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Abstract

Purpose—The purpose of the present study was to test the relative performance of chemical
shift-based water-fat imaging in measuring bone marrow fat fraction in the presence of trabecular
bone, having as reference standard the single-voxel magnetic resonance spectroscopy (MRS).

Methods—Six-echo gradient echo imaging and single-voxel MRS measurements were
performed on the proximal femur of seven healthy volunteers. The bone marrow fat spectrum was
characterized based on the magnitude of measurable fat peaks and an a priori knowledge of the
chemical structure of triglycerides, in order to accurately extract the water peak from the
overlapping broad fat peaks in MRS. The imaging-based fat fraction results were then compared
to the MRS-based results both without and with taking into consideration the presence of short
To* water components in MRS.

Results—There was a significant underestimation of the fat fraction using the MRS model not
accounting for short T,* species with respect to the imaging-based water fraction. A good
equivalency was observed between the fat fraction using the MRS model accounting for short T,*
species and the imaging-based fat fraction (R?=0.87).

Conclusion—The consideration of the short T,* water species effect on bone marrow fat
quantification is essential when comparing MRS-based and imaging-based fat fraction results.
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INTRODUCTION

Bone marrow fat quantification has been proposed as a useful tool in understanding the
relationship between osteoporosis and bone marrow adiposity (1-3) and in characterizing
cellularity for radiation dosimetry in cancer patients (4). Single-voxel MR spectroscopy has
been the technique traditionally used to measure fat content in localized regions of the
vertebral bodies and the proximal femur (2,3,5,6). However, the distribution of bone marrow
fat content can be spatially heterogeneous and there is a growing interest in applying
chemical shift-based water fat imaging techniques for measuring bone marrow fat content
with high spatial resolution (4).

Quantitative water-fat imaging techniques have been emerging (7,8) and have shown
excellent agreement with single-voxel MRS in measuring proton density fat fraction (PDFF)
maps in different body parts (9-12), after consideration of multiple confounding factors,
including main magnetic field inhomogeneity effects (13), the presence of multiple peaks in
the fat spectrum (14,15), T,* effects (14,16), T, effects (14,17,18), eddy current effects
(19,20) and the presence of susceptibility-induced fat resonance shifts (21). However, a
study of the relationship of bone marrow fat content measurements between water-fat
imaging and single-voxel MRS has not been performed before. Such a study becomes
particularly relevant in the presence of trabecular bone.

The presence of trabecular bone complicates fat quantification in bone marrow using both
single-voxel MR spectroscopy and water-fat imaging. In single-voxel MRS, trabecular bone
shortens the T,* of water and fat components, broadening the linewidths of all the
associated peaks and hindering the accurate extraction of the water peak next to the
surrounding fat peaks in the MR spectrum (5,6). In water-fat imaging, trabecular bone in
general shortens the T,* of water and fat components inducing a rapid decay of the
measured gradient echo signal with echo time (TE) (14,16).

Measurement of red bone marrow fat content in the presence of trabecular bone can be also
affected by the presence of signal from short T,* water components. Short To* water
components include water molecules bound to the bone mineral matrix as well as free water
molecules with short T,* induced by different potential sources, including the presence of
trabecular bone pores with different scales, the presence of macromolecules (e.g. proteins)
within the hematopoietic red blood cells and the presence of paramagnetic ions (e.g. iron).
Water components with short T,* and short T, would have negligible contribution to the
MR signal of measurements using either clinically accessible gradient echo imaging or
single-voxel MRS. Water components with short To* (below 2 ms at 3T) and long T, would
have small or negligible contribution to the MR signal at the TEs of clinically accessible
gradient echo sequences, but would contribute to the MR spectra acquired using single-
voxel MRS by inducing broad baseline peaks.

The present study aims to compare bone marrow proton density fat fraction measurements in
the presence of trabecular bone using clinically accessible water-fat imaging with the fat

fraction measurements from single-voxel MRS, which has been previously extensively used
to measure bone marrow fat content. To overcome the difficulty of accurately extracting the
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water peak from the overlapping fat peaks in MRS, the bone marrow fat MR spectrum is
first characterized based on the magnitude of measurable fat peaks and an a priori
knowledge of the chemical structure of triglycerides, as previously proposed in (22). To
address the effect of short T,* water components on fat quantification, the imaging-based fat
fraction results are then compared to the MRS-based results both without and with taking
into consideration the presence of short T,* water components.

ments

The left proximal femur of seven young healthy volunteers (4 males and 3 females, with
age=25.3+5.1 years) was scanned on a 3 T whole-body scanner (MR750, GE Healthcare,
Waukesha, Wisconsin, USA) using an 8-channel cardiac coil. The study was approved by
our Institutional Review Board. The MR exam consisted of a coronal 3D spoiled gradient
echo (SPGR) sequence and multiple repetitions of an MRS sequence, applied in different
bone marrow regions of the proximal femur.

A six-echo 3D SPGR sequence was used for chemical shift-based water-fat separation with
the following imaging parameters: 2 echoes per TR and mono-polar read-out gradients (23),
TRITEmin/ATE=9.8/2.1/1.0 ms, FOV=12x12 cm?, acquisition matrix=150x150, slice
thickness=2 mm, slice locations=32, receiver bandwidth=62.5 kHz, frequency
direction=L/R, no phase-wrap on, Na,q=2. A flip angle of 2° was used to minimize T;-bias
effects.

Based on the proton density fat fraction map derived using the chemical shift-based water-
fat separation, 2-5 locations (from regions in the neck, greater trochanter and head of the
proximal femur) were selected per subject to perform single-voxel (12x12x12 mm3) MRS
(resulting in a total of 25 acquired locations from the 7 scanned subjects) using a STEAM
sequence with parameters: TR=6 s, TE=15/20/25/30 ms (STEAM with short TEs to reduce
J-coupling effects), 9 averages per TE, 4096 data points, 5 kHz acquisition bandwidth, 2.4
kHz RF pulse bandwidth, no water suppression and no regional saturation bands. Two sets
of acquisitions at two different center frequencies (one set on the main fat peak and one set
on the water peak) were performed to correct for chemical shift displacement effects due to
the finite bandwidth of the employed RF pulses used in the MRS voxel localization.

Fat spectrum characterization

Spectra were fitted using Gaussian lineshapes and frequency-based methods based on in
house-built routines written in MATLAB (Mathworks, Natick, MA). Fig. 1a shows a typical
bone marrow fat spectrum with fat peaks observed at spectral locations at 0.9, 1.30, 1.59,
2.00, 2.25, 2.77, 4.2 and 5.31 ppm. The letters A, D, E and F were assigned to peaks at 0.9
ppm (=(CH5),—CH3y), 2.77 ppm (-CH=CH-CH,-CH=CH-), 4.2 ppm (-CH,-0-CO-),
and 5.31 ppm (-CH=CH-) respectively. The letter B was assigned to the superposition of
peaks at 1.30 ppm (—(CH»),-) and 1.59 ppm (-CO-CH,-CH5-), and the letter C was
assigned to the superposition of peaks at 2.00 ppm (-CH,—-CH=CH-CH5-) and 2.25 ppm
(-CO-CH,—CH>-). The spectra acquired with center frequency at the main fat peak were
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used to fit fat peaks A, B, C and D (Fig. 1a). A common linewidth was assumed for all peaks
contributing to fat peaks A, B, C and D.

The relationship between the computed area of peak C and the computed area of peaks A+B
was studied for all spectra. The relationship between the computed area of peak D and the
computed area of peak C was studied for spectra with fat peak linewidth smaller than 0.4
ppm. The two derived linear regression coefficients and the model of chemical structure of
the triglycerides were then used to estimate the number of double bonds (hdb) and the
number of methylene-interrupted double bonds (nmidb), adopting the framework introduced
by Hamilton (22). Based on the computed values for ndb and nmidb and assuming a
reasonable value for the triglyceride chain length (CL), the relative areas of all fat peaks
were determined. In the spectroscopy-based fat quantification, the computed relative fat
peak area results were used to fit the fat peaks overlapping with the water peak, by
constraining their area to the area of the main fat peak. In the imaging-based fat
quantification, the computed relative fat peak area results were used to form the pre-
calibrated fat spectrum employed in the signal model.

Spectroscopy-based fat quantification

Chemical shift displacement effects depend on the spectral location of the measured peak
relative to the center frequency of the MRS acquisition. Chemical shift displacement effects
are expected to be small for fat peaks A, B, C and D in the MRS acquisition centered on the
main fat peak. Chemical shift displacement effects are expected to be small for the water
peak and fat peaks E and F in the MRS acquisition centered on the water peak. Fat spectra
minimally affected by chemical shift displacement effects were thus derived by combining
the spectrum acquired with center frequency at the main fat peak for chemical shift values
lower than 3 ppm and the spectrum acquired with center frequency at the water peak for
chemical shift values higher than 3 ppm. Peak fitting was performed by constraining the area
of peaks E and F at a given ratio of peak A+B, based on the triglyceride chemical structure
determined in the fat spectrum characterization step (see Results section). A common
linewidth was assumed for all peaks contributing to fat peaks A, B, C and D and
independent linewidth values were fitted for fat peaks E and F and the water peak, resulting
in a total number of four linewidths as free variables. Fat peak locations were allowed to
vary by +0.05 ppm and water peak locations were allowed to vary by £0.25 ppm. Peak
fitting was performed for the spectra at individual TEs. T, correction was then performed
using non-linear least squares fitting, assuming the same T, relaxation time value for all fat
peaks and a different value for the water T, relaxation time. The mean water and main fat
peak linewidths were computed for spectra with an MRS-determined fat fraction below 85%
(to assure the presence of a strong water peak). A two-sided t test at a significance level of
p=0.05 was used to determine whether the relative difference between the linewidths of
water and main fat peak was statistically different from 0.

To investigate the effect of short To* water species, MRS fitting was performed for the
combined spectra, formed to minimize chemical shift displacement effects: (i) by
considering a single water peak (method not accounting for short To* species) and (ii) by
considering a narrow and a broad water peak (method accounting for short T,* species). The
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fat fraction using the method not accounting for short To* species was determined as the
ratio of all the fat peaks (A, B, D, E and F) area with the sum of all the fat peaks and the
single water peak area. The fat fraction using the method accounting for short T,* species
was determined as the ratio of all the fat peaks (A, B, D, E and F) area with the sum of all
the fat peaks and the narrow (long To*) water peak area (i.e. excluding the broad-short To*
water peak area).

To investigate chemical shift displacement effects, MRS fitting was performed using the
method accounting for short T,* species: (i) for the spectra acquired with center frequency
at main fat peak, (ii) for the spectra acquired with center frequency at water peak, and (iii)
for the combined spectra, formed to minimize chemical shift displacement effects. Fat
fraction values were computed for all the three different options of the acquisition center
frequency.

Imaging-based fat quantification

The gradient echo imaging data were reconstructed on the scanner using an online version of
the algorithm labeled as iterative decomposition of water and fat with echo asymmetry and
least-squares estimation (IDEAL) to perform water-fat separation (24,25). The IDEAL
algorithm combined with a fat signal model accounting for the multiple peaks of the fat
spectrum (as determined by the relative peak areas computed in the present fat spectrum
characterization step) and a single To* correction was first used to derive proton density fat
fraction maps (15). The derived fat fraction maps were used for guiding the positioning of
the MRS voxels on the scanner in order to derive MR spectra at different red and yellow
marrow locations with fat fraction values within the entire range of the observed fat fraction
values.

The gradient echo imaging data were also processed off-line using in house-built routines
written in MATLAB (Mathworks, Natick, MA). Specifically, a complex-based water-fat
decomposition was performed using the presently determined pre-calibrated fat spectrum
and single T,* correction for the mean complex SPGR signal over the region of interest
determined by the borders of the voxel of the MRS acquisition. The imaging-based fat
fraction value was computed as the ratio of the mean fat signal with the sum of mean fat and
water signals. There was no magnitude-induced noise bias or eddy current correction
performed on the imaging-based fat quantification performed off-line.

Methods agreement analysis

The fat fraction values obtained with the two MRS-based methods (not accounting and
accounting for short T,* water species) were plotted against the fat fraction values obtained
using water-fat imaging. A linear regression analysis was performed to determine the
correlation (R2), slope, and intercept as measures of agreement between fat and water
fraction values obtained using water-fat imaging and the two MRS-based methods. Two-
sided t tests at a significance level of p=0.05 were used to determine whether the estimated
slope and intercept were statistically different from 1.0 and 0.0, respectively.
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RESULTS

Figure 1 shows the peak area results used in the characterization of the fat spectrum. By
performing a linear regression between the area of peak C and the area of peaks A+B (Fig.
1b), the intercept was found not statistically significantly different from zero (p=0.13) and
the ratio of area of peak C to area of peaks A+B was determined equal to 0.201. By
performing a linear regression between the area of peak D and the area of peak C (Fig. 1c),
the intercept was found not statistically significantly different from zero (p=0.71) and the
ratio of area of peak D to area of peak C was determined equal to 0.178. Based on these
values, assuming a triglyceride chain length CL equal to 18.4 and using the model for the
triglycerides structure adopted by Hamilton (22), it can then be computed that ndb = 3.8 and
nmidb = 1.4. Based on the derived triglyceride chemical structure, the area of peak E and the
area of peak F were determined equal to 5.4% and 10.2% respectively of the area of peaks A
+B. Therefore, the computed mean fat spectrum was composed of peaks at frequency
locations 0.9 ppm, 1.30 ppm, 1.59 ppm, 2.00 ppm, 2.25 ppm, 2.77 ppm, 4.2 ppm and 5.31
ppm with relative peak areas 8.7%, 56.8 %, 5.8%, 9.2%, 5.8%, 2.7%, 3.8% and 7.3%
respectively.

The T, values for the water and fat peaks based on the MRS data processing accounting for
the short T,* species were 19.1+2.6 ms and 64.7+2.3 ms respectively (mean and standard
deviation values determined over the 25 acquired MR spectra). The linewidths of the water
and main fat peak were 0.44+0.04 ppm and 0.39+0.06 ppm respectively (mean and standard
deviation values determined over the spectra with fat fraction below 85%). The difference
between the water and main fat peak linewidth was 0.06+0.06 ppm and thus statistically
significantly different from 0 (p=0.004).

Fig. 1a shows an example of the chemical shift displacement effect on the bone marrow MR
spectrum in the proximal femur. Both the main fat peak B and the water peak areas were
affected by the center frequency of the acquired MR spectrum. Fig. 2a shows the To-
corrected fat fraction results for MR spectra acquired with center frequency at main fat peak
and at water peak as a function of the fat fraction results for the combined MR spectra.
Considering the fat fraction results for the combined MR spectra as minimally affected by
chemical shift displacement effects, chemical shift displacement effects induced a bias up to
6% on the fat fraction determined using the presently employed single-voxel MRS
acquisition.

Figure 3 highlights the effect of short To* water species on MRS peak fitting. The fitting of
the MRS data using the model not accounting for short T,* water species shows poor
agreement with the experimental MR spectra in the frequency region between 3 ppm and 4
ppm (arrows in Fig. 3a and 3d). The fitting of the MRS data using the model accounting for
short To* water species shows good agreement with the experimental MR spectra even in
the frequency region between 3 ppm and 4 ppm (arrows in Fig. 3b and 3e).

Figure 4b compares the magnitude of the measured gradient echo signal with the magnitude
of the To-corrected MRS time-domain signal accounting for short To* species, and the
magnitude of the T,-corrected MRS time-domain signal not accounting for short T,*
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species. The presently employed six-echo SPGR sequence samples the signal at TE longer
than 2.1 ms, where most of the gradient echo signal of the short T,* species has already
significantly decayed. For TE longer than 2.1 ms, there is therefore very good agreement
between the time evolution of the T,-corrected MRS signal with either accounting or not
accounting for short T,* species (Fig. 4b). However, for TE shorter than 2.1 ms there is a
difference between the T,-corrected MRS signal accounting for short T,* species and the
To-corrected MRS signal not accounting for short T,* species (Fig. 4b).

Figure 5 compares the imaging-based fat fraction results with the MRS-based fat fraction
results using the methodologies accounting and not accounting for short T,* species. The
best equivalency between MR imaging and MR spectroscopy fat fraction was reported when
accounting for the effect of short T,* species in MRS. Specifically, the results showed that
there was a significant overestimation of the water fraction using the MRS model not
accounting for short To* species with respect to the imaging-based water fraction (R2=0.92),
with a slope of 1.03£0.06 (p=0.64) and an intercept of 5.2%+1.3% (p<0.001). However, a
good agreement was observed between the water fraction using the MRS model accounting
for short To* species and the imaging-based water fraction (R2=0.87), with a slope of
1.04+0.08 (p=0.68) and an intercept of -1.0%+1.8% (p=0.58).

DISCUSSION

The presence of trabecular bone complicates fat quantification in bone marrow using either
chemical shift-based water-fat separation or single-voxel MRS. Trabecular bone shortens the
T,* relaxation time of all compartments in bone marrow, resulting in broad peaks in single-
voxel MRS and a rapid gradient echo signal decay with echo time in chemical shift-based
water-fat separation. In addition, short To* but long T, water components contribute to
broad baseline peaks in the bone marrow MR spectrum, whereas their signal is very small at
the echo times of clinically accessible gradient echo imaging. The present work proposes a
methodology addressing the effect of broad peaks in MRS-based bone marrow fat
quantification and the effect of short T,* water components with the objective to perform a
comparison of bone marrow fat quantification between water-fat imaging and single-voxel
MRS. Based on the described methodology and after accounting for the effect of short T,*
water species in MRS a good agreement was presently found between the imaging and MRS
determined fat fractions.

The hematopoietic red bone marrow distribution is spatially varying in the proximal femur.
Chemical shift displacement effects in single-voxel MRS localization can induce an
overestimation or underestimation of fat fraction depending on the fat content distribution in
the region surrounding the MRS voxel. A displacement equal to 18% of the voxel size
should be expected in one dimension for the presently employed RF pulse bandwidth of 2.4
kHz at 3 T. Chemical shift displacement effects induced a bias up to 6% in the fat fraction
estimation of the proximal femur in the present data. An acquisition with two center
frequencies is expected to minimize water-fat chemical shift displacements, especially when
applying single-voxel MRS in regions with spatially inhomogeneous fat content or close to
the border between bone marrow and other tissues.
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The broad overlapping water and fat peaks in the region from 3 ppm to 6 ppm complicate
the accurate extraction of water and total fat components. The characterization of the
chemical structure of the bone marrow triglycerides (22) makes the water peak extraction
less sensitive to the occurrence of overlapping water and fat peaks in the presence of thin
trabecular bone structures. Based on the analysis of the 25 presently acquired spectra, the
mean bone marrow fat spectrum was found to have higher ndb and nmidb values and thus
higher relative area for the olefinic peak F compared to the previously reported liver fat
spectrum (22).

A rigorous comparison of the bone marrow fat fraction measurement between single-voxel
MRS and water-fat imaging should consider the effect of short T,* species. The single-
voxel STEAM-MRS acquisition window starts sampling the free-induction decay (FID)
signal at very short time intervals after the formation of the stimulated echo. Therefore, the
MRS FID signal in general includes signal contributions from short T,* species. Clinically
accessible gradient echo imaging measures the signal at TEs longer than 1-2 ms. Therefore,
the gradient echo signal does not in general include significant signal contributions from
short Ty* species (26,27). When the MRS model does not account for the presence of the
short To* species, the area of the short To* species ends up being considered within the
water peak area inducing an underestimation of the MRS-based fat fraction compared to the
imaging-based fat fraction. Therefore, the present preliminary data suggest that in order to
compare the fat fraction measurements between water-fat imaging and single-voxel MRS,
the MRS data processing should use a model accounting for short To* species and exclude
the determined area of the short T,* species in the calculation of the fat fraction. After
accounting for the effect of short T,* species a good equivalency was presently found
between imaging-based and MRS-based fat fractions. However, the correlation coefficient
between the imaging-based fat fraction and the MRS-based fat fraction accounting for short
To* species was lower than the correlation coefficient between the imaging-based fat
fraction and the MRS-based fat fraction not accounting for short T,* species. That could be
attributed to the need for fitting additional unknowns while extracting the broad water peak
in the MRS data processing accounting for short To* species.

The present study has some limitations. First, a constant fat spectrum was assumed for all
bone marrow locations in all subjects. Although some variation might be expected in the
unsaturation index across subjects (28), the assumption of a constant fat spectrum model
invariant across subjects should be a good first approximation while focusing on fat fraction
quantification. Second, the imaging-based fat fraction was determined by first averaging the
complex signal over the studied region of interest and then performing the chemical shift-
based water-fat separation on the averaged complex signal. Such an approach was preferred
instead of the approach preforming first chemical shift-based water-fat separation on a
voxel-by-voxel basis and then averaging the fat fraction over the region of interest to avoid
magnitude-induced noise bias effects on the fat fraction (18). Specifically, given the large Ty
value difference between water and fat in bone marrow (29), a low flip angle was selected to
reduce T1-bias effects (14,17,18), reducing the overall imaging SNR (17,18). A voxel-by-
voxel chemical shift-based water-fat separation in femur regions with short T,* and thus low
local SNR at the late TEs of the gradient-echo acquisition would then suffer from a noise-
induced underestimation of the fat fraction at high fat fractions (18). By averaging first the
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signal over the region of interest magnitude-induced noise bias effects could be minimized.
Third, the present results simply report on the presence of a broad water peak in the MR
spectrum without providing any evidence on the source of this broad water peak. Such short
T,* water components could be arising from water molecules within trabecular bone pores
with different scales or water molecules affected by the presence of macromolecules or
paramagnetic ions. A rigorous analysis of imaging and MRS data acquired in red bone
marrow specimens at clinically-accessible and ultra-short echo times would be required to
understand the source of the observed short T,* water components, as previously performed
in cortical bone (30). Fourth, a single T,* correction was adopted in the solution of the
water-fat separation problem based on the imaging data. The MRS-derived results show that
the linewidth of the water is statistically significantly higher than the linewidth of the main
fat peak, suggesting a difference in the relative T»* values between the water and the main
fat peak. However, further work would be required in order to compare the accuracy and
noise performance of single versus dual T,* correction methods in quantitative water-fat
imaging of bone marrow, as previously performed in the liver (31,32). Finally, the number
of the subjects studied in the present study is relatively small and parts of the MRS
measurements are not fully independent, as they belong to the same subject. The
characterization of the bone marrow fat spectrum, the assessment of the accuracy of singe
and dual To* correction on bone marrow water-fat separation, and the comparison of fat
fraction accuracy and precision between water-fat imaging and single-voxel MRS would
benefit from a larger scale study.

Fat content measurements using chemical shift-based water-fat separation have shown good
agreement with fat content measurements using single-voxel MRS in different body parts
(10-12). The present work emphasizes on the need to account for short To* water species
when comparing fat content measurements using water-fat imaging and single-voxel MRS
in bone marrow in the presence of trabecular bone. Specifically, the MR visible signal in
clinically accessible gradient echo imaging does not include the contribution of signal from
water species with short T,*. The signal of such species would contribute to the signal of
imaging sequences only in sequences with ultra-short echo time capabilities.

CONCLUSIONS

Bone marrow fat quantification in the presence of trabecular bone using single-voxel MRS
should use a methodology accounting for short T,* water species and exclude the
determined area of the short To* water species in the calculation of the fat fraction while
comparing it with imaging-based fat fraction. After accounting for the effect of short To*
water species a good equivalency was presently found between imaging-based and MRS-
based fat fractions in the proximal femur of healthy volunteers.
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Figure 1.

Model of bone marrow triglyceride structure: (a) typical proximal femur MR spectrum
(acquisitions with center frequency at the main fat peak and at the water peak), (b)
relationship between area of peak C and area of peaks A+B (for all acquired spectra with
center frequency at the main fat peak), and (c) relationship between area of peak D and area
of peak C (for spectra with center frequency at the main fat peak and with fat peak linewidth

smaller t

han 0.4 ppm).
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Figure 2.

Chemical shift displacement effect on MRS-based fat fraction: (a) relationship between fat
fraction based on combined spectra and fat fraction based on acquisitions with center
frequency on the main fat peak and on the water peak (the dashed line represents the unity),
and (b) corresponding fat fraction bias (the dashed line represents zero bias).
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Figure 3.
Bone marrow MR spectra using fitting not accounting for short To* water species (a-c) and

accounting for short T,* water species (d-f): (a) and (d) full spectra, (b) and (e) spectra
zoomed in water peak region, (c) and (f) superposition of decomposed modeled peaks in
water peak region.
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Figure 4.
(a) Imaging-based fat fraction map and typical MRS voxel locations in neck (N), greater

trochanter (T) and head regions (H), and (b) time evolution of magnitude signal:
experimental gradient echo imaging signal, fitted To-corrected MRS time domain signal
accounting for short T,* water species, and fitted T,-corrected MRS time domain signal not
accounting for short To* water species.
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Figure5.
Fat fraction (FF) results comparison between: (a) water-fat imaging and MRS with fitting
not accounting for short T,o* species, and (b) water-fat imaging and MRS with fitting

accounting for short T,* species. The solid line represents the linear fit derived from linear
regression analysis and the dashed line represents the unity.
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