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Objective: To compare Dixon-based MRI techniques
for intramuscular fat quantification at 3T with MR
spectroscopy (MRS) in vitro and in vivo.

Methods: /n vitro, two- three- and four-point mDixon
(Philips Medical Systems, Best, Netherlands) sequences
with 10°, 20° and 30° flip angles were acquired from seven
test phantoms with sunflower oil-water percentages of
0-60% sunflower oil and calculated fat-water ratios com-
pared with MRS. /n vivo, two- three- and four-point mDixon
sequences with 10° flip angle were acquired and compared
with MRS in the vastus medialis of nine healthy volunteers
(aged 30.6 + 5.3 years; body mass index 22.2 +2.6).
Results: /n vitro, all mDixon sequences correlated
significantly with MRS (r>0.97, p <0.002). The mea-
sured phantom percentage fat depended significantly
on the flip angle (p=0.001) and mDixon sequence
(o =0.005). Flip angle was the dominant factor

Chronic diseases associated with obesity are strongly related
to the amount of adipose tissue in and around skeletal
muscle tissue."”? Furthermore, many pathology exists, in-
cluding cerebral palsy, where the patients exhibit reduced
fat-free mass™* but have increased fat infiltration into
skeletal muscle.” Therefore, an effective method for quan-
tification of intramuscular fat is required to determine
which patients may develop obesity-related chronic diseases.

In the literature,’” fat-water fraction measurements are
predominantly obtained using localized proton (1-H) MR
spectroscopy (MRS). However, MRS has a limited spatial
resolution compared with imaging techniques. Conse-
quently, MRI techniques for the measurement of fat—water
ratios are desirable, particularly in spatially heterogeneous
tissue. Chemical shift imaging methods established on the
Dixon technique'® that discriminate between fat and water
spins based on their different resonance frequencies are

influencing agreement with MRS. Increasing the flip
angle significantly increased the overestimation of the
mDixon sequences compared with MRS. /n vivo, a sig-
nificant difference was observed between sequences
(p <0.001), with all mDixon sequences overestimating
the intramuscular fat content of the vastus medialis
muscle compared with MRS. Two-point mDixon agreed
best with MRS and had comparable variability with the
other mDixon sequences.

Conclusion: This study demonstrates that mDixon tech-
niques have good linearity and low variability for use in
intramuscular fat quantification. To avoid significant fat
overestimation with short repetition time, a low flip angle
should be used to reduce T; effects.

Advances in knowledge: This is the first study investi-
gating the optimal mDixon parameters for intramuscular
fat quantification compared with MRS /n vivo and in vitro.

now available on the majority of clinical MRI systems and
are increasingly applied in clinical settings (mDixon, Phi-
lips Medical Systems, Best, Netherlands; Dixon, Siemens
Healthcare, Erlangen, Germany; FatSep, Hitachi, Tokyo,
Japan; and IDEAL, GE Healthcare, Waukesha, MI).

The original two-point Dixon (2PD) technique10 acquired
two images using a modified spin-echo pulse sequence.
One image is a conventional spin-echo image with water
and fat in phase, the second is acquired with the read out
gradient shifted to produce an image with 180° water—fat
phase difference. These images then undergo complex
addition or subtraction to produce water only and fat only
images, respectively, from which a fat-water ratio image
can be calculated. Therefore, a fat—water fraction mea-
surement can be made for a much larger region of interest
and with much higher spatial resolution using Dixon
techniques than MRS. The three-point Dixon (3PD)
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technique'' was developed to reduce sensitivity to magnetic field
inhomogeneities and, therefore, phase errors associated with
2PD'? by utilizing a combination of multipoint acquisition and
image processing techniques. A four-point Dixon (4PD) tech-
nique has also been developed," in which the extra acquisition
enables a more accurate correction of the phase error. Recent
advancements in image processing techniques, such as iterative
decomposition of water and fat with echo asymmetry and least-
squares approach (IDEAL)'®'"> have further helped to separate
fat and water signals in inhomogeneous magnetic field regions.

Dixon imaging techniques have been widely used in the
literature'>* for hepatic fat quantification hepatic steatosis (for
a review see Reeder and Sirlin'®) and are increasingly utilized for
intramuscular fat quantification. However, limited validation
studies comparing Dixon and MRS techniques for intramuscular
fat quantification have been reported.”* The purpose of this
study was to perform such a validation at 3.0 T, as well as in-
vestigating optimal strategies by comparing two-, three- and
four-point mDixon each with a range of flip angles.

METHODS AND MATERIALS
All MR data were acquired on a 3.0 T Achieva® system (Philips
Medical Systems) running software v. 2.6.3, using an eight-channel
receive-only phased array knee coil.

In vitro

Seven 50-ml test phantoms were produced consisting of 0%, 10%,
20%, 30%, 40%, 50% and 60%, respectively, sunflower oil mixed
with water, to cover the range of intramuscular percentage fat
observed in vivo."” These phantoms were made following a method
described previously,” where 15mmol of an anionic surfactant
sodium dodecyl sulphate was added to 0.51 of deionized water and
2.5g of gelatine dissolved in the solution using a magnetic stirrer
hotplate heated to 50 °C. The solution was poured into seven 50-ml
plastic tubes along with the corresponding amount of sunflower oil,
homogenized and placed on a roller overnight to set at room
temperature (21 °C). All seven phantoms were placed within the
knee coil to enable images of each phantom to be made within
a single axial image acquisition. The scanner room temperature
was set to 21 °C during image acquisition.

Figure 1. Examples of mDixon (a) water and (b) fat images of
the phantoms acquired with two-point Dixon with 10° flip
angle.
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Figure 2. An example of in vitro MR spectroscopy spectrum of
40% sunflower oil phantom with water suppression. ppm, parts
per million.
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Localized MRS data were acquired of a voxel 40 X 40 X 5mm at

the centre of each phantom using a Point RESolved Spectroscopy

(PRESS) sequence with echo time (TE)/repetition time (TR) = 35/

5000 ms, 16 signals averaged (NSA), and with and without water

suppression. Four axial gradient-echo mDixon imaging strategies

were employed (see below) with three different flip angles (10°, 20°
and 30°), slice thickness=5mm, 480 X480 matrix size,

0.94 X 0.94mm in plane resolution and 2 NSA.

1. two-point mDixon with water and fat signal phase sampling
strategy (0, 180°); TE/TR =2.3/5.0ms, echo time shift
(ATE) = 1.14 ms

2. three-point mDixon optimized for phase estimation (3PDp)
with (0, a, 2a) sampling strategy, where « = 120°,'" TE/TR =
2.11/5.2 and ATE = 0.76 ms

3. three-point mDixon optimized for magnitude estimation
(3PDy;) with (—«, 0, «) sampling strategy, where
a =180°"'"*** TE/TR = 2.3/5.4ms and ATE = 0.76 ms

Figure 3. Average route mean square (RMS) difference between
MR spectroscopy and mDixon measurements of phantom
percentage fat. Error bars represent the standard error of the
RMS difference. PD, point Dixon; PDy, mDixon optimized for
magnitude estimation; PDp, mDixon optimized for phase
estimation.
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Figure 4. Bland-Altman plots of agreement between MR spectroscopy (MRS) and mDixon sequences with (a) 10° flip angle;
(b) 20° flip angle; and (c) 30° flip angle. Mag, magnitude; PD, point Dixon.
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4. four-point mDixon with phase sampling strategy (0, @, 2a,
3a), where a = 90°, TE/TR = 2.3/5.6 ms and ATE = 0.57 ms.

Seven repeated acquisitions were acquired using each mDixon
technique to assess reproducibility. Between each repeated scan,
the phantoms were removed from the scanner and repositioned.
To enable T, correction to be applied to the MRS data, the T, of
the lipid and water in the 60% sunflower oil phantom was
measured using stimulated echo acquisition mode MRS,
TR = 10,000 ms, voxel size =30 X 8 X 8mm, NSA =16 and
TE = 40, 45, 50, 55, 60, 65, 70, 80, 90, 100 and 120 ms.

Data analysis

All MRS data were processed using the AMARES algorithm®® in
magnetic resonance user interface java version (jMRUI).” The
percentage fat was measured according to Equation (1), with the
lipid signal defined as the peak at 1.3 parts per million (ppm).
The T, values of the 60% sunflower oil phantom were calculated

(c)

by fitting an exponential to the water and lipid amplitudes over
increasing TE. The fitted lipid and water peaks were T, corrected
using T, values measured in the 60% sunflower oil phantom. All
mbDixon images were processed on the scanner using the manu-
facturers in-built mDixon algorithm that calculates four image
series: water signal, fat signal, in-phase and out-of-phase images.
Volumes of interest (VOIs) were drawn over the volume of the
phantoms filled by the water—fat emulsions using OsiriX (Pixmeo,
Geneva, Switzerland).”® From these VOIs, the mean signal in-
tensities from the fat and water images were measured to create
a mDixon-based fat percentage [Equation (2)], and averaged
across the seven repeated acquisitions. The mean percentage fat
measured for each phantom using each technique was assessed for
linearity using Pearson’s correlations, and the route mean square
(RMS) difference and Bland—Altman plots were calculated to as-
sess the agreement with MRS. The RMS difference was not nor-
mally distributed (Kolmogorov—Smirnov test, p = 0.023), therefore,
related-samples Friedman’s two-way analysis of variance (ANOVA)
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Figure 5. Reproducibility represented by percentage fat
standard deviation over seven separate acquisitions averaged
across phantoms. PD, point Dixon; PDy, mDixon optimized for
magnitude estimation; PDp mDixon optimized for phase
estimation.
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by ranks test was employed to test for significant differences in
agreement with MRS between the four mDixon sequences tested
and by flip angle. The reproducibility of the sequences was defined
as the standard deviation of the measured percentage during each
repeated acquisition averaged across all phantoms.

Faty; itu
%Fat(MRS)=100 % ( alsignal amplitude >

Watersignal amplitude + Fatsignal amplitude

(1)

%Fat(mDixon)=

Fatiean intensity

100 X ( ) )
Watermean intensity + Fatmean intensity

In vivo

Nine healthy adult volunteers (five males; mean age, 30.6 = 5.3
years; body mass index, 22.2 * 2.6 kg m?) took part in the study.
All volunteer scanning was approved by local research ethics

Figure 6. Examples of (a) water and (b) fat images of the same
volunteer acquired with two-point Dixon (2PD) sequence. This
subject had 3.15% fat measured by 2PD.

(a) (b)
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Figure 7. Example of (a) MR spectroscopy (MRS) spectrum of
the vastus medialis from the same volunteer in Figure 5. This
volunteer had 0.93% intramuscular fat measured by MRS.
(b) Estimated intramyocellular (IMCL) and extramyocellular
(EMCL) peaks. (c) Residual spectrum after fitting of IMCL and
EMCL peaks. ppm, parts per million.
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committee (study number 01/11/12). Localized MRS data were
acquired of the vastus medialis, PRESS, TE/TR = 35/2000 ms,
15X 20 X 25mm voxel and 32 NSA. mDixon images were
also acquired with the same imaging parameters as in vitro with
10° flip angle and 10 NSA. Data acquisition times were 2:36,
4:03, 4:11 and 4:18 min for the 2PD, 3PDp 3PDy; and 4PD
sequences, respectively.

Data analysis

All MRS data were processed using the AMARES algorithm?®
in jMRUI.29 Water, intramyocellular (IMCL) and extra-
myocellular (EMCL) lipid peaks were quantified (with prior
knowledge of peaks at 1.3 and 1.2 ppm, after removal of the
residual water) and percentage fat calculated using Equation
(1). The measured water, EMCL and IMCL signals were T,
corrected using T, values for water (31.3ms), EMCL fat
(77.6 ms) and IMCL fat (89.4 ms) previously measured at 3T
in muscle.’’!
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Figure 8. Group mean intramuscular percentage fat in vastus
medialis. Error bars represent the standard error of the group.
MRS, MR spectroscopy; PD, point Dixon; PDy, mDixon
optimized for magnitude estimation; PDp, mDixon optimized
for phase estimation.
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All mDixon images were analysed using OsiriX.”” VOIs were
drawn to match the corresponding MRS voxel locations for fat and
water, with the fat voxel shifted in the x, y and z directions cal-
culated using a 3.4 ppm chemical shift between water and lipid at
3.0 T. From these VOIs, the mean signal intensities from the fat and
water images were measured to create an mDixon-based fat—water
ratio [Equation (2)]. The percentage fat measured by MRS and
mDixon were compared for agreement using Bland—Altman
plots,” one-way ANOVA and Tukey post hoc test. All statistical
analyses were performed using SPSS® v. 20.0 (SPSS, Chicago, IL).

RESULTS

In vitro

Figure la,b shows an example of water and fat images of the
phantoms, respectively. An example in vitro spectrum with water
suppression is shown in Figure 2. There were strong positive and
significant correlations between MRS-derived and Dixon-based
percentage fat measurement ratios for all Dixon sequences and
flip angles (r>0.97, p<<0.002). Figure 3 shows the average
RMS difference between MRS and mDixon calculated phantom
percentage fat by each technique and flip angle. A significant
difference in the RMS difference was observed between flip
angles (p =0.001) and between mDixon sequences (p = 0.005).
Compared with MRS, all four mDixon sequences exhibited
greater average RMS difference with larger flip angles. Bland—
Altman plots comparing Dixon- and MRS-based measures of
percentage fat are shown in Figure 4. As the flip angle of the
mbDixon sequences is increased, mDixon increasingly over-
estimates the fat content of the phantoms for all sequences in-
vestigated. Figure 5 summarizes the mean, standard deviation
and reproducibility (average standard deviation) for each
phantom and mDixon technique investigated.

In vivo
Figure 6 shows example water and fat images of one volunteer.
Figure 7 shows an example MRS spectrum of one volunteer and

the fitted IMCL and EMCL peaks. Figure 8 shows a histogram of
the group mean percentage intramuscular fat measured by all
techniques investigated. A significant difference was observed
between the measurement techniques (ANOVA, p < 0.001). The
Tukey post-hoc tests found a significant difference between all
measurements (p = 0.001) with the exception of 4PD and 3PDy,
(p=0.998). In the Bland-Altman plot in Figure 9, comparing
each mDixon technique investigated with MRS, it can be seen
that all mDixon techniques overestimated the percentage in-
tramuscular fat in the vastus medialis compared with MRS. 2PD
exhibited the closest agreement with MRS and 4PD the worst
agreement with MRS.

DISCUSSION

In vitro, all mDixon techniques correlated very strongly with the
MRS measured percentage fat (r>0.97, p < 0.002). As shown
in Figures 3 and 4, increasing the flip angle significantly
overestimated the measured percentage fat using all mDixon
techniques investigated compared with MRS, and this was found
to have a much larger effect on the agreement between the Dixon
and MRS than Dixon sequence type (2PD, 3PDp, 3PDy; or 4PD).
This overestimation of the phantom fat content with increasing
flip angle occurs owing to T; effects.”” The T; of water is much
longer than that of lipid; with the short TR and increasing flip
angle, the water signal becomes increasingly more suppressed than
the lipid signal, resulting in a higher measured percentage fat. This
means that when the sequence TR is reduced to shorten scan time,
the flip angle must also be reduced to prevent overestimation of
the fat content due to T weighting. The closest agreement be-
tween MRS and mDixon and a smaller average RMS difference
than the other sequences investigated was observed for the 2PD
sequence with a 10° flip angle. This is a surprising result. This may
be owing to the recent development of the two-point mDixon
algorithm to include the static magnetic field strength (Bo) in-
homogeneity correction. Previously, two-point techniques have
not included B, inhomogeneity correction’* and, therefore, would

Figure 9. Bland-Altman plot showing the agreement between
intramuscular percentage fat measured using MR spectros-
copy (MRS) and the four mDixon sequences tested /in vivo.
Mag, magnitude; PD, point Dixon.
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be likely to agree the least with MRS 2PD acquires only two signal
acquisitions, one with the fat and water signals in phase and one
out of phase. The better agreement of 2PD with MRS compared
with the 3PD and 4PD sequences suggests that a different algo-
rithm may be used by the mDixon implementation on the scanner
when in 2PD. The 3PD (phase) exhibited a smaller average RMS
difference than in the 3PDy,; sequence and 4PD sequence. In the
Bland-Atlman plots in Figure 4, there are no consistent differences
between the two 3PD sequences and the 4PD sequence.

All mDixon results produced a similar behaviour when com-
pared with MRS. Considering the sequences with 10° flip angles,
all sequences exhibited the same pattern: increasing over-
estimation of the phantom fat content for the 0-20% sunflower
oil phantoms and underestimation of the 40% sunflower oil
phantom. Overestimation of the 0% sunflower oil phantom
highlights a misregistration between water and fat. This may be
caused by various factors, including spectral modelling simpli-
fication and magnetic field homogeneity. An example phantom
spectrum given in Figure 1 shows that the phantom spectra are
dominated by single lipid peak at 1.3 ppm. Combined with the
overestimation of the 0% sunflower oil phantom, this suggests
that spectrum simplification is unlikely to be the main cause
of this overestimation of fat content and that magnetic field
inhomogeneities may have a more significant affect.

The higher group average intramuscular fat measured using the
magnitude optimized sequence (3PDy;) than in the phase
estimation—optimized sequence (3PDp) suggests that the phase
errors caused by magnetic field inhomogeneities are one of the
limiting factors of the mDixon sequences investigated. The large
inhomogeneities in vivo would therefore significantly affect the
accuracy of the mDixon sequences. Again, differences in spectral
modelling may contribute to the difference in fat content
measured between the two techniques. A two-lipid peak spectral
model for MRS, corresponding to IMCL and EMCL, was
employed in this study, as this is commonly performed in the
literature, whereas more complex models have been described
for Dixon.”* However, the lipid peaks at 1.3 and 1.2ppm
dominate the muscle spectra, and any underestimation of the
lipid content by utilizing a two-lipid peak model for the MRS is
likely to be minimal. The use of T, values in the literature for T,
correction may also contribute to the disagreement between the
MRS and mDixon techniques, although measuring the T, values

JJ Noble et a/

of the metabolites in vivo for each individual volunteer is time
consuming and not representative of clinical practice.

In vivo, a significant difference was observed between all
techniques with the exception of 3PDp and 4PD, which were
not significantly different from each other. However, these
sequences also had the largest mean difference compared with
MRS, with the 2PD sequence having the best agreement with
MRS. The standard deviations of the subject group percentage
intramuscular fat measurements were similar across the
mDixon sequences, ranging from 1.25% (4PD) to 1.94%
(3PDp).

CONCLUSION

This study has compared two-point, three-point and four-point
mDixon techniques with MRS in test phantoms over a range of
physiologically expected fat—water ratios and in vivo for intra-
muscular fat quantification. In vitro, all sequences tested corre-
lated strongly with MRS, with the 2PD in closest agreement. The
flip angle was observed to have a more significant effect on
agreement between mDixon and MRS than sequence type, with
increasing flip angle resulting in an increasing overestimation of
the fat content of the phantoms. In vivo, a significant difference
was observed between MRS and all mDixon sequences in-
vestigated with the 2PD sequence in closest agreement with MRS
and with comparable variability in the measured intramuscular
fat across the subject group. The results of this study suggest that
the two-point Dixon sequence provides the most accurate
measurement of intramuscular fat and highlights the need for
small flip angles to reduce fat overestimation due to T effects
when a short TR is utilized.
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