Radiology

Note:

This copy is for your personal non-commercial use only. To order presentation-ready
copies for distribution to your colleagues or clients, contact us at www.rsna.orglrsnarights.

Nonalcoholic Fatty Liver

Disease: Diagnostic and
Accuracy of Low-Hip-Ang

Gradient-Recalled-Echo MR Imaging

at15T

Fat-Grading
e Multiecho

Takeshi Yokoo, MD, PhD

Mark Bydder, PhD AL
Gavin Hamilton, PhD
Michael S. Middleton, MD, PhD
Anthony C. Gamst, PhD
Tanya Wolfson, MS
Tarek Hassanein, MD Materials and
Heather M. Patton, MD Methods:
Joel E. Lavine, MD, PhD
Jeffrey B. Schwimmer, MD
Claude B. Sirlin, MD
Results:
]
1 From the Departments of Radiology (T.Y., M.B., G.H.,
M.S.M., C.B.S.), Biostatistics (A.C.G., T.W.), Medicine
(T.H., H.M.P.), and Pediatrics (J.E.L., J.B.S.), University of
California, San Diego Medical Center, University of Cali-
fornia at San Diego, MR3 Laboratory, 408 Dickinson St,
San Diego, CA 92103-8226. Received April 12, 2008; Conclusion:

revision requested June 16; revision received August 23;
accepted September 26; final version accepted October
13. Address correspondence to C.B.S. (e-mail:
csirlin@ucsd.edu).

The contents of this work are solely the responsibility of
the authors and do not necessarily represent the official
views of the National Institutes of Health.

© RSNA, 2009

To assess the accuracy of four fat quantification methods
at low-flip-angle multiecho gradient-recalled-echo (GRE)
magnetic resonance (MR) imaging in nonalcoholic fatty
liver disease (NAFLD) by using MR spectroscopy as the
reference standard.

In this institutional review board-approved, HIPAA-compli-
ant prospective study, 110 subjects (29 with biopsy-con-
firmed NAFLD, 50 overweight and at risk for NAFLD, and 31
healthy volunteers) (mean age, 32.6 years = 135.6 [standard
deviation|; range, 8-66 years) gave informed consent and
underwent MR spectroscopy and GRE MR imaging of the
liver. Spectroscopy involved a long repetition time (to sup-
press T1 effects) and multiple echo times (to estimate T2
effects); the reference fat fraction (FF) was calculated from
T2-corrected fat and water spectral peak areas. Imaging
involved a low flip angle (to suppress T1 effects) and multiple
echo times (to estimate T2* effects); imaging FF was calcu-
lated by using four analysis methods of progressive complex-
ity: dual echo, triple echo, multiecho, and multiinterference.
All methods except dual echo corrected for T2* effects. The
multiinterference method corrected for multiple spectral in-
terference effects of fat. For each method, the accuracy for
diagnosis of fatty liver, as defined with a spectroscopic
threshold, was assessed by estimating sensitivity and speci-
ficity; fat-grading accuracy was assessed by comparing imag-
ing and spectroscopic FF values by using linear regression.

Dual-echo, triple-echo, multiecho, and multiinterference meth-
ods had a sensitivity of 0.817, 0.967, 0.950, and 0.983 and a
specificity of 1.000, 0.880, 1.000, and 0.880, respectively. On
the basis of regression slope and intercept, the multiinterfer-
ence (slope, 0.98; intercept, 0.91%) method had high fat-grad-
ing accuracy without statistically significant error (P > .05).
Dual-echo (slope, 0.98; intercept, —2.90%), triple-echo (slope,
0.94; intercept, 1.42%), and multiecho (slope, 0.85; intercept,
—0.15%) methods had statistically significant error (P < .03).

Relaxation- and interference-corrected fat quantification
at low-flip-angle multiecho GRE MR imaging provides high
diagnostic and fat-grading accuracy in NAFLD.

© RSNA, 2009

Supplemental material: http://radiology.rsnajnls.org/cgi
/content/full/2511080666/DC1
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onalcoholic fatty liver disease

(NAFLD) is an emerging epidemic

in Western countries and affects
all ages and ethnicities (1,2). NAFLD can
progress to nonalcoholic steatohepatitis,
cirrhosis, and end-stage liver disease
(3,4). Because early NAFLD may be re-
versible (5-10), screening and early inter-
vention may be indicated.

Histologic visualization of hepatocel-
lular fat vacuoles is the current standard
for NAFLD assessment (3,11,12). How-
ever, biopsy is invasive and prone to
sampling error (13-16). Furthermore,
routine histologic examination is semi-
quantitative, observer dependent, and
graded with broad severity brackets
(3,11,12). A noninvasive, objective, and
continuous-scale assessment may be
preferable to biopsy in clinical practice
and research.

Magnetic resonance (MR) spectros-
copy directly enables measurement of
fat and water proton signals and gener-
ally is considered the most accurate
noninvasive technique for hepatic fat
quantification (13,17,18). By using a
long repetition time to minimize T1 ef-
fects and multiple echo times to correct
for T2 effects, spectroscopy can help
measure fat and water proton densities
(PDs). As confirmed with biochemical
assay of tissue specimens, fat fraction
(FF) calculated from PDs determined at
spectroscopy is equivalent to tissue tri-
glyceride concentration (19,20). How-

Advances in Knowledge

B Accurate hepatic fat quantification
by using MR imaging requires
suppression of T1 relaxation ef-
fects, correction of T2* relaxation
effects, and correction of the in-
terference effects between multi-
ple spectral components.

® Correction of T2* effects im-
proves diagnostic sensitivity for
fatty liver disease, even in pa-
tients with no known hepatic iron-
overload disorder.

® Correction of interference effects
between multiple spectral compo-
nents improves fat-grading accu-
racy over the full range of clini-
cally relevant fat content.

ever, liver spectroscopy may be techni-
cally demanding and limited in spatial
coverage and availability. By compari-
son, MR imaging is easier to perform,
complete in liver coverage, and avail-
able at most centers. If comparable in
accuracy, imaging would be an appeal-
ing practical alternative to spectros-
copy.

A variety of imaging methods have
been proposed for hepatic fat quanti-
fication. Previous human studies (21-
26) have shown statistically significant
correlations between imaging and
spectroscopic FFs, but the accuracy of
imaging relative to that of spectros-
copy has been inconsistent. Imaging
FF generally has been calculated from
fat and water signal intensities (rather
than PDs) and therefore has been af-
fected by sequence type (23,27,28),
imaging parameters (28-31), and tis-
sue relaxation properties (32-34) due
to confounding T1 and T2* (or T2)
relaxation effects. The inconsistent ac-
curacy of imaging compared with the
accuracy of spectroscopy has limited
the clinical utility of MR imaging as a
primary diagnostic and monitoring
tool (23).

To control the confounding relax-
ation effects, low-flip-angle multiecho
gradient-recalled-echo (GRE) MR im-
aging has been proposed recently
(33,35,36). A low flip angle sup-
presses T1 effects, and multiecho ac-
quisition permits estimation and cor-
rection of T2* effects; imaging FF can
then be calculated from fat and water
PDs. Our purpose was to assess the
accuracy of four fat quantification
methods at low-flip-angle multiecho

Implications for Patient Care

B Low-flip-angle multiecho gradient-
recalled-echo MR imaging with
relaxation and interference cor-
rection is a rapid, safe, and highly
accurate diagnostic and fat-grad-
ing modality for fatty liver dis-
ease.

B This study suggests that MR imag-
ing can be used for initial diagno-
sis and long-term treatment of
patients with fatty liver disease.

GRE MR imaging in NAFLD by using
MR spectroscopy as the reference
standard.

Materials and Methods

Study Design and Subjects

This prospective, cross-sectional, sin-
gle-site clinical study was approved by
an institutional review board and was
compliant with the Health Insurance
Portability and Accountability Act. In-
clusion criteria were as follows: patients
with biopsy-confirmed NAFLD, patients
who were overweight and at risk for
NAFLD (body mass index = 25 kg/m?),
or healthy subjects of normal weight
(body mass index < 25 kg/m?). Subjects
were recruited from the institutional
hepatology and obesity clinics, as well
as from the general public, and were

enrolled consecutively. No formal
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Abbreviations:

FF = fat fraction

GRE = gradient-recalled echo

IP = in phase

NAFLD = nonalcoholic fatty liver disease
OP = opposed phase

PD = proton density

ROI = region of interest
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power analysis was performed. Adult
subjects gave informed consent. Pedi-
atric subjects gave assent with paren-
tal informed consent. Subject age and
sex were recorded. Other clinical
data, including hepatic function panel
results, were not recorded. One hun-
dred fifteen subjects were enrolled be-
tween March and December 2007. Ex-
clusion criteria were as follows:
known history of other liver disease or
contraindications to MR imaging (n =
0), inability to complete the research
protocol (due to claustrophobia [n =
2] or due to imager malfunction |n =
2]), or spatial heterogeneity in fat dis-
tribution that made colocalization be-
tween imaging and single-voxel spec-
troscopy unreliable (n = 1). The re-
maining 110 subjects formed the study
group. Twenty-nine subjects had biopsy-
confirmed NAFLD, 50 were overweight
(body mass index = 25 kg/m?), and 31
(healthy volunteers) were of normal
weight. The demographic data are sum-
marized in Table 1.

MR Imaging Examination

Subjects were examined in the supine
position with a standard four-channel
torso phased-array coil centered over
the liver at 1.5 T (Symphony; Siemens
Medical Systems, Erlangen, Germany).
Spectroscopy.—By using three-plane
localizing images and avoiding vascular and
biliary structures, a single 20 X 20 X
20-mm voxel was placed in a right hepatic
segment, usually V or VIII. A single element
of the array coil nearest to the voxel was
selected. After shimming, stimulated-
echo acquisition mode single-voxel proton
spectroscopy was performed. To minimize
T1 effects, repetition time was set at 3000
msec, and mixing time was set at 10 msec.
To estimate T2, five single-average spectra
were collected at echo times of 20, 30, 40,
50, and 60 msec in a single 15-second
breath hold. Other parameters were
1000-Hz receiver bandwidth and 2048-
point spectral resolution.
Imaging.—Multisection axial images
were obtained by using a two-dimen-
sional spoiled GRE sequence with all ar-
ray coil elements. To minimize T1 effects
(29,35,36), a low flip angle (10°) was
used at a repetition time of 122 msec. To

estimate fat-water signal interference and
T2* effects (29,33,35), six echoes were
obtained at serial opposed-phase (OP)
and in-phase (IP) echo times (2.3, 4.6,
6.9, 9.2, 11.5, and 13.8 msec) during a
single breath hold of 18 seconds or less.
Other imaging parameters were 8-mm
section thickness, 100% intersection gap,
500-Hz/pixel receiver bandwidth, one sig-
nal acquired, and rectangular field of view
with a 256 X 160-256 matrix (adjusted to
individual body habitus and breath-hold
capacity).

To assess reproducibility, imaging
and spectroscopy were performed again
in 38 and 36 subjects, respectively, who
agreed to a longer examination time.

Data Processing

A reference image was created by overlay-
ing the spectroscopic voxel on the axial lo-
calizer image. Two trained technologists
(both with 3 years of experience) reviewed
MR images on a picture archiving and com-
munication system workstation and, by us-
ing the saved overlay as a guide, manually
placed a circular region of interest (ROI) of
approximately 20 mm in diameter on one of
the multiecho images at the spectroscopic
voxel location. Picture archiving and com-
munication system software automatically
propagated the selected ROl to the rest of
the multiecho images. The average ROI
value at each echo time was recorded.

Data Analysis

Overview.—Fat and water PDs were es-
timated for spectroscopy and imaging

(described below). FFs were calculated as
the ratio of fat PD to total (fat and water)
PD (37-39). T1 effects were assumed
negligible with the above spectroscopic
and imaging parameters; by using pub-
lished fat and lean liver T1 values (40) in a
computer simulation (36), the expected
error upper limit due to residual T1 ef-
fects was 0.02% or less at spectroscopy
and 1% or less at imaging.

Spectroscopy.—An MR physicist
(G.H., 7 years of experience), who
was blinded to imaging results, ana-
lyzed the spectra by using Advanced
Method for Accurate, Robust, and Ef-
ficient Spectral fitting included in Java-
based Magnetic Resonance User Inter-
face (http://sermn02.uab.es/mrui)
(41,42). At each echo time, the water
(4.7 ppm) and fat (0.5-3 ppm) peak
areas were calculated by using integra-
tion. The total fat peak area was defined
as the sum of individual fat peaks. Wa-
ter and total fat PD values were cor-
rected for T2 by using a log-linear least-
square fitting algorithm.

Imaging.—An MR imaging research
fellow (T.Y., 2 years of experience),
who was blinded to spectroscopic re-
sults, analyzed the imaging ROI values
by using software (MATLAB; Math-
Works, Natick, Mass). Four different im-
age analysis methods (see Appendix El,
http://radiology.rsnajnls.org/cgi/content
/full/2511080666/DC1) of increasing com-
plexity were tested, which generated four
FF estimates per subject from a single set
of multiecho images (Table 2). The first

Table 1

Demographic Data of Subjects Undergoing MR Imaging of the Liver

Group No. of Subjects Age (y)*

Total 110 32.6 + 15.6 (8—66)
Male 63 30.7 + 16.6 (8-66)
Female 47 35.2 + 14.0 (8-61)
Adult 80 (40 M, 40 F) 40.0 = 11.3 (20-66)
Pediatric 30(23M,7F) 12.9 = 3.3(8-18)
Known NAFLD* 29 (21 M, 8F) 20.6 = 12.9 (8-54)
Risk of NAFLD¥ 50 (27 M, 23 F) 38.6 + 13.4 (9-66)
Healthy volunteer’ 31 (15M, 16 F) 34.5 = 14.0 (8-61)

* Data are means + standard deviations, with ranges in parentheses.

T Confirmed by biopsy.
* Body mass index 25 kg/m? or higher.
§ Body mass index less than 25 kg/m?.
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three methods were based on previously
proposed strategies (33,35,36); the
fourth method was new. The last three
methods corrected for T2*; the first did
not. For illustrative purposes, FF and, if
appropriate, T2* maps were generated
by applying each method pixel by pixel.
The four methods used to analyze imaging
ROI data were as follows:

1. Conventional dual-echo method
(31,43): T2* signal decay was neglected,
and only the phase interference between

the water and dominant fat (methylene, 1.3
ppm) moieties was modeled. From the first
pair of OP and IP (2.3 and 4.6 msec) ech-
oes, FF was calculated (see Equation 12 in
Appendix El1, http://radiology.rsnajnls.org
/cgi/content/full/2511080666/DCT1).

2. Triple-echo method (29): The wa-
ter-methylene interference model de-
scribed above was extended by incorpo-
rating tissue T2 relaxation effect as a
monoexponential decay. T2* was esti-
mated from the first pair of IP echoes

Table 2

Summary of Features of Image Analysis Methods for PD Estimation

(4.6 and 9.2 msec) (see Equation 9 in Ap-
pendix E1, http://radiology.rsnajnls.org
/cgi/content/full/2511080666/DC1). From
the first OP-IP pair (2.3 and 4.6 msec) and
the estimated T2* value, FF then was cal-
culated (see Equation 10 in Appendix E1,
http://radiology.rsnajnls.org/cgi/content
/full/2511080666/DCT).

3. Multiecho method (31,33): On the
basis of the methylene-water interference
model with monoexponential signal de-
cay, the tissue T2* and FF were calculated
simultaneously (see Equation 8 in Appen-
dix E1, http://radiology.rsnajnls.org/cgi
/content/full/2511080666/DC1) by using
log-linear least-square fitting of all six ech-

Feature Dual Echo Triple and Multiecho Multiinterference oes (2.3-13.8 msec).
) 4. Multiinterference method (new
T1 suppression Yes Yes Yes . .
. method): The signal model described
T2* correction No Yes Yes
. above was further extended by con-
Fat spectral modeling No No Yes . )
structing the fat spectrum as a weighted
sum of the three main fat peaks cen-
tered at 2.1, 1.3, and 0.9 ppm (44,45)
50 50 50
r=0.997* r=0.994* g E f}%@g;%
40 SD =0.06% 40 SD=0.85% 40 i 2 |
(o]
. 30 > . 30} . . 30 ° 1
= = =
v o i 8° E 8
w20 s} w20 w20 1
= = =
& & &
10 10 10 1
® ﬁ
ot & of & n |
s scopy Dual-echo Triple-echo
0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50
1st FF (%) 1st FF (%) 1st FF (%)
50 50 Figure 1:  Graphs show reproducibility of MR imag-
r=0.993* r=0.995* i it i —
S0 = 0.75% $0'= 0.57% ing EF gstimation py using spectroscopy (n 36) _a_nd
40 40 four image analysis methods (7 = 38). FF of the initial
© measurement s plotted against that of the repeat mea-
— 30 1) . 30 o surement. Spectroscopy and all four image analysis
El o 3 8 methods have high reproducibility. = = P<< .001.
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Table 3

Diagnostic Sensitivity of Four Image Analysis Methods

Triple Echo

Multiecho

Multiinterference

Threshold Dual Echo
5% 0.873 (55/63) [0.752, 0.926]
6% 0.820 (50/61) [0.694, 0.889]
6.25% 0.817 (49/60) [0.684, 0.888]
7% 0.759 (44/58) [0.599, 0.841]
8% 0.778 (42/54) [0.634, 0.869]

0.984 (62/63) [0.896, 0.986]
0.984 (60/61) [0.879, 0.986]
0.967 (58/60) [0.873, 0.984]
1.000 (58/58) [0.977, 1.000]
0.981 (53/54) [0.888, 0.983]

0.968 (61/63) [0.866, 0.985]
0.934 (57/61) [0.832, 0.966]
0.950 (57/60) [0.845, 0.971]
0.914 (53/58) [0.810, 0.953]
0.852 (46/54) [0.703, 0.909]

0.984 (62/63) [0.896, 0.986]
0.984 (60/61) [0.879, 0.986]
0.983 (59/60) [0.891, 0.985]
1.000 (58/58) [0.977, 1.000]
0.981 (53/54) [0.888, 0.983]

Note.—Numbers in parentheses were used to calculate sensitivities, and 95% confidence intervals are in brackets.

Table 4

Diagnostic Specificity of Four Image Analysis Methods

Triple Echo

Multiecho

Multiinterference

Threshold Dual Echo
5% 1.000 (47/47) [0.973, 1.000]
6% 1.000 (49/49) [0.971, 1.000]
6.25% 1.000 (50/50) [0.976, 1.000]
7% 1.000 (52/52) [0.974, 1.000]
8% 1.000 (56/56) [0.979, 1.000]

0.872 (41/47) [0.728, 0.925]
0.878 (43/49) [0.753, 0.935]
0.880 (44/50) [0.753, 0.940]
0.942 (49/52) [0.816, 0.966]
0.964 (54/56) [0.854, 0.983]

0.936 (44/47) [0.808, 0.965]
1.000 (49/49) [0.971, 1.000]
1.000 (50/50) [0.976, 1.000]
1.000 (52/52) [0.974, 1.000]
1.000 (56/56) [0.979, 1.000]

0.851 (40/47) [0.704, 0.915]
0.898 (44/49) [0.762, 0.946]
0.880 (44/50) [0.752, 0.941]
0.962 (50/52) [0.851, 0.982]
0.929 (52/56) [0.815, 0.964]

Note.—Numbers in parentheses were used to calculate specificities, and 95% confidence intervals are in brackets.

(see Equation 7 in Appendix E1, http:
//radiology.rsnajnls.org/cgi/content/full
/2511080666/DC1). The weighting was de-
termined empirically from the spectro-
scopic data of subjects with an FF of more
than 10%. (Subjects with sufficient fat con-
tent were selected to ensure reliable esti-
mation of individual fat peak areas.) The
normalized PDs of the respective fat peaks
were as follows: 9.0% = 2.6 (standard de-
viation), 77.9% * 2.5, and 13.1% * 2.7.
By using all six echoes, the tissue T2* and
FF were calculated by using a nonlinear
least-square algorithm, Isqcurvefit (46).

Statistical Analysis

Reproducibility.—In subjects with re-
peat measurements, the two FF values
from spectroscopy and from each image
analysis method were plotted against
each other. The standard deviation of
the pairwise difference and correlation
coefficient between the two measure-
ments were calculated.

Diagnostic accuracy.—Performance
statistics (sensitivity, specificity) were cal-
culated for each image analysis method at
a threshold value of 6.25% for spectro-
scopic FF. This value was equivalent (ac-
cording to a conversion formula) to a
5.56% FF by wet weight, a previously

suggested classification threshold for fatty
liver (38,39). Two-sided 95% confidence
intervals of the sensitivity and specificity
estimates were calculated for each
method, as well as the differences be-
tween each method pairs, as bias-cor-
rected and accelerated intervals from the
bootstrap distribution of 1000 resampled
data sets (47). Because thresholds other
than 6.25% also may be of interest, per-
formance statistics were recalculated at
threshold values of 5%, 6%, 7%, and 8%.
Grading accuracy.—Imaging and
spectroscopic FF values were compared
for each image analysis method by using
linear regression. Statistically significant
differences of the regression slopes and
intercepts, with respect to null hypothesis
of slope 1 and intercept O, were deter-
mined by using two-tailed t tests at a =
.05. Because fat grading is clinically rele-
vant only for diagnosed fatty liver, only sub-
jects with a spectroscopic FF of more than
6.25% were included in this analysis.

Subjects

The spectroscopic FF ranged from 0.2%
to 34.5%, with a mean of 10.0% = 9.1;

60 of 110 subjects had fatty liver accord-
ing to the 6.25% spectroscopic crite-
rion.

Reproducibility

High reproducibility of FF estimation
was demonstrated in 36 and 38 subjects
for spectroscopy and imaging, respec-
tively (Fig 1). Correlation coefficients
between measurements exceeded 0.99
for all methods (P < .001), and stan-
dard deviations of the differences be-
tween measurements were less than 1%
in FF.

Diagnostic Accuracy

Tables 3 and 4 summarize the diagnos-
tic performance of the four image analy-
sis methods. At the diagnostic threshold
of 6.25% for spectroscopic FF, the dual-
echo method had the lowest sensitivity
compared with all three T2*-corrected
methods. The multiinterference spec-
tral method had the highest sensitivity
at 0.983, but differences in sensitivity
between the three T2*-corrected meth-
ods were not significant (Table 5). The
dual- and multiecho methods had a
specificity of 1.000, which was signifi-
cantly higher than that of the triple-echo
and multiinterference methods (both

Radiology: \/olume 251: Number 1—~April 2009 = radiology.rsnajnis.org
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Table 5

Sensitivity and Specificity Comparison between Analysis Methods

Comparison Sensitivity Specificity
Dual echo versus triple echo Less than* More than*
Dual echo versus multiecho Less than* NS
Dual echo versus multiinterference Less than* More than*
Triple echo versus multiecho NS Less than*
Triple echo versus multiinterference NS NS
Multiecho versus multiinterference NS More than*

Note.—Comparisons were made at an FF diagnostic threshold of 6.25%. A significant difference was determined with
two-sided 95% bootstrap confidence intervals of the sensitivity and specificity differences between two methods. NS = not
significant.

*Indicates significant difference.

50 50 :
Intercept = -2.90% [-4.02,-1.77]* Intercept = 1.42% [0.37, 2.47]*
Slope = 0,98 [0.92. 1.04] Slopa =0.94 [0.33‘ 0,991"
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(T T
™ g
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0 0
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Intercept = -0.15% [-1.11, 0.82] Intercept = 0.91% [-0.18, 1.99]
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401 40
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Multi-echo Multi-Interference
0 10 20 30 40 50 0 10 20 30 40 50
Spectroscopic FF (%) Spectroscopic FF (%)
Figure2:  Scatterplots of MR spectroscopic versus imaging FFs calculated by using dual-echo, triple-

echo, multiecho, and multiinterference methods. Red line represents the best fit through the data points whose
spectroscopic FF is more than 6.25%, and gray line represents the null hypothesis (intercept = 0, slope = 1).
The regression intercept and slope and their 95% confidence intervals are shown. * = Significant difference
fromintercept 0 or slope 1 according to two-tailed ftest at o« = .05. All methods except for the multiinterfer-
ence method have varying degrees of FF estimation error (ie, intercept significantly different from 0 and/or
slope significantly different from 1.)

with specificity of 0.880). Similar trends
in sensitivity and specificity were ob-
served at 5%, 6%, 7%, and 8% thresh-
old levels.

Grading Accuracy

As shown in the regression plots in
Figure 2, the dual-echo method consis-
tently resulted in underestimation of the
spectroscopic FF by 2.90% over the en-
tire FF range, but had no bias (system-
atic error) in slope. Estimated FF ac-
cording to the triple-echo method had
small, but statistically significant, bias in
both slope and intercept. The multiecho
method (without spectral modeling)
was biased in slope only. The multiin-
terference method (with spectral mod-
eling) had the highest grading accuracy,
with no statistically significant bias.
These observations are illustrated in
Figure 3.

This prospective clinical study com-
pared hepatic fat quantification by using
MR imaging and spectroscopy. Spectro-
scopic measurement of fat and water
PDs was used to calculate the reference
FF. Imaging data were acquired by us-
ing a low flip angle, at which T1 effects
may be assumed negligible. Measure-
ments were made at multiple echo times
to permit T2* correction. Four image
analysis methods were tested for diag-
nostic and grading accuracy.

The dual-echo method neglects T2*
signal decay and assumes that the signal
difference between IP and OP echoes is
due to fat-water signal interference
alone. With OP-then-IP sequential ac-
quisition, the confounding T2* effect is
known to cause FF underestimation
(33,35,48). As expected, the dual-echo
method systematically resulted in un-
derestimation of spectroscopic FF over
the full FF range, probably because of
T2* relaxation effects intrinsic to liver
tissue. As a result, this method had
lower sensitivity than other T2*-cor-
rected methods. Its high specificity is
attributable to the systematic underesti-
mation.

The triple-echo method resulted in
improved diagnostic sensitivity (albeit at
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Figure 3
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6.0 5.0 4.0 3.0 2.0 1.0 0.0 Y R eI e b

ppm i fea 2N
Figure3: A-D, Estimated FF maps by using the four image analysis methods, £, multiecho MR spectra, and F—H, accompanying T2* maps in 18-year-old man with
biopsy-confirmed NAFLD. The ROIs (circles) on imaging and spectroscopic voxel have been colocalized. The spectroscopic FF was 24.2% in E. Imaging FFs were 21.8%
inA 24.9%in B, 20.1% in C,and 24.9% in D. The estimated T2* values were 19.2 msec in £, 28.8 msec in G, and 24.7 msec in H. The triple-echo and multiinterference
methods show higher quantification accuracy than the dual-echo and multiecho methods. 7E = echotime.

lower specificity) and grading accuracy
compared with the dual-echo method by
T2* correction by using a single pair of [P
echoes. While any pair of IP (or OP) ech-
oes could be used for T2* correction, we
favor the first IP pair because (a) earlier
IP echoes tend to have superior signal-to-
noise ratio and are less affected by fat-fat
interference effects (described below)
and (b) T2* estimation with OP echoes
may be unreliable at high fat content be-
cause of near-complete signal cancella-
tion.

The multiecho method estimates
T2* from all six echoes. This method
resulted in improved diagnostic speci-
ficity compared with that of the triple-
echo method but caused systematic un-
derestimation at high FFs. One likely
explanation for the FF-dependent error
is that the multiecho method assumes a
simplified fat spectrum consisting of a
single methylene peak at 1.3 ppm. The
nominal OP and IP echo times are based
on the phase-interference period be-
tween water and the methylene peak.

However, the fat spectrum also contains
nonmethylene peaks (eg, 2.1 and 0.9
ppm); the actual signal interference is
therefore multicomponent and incom-
pletely modeled by water-methylene in-
terference alone. The resulting phase
errors at nominal IP and OP echo times
led to FF estimation error in proportion
to the underlying fat content, as the sig-
nal contribution of the multiple fat
peaks became a progressively larger
proportion of the total (water and fat)
signal.

Because the chemical shift between
fat peaks is relatively small, fat-fat inter-
ference occurs at a slower rate than
fat-water interference, and phase er-
rors from fat-fat interference become
more pronounced at later echo times.
Thus, techniques that incorporate later
echoes (eg, multiecho method) may be
more susceptible to fat-fat interference
effects than techniques that incorporate
only early echoes (eg, dual- and triple-
echo methods).

The multiinterference method cor-

rects for the complex interference effect
due to multiple fat peaks, in addition to
correcting for T2* effects. This method
had greater diagnostic sensitivity than
the other methods and had higher fat
grading accuracy over the full range of
observed FF.

These results indicate that T2* cor-
rection improves the diagnostic sensi-
tivity at a 6.25% spectroscopic thresh-
old, and modeling the fat spectrum as a
three-peak system improves quantifica-
tion accuracy above this threshold.
Thus, we recommend routine T2* cor-
rection for fatty liver screening and, if
possible, spectral modeling for fatty
liver grading. In our opinion, T2* cor-
rection is particularly important, as co-
occurrence of hepatic steatosis and sid-
erosis (iron deposition) is not uncom-
mon (49,50). In hepatic siderosis, T2*
may be so short (<10 msec) that the
diagnostic sensitivity is profoundly com-
promised without T2* correction. With
imagers without multiecho GRE capabil-
ity, the triple-echo method may be a
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reasonable practical alternative that can
be implemented as two dual-echo se-
quences, with IP-then-OP and IP-
then-IP acquisition, respectively.

One limitation of our study was that
spectroscopy, rather than histologic ex-
amination, was used as the reference.
While a spectroscopic reference may
not reflect current clinical practice, his-
tomorphologic assessment of intracellu-
lar fat vacuoles does not directly mea-
sure hepatic triglyceride concentration
and may not be an appropriate refer-
ence standard for MR imaging. There
also are challenges in imaging-histo-
logic colocalization. These factors may
account in part for the inconsistent ac-
curacy of imaging relative to histology in
previous reports (51-33). By compari-
son, spectroscopically determined PD
FF is equivalent to tissue triglyceride
concentration, and several clinical tri-
als (6,54,55) on NAFLD have used
spectroscopic FF as an outcome mea-
sure. Moreover, spectroscopy can be
colocalized reliably with imaging. For
these reasons, spectroscopy may be a
more appropriate reference standard
than histology for assessing accuracy of
fat quantification.

The 6.25% FF diagnostic threshold
was derived from T2-corrected point-
resolved spatially localized spectro-
scopic data from the Dallas Heart Study
(39). In our study, stimulated-echo ac-
quisition mode spectroscopy was per-
formed instead because of its relative
insensitivity to J-coupling effects and
more reliable T2 estimation for fat
quantification (56). Although similar se-
quence parameters and spectroscopic
analysis methods were used, it is con-
ceivable that the diagnostic thresholds
may differ slightly between stimulated-
echo acquisition mode spectroscopy
and point-resolved spatially localized
spectroscopy. However, this potential
difference probably did not affect our
findings because the diagnostic perfor-
mance was assessed at several thresh-
old values (5%-8%) with qualitatively
similar results.

One technical limitation of in vivo
spectroscopy at clinical field strengths is
the inability to resolve the three minor
fat components (4.3, 5.2, and 5.3 ppm),

which are obscured by the 4.7-ppm wa-
ter peak. These fat peaks may contain
up to 15% of the total fat content (38),
leading to underestimation of triglycer-
ide concentration. This is easily correct-
able with a conversion formula (38), as
done by Szczepaniak et al (39). In our
study, we did not apply the conversion
formula because both MR spectroscopy
and imaging are affected equally by this
problem, and thus the relative accuracy
between spectroscopy and imaging is
unaltered.

A theoretical limitation of the image
analysis methods presented here was
the inability to accurately quantify fat
content beyond 50% FF due to fat-water
signal dominance ambiguity. In fat-dom-
inant tissues (PD fat > water), addi-
tional techniques, such as phase un-
wrapping (57), fat suppression (28), or
multiple flip angles (or multiple repeti-
tion times) (29), would be necessary.
However, this theoretical limitation
may not be an important clinical issue
for hepatic fat quantification, as PD FF
values exceeding 50% were not ob-
served in any of the 2287 Dallas Heart
Study subjects (39) or in any of our 110
subjects.

Random imaging noise has been
suggested as a potential source of error
in fat quantification imaging (25,36).
When a complex image is rectified to a
magnitude image, the complex zero-
mean random noise is transformed into
positive-mean random noise. This posi-
tive-mean noise is expected to introduce
bias to fat and water PD estimates, and
variance in the signals is expected to
decrease reproducibility. While we did
not observe gross evidence of these ef-
fects in our regression or reproducibil-
ity analyses, no formal assessments
were performed. Future studies will be
required to assess the effect of image
noise in vivo.

Finally, we did not assess spatial
heterogeneity of liver fat content, as
spectroscopic and imaging FFs were
compared within a single colocalized re-
gion. In principle, our MR imaging tech-
nique would enable assessment of the
spatial heterogeneity, but such data
were not analyzed.

In conclusion, this prospective clini-

cal study showed close agreement be-
tween PD-based MR spectroscopy and
imaging over the full range of clinically
relevant fat content. Relaxation- and in-
terference-corrected fat quantification
at low-flip-angle multiecho GRE MR im-
aging provided high diagnostic and fat-
grading accuracy in NAFLD.
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