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Abstract

Accurate, noninvasive measurements of liver fat content are needed for the early diagnosis and
quantitative staging of nonalcoholic fatty liver disease. Chemical shift-based fat quantification
methods acquire images at multiple echo times using a multiecho spoiled gradient echo sequence,
and provide fat fraction measurements through postprocessing. However, phase errors, such as
those caused by eddy currents, can adversely affect fat quantification. These phase errors are
typically most significant at the first echo of the echo train, and introduce bias in complex-based
fat quantification techniques. These errors can be overcome using a magnitude-based technique
(where the phase of all echoes is discarded), but at the cost of significantly degraded signal-to-
noise ratio, particularly for certain choices of echo time combinations. In this work, we develop a
reconstruction method that overcomes these phase errors without the signal-to-noise ratio penalty
incurred by magnitude fitting. This method discards the phase of the first echo (which is often
corrupted) while maintaining the phase of the remaining echoes (where phase is unaltered). We
test the proposed method on 104 patient liver datasets (from 52 patients, each scanned twice),
where the fat fraction measurements are compared to coregistered spectroscopy measurements.
We demonstrate that mixed fitting is able to provide accurate fat fraction measurements with high
signal-to-noise ratio and low bias over a wide choice of echo combinations.
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Fat quantification using MRI has important applications, including the early diagnosis and
quantitative staging of nonalcoholic fatty liver disease (NAFLD). Compared to biopsy (the
current gold standard for quantitative assesment of NAFLD), MRI methods have the
advantages of being noninvasive and allowing volumetric coverage of the whole liver, and
have the potential for reducing sampling variability, cost and morbidity (1-5).

Chemical shift-based fat quantification methods are able to provide measurements of proton
density fat fraction, a quantitative biomarker for NAFLD. In these methods, several images
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are acquired with different echo time (TE) shifts, typically using multiecho spoiled gradient
echo (SPGR). Subsequently, separated water and fat images are reconstructed, and fat
fraction (FF) maps are obtained. In order for the resulting FF maps to measure proton
density fat fraction accurately, multiple confounders need to be addressed: A field
inhomogeneity (6-13), 7; and noise bias (14), 7, decay (15-18), spectral complexity of the
fat signal (4,19,20), as well as phase errors (e.g., due to eddy currents) in the acquired
echoes (21).

These phase errors typically affect the first echo of “single-shot” acquisitions (where all the
echoes are acquired in a single TR) using a monopolar readout with flyback. In other types
of acquisitions (e.g., bipolar or multi-shot) the patterns of phase errors may be more
complicated. If not accounted for, phase errors lead to bias in FF estimation in complex-
based fat quantification techniques. At low FFs, they can introduce an absolute bias of ~5%
(i.e., such that a true FF = 2% appears as 7%), whereas measurements above 5.56% are
typically considered abnormal (21,22). Therefore, phase errors in the acquired signal may
result in clinically relevant errors for the detection and classification of NAFLD.

To overcome this problem, magnitude-based methods have been proposed, where the phase
of the acquired signal is discarded (and, therefore, all phase errors are removed) (16,21).
Magnitude-based methods have been shown to produce unbiased FF estimates in the
presence of phase errors (23,24). However, magnitude fitting can result in severe noise
amplification (18), particularly for certain echo time combinations (25). The reason for this
noise amplification is that magnitude fitting discards the phase information from all the
acquired echoes.

In this work, we have developed a mixed magnitude/complex fitting method to address the
phase errors for chemical shift-based fat quantification. For monopolar single-shot SPGR
acquisitions, the proposed method uses the magnitude of the first echo (where the phase can
be corrupted), and the complex-valued signal from the remaining echoes. In the remainder
of this article, the mixed fitting method is formulated and its performance investigated,
based on theoretical noise performance analysis, phantom data, and patient liver
acquisitions.

Phase Errors in Multiecho SPGR Acquisitions

Figure 1 shows the phase evolution of the acquired signal from a water-only vial in a
phantom (after demodulation of the linear phase due to By field inhomogeneity). Ideally, the
phase should be a straight line, but in practice there is significant deviation of the phase at
the first echo (possibly due to eddy current effects), while the remaining echoes appear
largely undisturbed. This type of phase behavior is often observed in single-shot echo train
acquisitions, such as those used at 1.5 T for fat quantification (23). In these acquisitions,
phase errors typically appear in the first echo and are most severe near the edges of the FOV
along the readout direction. If not accounted for, these errors result in a ramp-like bias in the
FF estimates, varying along the readout direction.

Proposed Algorithm

The signal model for a multiecho SPGR experiment with A/echoes acquired at TEs 4, ...,

ty, including multiple peaks of fat, 75 decay, By field inhomogeneity (in the absence of
phase errors or noise), can be expressed as:
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P
Sn(pw’pl:’ R;’ fB): [pw'*'ppzapeaﬂfivptn] e Rt g2l t,,’ n=1,...,N, [1]
p=1

where pyw and pg are the amplitudes of water and fat, respectively, the fat signal consists of
multiple spectral peaks with known frequencies 7 , and known relative amplitudes

. P * *
ap (with szl lapl=1), By=1/T; gre the T; decay rate (19), and /g is the frequency shift due
to local By field inhomogeneity. The FF in the absence of noise is FF = |pgl/(lpwl * [PFD)),
although noise bias must be corrected when estimating FF, particularly at low FFs (14).

Note that this model includes the simplifying approximation that the R} decay rates of water

and of all the fat peaks are equal. This “single- R; ” approximation has been shown to
introduce low bias and improved noise stability (18,19). The unknowns in this signal model

are 8={py,, oz, R5, f}, SO We rewrite s,(0)=s,(oy, ps, R5, f;) for brevity.

In the presence of phase errors (e.g., due to eddy currents) and noise, the measured signal in
a multiecho SPGR experiment can be expressed as follows:

sn,measzsn(e)ei“’" +n,, forn=1,...,N, [2]

where ¢, is the phase error at each echo, and ), is complex gaussian noise.

In practice, we have observed that, in single-shot acquisitions, the phase errors occur almost
exclusively in the first echo, i.e., ¢, = 0 for 7= 2. Based on this observation, we propose a
mixed magnitude/complex fitting method for fat-water imaging. This method uses the
magnitude of the first echo (where phase errors occur), and the complex signal from the
remaining echoes (where phase is reliable). The proposed method is described
mathematically in the Methods section.

METHODS

Estimation of Water, Fat, and Fat Fraction

Estimation of the water and fat images from the acquired signal can be performed using
complex fitting, magnitude fitting or mixed fitting:

N
0= arg moin [Z|Sn(0)—sn,meas|2} (complex fitting), [3]

n=1

N
6: arg Inein [Z(lsn (0)|_|Sn,meas|)2} (magnitude fitting), [4]

n=1

N
6=arg min [qsl<0)|—|s1,meas|>2+2|sn<e>—sn,meas|2} (mixed fitting), 5]
n=2

where each method seek the estimates (6) that best fit (in the least-squares sense) the
complex-valued signal (complex fitting), the signal magnitude (magnitude fitting), and all
the reliable data measured (mixed fitting), respectively. These nonlinear least-squares
problems are easily solved in Matlab (The Mathworks, Natwick, MA) using a standard
gradient-based least-squares fitting procedure (/sgrnonlin). In order to provide a good
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initialization for the fitting procedure (particularly to avoid fat-water swaps in regions of
large field inhomogeneity), an initial guess for 6 is obtained by regularized estimation from
the complex data (13).

Once the water and fat images are reconstructed, the FF map can be obtained at each voxel,
including “magnitude discrimination” to prevent noise bias, as described by Liu et al. (14).

Characterization of Noise Performance

The noise performance of complex, magnitude and mixed fitting was investigated over a
range of echo time combinations, for 6-echo uniformly-spaced acquisitions with varying
initial TE (0 ms < TEjp < 3.3 ms) and echo spacing (0.9 ms < ATE < 2.7 ms). The signal
model used for derivations and simulations, (as well as for processing the acquired data as
described in subsequent sections) included: 6-peak fat model, with frequencies (at 1.5 T)
{217.2, 166.1, 242.7, -38.3, 25.6, 124.6} Hz and relative amplitudes 0.01 x {69.3, 12.8, 8.7,

4.8, 3.9, 0.4} (26,27), true FFs of 10% and 45%, and R;=40s"".

The theoretical effective number of signal averages (NSA) for fat amplitude estimation was
computed for complex fitting, magnitude fitting and mixed fitting, based on Cramér-Rao
lower bounds (CRLBs). For complex fitting, the CRLB was computed based on the gaussian
distribution with the signal model given in Eq. 1 (28-30). For magnitude fitting, the CRLB
was computed based on the Rician distribution (18,31). For mixed fitting, the CRLB was
computed based on the additivity of the Fisher information matrix (FIM, the inverse of the
CRLB matrix), by combining the FIM corresponding to the first echo (Rician-distributed)
and the remaining echoes (complex gaussian-distributed).

Figure 2 shows the NSA for fat amplitude estimation using complex, magnitude and mixed
fitting. The NSA values for each echo time combination were verified by Monte-Carlo
simulation, by creating 1024 noisy instances of the signal model and fitting them as
specified in the Theory section (Monte-Carlo results not shown). Note that these results do
not account for bias due to phase errors, and only estimate the noise performance of each
signal model. For all echo combinations, the NSA for complex fitting is larger than that for
mixed fitting, which is in turn larger than that for magnitude fitting. Magnitude fitting
results in poor NSA for certain echo combinations (e.g., see the “blue hole” near TEq, =
1.3 ms, ATE = 2.2 ms) (25), as well as for FFs near 50%. By only discarding the phase
corresponding to the first echo, the proposed mixed fitting approach is able to maintain good
signal-to-noise ratio (SNR) performance for a wide choice of echo combinations and
clinically relevant FFs.

Phantom Experiments

All experiments (phantom and patients) were performed at 1.5 T (Signa HDx, GE
Healthcare, Waukesha, W1), using an eight-channel phased array cardiac coil or eight-
channel body phased array coil. Multi-coil data were combined before fat-water separation
using the eigenvector filter method described by Walsh et al. (32).

A fat-water phantom was built as described in Ref. 33. The phantom was comprised of six
vials with FFs of 0, 5, 10, 20, 30, and 100%, respectively. These were placed vertically with
the low FF vials further from isocenter, and imaged at 1.5 T with an 8-channel cardiac coil
array, using an investigational version of a 3D multiecho SPGR sequence with monopolar
readouts and flyback gradients (24). Acquisition parameters included: coronal plane, readout
direction R/L, FOV = 24 cm, phase FOV = 25%, matrix size 256 x 144, slice thickness 5
mm, 14 slices, flip angle = 5°, TR = 28.0-30.0 ms, 6 echoes, BW = £166 kHz. The initial
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SNR (at the first echo) for the phantom datasets was ~16. Two separate acquisitions were
performed with different echo time combinations:

e A:TEmin=15ms, ATE = 2.6 ms, resulting in good SNR for magnitude fitting, as
shown in Fig. 2 (25).

B:TEpjn=13ms, ATE = 2.1 ms, resulting in poor SNR for magnitude fitting, as
shown in Fig. 2 (25).

In Vivo Experiments

A total of 52 patients were scanned twice at the same setting, for a total of 104 acquisitions,

after obtaining informed written consent and with approval of the local Institutional Review
Board. Each acquisition was performed using the same 3D multiecho SPGR sequence. Of all
the patients,

e C: 42 were scanned (twice each, for 84 acquisitions) using TEpjn = 1.2 ms, ATE =
2.0 ms, resulting in good SNR for magnitude fitting (25). The complex images at
each echo time from these 42 patients have already been employed in a previous
study (34), however they have been reprocessed specifically for this work using the
different reconstruction methods described above;

« D: 10 were scanned (twice each, for 20 acquisitions) using TEnin, = 1.3 ms, ATE =
2.2 ms, resulting in poor SNR for magnitude fitting (25).

Other acquisition parameters included: axial plane, readout direction R/L, matrix size 256 x
128, slice thickness 10 mm, 24 slices, flip angle = 5°, TR = 13.7-14.9 ms, 6 echoes, BW =
+125 kHz. The typical initial SNR (at the first echo) for the liver datasets was approximately
30.

Additionally, for each SPGR acquisition, a single-voxel STEAM-MRS spectrum (35) was
obtained from the liver as the reference standard for fat fraction. The MRS data were
acquired from the right lobe of the liver during a 21-second breathhold using 5 TEs (10, 20,
30, 40, and 50 ms) to allow 75 correction, from a voxel of typical dimensions 20 x 20 x 25
mm3. Other acquisition parameters for MRS included: TR = 3500 ms, 2048 readout points,
1 average, and spectral width = +2.5 kHz.

The imaging FF results were quantified over the MRS voxel by measuring the average FF
(from each of the different reconstructions) over the location of the MRS voxel in the slice
closest to the center of the voxel, as well as the previous and next slices. The resulting
imaging FF measurements were subsequently corrected for residual 7; bias, based on the
SPGR signal equation (14) using approximate 7; values for water (583 ms) and for fat (343
ms) (14,36,37).

RESULTS

Phantom Experiments

Figure 3 shows phantom reconstructions from two different echo time combinations using
complex, magnitude and mixed fitting. Complex fitting results in negative bias at low FFs,
(e.g., caused by phase errors of nearly 0.3 radians for the first echo in the FF = 0% vial).
Both magnitude and mixed fitting are effective in removing this bias, but magnitude fitting
produces very noisy results for the second echo time combination (TEj, = 1.3 ms, ATE =
2.1 ms). This is in good agreement with theoretical predictions (see Fig. 2). Finally, mixed
fitting produces FF estimates with low bias and good SNR for both echo time combinations.

Magn Reson Med. Author manuscript; available in PMC 2012 December 19.
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In Vivo Experiments

Results in patients from an acquisition with TEnj, = 1.2 ms, ATE = 2.0 ms (i.e., outside the
“blue hole” for magnitude fitting) are shown in Fig. 4. Because of phase errors present in the
data, complex fitting results in severe bias in the FF estimates, particularly near the edge of
the field of view along the readout direction (R/L). The apparent gradient in FF is due to
phase errors and disappears when phase errors are corrected using either magnitude or
mixed fitting. For datasets acquired using these TEs, both magnitude and mixed fitting are
able to provide accurate FF estimates with good SNR. Figure 5 shows a comparison of FF
estimates from 84 studies (42 patients) using this same echo time combination. Imaging
results using complex, magnitude and mixed fitting are compared with single voxel
spectroscopy (STEAM-MRS) FF estimates. In these exams, complex fitting results in an
overestimation of FF of nearly 5%, particularly at low true FFs, due to phase errors in the
data. Both magnitude and mixed fitting are able to overcome these phase errors.

In vivo liver results from an acquisition with TEpj, = 1.3 ms, ATE = 2.1 ms (i.e., inside the
“blue hole” for magnitude fitting) are shown in Fig. 6. The complex fitting FF results
contain positive bias. For this echo time combination, magnitude fitting results in unstable
(extremely noisy) estimates and its results are not reliable. Mixed fitting is able to remove
the bias while maintaining good SNR performance. Figure 7 shows a comparison of FF
estimates from 20 studies (10 patients) obtained using this same echo time combination.
Imaging results using complex and mixed fit-ting are compared with STEAM-MRS FF
estimates. Mixed fitting effectively avoids the bias resulting from complex fitting.
Magnitude fitting results are not included, since the results were highly unstable.

DISCUSSION

We have demonstrated that the proposed mixed fitting method provides FF measurements in
the presence of phase errors, with low bias and good SNR for wide choice of echo time
combinations. This is particularly relevant for 1.5T single-shot acquisitions, where the echo
spacing often leads to poor SNR performance in magnitude fitting. Additionally, by only
discarding the phase of the first echo, mixed fitting avoids the ambiguity for FFs above or
below 50%.

Yu et al. (23) recently proposed a hybrid magnitude/complex fitting method, where the
estimates from complex and magnitude fitting are combined with different weights
depending on the FF (for instance, hybrid estimates at low FFs will be nearly equal to
magnitude fitting estimates, whereas at FFs near 50% they will be nearly equal to complex
fitting estimates). Relative to this hybrid method, the proposed mixed fitting method has
improved noise performance, particularly at low FFs and for echo time combinations near
the “blue holes” (see Fig. 2).

Mixed fitting assumes a priori knowledge on which phase measurements are reliable and
which are not. This method can be extended to more sophisticated phase behavior, as is the
case in multi-shot acquisitions or acquisitions with nonuniformly spaced TEs. Additionally,
the mixed fitting approach may be useful in other applications with different pulse
sequences that can lead to phase errors, e.g., unspoiled sequences.

It must be noted that the advantages of mixed fitting (relative to magnitude fitting) vary with
experimental conditions. For instance, acquisitions at 3T are more easily performed using
two interleaved echo trains (“two-shot” acquisitions). The reason is that the fat-water
chemical shift is doubled at 3T (relative to 1.5T), complicating the acquisition of favorable
echo spacings to attain high NSA (29). In these two-shot acquisitions, typical echo time
combinations do not fall into NSA “blue holes” for magnitude fitting and there is less need
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for a mixed fitting solution (although the NSA of mixed fitting will always be at least as
high as that of magnitude fitting).

Mixed fitting can be applied to other signal models, such as dual- R} fat-water models
(where separate R’ decay rates are modeled for the water and fat signals). Phase errors in the
data become even more problematic in dual- R} fitting (compared to single- R), where
fitting for the fat R; at low FFs is very sensitive to noise and signal artifacts (including phase
errors). In preliminary tests on patient data (not shown), dual- R5 complex fitting in the
presence of phase errors can result in large errors in the apparent fat R3, which in turn result
in large errors in the estimated FFs. These errors can be avoided using dual- R mixed
fitting. Note that dual- R fitting (either complex or mixed) results in significantly noisier FF

estimates compared with single- R fitting (17,18). Additionally, mixed fitting can also be
applied to models with more than two distinct chemical species.

Alternatively to the proposed mixed fitting method, a calibration scan-based correction
method could be included in the pulse sequence, similarly to those performed in EPI
acquisitions. Such a method would be doable but require a modified acquisition, with
additional calibrating readout lines. The proposed method has the advantage of allowing
accurate fat quantification for a wide choice of TE combinations, without requiring
additional calibration scans. It also allows correction of datasets that have already been
acquired (where complex fitting may lead to bias and magnitude fitting may lead to low
SNR).

The detailed cause of these phase errors is beyond the scope of this work. However, based
on previous investigations, these phase errors likely result from gradient-induced eddy
currents and possibly mechanical vibration (38—40). Regardless of the cause, the quantitative
results (where mixed fitting largely removes the bias in FF estimation) indicate that, for
typical acquisitions, phase information is reliable for echoes other than the first one.

CONCLUSIONS

Phase errors in the acquired signal can result in significant errors in FF estimation.
Magnitude fitting (where all phase information is discarded) overcomes these phase errors
but results in severe SNR losses, particularly for certain choices of echo time combinations.
Through careful modeling of the acquired signal, the proposed mixed fitting method enables
accurate fat quantification with good SNR performance, low bias and over a wide range of
echo time combinations.
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FIG. 1.

Phase evolution of the signal from a water-only vial within a phantom, after demodulating
the phase due to field inhomogeneity. The first echo deviates from the expected phase
behavior (a straight line) in a voxel without fat. If not accounted for, these phase errors
result in systematic errors in the estimated fat fraction.
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FIG. 2.

Noise performance of complex (using 6 echoes as well as discarding the first echo),
magnitude and mixed fitting. The images show the effective number of signal averages
(NSA) for fat amplitude estimation from six-point acquisitions with different choices of
echo combinations (varying initial TE and echo spacing), and for two clinically relevant fat
fractions: 10% (top) and 45% (bottom). The NSA is shown for complex (6 echoes), complex
(discarding the first echo), magnitude and mixed fitting. Discarding the first echo results in
significant SNR losses. The figure also highlights the large SNR loss incurred by magnitude
fitting (relative to complex fitting) for certain acquisition parameters and also for fat
fractions close to 50%. Mixed fitting is able to avoid the regions of large SNR loss, allowing
for a wider choice of acquisition parameters. The magnitude fitting NSA image with FF =
10% contains labels for the four echo time combinations used in this work, for phantom (“a”
and “b™), and patient (“c” and “d”) acquisitions.
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FIG. 3.

Phantom results: complex fitting results in biased fat fraction measurements (particularly at
low fat fractions), whereas magnitude fitting provides poor SNR performance for certain
acquisition parameters. Mixed fitting achieves low bias and good SNR. The images show fat
fraction results (mean and standard deviation for each vial) from an oil-water phantom,
using two different echo combinations: (a) TEqi, = 1.52 ms, ATE = 2.63 ms, which results
in good NSA for magnitude fitting and (b) TEj, = 1.26 ms, ATE = 2.11 ms, which results
in poor NSA for magnitude fitting. Note the severely increased noise (evidenced by
increased standard deviation) in the magnitude fitting results from this echo time
combination, in good qualitative agreement with theory.
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FIG. 4.

Representative fat fraction maps from complex, magnitude and mixed fitting from a dataset
with echo combination “C” outside the “blue hole” (good magnitude fitting SNR). The
complex fitting FF presents significant error, particularly further from the center of the FOV
along the frequency-encoding direction (R/L). For this subject, the MRS FF = 2.4%. The
coregistered FFs were: complex: 5.8%, magnitude: 2.0%, mixed: 2.3%.
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FIG. 5.

Fat fraction estimation results from the datasets with echo combination “C” outside the
“blue hole” (good magnitude fitting SNR). Both magnitude and mixed fitting are able to
remove the bias present in complex fitting (particularly at low fat fractions). The mixed
fitting slope is not significantly different from 1 (P= 0.11), and the intercept is not
significantly different from 0 (P= 0.16).
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FIG. 6.

Representative fat fraction maps from complex, magnitude and mixed fitting from a dataset
with echo combination “D” in the “blue hole” (poor magnitude fitting SNR). The complex
fitting FF presents significant error, particularly further from the center of the FOV along the
frequency-encoding direction (R/L). For this subject, the MRS FF = 1.3%. The coregistered
FFs were: complex: 4.4%, magnitude: 4.9%, mixed: 1.1%. Magnitude results are unreliable
due to high noise for this echo time combination.
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Fat fraction estimation results on the datasets with echo combination “D” in the “blue hole”
(poor magnitude fitting SNR). Magnitude fitting results were not included because these
estimates were unstable for this echo combination. Complex fitting results in significant
bias, particularly at low fat fractions. Mixed fitting is able to remove this bias. The mixed
fitting slope is not significantly different from 1 (P= 0.37), and the intercept is not
significantly different from 0 (P= 0.83).
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