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Abstract

Purpose—To evaluate the impact of different fat spectral models on proton density fat-fraction
(PDFF) quantification using chemical shift-encoded (CSE) MRI.

Material and Methods—Simulations and in vivo imaging were performed. In a simulation
study, spectral models of fat were compared pairwise. Comparison of magnitude fitting and mixed
fitting was performed over a range of echo times and fat fractions. In vivo acquisitions from 41
patients were reconstructed using 7 published spectral models of fat. T2-corrected STEAM-MRS
was used as reference.

Results—Simulations demonstrate that imperfectly calibrated spectral models of fat result in
biases that depend on echo times and fat fraction. Mixed fitting is more robust against this bias
than magnitude fitting. Multi-peak spectral models showed much smaller differences among
themselves than when compared to the single-peak spectral model. In vivo studies show all multi-
peak models agree better (for mixed fitting, slope ranged from 0.967-1.045 using linear
regression) with reference standard than the single-peak model (for mixed fitting, slope=0.76).

Conclusion—It is essential to use a multi-peak fat model for accurate quantification of fat with
CSE-MRI. Further, fat quantification techniques using multi-peak fat models are comparable and
no specific choice of spectral model is shown to be superior to the rest.
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Introduction

Nonalcoholic fatty liver disease (NAFLD) is the most common chronic liver disease,
affecting up to 30% of the adult U.S population (1). NAFLD is a risk factor for diabetes and
cardiovascular disease, and can progress into cryptogenic cirrhosis and hepatocellular
carcinoma (2,3). The diagnosis of NAFLD requires assessment of intracellular triglycerides
in hepatocytes. Chemical shift-encoded (CSE) water fat imaging enables accurate
quantification of proton density fat fraction (PDFF) over the entire liver. Compared with
liver biopsy and single voxel MR spectroscopy (MRS) (4), CSE-MRI provides non-invasive
spatially resolved quantification of liver fat. 3D coverage of the entire liver can be acquired
within a single breath-hold (5-8). Extensive validation of confounder-corrected quantitative
CSE-MRI have demonstrated equivalence of these methods to MRS (5-7,9-11)

In CSE-MRI, multiple images are acquired with increasing echo time (TE). A water image
(W) and a fat image (F) are calculated by fitting the acquired data at each voxel to a signal
model based on the chemical shift between fat and water (6,7). Fat fraction is then calculated
as F/(W+F). To ensure that the calculation yields proton density fat-fraction (PDFF), a
fundamental property of tissue that reflects the concentration of triglycerides (12), several
confounding factors must be addressed. Such confounders include By inhomogeneity (13),
T1 bias (14,15), T2* signal decay (15-18), eddy currents (19,20), noise bias (14), and the
spectral complexity of fat (18,21).

Compared with water, which has a single spectral peak, the complex structure of triglyceride
molecules leads to complex and heterogeneous proton chemical shifts within the molecule.
The different chemical shifts observed in a number of functional groups in fat molecules
give rise to multiple peaks of fat signal in proton-based MRI. In early CSE-MRI techniques,
a single-peak fat model (methylene peak) was generally assumed. However, this single-peak
model accounts for only 70% of the total fat protons (22). A recent study showed that the
single-peak model results in a biased estimate of PDFF that can be corrected by using a
multi-peak spectral model of fat (21). In principle, the use of such a model requires
independent estimation of the amplitude (and potentially other spectral parameters) of every
fat peak. However, due to limited number of echo times typically acquired in CSE-MRI, it is
not possible to individually resolve each fat peak. Consequently, CSE-MRI using a pre-
calibrated multi-peak fat spectral model have been proposed (15,17,21), where the relative
amplitudes and chemical shift of fat peaks are assumed to be known parameters. Therefore,
compared with the single-peak model, no additional variables (degrees of freedom) are
introduced into the estimation problem.

Pre-calibrated multi-peak models have been derived by MR spectroscopy or using dedicated
CSE-MRI experiments with a large number of echo times (17,22,23). However, different
models have been derived and applied in different studies. The various models differ in the
number of peaks, chemical shift between peaks and relative amplitudes of the peaks.
Although techniques using different spectral models have been validated for accurate fat
quantification or water fat separation, there is no consensus as to which spectral model
should be used.
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The impact on PDFF estimation from the choice of spectral model of fat is unknown, and
this lack of standardization has potential impact on the reproducibility of CSE-MRI for
quantifying fat. The purpose of this study is to evaluate the sensitivity of PDFF mapping to
the choice of multi-peak fat model by simulation and in vivo liver fat quantification.

In chemical shift-encoded (CSE) MRI, the acquired signal in a voxel in the presence of
water and fat can be generally described as:

. . . P . "
Sn:ez(Aw(yTEn) ~(ﬂ’ez¢°1w eiR2w* 'TEH—Q—FE“%J Z 1ap6127r-fp'TEnefR2p -TEn) o)
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where s, is the signal acquired at the " echo time TE,,, Awy, is the frequency offset due to
local Bg off-resonance ¢, ¢p ¢ are the initial phase of water and fat signal. The signal
consists of one water peak and P fat peaks. W and F are the sum of all water signal and fat
signal, respectively. The R2* decay rate of water is R2y*. The relative amplitude, relative
frequency shift, and R2* decay rate of the pt" fat peak are denoted as ap, fp and R2*,
respectively. In general, oo w, o s Aan, R2w™*, ay... ap, ;... fp, R2*1... R2*, are the
unknown parameters to be estimated.

In CSE-MRI, due to imaging time constraints, 6 echoes with maximum echo time of
approximately 10-20ms (at 1.5T) are typically acquired, providing limited spectral
resolution. To achieve robust water fat separation, the number of unknowns can be reduced
by introducing assumptions to the general signal model in Eq (1). Two major and well-
validated assumptions are commonly used 1) R2* of water and all fat peaks are all assumed
to be equal (7,24), 2) the relative amplitude and chemical shift of all fat peaks are assumed
to be known a priori based on other experimental data (17,21) (i.e. pre-calibrated fat
spectrum). These assumptions lead to the following simplified signal model (18):

Sn:ez(Aw() TE,) . (‘1f€L¢(]‘7"+F61¢O’f . Zp:].apemﬂ' fp TE")E R2*-TE, @

where ap, fj are the known (ie: pre-calibrated) relative amplitude and frequency shift of the
pth fat peak. In a typical CSE-MRI acquisition, signals from multiple echoes acquired are fit,
on a voxel-by-voxel basis, using the signal model in Eq (2) to estimate the six unknown
parameters W, F, ¢p  and ¢y 1, Aay, and R2*. A PDFF map then can be calculated using
separated water and fat images, including correction for noise bias effects (14). This signal
model has been successfully applied for PDFF quantification, and validated using MR
spectroscopy-based fat quantification as a reference (6,7).

Further, eddy current effects can lead to undesired phase shifts between different echoes,
introducing errors in CSE fat quantification. To address this challenge, fitting is often
performed after taking magnitude of both sides of Eq (2), ie: “magnitude” fitting. When the
phase in equation 2 is preserved, this is referred to as “complex” fitting. Magnitude fitting is
relatively immune to eddy current related phase errors but suffers from reduced noise
performance compared with complex fitting (25). Alternatively, a mixed fitting technique
has been proposed where only the phase of the first echo is discarded in “single echo train”
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acquisitions. Mixed fitting results in good robustness to phase errors relative to complex
fitting, and improved noise performance relative to magnitude fitting (20).

The specific choice of pre-calibrated multi-peak fat model differs considerably between
studies and there is no consensus as to which is the best and most appropriate spectrum to
use. In recent works, Hamilton et al., measured the human liver fat spectrum as a 6-peak and
a 9-peak model using spectroscopy on a 3T GE system (22). Ren et al., characterized the
human subcutaneous and bone marrow fat spectrum using a 7-peak model, measured at 7T,
using single-voxel stimulated echo acquisition mode STEAM spectroscopy (23). Wokke et
al., derived 4- and 5-peak fat models by merging peaks that are close together in the 6-peak
model(26). Yu et al., applied a self-calibrated fat quantification method which calibrated
human liver fat spectrum on a 1.5T system as a 3 peak model (17).

The differences in number of peaks, frequency shifts relative to water, and relative
amplitudes are summarized in Table 1. Among these fat models, 6,7 and 9-peak models are
most commonly used in CSE fat quantification. The 9-peak model has been adopted by
Berglund et al. (27), 6-peak model has been adopted by Hernando et al. (18), Hines et al. (7),
Meisamy et al. (6). The 7-peak model has been used by Jonker et al. (28). An additional 3-
peak model and 5-peak model have also been reported by Yokoo et al. (5,9).

Materials and Methods

Simulations

As part of a computer simulation, each spectral model of fat was compared with all other
models in a pairwise manner. Specifically one model was used to generate a test signal (as
the “true” fat model) at each TE, and the other spectral model (as the estimator fat model)
was used to fit the test signals to estimate PDFF. All frequencies are based on 1.5T imaging.
For each pair of spectral models of fat test signals were generated using the signal model in
Eq (2) for simulated voxels with fat fractions ranging from 1% to 40%, and a fixed R2* of
40s™1 (typical for 1.5T liver imaging (29)). No noise were added. A combination of 6 echoes
starting at 1.2ms, and spaced by 2.0ms were adopted. The initial phase of water and fat was
assumed 0, and the initial field inhomogeneity was 2ppm. No eddy current induced phase
was added to the first echo. Nevertheless, the phase of the first echo was discarded for both
the magnitude and mixed fitting algorithms to better approximate the in vivo situation
(20,25).

The PDFF was estimated by fitting the test signals to equation 2 using both magnitude and
mixed fitting algorithms, using a different signal model as the estimator fat model. The
estimated PDFF was then compared to the true PDFF using linear regression to determine
the bias. This simulation was performed for all possible pairs of the fat models listed in
Table 1.

Next, the effect of the choice of echo times on the PDFF bias caused by multi-peak model
mismatch was also evaluated using simulations. Each combination contains 6 echoes with
initial echo time (TEyin) and echo spacing (ATE) both ranging from Oms to 3ms. For this
simulation, the fat fraction was 30%, R2* = 40s™1, field strength 1.5T. Signal was generated
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using the 6-peak model reported by Hamilton et al. as the “true” fat model and PDFF was
estimated with 1, 3, 5, 7, 9-peak models. No noise was added to the test signals since we
were evaluating the effects of bias in these simulations. Bias was calculated for each echo
combination studied.

In vivo liver fat quantification

In vivo liver datasets from 41 patients were also analyzed. Data acquisition was performed
on GE Signa HDxt 1.5T scanners, with either an 8-channel cardiac coil or an 8-channel torso
coil. This dataset has been analyzed by previous studies (6,7) for different purposes, but
reprocessed specifically and uniquely for this study.

CSE data were obtained using an investigational version of a multi-echo spoiled gradient
echo (SGRE) sequence. All images were acquired in axial plane and obtained during a
single 21s breath-hold, with the following imaging parameters: readout direction R/L, matrix
size 256x128, 2D autocalibrated parallel imaging (30) with a nominal acceleration factor of
2 in both phase encoding directions, for an effective acceleration factor of 2.2 (due to central
autocalibration lines), slice thickness 10mm, 24 slices, flip angle 5°, TR=13.7-14.9ms, BW=
+125kHz, mono-polar readout (flyback gradients), 6 echoes, TEijn=1.2ms,ATE=2.0ms.
PDFF maps using the multi-echo SGRE data were reconstructed twice using each fat model
listed in Table 1, once using magnitude fitting and once using mixed fitting algorithms,
respectively for a total of 14 reconstructions for each dataset. Due to eddy current induced
phase, pure complex fitting was not performed since phase shifts on the first echo caused by
eddy currents were known to create bias. T1 bias was minimized by using a low flip angle
and by performing a retrospective T1 correction for any residual T1 related bias (7)
assuming a T1 of 568ms for water and 343ms for fat (31). Initial field maps were stabilized
with a 3D graph cut algorithm (not publicly available through water-fat toolbox) (32).

Mixed fitting and magnitude fitting were performed using Levenberg-Marquardt least-
square fitting algorithm.

A single voxel STEAM-MRS spectrum was also acquired in a single breath-hold in every
subject to provide a reference standard for fat fraction (33). MRS data were acquired in the
right lobe of liver during a 21s breath-hold at 5 echo times (10, 20, 30, 40, 50 ms) enabling
T2 correction. Typical voxel size was 20 x 20 x 25 mm3, TR=3500ms, 2048 readout points,
1 average, and spectral width = +2.5 kHz. MRS-PDFF was estimated from STEAM-MRS
data. MRS data of individual coils were first combined using a singular-value decomposition
(SVD) based method (34) implemented in Matlab (Mathworks, Natick, MA). In jMRUI
(35), individual signal peak areas were estimated using the coil-combined data at each echo
time with the AMARES (36) algorithm and prior knowledge as described by Hamilton et al.
(22). Peak area estimates over all echo times were then fit into a mono-exponential curve for
the estimation of peak-specific T2 and T2-corrected peak areas. Subsequently, total water
and fat signals were calculated as the summation of their individual peak areas. MRS-PDFF
was calculated as the ratio of T2 corrected total fat signal and the sum of T2-corrected water
and fat signals (35,37).

For each patient, a region-of-interest (ROI) was co-localized with the STEAM voxel in the
slice closest to the center of STEAM voxel. The PDFF was measured in a 20 x 20 mm?
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voxel and the two adjacent slices to match the STEAM voxel closely. MRI-based PDFF was
then calculated by averaging the PDFF values within the three ROI’s. This procedure was
repeated for reconstructions using each spectral model of fat and fitting algorithms. The
same ROI’s were used for all reconstructions of the same patient to achieve perfectly co-
registered MRI-PDFF values.

For each patient, STEAM PDFF were linearly regressed against 14 MRI-based PDFF
values. 95% confidence intervals and p values were generated from applying a t-test to the
estimate of slopes and intercepts to determine whether slopes are significantly different from
1 and intercepts are significantly different from O (ie: psjope<0.05 OF Pintercept<0.05).

In pairwise comparisons, for each pair of spectral models of fat, estimated PDFF was
linearly regressed against true PDFF with excellent correlation (r2 > 0.998) as expected.
Thus, slopes close to 1 and intercepts close to 0 reflect equivalence between compared
models. In Figure 1, A) C) show slopes, B) D) show intercepts in comparison of each pair of
spectral models when magnitude fitting (A,B) and mixed fitting (C,D) were used as fitting
algorithms. Each row shows the slope between a particular spectral model (“true” fat model)
and every other model (estimator fat model) in each column. Between a single-peak model
and any multi-peak model, greater errors were observed between estimated fat fraction and
true fat fraction (slope< 0.79 or slope>1.22, |intercept| up to 1.20% for mixed fitting,
slope<0.82 or slope>1.15, |intercept| up to 1.56% for magnitude fitting). Between any two
multi-peak models, improved agreement was demonstrated: 0.94<slope<1.03,
-0.51%<intercept<0.10% for mixed fitting, 0.89< slope<1.08, —0.39%<intercept<0.60% for
magnitude fitting.

Figure 2 presents simulation results for the absolute bias in estimated PDFF over a range of
initial echo times and echo spacings. Horizontal and vertical axes show echo spacing and
initial echo times, respectively. The top row was reconstructed using mixed fitting and the
bottom row was reconstructed using magnitude fitting. A clear dependence of bias on echo
combination is seen for both fitting algorithms. For magnitude fitting, there is a range of
echo combinations (near TEyjn=1.25ms, ATE=2.3ms) that result in over 10% absolute bias
regardless of the fat model used in estimation. For mixed fitting, the bias changes more
gradually with echo times, and remains relatively low for lower initial echo times and echo
spacings.

In vivo liver fat quantification

Figure 3 shows representative PDFF maps of a patient calculated using several spectral
models of fat, for both mixed fitting and magnitude fitting algorithms. A clear PDFF offset
can be observed between reconstructions using single-peak model and multi-peak models.
Over all patients, linear regression showed strong correlation between STEAM PDFF and all
MRI-based PDFF values (r2>0.962). Further, slopes and intercepts of these regressions were
calculated and are shown in Table 2, including the 95% confidence intervals and p values
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generated from t-tests. Multi-peak models with both fitting algorithms exhibit better
agreement with the MRS as reflected by the values of slopes and intercepts. Only 1-peak
(Psiope=3.76:10713 in magnitude fitting psjope=5.00-1018 in mixed fitting) model and 7-peak
(Pstope =4.42-1072) in magnitude fitting and mixed fitting) models were significantly
different from the reference. Despite being significantly different from the reference, 7-peak
model has much closer agreement with the reference than single—peak model (slope=1.05
compared with 0.76 for single-peak model).

Discussion

In this study we have analyzed the sensitivity of MRI-based CSE fat quantification to the
choice of spectral model of fat, using both computer simulations and in vivo data acquired in
patients. Spectral models of fat from previously published studies were used in this analysis
and it was demonstrated that all multi-peak models showed greater accuracy for quantifying
fat than the single-peak model. In addition, mixed fitting showed better agreement between
the spectral models than magnitude fitting. Overall, these data demonstrate that multi-peak
spectral modeling of fat is essential for accurate estimation of PDFF. However, no
compelling evidence has been found to support any specific multi-peak spectral model of fat
over the rest.

Among the discussed multi-peak spectral models of fat, the 7-peak model by Ren et al. was
calibrated in subcutaneous fat while the others were all measured in liver. The results shown
in this study indicate the 2 fat depots have similar fat spectral peaks. 3-peak (1.5T) and 7-
peak (7T) models are also calibrated at different field strengths compared with other models
(3T). The fact that these models are relatively interchangeable, suggests that MR
spectroscopy is a reproducible tool for the measurement of fat spectrum in scanners at
different field strength (1.5T — 7T).

In all signal estimation problems, bias will be introduced when there is discrepancy between
the underlying physics (eg. true spectral model) and the signal model used in the estimation
of the parameters of interest. In the case of PDFF estimation, the resulting bias will depend
on factors such as the true PDFF and the choice of echo times and fitting method (eg:
magnitude vs mixed fitting).

The choice of echo times is an important component of CSE-MRI based fat quantification. It
has been shown that the choice of echo times has a large impact on the noise performance of
the technique (13,38). Further, previous studies have shown that bias due to temperature-
related effects (ie: model mismatch) is heavily influenced by the choice of echo times, and
also the fitting method (39). In this study, we have shown that bias created by discrepancies
in the true spectral model and the estimator model will depend on the choice of echo times.
Interestingly, the bias increased markedly with longer echo spacing. Bias can be limited by
shortening initial echo time and echo time spacing. It was also important to note that mixed
fitting was more robust to changes in echo time (ie: had less bias) than magnitude based
fitting, which is consistent with the study by Hernando et al. (39). This may explain the
observation by Heba (40) that using a shorter echo train length may improve the accuracy of
PDFF quantification using magnitude based fitting. A discrepancy between the underlying
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physics and the spectral model used in CSE-MRI may explain why using fewer echoes
appears to lead to less bias, as shown in that study.

This study has several limitations. Small differences between a spectral model of fat used for
PDFF estimation and the actual spectra will reduce accuracy. However, we have
demonstrated that the accuracy of PDFF quantification is relatively insensitive to different
spectral models. Therefore, it is likely that errors introduced by small discrepancies in the
spectral model relative to the true spectra are much smaller than the variability due to noise
and other unrelated confounders. Large patient populations may be necessary to detect errors
introduced by errors in the spectral model. Although, published data suggest relative
uniformity in the triglyceride spectra across patients (22), variability in the spectra between
patients could also introduce additional variability in the estimated PDFF. A second
limitation is that all in vivo data and simulations were acquired at 1.5T. However,
quantitative CSE-MRI is increasingly frequently performed on 3T scanners. The difference
between these two platforms may result in different optimal echo times, which impacts the
relative importance of the spectral models. In addition, this study did not consider the
presence of liver iron overload. The high R2* introduced by the presence of iron may affect
the relative impact of different fat models. Furthermore, all in vivo data were acquired at the
same echo time not allowing further in vivo validation of the echo time dependence of fat
signal model related bias. Overall, however, we believe that the conclusions drawn by this
study will, in all likelihood, extend to 3T and when R2* is higher, although further work
would be needed to confirm this speculation. Finally, this study is limited to “single R2*”
signal models, where the R2* decay is assumed common for water and fat signals. Although
dual R2* signal models have been proposed and studied in CSE-MRI, single R2* models
have superior noise performance (18,24), have been shown to be accurate and robust (6,7),
and the assumption that the R2* of water and fat peaks are very similar has been
experimentally validated (24).

In conclusion, multi-peak spectral modeling of fat is essential for accurate estimation of
tissue fat concentration, as measured by the proton density fat-fraction. Although spectral
modeling is necessary, no specific choice of spectral model was shown to be superior, so
long as one of the multi-peak models discussed in this work is used. Echo time
combinations, such as shorter echo times, and the use of mixed fitting may be useful to
minimize the impact of any model imperfections.
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Multi-peak models demonstrate better agreement with each other than with the single peak
spectral model of fat. Results are from simulations comparing, in a pairwise manner,
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from linear regression of estimated PDFF with true fat fraction, for magnitude fitting (A,B)

and mixed fitting (C, D).
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Figure 2.
In general, mixed fitting has lower bias than magnitude fitting and is less sensitive to the

choice of spectral model of fat. Absolute biases from simulated PDFF estimate resulting
from difference between “true” fat model (6-peak model) and estimator fat model (1-, 3-, 5-,
7-, 9-peak models) are presented for mixed fitting (A, B, C, D, E) and for magnitude fitting
(F, G, H, 1, J). The bias is shown to be a function of echo times. For certain echo time
combinations, magnitude fitting can lead to large bias (>10%) even from small model
differences, while mixed fitting had lower bias. particularly for 7-peak and 9-peak models
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Figure 3.
Single-peak model produced substantially different liver fat fraction using 6-, 7-, and 9-peak

spectral models of fat. PDFF maps from one patient reconstructed using mixed fitting (top
row) and magnitude fitting (bottom row) for 4 different spectral models of fat. T2-corrected
STEAM MRS-PDFF was 20.9% in this patient. The location of the steam voxel and Co-
localized MRI-PDFF measurements are shown in the figure.
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