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Investigation of the effect on accuracy and precision of different parameter settings
is important for quantitative MRI. The purpose of this study was to investigate T1
bias and precision for muscle fat infiltration (MFI) measurements using fat-referenced
chemical shift MFI measurements at flip angles of 5° and 10°. The fat-referenced
measurements were compared with fat fractions, which is a more commonly used
measure of MFI. This retrospective study was performed on data from a clinical inter-
vention study including 40 postmenopausal women. Test and retest images were
acquired with a 3-T scanner using four-point 3D spoiled gradient multiecho acquisi-
tion. Postprocessing included T2* correction and fat-referenced calibration, where
the fat signal was calibrated using adipose tissue as reference. The mean MFI was
calculated in six different muscle regions using both the fat-referenced fat signal and
the fat fraction, defined as the fat signal divided by the sum of the fat and water sig-
nals. Both methods used the same fat and water images as input. The variance of the
difference between mean MFI from test and retest was used as the measure of preci-
sion. The signal-to-noise ratio (SNR) characteristics were analyzed by measuring the
full width at half maximum (FWHM) of the fat signal distribution. There was no dif-
ference in the mean MFI at different flip angles for the fat-referenced technique
(p = 0.66), while the measured fat fractions were 3.3 percentage points larger for 10°
compared with 5° (p < 0.001). No significant difference in the precision was found in
any of the muscles analyzed. However, the FWHM of the fat signal distribution was
significantly (p = 0.01) lower at 10°. This strenghtens the hypothesis that fat-
referenced MFI is insensitive to flip angle-induced T1 bias in CSE-MRI, enabling
usage of a higher and more SNR-effective flip angle. The lower FWHM in fat-
referenced MFI at 10° indicates that high flip angle acquisition is advantageous even

although no significant differences in precision were observed comparing 5° and 10°.

Abbreviations used: CIIC, consistent intensity inhomogeneity correction; FF, fat fraction; FWHM, full width at half maximum; MFI, muscle fat infiltration; PDFF, proton density fat fraction; SD,
standard deviation; Sw, within-subject standard deviation; wCV, within-subject coefficient of variation.
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1 | INTRODUCTION

Muscle fat infiltration (MFI) has been related to several health conditions such as functional outcomes in sarcopenia,1 chronic pain,2’4
inflammation,® muscular dystrophy®’ and type Il diabetes.® To correctly diagnose, monitor and investigate intervention progression of MFI in
these diseases or syndromes, high accuracy and precision are needed. Challenges with MFI estimation include large variations both between

1011 55 well as the need for quantifying fat fractions (FFs) as low as 0.5%.%? Without high precision in the

muscles® and within the same muscle,
measurements, the aforementioned challenges make it very difficult to detect and quantify intervention effects.

Magnetic resonance imaging (MRI) enables noninvasive, high soft tissue contrast images with the possibility of 3D volume acquisition. High
soft tissue contrast and volumetric image acquisition are important for quantification of low FFs and for the ability to distinguish different muscles
from each other. Furthermore, accurate quantification of fat infiltration is possible using chemical shift MR, if confounding factors, such as T2*
relaxation, compensation for multiple lipid peaks and T1-weighting bias are taken into consideration and possibly corrected for.*®'* The chemical
shift imaging technique utilizes the different resonance frequencies of water protons and the protons of triglyceride molecules to separate the
water signal from the fat signal.'®

A well-established measurement for MRI-based fat quantification is proton density fat fraction (PDFF), often calculated as the ratio
between the fat signal and the total fat and water signal corrected for the aforementioned confounding factors.*® A common approach to
mitigate the T1-weighting bias is to use a low flip angle (1-3° at 3 T) together with a sufficiently long repetition time (TR). However, the low
flip angle required to avoid T1 bias also lowers the signal-to-noise ratio (SNR). High SNR is crucial when the measured signal is expected to
be low. For example, Hong et al. showed that the reconstruction of noise leads to a false detection of fat within the spleen, an organ
normally without fat deposition.}” The T1 bias can also be corrected for using literature values of the T1-relaxation times for the water and
fat signal.®

Another approach to quantify FF is with fat-referenced chemical shift imaging.}®?° After automatic detection of voxels with pure adipose
tissue within the image followed by a calibration of the fat image using the detected adipose tissue as reference (fat/fat™’), the fat images contain
quantitative information.?* Subsequently, the PDFF can be obtained for each voxel, enabling MFI calculation without information from the water
signal and therefore theoretically invariant to T1 bias. This invariance to T1 bias has also been shown in a small study performed by Peterson

et al.??

SNR can therefore be increased by increasing the flip angle, potentially improving the precision, without decreasing the accuracy of the FF
estimate.

The study by Peterson et al. also reported an increased precision comparing a high flip angle with a low flip angle using the fat-referenced
technique.?? However, the analysis was based only on the standard deviation (SD) in a limited region of interest in a few 2D slices, leading to high
sensitivity to anatomical variation. To distinguish anatomical variation from signal measurement precision, whole-muscle coverage would be
needed.

In the current study we wanted to distinguish signal measurement precision from potential segmentation errors due to noisy images in the
whole-muscle coverage segmentation. Because the fat-referenced method for MFI estimation is T1-invariant, higher flexibility regarding the
choice of flip angle, without increased scan time, is possible. In this study, two flip angles, 5° and 10°, were chosen. A study by Kihn et al. showed
that 10° gave the highest SNR when comparing flip angles of 1, 3, 5, 10 and 20°,'® but also that a 5° flip angle has sufficient SNR to avoid
segmentation errors.

The aim of the current study was therefore to compare FF with fat-referenced MFI using acquisitions with 5° and 10° flip angles to

investigate differences in precision with 3D whole muscle volume coverage.

2 | EXPERIMENTAL
2.1 | Participants

Forty postmenopausal women were included in this study. The mean age + SD was 56 + 6 years, ranging from 45 to 70 years. The mean body
mass index (BMI) was 26.9 + 4.0 kg/m?, ranging from 19.0 to 39.0 kg/m?. The participants were included from an ongoing randomized con-
trolled trial (RCT) study (NCT01987778). One objective of the RCT was to investigate potential changes in body composition after a resistance
training intervention.?® All participants in the RCT who volunteered for an MRI scan were also included in the current study at baseline. The
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RCT study was approved by The Regional Ethical Review Board in Linképing, Sweden (no: 2013/285-31), and all participants provided written
informed consent prior to participating in this study. The study was performed according to the Declaration of Helsinki and Good Clinical
Practice.
Inclusion criteria for participating in the RCT were postmenopausal women aged 45 years or older with low physical activity. A full description

of the inclusion/exclusion criteria for the main RCT is reported in Berin et al.?%

2.2 | Data acquisition

MR images were acquired using a Philips Ingenia 3.0-T scanner (Philips, Best, The Netherlands). Each participant was scanned twice on one occa-
sion. First, two whole-body datasets were acquired using the flip angles 5° and 10°. All other parameter settings were kept constant. After the
first acquisitions, participants were repositioned (i.e. left the scanner room) and the scanning protocol was repeated. In total, four whole-body
datasets were acquired for each participant.

The protocol used a four-point 3D spoiled gradient multiecho acquisition including real and imaginary images for reconstruction. Two total
head-feet coverage (1.76 m) images were acquired using 10 x two (alternating the flip angle) slabs of axial images with a 25-m overlap. The
nonbreath-hold slabs (1 and 7-10) consisted of 66 slices. The breath-hold sequences (2-6) consisted of 39 slices accelerated using a SENSE factor
of 1.6. Each breath hold was 17s, acquired after expiration. The repetition time (TR) was 6.69 ms, the echo times (TEs) were
1.15/2.30/3.45/4.60 ms, and the voxel size was 2.5 x 2.5 x 4 mm? for all slabs. The total acquisition time for each scan was 8 min.

2.3 | Quantification of MFI

I** including T2* correction.**

Water and fat images were reconstructed using phase-sensitive reconstruction?* with a six-peak lipid mode
Calibration of the images into fat-referenced images was performed using consistent intensity inhomogeneity correction (CIIC).2* Briefly, the
technique calibrates the signal by normalizing the local fat signal using spatially close pure fat tissue voxels. Pure adipose tissue voxels are set to
the value 1 and the rest of the image voxels are calibrated, resulting in voxels with information regarding the relative fat content compared with
pure adipose tissue. This calibration produces a quantitative fat image, removing the effects of variations in signal intensity due to, for example,
coils and BO-inhomogeneities.?* Furthermore, correction was made for the artificial amplitude slope that occurs due to the switching gradient
polarities between in-phase and out-of-phase echo in the bipolar data acquisition.?’

The regions of interest were acquired using manually predefined labels that were registered onto the target volume.?® Quality control of the
automatic segmentations was performed and local adjustments were made by a blinded operator, when needed. In total, six different muscle
regions were analyzed in this study: the rectus femoris, anterior thigh and posterior thigh segmented for the left and right side individually. The
anterior and posterior thigh have been shown to provide excellent automatic segmentations.2> Therefore, these regions were interesting to mini-
mize the risk of segmentation errors. In addition, these muscles were also analyzed in the UK Biobank cohort,?” investigating why potential bias in
the measurements could be of high interest. Rectus femoris was analyzed to investigate the repeatability in a muscle that is assumed to have a
low mean fat infiltration in addition to a low anatomical variance.

The left and right side of rectus femoris, anterior thigh and posterior thigh were each pooled together, resulting in three additional muscle
regions. The anterior and posterior thighs were pooled together to acquire the total thigh MFI, resulting in a total of 10 muscle regions.

MFl is defined here as fat infiltration within the part of the muscle where the fat signal is less than 50%. When the muscle definition contains
several muscles (e.g. left anterior thigh), removal of fat signal larger than 50% removes the contribution from intermuscular fat. Furthermore, the
removal also makes MFI more robust to potential oversegmentations into subcutaneous tissue.2 This MFI definition has been used in clinical
studies where fat infiltration in patients with chronic pain have been studied.>* The MFI was calculated as

MFI [%] =0.937- Zprc(MaSk( fRFC < 05)) (1)
> Mask,

where the 0.937 is a scaling by the PDFF of adipose tissue, which is a constant that has been previously used for this purpose in a number
of studies.”?® Mask is the defined region of interest for each specific muscle region and Fat represents the calibrated fat signal image
volume.

The FF is defined as

MGSk( frrc < 05)
FF 7= ZFat<E(fRFC(Mask( frec <0.5) + Water(Mask( frec <0.5))), )
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where Water represents the water signal image volume, calculated to evaluate the influence of T1 bias. Note that this definition requires

fat-referenced signal calibration and was used to ensure the same region of interest as for fat-referenced MFI.

24 | Statistics

Descriptive measurements of the MFI were calculated as mean + SD. The within-subject standard deviation (Sw), that is, the SD of differences

between repeated measurements on the same subject,?’

and limits of agreement, were calculated for fat-referenced MFI and FF at both flip
angles. The within-subject coefficient of variation (wWCV) was calculated as Sw/mean.

To test potential differences in precision and repeatability, the SD of the difference between test and retest was calculated and an F-test was
performed between 5° and 10°. This was done with the assumption that the expected mean of the difference is zero. Therefore, a narrower SD
around the mean would indicate better precision and repeatability.

Histograms over the fat-referenced MFI for all voxels in each segmentation were created to isolate the SNR effects. The full width at half
maximum (FWHM) was calculated for each segmentation and a paired t-test was performed (after testing for normality using the Shapiro-Wilk
test for normality) to test if there were significant differences between the flip angles. Statistical analyses were performed with R version 3.6.1
(The R Foundation).

3 | RESULTS

The reconstructions into calibrated fat and water images were successful for all participants, for both the 5° and 10° flip angles. T1 bias was visi-
ble in the in-phase images, where less contrast between the water and fat channels was present in the 5° data compared with the 10° data. In
Figure 1, in-phase images are shown to illustrate the T1 bias between 5° and 10°. Furthermore, in Figure 1, calibrated fat images are shown to
illustrate the nonvisible difference between 5° and 10°. More examples over a lean (BMI 19 kg/m?) and an obese subject (BMI 33 kg/m?) are illus-
trated in Figure S1.

The automatic segmentation of the six different muscles (bilateral segmentations of rectus femoris, anterior thigh and posterior thigh) were
successful in all four images for all 40 participants. Quality assurance, including adjustments if necessary, was completed for all 960 muscle regions
(40 [subjects] x 6 [regions] x 2 [FA] x 2 [scans]). An example of the segmentation results can be seen in Figure 2.

The mean MFI among all participants at 5° and 10° was 5.5% and 5.2% for the rectus femoris, 7.8% and 7.7% for the anterior thigh, and
11.3% and 11.3% for the posterior thigh, respectively. No significant difference (p = 0.66) in MFI was observed comparing 5° and 10° flip angles
in fat-referenced MRI. MFI from FF was 3.3 percentage points larger for 10° compared with 5° (p < 0.001). A graph showing the mean * SD is
presented in Figure 3. In Figure 4, scatter plots over the MFI value in each voxel at flip angle 5° against 10° of the left rectus femoris for both the
FF and fat-referenced method are shown. While the fat-referenced measurements approximately follow the identity line for all MFI values, those

for the FF tend to overestimate all values not close to zero or one.

FIGURE 1 Transversal slices of the thighs of the participant closest to the mean age and body mass index (BMI) (56-year-old participant with
a BMI of 27.5 kg/m?) from two scans acquired at the same time point alternating the flip angle between 5° (upper row) and 10° (lower row). The
left column shows in-phase images illustrating the T1-effect between 5° and 10°. The right column shows calibrated fat images
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FIGURE 2 The participant closest to the mean age and body mass index (BMI) (56-year-old participant with a BMI of 27.5 kg/m?) was chosen
to visualize (A) whole body coronal slice of the fat + water image, (B) coronal slice illustrating rectus femoris (top), anterior thigh (middle) and
posterior thigh (bottom), and (C) the middle slice for the muscles (top to bottom) right (R) rectus femoris, left (L) rectus femoris, right anterior
thigh, left anterior thigh, right posterior thigh and left posterior thigh

Mean MFI + standard deviation

201

Flip Angle, Method

151 -8 5, Fat Fraction

+ -@- 10, Fat Fraction
+ —A- 5, Fat Referenced
—A

10, Fat Referenced

Muscle Fat Infiltration [%]

FIGURE 3 |lllustration of mean + standard deviation of muscle fat infiltration (MFI) in the 40 participants for all 10 regions of interest
(rectus femoris, anterior thigh and posterior thigh bilateral) and pooled means from left and right on the three muscles and pooled total thigh
based on the anterior and posterior estimates

No differences in wCV (illustrated in Figure 5) or Sw were observed when alternating the flip angle or type of measurement (fat-referenced
or FF) (Table 1). The SD of the difference between test and retest for fat-referenced MFI showed no significant differences between 5° and 10°.
All SDs of the differences are presented in Table 2. The F-ratios between the four different measurements (fat-referenced and FF for whole

volume and middle slice) are illustrated in Figure 6.
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FIGURE 4 A scatter plot of the muscle fat infiltration (MFI) in each muscle of the left rectus femoris muscle in the participant closest to the
mean age and body mass index (BMI) (56-year-old participant with BMI of 27.5 kg/m?). This is shown for fat fraction (blue) and fat-referenced
(triangles). The identity line (dotted black line) and linear fitting of fat fraction data (blue) and fat-referenced data (triangles) are also shown
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FIGURE 5 Within-subject coefficient of variation using two different flip angles (labeled with different colors) for two methods for acquiring
muscle fat infiltration (MFI) (labeled with different shapes) in the 40 participants for all 10 regions of interest (rectus femoris, anterior thigh and
posterior thigh bilateral) and pooled means from left and right on the three muscles and pooled total thigh based on the anterior and posterior
estimates

Figure 7 shows fat-referenced MFI histograms over all voxels in the left anterior thigh. The horizontal lines show where the FWHM distances
were calculated (in % units). The paired t-test between the FWHM distances (Table 3) shows that the FWHM was significantly lower at the flip
angle of 10° compared with 5° in the left and pooled rectus femoris, left, right and pooled anterior thigh, and the total thigh estimate. Table 3
shows t-tests, including the resulting p values and 95% confidence intervals.

4 | DISCUSSION

This study showed that fat-referenced MFI measurements were not affected by T1 bias when increasing the flip angle from 5° and 10°. This is

shown by Figure 3, where the mean MFI at 5° is equal to the mean MFI at 10° for all the included muscle groups. Because the T1 weighting
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TABLE 1 The within-subject coefficient of variation (wCV), the within-subject standard deviation (Sw) and lower and upper limits of

N
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agreement (LoA) for the muscle fat infiltration (MFI) are shown for the 10 different muscles at 5° and 10° for fat-referenced and fat fraction

Measurand Type Flip angle wCV Sw LoA
Left rectus femoris (%) Fat-referenced 5° 19.2 0.99 —2.80 2.73
10° 19.3 0.92 -2.90 1.83
fat fraction 5° 17.7 1.39 -3.92 3.86
10° 17.5 1.81 -5.67 3.68
Right rectus femoris (%) Fat-referenced 5° 13.0 0.76 —-1.87 2.31
10° 18.9 1.06 —3.28 245
Fat fraction 5° 12.7 0.96 -2.34 2.93
10° 17.7 1.47 —4.51 3.48
Pooled rectus femoris (%) Fat-referenced 5 14.9 0.82 -2.19 2.38
10° 16.4 0.85 —2.68 1.73
Fat fraction 5° 14.2 1.10 —2.94 3.20
10° 15.3 1.42 —4.45 2.94
Left anterior thigh (%) Fat-referenced 5° 772 0.61 —-1.72 1.68
10° 6.82 0.53 —1.66 0.88
Fat fraction 5° 7.05 0.78 —2.24 211
10° 6.05 0.89 —2.80 1.46
Right anterior thigh (%) Fat-referenced 5° 5.66 0.43 -1.15 1.23
10° 7.43 0.55 -171 0.83
Fat fraction 5° 5.10 0.51 -1.42 1.47
10° 6.74 0.83 —2.60 1.24
Pooled anterior thigh (%) Fat-referenced 5° 6.06 0.47 —1.30 1.32
10° 6.57 0.50 —-1.55 0.71
Fat fraction 5° 5.51 0.58 —1.65 1.61
10° 5.94 0.80 —2.50 1.15
Left posterior thigh (%) Fat-referenced 5° 3.73 0.43 —1.25 1.19
10° 3.32 0.38 -1.19 0.84
Fat fraction 5° 3.39 0.50 —1.46 1.33
10° 3.20 0.59 -1.83 1.23
Right posterior thigh (%) Fat-referenced 5° 3.81 0.41 —1.25 1.01
10° 4.16 0.45 —1.40 1.01
Fat fraction 5° 3.40 0.48 —1.45 1.16
10° 3.97 0.73 —2.27 1.54
Pooled posterior thigh (%) Fat-referenced 5 3.43 0.38 -1.15 0.99
10° 3.43 0.38 -1.20 0.83
Fat fraction 5° 3.14 0.45 —-1.36 1.14
10° 3.37 0.62 -1.94 1.27
Total thigh (%) Fat-referenced 5° 4.12 0.39 —-1.13 1.06
10° 4.29 0.40 -1.26 0.66
Fat fraction 5° 3.83 0.48 —1.40 1.27
10° 4.10 0.65 —2.04 1.04

is more prominent at 10° than 5°, a higher MFI estimate should have occurred at 10° compared with 5° if the data were affected by T1 bias in the
same way as for FF techniques. Such an overestimation was seen in the FF-based MFI estimate, which is in line with the theory, because that
measurement (Equation 2) is based on both the fat and water signals. In addition, the FF-based MFI was higher than the fat-referenced MFI| even
at 5°, which further suggests a T1-bias invariance of the fat-referenced MFI measurement, even if no true proton density-weighted data were

used in this study.
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angle for both fat-referenced and fat fraction values

Measurand

Left rectus femoris (%)

Right rectus femoris (%)

Pooled rectus femoris (%)

Left anterior thigh (%)

Right anterior thigh (%)

Pooled anterior thigh (%)

Left posterior thigh (%)

Right posterior thigh (%)

Pooled posterior thigh (%)

Total thigh (%)

Significant values (at level 0.05) are shown in bold.

5°) / variance(10°)

variance(

FIGURE 6

Type SD (diff) 5°
Fat-referenced 141
Fat fraction 1.99
Fat-referenced 1.07
Fat fraction 1.34
Fat-referenced 1.17
Fat fraction 1.57
Fat-referenced 0.87
Fat fraction 1.11
Fat-referenced 0.61
Fat fraction 0.74
Fat-referenced 0.67
Fat fraction 0.83
Fat-referenced 0.62
Fat fraction 0.71
Fat-referenced 0.57
Fat fraction 0.67
Fat-referenced 1.16
Fat fraction 0.64
Fat-referenced 0.56
Fat fraction 0.68
F-ratio
A
1.5 A
A A
10fF~=======-~ A" T
A ° ° A
- ® : ° ° . ®
S & & & s & s S8
LA &L R S

SD (diff) 10°
1.21
2.39
1.46
2.03
1.13
1.89
0.65
1.09
0.65
0.98
0.58
0.93
0.52
0.78
0.62
0.97
1.05
0.82
0.49
0.79

Method

@ Fat Fraction,
A Fat Referenced

Standard deviation (SD) of the difference for the muscle fat infiltration (MFI) between test and retest for 5° flip angle and 10° flip

p value
0.34
0.26
0.05
0.02
0.83
0.25
0.07
0.90
0.69
0.08
0.36
0.49
0.27
0.55
0.67
0.02
0.54
0.12
0.44
0.37

F-ratio (variance of the test-retest muscle fat infiltration [MFI] difference of 5° divided by the variance of the test-retest

MFI difference of 10°) for fat-referenced MFI (triangles) and corresponding F-ratios for fat fraction MFI (circles). The dashed line represents an
F-ration of one (i.e. where the variance of 5° equals the variance of 10°)

The effect of the T1 bias when using the FF technique is highest in voxels with intermediate FFs (i.e. with partial volume effects between fat

and water), which can be seen by the arc-shaped distribution of the FF measurements in Figure 4. By contrast, the fat-referenced measurements

are closer to the identity line. This further indicates an insensitivity of T1 bias in the fat-referenced technique.
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FIGURE 7 lllustration of the full width at half maximum (FWHM) of the fat-referenced muscle fat infiltration (MFI) in the left anterior thigh.
The histogram over all voxels in the region of interest is plotted both for 5° (blue line) and 10° (orange line), respectively. The FWHM for this
subject is marked by the horizontal lines for each flip angle, respectively. The participant closest to the mean age and body mass index (BMI)
(56-year-old participant with BMI of 27.5 kg/m?) was chosen

TABLE 3 Paired t-tests comparing 5° against 10° at the full width at half maximum (FWHM) in histogram over the fat-referenced muscle fat
infiltration estimate in each voxel for each muscle region of interest

Measurand t p value 95% confidence interval (% units)
Left rectus femoris 5.89 <0.0001 0.6-1.23
Right rectus femoris 0.93 0.36 —0.23-0.62
Pooled rectus femoris 3.48 0.001 0.23-0.88
Left anterior thigh 4.89 <0.0001 0.28-0.67
Right anterior thigh 3.09 0.003 0.09-0.45
Pooled anterior thigh 5.24 <0.0001 0.23-0.52
Left posterior thigh 0.56 0.58 -0.25-0.14
Right posterior thigh -0.93 0.35 —0.25-0.09
Pooled posterior thigh -1.02 0.31 —0.20-0.07
Total thigh 2.65 0.01 0.04-0.27

Also presented are p values and 95% confidence intervals (in percentage units) for each of the 10 muscle regions. Significant differences (p < 0.05) in the
FWHM measurements are shown in bold.

A quantitative MFI estimate invariant to T1 bias is crucial in multicenter, multimodality and longitudinal acquisitions because slight changes in
parameter settings could affect TR and the actual flip angle and hence also the T1 weighting of the images.

The histogram analysis, illustrated in Figure 7, indicates that there was higher SNR in the 10° flip angle data compared with 5°, even if the dif-
ferences were not visually observable in the images (Figure 1). The MFI measurements were, however, not only dependent on noise, but also on
anatomical variations in the region of interest. This was evident in Table 3 by the significant differences when investigating the middle slice of the
posterior thigh compared with no significant differences when looking at the whole muscle. The effect of anatomical variation needs to be taken
into consideration when analyzing longitudinal MFI changes. Because the anatomical variation in muscles/muscle groups can outpower the vari-
ance from signal noise, it is crucial that the same area of interest is analyzed between the measurements. Therefore, methods including whole
muscle coverage are preferable.

Despite the significantly different noise characteristics between the two flip angles there were no statistically significant differences in terms
of repeatability. This indicates that it is not solely SNR that affects repeatability. Other potential factors that could affect the repeatability are
eddy current effects and B1-inhomogeneites. Both these effects tend to increase with increased field strength and/or stronger gradients. In this
study, we corrected for eddy current effects caused by the bipolar gradient readout. Also, fat-referenced MFI has been shown to be insensitive to

B1 inhomogeneities.>® Looking at Figure 6, we can see a slightly different pattern of the F-ratio between fat-referenced and FF methods, where
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there is a tendency towards higher variance at 5° for the fat-referenced method and vice versa for the FF method. The reason for this might be
that the increase in SNR using a 10° flip angle gives a slightly lower variance. However, for the FF technique, the increase in T1 bias affects the
absolute variance and the influence of increased SNR is not seen.

In a study by Kiihn et al., the maximum SNR was achieved at a flip angle of 10°.1® Different parameters influence the SNR. However, theoret-
ical calculations estimated the maximal signal to be achieved at 10.7° for fat signal and at 6.9° for muscle signal for a spoiled gradient echo
sequence using previously reported T1 values for fat and water®! and a TR equal to 6.69 ms (which was used in the current study). The 5° flip
angle was chosen to decrease the SNR compared with 10° while maintaining high enough signal for sufficient whole-muscle coverage
segmentation.

One limitation to the current study was that only two flip angles were used. This limitation was necessary to limit scan time, while still collect-
ing representative data. The SNR is not linearly dependent on the flip angle and the effect of choosing the higher flip angles of 10° and 5° com-
pared with lower flip angles of 2° and 3° would also have been valuable to assess. Another limitation was that the data were collected using a
protocol that was optimized to give high SNR, in general using multiple echoes and dedicated surface coils at high field strength. A more rapid
scan with lower SNR would possibly be even more affected by different flip angles.

To conclude, the current study showed that fat-referenced MFI was insensitive to T1 weighting and that the higher flip angle provided advan-
tages in noise characteristics. For these reasons, it is suggested to acquire data at a 10° flip angle with whole-volume acquisition when measuring
fat-referenced MFI.
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