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Conclusion:
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To prospectively compare an investigational version of a
complex-based chemical shift-based fat fraction magnetic
resonance (MR) imaging method with MR spectroscopy for
the quantification of hepatic steatosis.

This study was approved by the institutional review board
and was HIPAA compliant. Written informed consent was
obtained before all studies. Fifty-five patients (31 women,
24 men; age range, 24-71 years) were prospectively imaged
at 1.5 T with quantitative MR imaging and single-voxel MR
spectroscopy, each within a single breath hold. The ef-
fects of T2* correction, spectral modeling of fat, and
magnitude fitting for eddy current correction on fat quan-
tification with MR imaging were investigated by reconstruct-
ing fat fraction images from the same source data with
different combinations of error correction. Single-voxel
T2-corrected MR spectroscopy was used to measure fat
fraction and served as the reference standard. All MR spec-
troscopy data were postprocessed at a separate institution
by an MR physicist who was blinded to MR imaging re-
sults. Fat fractions measured with MR imaging and MR
spectroscopy were compared statistically to determine the
correlation (r?), and the slope and intercept as measures
of agreement between MR imaging and MR spectroscopy
fat fraction measurements, to determine whether MR im-
aging can help quantify fat, and examine the importance of
T2* correction, spectral modeling of fat, and eddy current
correction. Two-sided ¢ tests (significance level, P = .05)
were used to determine whether estimated slopes and in-
tercepts were significantly different from 1.0 and 0.0, re-
spectively. Sensitivity and specificity for the classification of
clinically significant steatosis were evaluated.

Overall, there was excellent correlation between MR im-
aging and MR spectroscopy for all reconstruction combi-
nations. However, agreement was only achieved when T2*
correction, spectral modeling of fat, and magnitude fitting
for eddy current correction were used (r? = 0.99; slope
+ standard deviation = 1.00 £ 0.01, P = .77; intercept =
standard deviation = 0.2% = 0.1, P = .19).

T1-independent chemical shift-based water-fat separation
MR imaging methods can accurately quantify fat over the
entire liver, by using MR spectroscopy as the reference
standard, when T2* correction, spectral modeling of fat,
and eddy current correction methods are used.

©RSNA, 2011
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onalcoholic fatty liver disease
(NAFLD) is closely associated with
the metabolic syndrome, a constel-
lation of conditions including type 2 diabe-
tes, obesity, dyslipidemia, and hyperten-
sion, among others (1). NAFLD affects
an estimated 30% of the U.S. popula-
tion, including 75% of obese adults (2)
and up to 10% of children (3-3). NAFLD
encompasses a spectrum of liver diseases
that include isolated steatosis, nonalco-
holic steatohepatitis, and cirrhosis. It
has been demonstrated that NAFLD is
an independent risk factor for cardiovas-
cular disease in patients with type 2 dia-
betes (6-8) and is associated with higher
rates of malignancy (9-11). In addition,
new data suggest that NAFLD may play
a causative role in type 2 diabetes (12).
The hallmark feature of NAFLD is
steatosis. Currently, the reference stan-
dard for the diagnosis and grading of
steatosis is biopsy. However, widespread
use of biopsy is limited because it is ex-
pensive, invasive, and has high sampling
error (13-15). Steatosis is heterogeneous,
and the sampling error likely reflects the
inherent flaw of attempting to character-
ize a heterogeneous disease with a sam-
ple of only 1/50000 of the liver.
Magnetic resonance (MR) spectros-
copy is regarded by many as the non-
invasive reference standard in the
quantification of hepatic triglyceride
content (16-19). However, MR spectros-
copy requires a substantial amount of

Advances in Knowledge

B Accurate, noninvasive quantification
of hepatic steatosis with complete
liver coverage is possible within a
short breath hold with use of volu-
metric fat fraction imaging.

B This work demonstrates that
T1-independent, T2*-corrected
chemical shift-based water-fat
separation methods can be used
to measure hepatic fat fraction in
patients, demonstrating excellent
correlation (r? = 0.99) and agree-
ment (slope = 1.00 = 0.01,

P = .77; intercept = 0.2% = 0.1,
P = .19) with MR spectroscopy,
which was used as a reference
standard.

postprocessing—including complex com-
bination of signals from phased-array coils,
T2 correction, and spectral modeling—
and may be impractical in some clinical
settings.

In recent years, several groups have
investigated the use of chemical shift—
based water-fat separation MR imaging
methods in the quantification of ste-
atosis. Most studies have demonstrated
excellent correlation with MR spectros-
copy, although not all studies demon-
strate good agreement with MR spec-
troscopy (20-26). Most investigators
measure the “fat signal fraction” as a
biomarker of liver triglyceride concen-
tration. Fat signal fraction is the ratio of
the signal from hydrogen nuclei in fat to
the sum of the signal from hydrogen nu-
clei in free water and fat. For imaging,
the fat signal fraction has the advantage
of being independent of radiofrequency
coil sensitivity profiles. It is important to
note that the only signals visible with con-
ventional MR imaging methods are from
free water and triglycerides. Therefore,
proton density fat fraction is defined as
the density of hydrogen protons from fat
normalized from the total hydrogen proton
density from all mobile proton species.

Unfortunately, several important con-
founding factors must be addressed for
fat signal fraction to be equivalent to
proton density fat fraction. For the pur-
poses of brevity, we will use the term
“fat fraction” in the remainder of this
article. Factors confounding fat frac-
tion measurements include T1 bias
(27,28), noise bias (27), T2* decay (28,29),
the spectral complexity of fat (28-30),
and eddy currents (31).

Implications for Patient Care

B Volumetric fat fraction imaging
covering the entire liver can be
performed with short imaging
times (single breath hold) and
with minimal effect on total
examination time.

B Further studies demonstrating
correlation of imaging with non-
targeted biopsy are still needed
to understand the meaning of fat
fraction relative to the histologic
grade of steatosis.

Eddy currents can affect the relative
phase of the acquired echoes when using
multiecho acquisitions, leading to inac-
curacies in water-fat separation (31)—
particularly at low (~0%) and high
(~100%) fat fractions. A “magnitude fit-
ting” method that discards these phase
shifts and avoids these errors was used
for all image reconstructions (31). The eddy
current correction method is a hybrid
approach that discards phase informa-
tion from the acquired echoes at low fat
fractions and estimates the fat fraction
by fitting the signal to a magnitude signal
model (that naturally discards all phase
information). By discarding the phase
information and fitting to the magnitude
model, phase shifts from eddy currents
are removed and their effects mitigated.

Thus, the purpose of our study was
to prospectively compare an investiga-
tional version of a complex-based chem-
ical shift-based fat fraction MR imaging
method with MR spectroscopy for the
quantification of hepatic steatosis.

Materials and Methods

Patients

Our institutional review board ap-
proved this prospective study, which was
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compliant with the Health Insurance
Portability and Accountability Act; writ-
ten informed consent was obtained from
all patients before the studies. This
study was a collaborative effort between
the University of Wisconsin, Madison,
Wis, the University of California, San
Diego, Calif, and GE Healthcare; how-
ever, there was no direct financial sup-
port from GE Healthcare for this study.
In addition, all experiments were per-
formed at the University of Wisconsin.
The authors who were not employees of
GE Healthcare had control of data and
information that might have presented a
conflict of interest. This study included
55 patients (31 women, 24 men) with
a mean age of 40 years (range, 24-
71 years) who were scheduled for clini-
cal abdominal MR imaging. Patients were
recruited consecutively, irrespective
of the indication for clinical MR imag-
ing or any known diagnoses. Patients
younger than 18 years and those who
belonged to vulnerable groups (eg,
prisoners, illiterate patients) were ex-
cluded as our institutional review board
protocol did not permit the inclusion
of such groups. The mean age of the
31 women was 41 years (range, 24-
56 years), and the mean age of the 24
men was 40 years (range, 34-71 years).
There was no statistically significant
difference between male and female
populations (two-sided Student t test).
A total of 58 independent imaging stud-
ies were performed in the 35 patients,
with three patients undergoing repeat
study recruitment at follow-up clinical
imaging visits. Patients were enrolled
between October 2008 and July 2009
and were recruited irrespective of
their clinical history All studies were
successful, with no technical failures.
When available, patient weight, height,
and body mass index were recorded
from the medical record. In addition,
the medical records were examined
for any history of known hepatic iron
overload.

MR Imaging Technique

Imaging was performed with three clini-
cal 1.5-T units (Signa HDx; GE Health-
care, Waukesha, Wis) by using an eight-
channel phased-array torso coil. Before

administration of contrast material, imag-
ing of the liver was performed with an
investigational version of a chemical
shift-based water-fat separation method
known as iterative decomposition of
water and fat with echo asymmetry
and least-squares estimation (IDEAL)
(32,33), which was implemented with
a multiecho three-dimensional spoiled
gradient-echo acquisition.

The pulse sequence acquires six
echoes per repetition time with fly-back
readouts, and echo spacing was chosen
to maximize the signal-to-noise ratio
performance of the water-fat separation
(29). A two-dimensional parallel imag-
ing acceleration method (ARC, auto-
calibrating reconstruction for Cartesian
acquisition) was used to reduce imaging
time to within a short breath hold while
still allowing for complete liver coverage
(34). Imaging parameters were as fol-
lows: repetition time, 13.7 msec; first
echo time, 1.3 msec; echo spacing,
2.0 msec; receiver bandwidth, =125 kHz;
field of view, 35 X 35 cm; section thick-
ness, 10 mm; matrix, 256 X 128; 24
sections covering 24 cm in the superior-
inferior direction; and true spatial res-
olution, 1.4 X 2.7 X 10 mm3. Parallel
imaging provided a net acceleration of
2.2, for a total imaging time of 21 sec-
onds. A 5° flip angle was used to mini-
mize T1-related bias between water and
fat (27,28).

Images were reconstructed by us-
ing an online algorithm that uses a
region-growing algorithm to avoid water-
fat swapping that can occur with water-
fat separation methods (35). Water-fat
swapping can occur with all chemical
shift-based water-fat separation methods
owing to the presence of magnetic field
inhomogeneities. This leads to incorrect
assignment of water signal to the fat-
only image and fat signal to the water-
only image. Fat fraction images were
calculated by using the separated water
and fat images (fat signal/[water sig-
nal + fat signal]) to remove the effects
of B, coil sensitivity. A magnitude dis-
crimination method was used to avoid
noise-related bias at low fat fractions,
which can occur when calculating the
fat fraction images from magnitude
water and fat images (27).

Measurements from Fat Fraction Images
Reconstructed with Different Parameters
It is well known that T2* decay corrupts
the ability of chemical shift imaging
methods to separate water and fat sig-
nals (28,29,36). Fortunately, the IDEAL
reconstruction algorithm is capable of
simultaneous T2* estimation and cor-
rection (29), which has been demon-
strated in phantom (36) and animal
studies (37) to improve the accuracy of
fat quantification. To our knowledge,
however, no studies have demonstrated
the effect of T2* correction for fat quan-
tification in patients with use of the
IDEAL technique. Thus, a major purpose
of this study was to examine the effect of
T2* correction on fat quantification with
IDEAL. In addition, the T2* correction
method described by Yu et al (29) pro-
vides estimates of R2* (1/T2*) as part of
this correction. Therefore, a secondary
purpose of this study was to measure
the range of T2* values experienced in
clinical practice.

Most chemical shift-based water-
fat separation methods model fat as a
single peak in their signal model, which
leads to inaccurate separation of water
and fat signals because fat has a complex
nuclear MR spectrum with at least six
discrete peaks (28,30). Recently, Bydder
et al (28) and Yu et al (30) indepen-
dently incorporated spectral modeling
of fat (“multipeak” reconstruction) into
MR imaging fat quantification methods,
demonstrating improved accuracy of fat
quantification in phantoms (28,36), ani-
mal studies (37), and preliminary clini-
cal studies (20,25). Therefore, a major
purpose of this study was to assess the
effect of multipeak reconstruction on
fat quantification with additional clini-
cal studies and in combination with T2*
correction. Specifically, we evaluated the
“precalibration” spectral modeling method
of Yu et al (30) and its effect on fat
quantification. The precalibration ap-
proach assumes that the six resonance
frequencies of fat and their relative
amplitudes are known a priori. In this
work, we used the spectral model of
liver triglycerides measured by Middleton
et al (38).

A total of four reconstructions were
performed on the same complex source
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images, without and with T2* correc-
tion and without and with multipeak
spectral modeling of fat. All reconstruc-
tions were performed with eddy current
correction. Because all reconstructions
were performed from the same source
data, perfect co-localization of the fat
fractions measured from all reconstruc-
tions was obtained by copying and past-
ing the identical regions of interest
(ROIs) to all of the fat fraction images.

MR Spectroscopy Technique

Single-voxel MR spectroscopy was per-
formed to serve as a reference standard
for fat fractions measured with MR im-
aging. Specifically, we used single-voxel
STEAM (stimulated echo acquisition
mode) acquisition without water sup-
pression. STEAM was used, rather than
point-resolved spectroscopy (PRESS),
because of concerns that point-resolved
spectroscopy may overestimate fat frac-
tion and provide less-consistent fat frac-
tion estimates owing to J-coupling ef-
fects (39).

A 2.0 X 2.0 X 2.5-cm? voxel was
placed in the posterior segment of the
right hepatic lobe (segment VI or VII)—
avoiding large vessels, bile ducts, or
obvious abnormalities (eg, mass)—and
shimmed during free breathing. After
a single preacquisition excitation, five
single-average spectra (repetition time of
3500 msec to avoid T1 weighting) were
acquired consecutively at progressively
longer echo times of 10, 20, 30, 40, and
50 msec within a 21-second breath-hold
acquisition. A minimum mixing time of
5 msec was chosen to minimize J-coupling
effects (39), and the receiver band-
width was £2.5 kHz with 2048 readout
points.

All MR spectroscopy data were
postprocessed by an MR physicist (G.H.,
with 10 years of experience in MR spec-
troscopy) who was blinded to the MR
imaging results and located at a sepa-
rate institution (University of California,
San Diego) from where data were ac-
quired (University of Wisconsin, Madi-
son). The spectra from the individual
coil elements were combined by using a
singular value decomposition-based ap-
proach (40). Images from MR spectros-
copy were postprocessed by using an

advanced method for quantification of
MR spectroscopy data with use of prior
knowledge—the accurate, robust, and
efficient spectral fitting algorithm (41)
in the jJMRUI software package (42).
T2 decay correction was performed for
both the water and fat peaks, provid-
ing a T2-corrected MR spectroscopy fat
fraction.

Measurements of Fat Fraction and R2*
from Reconstructed Images

Fat fraction was measured from IDEAL
fat fraction images by using a 2.0 X
2.0-cm? ROI (167 pixels) co-localized
with the MR spectroscopy voxel and
identical in size (in-plane) to the MR
spectroscopy voxel. Co-localization was
performed by using the coordinates of
the MR spectroscopy voxel recorded in
the header of the MR spectroscopy data
from a single imaging section that was
closest to the center of the MR spec-
troscopy voxel. The ROI was centered
at the same anterior-posterior and/or
left-right in-plane coordinates as the
MR spectroscopy voxel. ROl measure-
ments were made by an operator (S.M.)
with 8 years of clinical and/or re-
search experience in MR imaging and
spectroscopy. The ROI was then cop-
ied to all fat fraction images to ensure
perfect co-localization among the four
different fat fraction reconstructions.
The operator who measured the MR
imaging fat fraction was blinded to MR
spectroscopy measurements.

Finally, the same ROI was copied to
the R2* map that was generated from
the reconstruction that used T2* cor-
rection, multipeak spectral modeling,
and magnitude fitting.

Statistical Analysis

All statistical analyses were performed
by using Excel (v10.6841.6839 SP3;
Microsoft, Redmond, Wash). Fat frac-
tion values obtained with the four MR
imaging reconstruction methods were
plotted against those obtained with
MR spectroscopy, and linear regression
was performed to determine the corre-
lation (r?), slope, and intercept as mea-
sures of agreement between fat frac-
tions obtained with MR imaging and
MR spectroscopy. Two-sided t tests at a

significance level of P = .05 were used to
determine whether the estimated slope
and intercept were statistically different
from 1.0 and 0.0, respectively.

The sensitivity, specificity, and accu-
racy of the fat fraction determined with
MR imaging for the classification of pa-
tients with or without clinically signifi-
cant steatosis were evaluated. With use
of a predefined MR spectroscopy thresh-
old fat fraction as the reference stan-
dard, accuracy was defined as the ratio
of the sum of patients correctly iden-
tified with MR imaging as having clini-
cally normal and abnormal fat fractions
(true-positive findings + true-negative
findings) to all patients in the study. For
this study, a threshold fat fraction val-
ue of 5.56% was used to differentiate
normal from abnormal fat fractions. This
threshold was determined on the basis
of a large MR spectroscopy study per-
formed by Szczepaniak et al (43) in 2349
participants of the Dallas Heart Study.
The 95th percentile cutoff of 5.56%
fat fraction was determined from a sub-
set of 345 patients with no identifiable
risk factors for steatosis.

Finally, R2* values and fat fraction
measurements made from the recon-
struction that included T2* correction,
multipeak modeling, and magnitude fit-
ting were compared by using linear
regression to detect any correlation
between R2* and fat fraction. The aver-
age R2* value over all patients was also
calculated.

Figure 1 shows an example from a
67-year-old overweight woman (weight,
65.3 kg; body mass index, 27.2 kg/m?)
with no known liver disease who pre-
sented for follow-up imaging after un-
dergoing cryoablation for a small renal
tumor. The fat fraction MR image was
reconstructed without and with spectral
modeling of fat and without and with
correction for T2* decay, and the MR
spectra were processed to correct for T2
decay. Good subjective agreement was
achieved, with a fat fraction of 17.7%
with MR imaging and 19.1% with MR
spectroscopy when spectral modeling
and T2* correction was performed.
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MRI (no MP, no To*): 15.2%
MRI (with MP, no T*): 22.0%
MRI (no MP, with T,*): 22.1%
MRI (with MP, with T,*): 17.7%
MRS Fat-Fraction: 19.1%
TE 50 ms
TE 40 ms
TE 30 ms
TE 10 ms
60 50 40 30 20 1.0 0.0
ppm
Figure 1:  Representative example of a fat fraction MR image and its cor-

responding spectrum obtained with multiecho STEAM MR spectroscopy in
a 67-year-old woman with no known liver disease. This patient was slightly
overweight (weight, 65.3 kg; body mass index, 27.2 kg/m?). Values for MR
imaging fat fraction reconstructed without and with spectral modeling (MP)

and without and with T2* correction are shown. Good subjective agreement
between MR imaging fat fraction (17.7%) and T2-corrected MR spectroscopy
fat fraction (19.1%) was achieved when spectral modeling and T2* correction

were performed. TE = echo time.

In all cases, linear regression dem-
onstrated excellent correlation between
the fat fractions measured at MR im-
aging and those measured at MR spec-
troscopy. Figure 2 shows plots of fat
fractions determined with MR imaging
and MR spectroscopy for the four com-
binations of reconstruction (without
and with T2 correction and without
and with multipeak modeling of fat)
for all studies. All reconstructions in
Figure 2 were performed with magni-
tude fitting for eddy current correction.
The best agreement between MR im-
aging and MR spectroscopy fat fraction

occurred when both T2* correction and
multipeak modeling were used. In this
case (Fig 2d), excellent correlation (r? =
0.99) was achieved, with a slope (*stan-
dard deviation) of 1.00 = 0.01 (P =
.77) and an intercept of 0.2% = 0.1
(P = .19), indicating near equivalence
of MR imaging and MR spectroscopy
in the measurement of fat fraction.
Figure 3 shows example fat fraction
images from six representative cases
from this study, demonstrating consis-
tently good image quality in a wide range
of patient sizes and body habitus. In
addition, many patients exhibit areas of

heterogeneous fat distribution, usually
in the form of focal sparing.

With use of 5.56% as a threshold, an
accuracy of 100% was achieved when
T2* correction, multipeak modeling,
and magnitude fitting were used (Table).

Finally, the T2* correction method
used in this study provided an opportu-
nity to measure R2* in our patient popu-
lation and to determine whether there
is an interdependence of apparent R2*
and fat fraction. The mean of the esti-
mated R2* from all 58 studies was 38.3
seconds™! (range, 12.6-140.0 sec™!),
which corresponds to a mean T2* of
26 msec * 12 (range, 7-79 msec). Fig-
ure 4 plots the R2* and MR imaging fat
fraction measured from the identical ROI
from the reconstruction that used T2*
correction, multipeak modeling of fat,
and magnitude fitting. Linear regres-
sion demonstrated no correlation (r? =
0.0005), with a slope and intercept
of —0.07 = 0.4 and 38.8 sec™! * 3.9,
respectively.

Patient weight was available in 41 pa-
tients, and both weight and height were
available in 29. Of those patients with
recorded data, the mean weight was
85.4 kg = 19.3 (range, 59-143.3 kg),
and the mean body mass index was 28.7
kg/m? = 4.8 (range, 19.9-37.5 kg/m?).
Technical success in both imaging and
MR spectroscopy was achieved in pa-
tients of all weights.

This work demonstrated that T1-inde-
pendent chemical shift-based water-
fat separation MR imaging with T2*
correction, spectral modeling of fat,
and eddy current correction is statisti-
cally equivalent to T2-corrected single-
voxel STEAM spectroscopy for the
quantification of hepatic triglyceride
content. In addition, with use of previ-
ously defined thresholds of 5.56% fat
fraction to differentiate normal from ab-
normal fat fraction, MR imaging achieved
an accuracy of 100% in the detection
and identification of steatosis as long
as all known confounding factors were
addressed.

Yokoo et al (20) recently published a
similar study reporting their experience
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with a two-dimensional magnitude-based
fat quantification method based on
the study by Bydder et al (28), dem-
onstrating excellent agreement with MR
spectroscopy with very high correlation
coefficients. Our study also demonstrated
the necessity of T2* correction and ac-
curate spectral modeling. Unlike the
magnitude-based method of Bydder et al
(28), which can quantify fat only in a
range of 0%-50%, our approach uses
a three-dimensional acquisition and has
the advantage of a complete dynamic
range of 0%-100% fat fraction. Although
hepatic fat fractions greater than 50%
are uncommon, they do occur, and ex-
tension of these methods to other fat
quantification applications such as quan-
tification of abdominal adiposity or bone
marrow fat will require a full dynamic
range of 0%-100%.

Marked improvement in the statis-
tical agreement between fat fraction
measured with MR imaging and that
measured with MR spectroscopy was
achieved when T2* correction was used
in conjunction with spectral modeling
of fat, especially at lower fat fractions.
The addition of T2* correction to spec-
tral modeling not only improved corre-
lation and agreement but also resulted
in substantially improved accuracy for
the detection and identification of ste-
atosis, from 47% (95% sensitivity, 23%
specificity) to 100%.

It is important to note that none of
our patients had a history of iron over-
load and only a few patients had ele-
vated R2” values, including one patient
with an R2* of 140 seconds™! (T2* = 7.1
msec). The mean of the estimated R2*
values from all 58 studies was 38.3 sec-
onds™! (range, 12.6-140.0 sec™!),
which corresponds to a mean T2* of
26 msec * 12 (range, 7-79 msec). By
comparison, Schwenzer et al (44) found
that the T2* in 129 healthy subjects was
28 msec = 7 (range, 14-46 msec). It
is well known that iron overload short-
ens T2* in tissue (45) and is potentially
problematic for fat quantification in pa-
tients with concomitant steatosis and
iron overload, which has been reported
to occur in patients with fatty liver dis-
ease (46,47). In our patients, the mea-
sured R2* values are similar to, or only
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Figure 2:  Scatterplots show fat fractions obtained with MR imaging plotted against those obtained with MR

spectroscopy. The effects of T2* correction and multipeak modeling of fat were investigated by performing
four fat-fraction image reconstructions, as follows: (a) without T2* correction and with single peak modeling
of fat; (b) without T2* correction and with multipeak modeling of fat; (c) with T2* correction and with single
peak modeling of fat; and (d) with T2* correction and with multipeak modeling of fat. MR imaging

fat fraction was reconstructed from the same source data and measured from the same ROIs that were
co-localized with the MR spectroscopy voxel. Although all combinations demonstrate excellent correlation,
agreement between MR imaging and MR spectroscopy was statistically significant only when both T2* cor-
rection and multipeak modeling were used. Magnitude fitting was used to avoid the effects of eddy currents
for all four reconstructions. These results demonstrate the necessity of both T2* correction and multipeak

modeling of fat.

slightly lower on average than, those
reported in the literature (44) except
for a few outliers (eg, R2* = 140 sec™!).
Despite the fact that most patients had
relatively normal T2* values, T2* cor-
rection was necessary to obtain the
best agreement with MR spectroscopy.
Therefore, we conclude that T2* cor-
rection is important for fat quantifica-
tion even for normal T2* values. We
also conclude that there was no depen-
dence of estimated T2* on fat fraction
in our patient population.

Our study has several limitations,
including the lack of comparison to
direct measurements of tissue triglyc-
eride concentration. Comparison with
a single targeted biopsy is unlikely to
provide adequate validation because it
is well known that biopsy suffers from
marked sampling variability (13-15).
In addition, core biopsies are used for
histologic analysis, and pathologic grad-
ing of steatosis is based on the number
of cells with intracellular fat rather than
actual triglyceride correlation. Definitive
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Figure 3
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Figure 3: Representative examples of fat fraction images obtained with MR imaging in six patients. Fat fractions obtained with MR imaging
(MRI) and MR spectroscopy (MRS) are also shown. There was good subjective agreement between MR imaging and MR spectroscopy (per-

formed in the ROI drawn in the posterior segment). A wide range of fat fractions was experienced in this patient population. In addition, many
patients had heterogeneous fat (eg, areas of focal sparing [arrows]).

1407 ® r2=0.0005 Sensitivity, Specificity, and Accuracy of Fat Fraction Determined with MR Imaging
slope=-0.07 £ 0.4 in the Detection of Steatosi
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20 O o .’ e Multipeak modeling with T2* correction 100 (19/19) 100 (39/39) 100 (58/58)
Y 00 o® °
20 _ﬁ' ° ¢ oo Note.—Numbers in parentheses are numbers of studies. Sensitivity, specificity, and accuracy of MR imaging fat fraction for the
% detection of steatosis was calculated by using a reference threshold fat fraction of 5.56%, based on MR spectroscopy results
0 from the Dallas Heart Study (43). Excellent accuracy was achieved when both T2* correction and multipeak modeling of fat were

30

used. Note that the accuracy in the detection of steatosis is very poor when T2* correction is not used, reflecting the importance

10 20

MRI Fat-Fraction (%)
Figure 4:  Scatterplot shows R2* plotted against
fat fraction determined with MR imaging from
the identical ROl in the posterior segment of the
right lobe. Fat fraction and R2* were calculated by
using the reconstruction that uses T2* correction,
multipeak modeling of fat, and eddy current cor-
rection with magnitude fitting. No correlation was
demonstrated with linear regression, indicating that
R2* is not dependent on fat fraction. The mean R2*
value was 38.3 seconds ™" (range, 12.6-140.0
seconds "), which corresponds to a mean T2* of
26 msec = 12 (range, 7—79 msec).

of using T2* correction at low fat fractions (Fig 1b).

validation would require comparison of
MR images to large tissue samples ob-
tained surgically or after death. Ani-
mal studies in obese mice with NAFLD
have demonstrated excellent correlation
with MR imaging fat fraction measure-
ments and tissue lipid concentrations
(37). Other limitations include the use
of a patient population with a variety of
diseases rather than a targeted group

known to have NAFLD. The main pur-
pose of this study, however, was com-
parison of MR imaging and MR spec-
troscopy in the quantification of hepatic
triglyceride concentration, which does
not require stratification according to
disease. Finally, we did not fully evalu-
ate the effect of eddy current correction
with magnitude fitting. The technical
details of magnitude fitting are beyond
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the scope of this work, and a full com-
parison will be made elsewhere. Regard-
less, this work validates the combined
use of correction methods for all known
confounding factors of fat quantification,
achieving excellent agreement between
MR imaging and MR spectroscopy.

In conclusion, we have demonstrated
the ability of MR imaging to quantify
hepatic proton density fat fraction ac-
curately, using a chemical shift-based
water-fat separation method. Excellent
agreement between MR imaging and MR
spectroscopy was achieved in a blinded
prospective study, with statistical equiv-
alence between MR imaging and MR
spectroscopy. This work explicitly vali-
dates the combined use of T2* correc-
tion, spectral modeling of fat, and eddy
current correction for fat quantification.
Finally, the estimated values of R2*, ob-
tained as a byproduct of T2* correction,
agree with the range of R2* values in the
liver reported in the literature (44), sug-
gesting that this method has the poten-
tial to serve as a simultaneous biomarker
of liver fat and hepatic iron overload. Fu-
ture studies will compare biopsy and im-
aging and examine the role that imaging
can play in the detection of liver disease
and treatment planning. In addition, vali-
dation of these results at other centers
is also needed to establish reproducibil-
ity of results from this study.
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