between lipid extraction and 
imaging fat fractions; it was expected 
that the intercepts of these plots would 
be 0.0. Total lipid extractions, such as 
the Folch-based methods, are nonspe-
cifi c and result in the extraction of all 
lipids, including those that may be invis-
ible with MR imaging. Conventional MR 
proton techniques cannot be used to de-
tect bound or aggregated lipids, such as 
those found in lipid membranes or lipo-
proteins, since these lipids have solidlike 
behavior and short T2 values ( 40–42 ). 
The  ob /+ fat fractions are more affected 
by MR-invisible lipids than are the  ob/
ob  fat fractions, given that the latter fat 
fractions are dominated by stored trig-
lycerides. As a result of this discrepancy, 
nonzero intercepts were generated, 
which also increased estimated slope 
values and provided an explanation for 
errors in the results. For example, if the 
 ob /+ mice were excluded from linear 
regression for the reconstruction with 
accurate spectral modeling and T2* cor-
rection, near perfect agreement of mass 
fat fraction with imaging fat fraction 
was seen, and the  y  intercept increased 
to  2 0.029  6  0.02 ( 2 0.063  6  0.01 with 
all mice). However, no points were ex-
cluded from analysis or fi gures. 

 Lower correlation between imaging 
fat fractions and all other fat quantifi ca-
tion techniques was seen for reconstruc-
tions without T2* correction. Fat frac-

tions for all compared techniques were 
underestimated for reconstructions that 
excluded T2* correction, multiple peaks 
of fat, or both. Both T2* correction and 
multiple peaks of fat must be included 
to enable one to accurately quantify fat 
in vivo. Further, reconstruction includ-
ing multiple spectral fat peaks and T2* 
correction consistently displays high 
correlation with other fat quantifi cation 
methods, and no signifi cant differences 
between imaging fat fractions and quan-
titative histologic or lipid extraction 
results are seen. Further, imaging fat 
fractions with T2* correction displayed 
better overall agreement compared with 
fat fractions without T2* correction. On 
the basis of information from slopes, 
intercepts,  r  2  values, and three  P  values 
of each compared technique, we con-
cluded that the reconstruction, includ-
ing multiple spectral fat peaks and T2* 
correction, was the most accurate re-
construction for fat quantifi cation. 

 A comparison of fat fraction mea-
surements from data reconstructed 
with six and 15 echoes is shown in 
Figure E2 (online). These data were 
reconstructed using T2* correction and 
multiple spectral fat peaks. This plot 
demonstrates equivalence between six 
echo reconstructions and 15 echo re-
constructions, given the high correla-
tion and nearly ideal slope and inter-
cept. In the interest of space, the six 
echo plots versus the 15 echo plots for 
each reconstruction are not shown, but 
they also display equivalence. Linear re-
gression results for each reconstruction 
all show excellent correlation with  r  2  
values greater than 0.95. 

 Discussion 

 We have demonstrated close agreement 
between MR imaging and three con-
ventional methods for the quantitative 
assessment of hepatic steatosis. These 
results also demonstrate that correc-
tions for confounding factors of T2* de-
cay, accurate spectral modeling, noise-, 
and T1-related bias are necessary for 
accurate fat quantifi cation in the liver. 
Our results provide validation that MR 
imaging enables accurate fat quantifi ca-
tion in mice and has potential for use in 
the quantitative assessment of hepatic 
steatosis in clinical practice. 

 Previous work in which researchers 
compared another modality or technique 
with MR imaging often involved the use 
of conventional two-point Dixon, spec-
troscopy, and/or fat or water suppres-
sion imaging techniques. The primary 
weakness of these methods is that they 
do not correct for confounding factors 
of T1 and noise biases, T2* decay, or 
accurate spectral modeling. In addition, 
we performed multiple comparisons 
within the same study rather than one 
comparison, with emphasis toward the 
clinical current standard of qualitative 
histologic analysis and lipid extraction 
(mass fat fraction). For example, Yokoo 
et al ( 43 ) and Kim et al ( 44 ) addressed 
confounding factors and compared 
results with spectroscopy only and use 
of the two-point Dixon technique for 
fat quantifi cation, respectively. To our 
knowledge, no other published studies 
have addressed all known confounding 
factors for accurate fat quantifi cation over 
the entire liver and compared imaging fat 
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Table 3

  Comparison of 15-Echo Fat Fraction Measurements with Lipid Extraction Results  

 Correction Method   r   2  Value  Slope  *   P  Value  †  Intercept (%)  *   P  Value  ‡   P  Value  § 

Single peak without 
 T2 *  correction

0.84 0.79  6  0.06 
( 2 0.12, 0.12)

.002  2 3.9  6  1.2 
( 2 2.47, 2.47)

.004 .001

Single peak with 
 T2 *  correction

0.92 0.87  6  0.05 
( 2 0.09, 0.09)

.01  2 4.5  6  0.9 
( 2 1.86, 1.86)

.00003 .007

Multipeak without 
 T2 *  correction

0.82 0.99  6  0.08 
( 2 0.16, 0.16)

.09  2 5.0  6  1.7 
( 2 3.33, 3.33)

.01 .2

Multipeak with 
 T2 *  correction

0.92 1.11  6  0.06 
( 2 0.11, 0.11)

.06  2 6.3  6  1.2 
( 2 2.34, 2.34)

.000007 .7

* Data are means  6  standard deviations. Data in parentheses are 95% confi dence intervals.

  †    P   .  .05 indicates no signifi cant difference between obtained slope and 1.0.

  ‡    P   .  .05 indicates no signifi cant difference between obtained intercept and 0.0.

 §   P   .  .05 indicates no signifi cant difference between imaging fat fraction and mass fat fractions.

 Figure 3 

  
  Figure 3:  Graphs show lipid extraction mass fat fractions plotted against imaging fat fraction measurements.  (a, b)  Single peak  (a)  without and  (b)  with T2* cor-
rection.  (c, d)  Multipeak  (c)  without and  (d)  with T2* correction. Statistical parameters are summarized in  Table 3 . Dashed lines = line of unity, error bars = measured 
standard deviation. All reconstructions showed an intercept that was signifi cantly different from 0.0; however, only reconstructions that included multiple peaks of fat 
showed slopes that were not signifi cantly different from 1.0.   

fraction with quantitative and qualitative 
histologic analysis and lipid extraction. 

 Our study had several limitations. 
First, this technique suffered from a long 
imaging time that was necessary to 
achieve the spatial resolution and signal-
to-noise ratio   performance needed to 
image mice. Clinical implementation 
will require a shortened imaging time 
with parallel imaging acceleration and 
shortened echo train lengths that de-
crease the repetition time. Second, 
although no respiratory artifacts were 
encountered, the mice were heavily se-
dated, and free breathing would likely 
be an issue in patients, unless breath-
hold imaging times could be achieved in 
the clinical application of these methods. 
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extraction, additional clinical valida-
tion is required with a biopsy and imag-
ing correlation study. In addition, the 
reproducibility of this method must be 
determined before the clinical utility of 
these methods can be ascertained. Al-
though unforeseen discrepancies may 
arise between these results from mice 
to patients, our results have demon-
strated the need for correction meth-
ods that address confounding factors, 
including T2* decay, multiple spectral 
peaks of fat, noise bias, and T1-related 
bias. 

 In summary, we have demonstrated 
that MR imaging with T2* correction 
and accurate spectral modeling cor-
relate strongly with conventional fat 
quantifi cation methods. These results 
show that MR imaging can be used to 
accurately and objectively quantify fat 
in vivo and that MR imaging has the 
potential to serve as a noninvasive bio-
marker in the early detection and quan-
titative assessment of hepatic steatosis. 

  Acknowledgment:  We thank Kazuhiko Shinki, 
PhD, for his statistical assistance. 
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