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Abstract

BACKGROUND

Proton magnetic resonance spectroscopy (*H MRS) is a technique widely used for
investigating metabolites in humans. Lipids are stored outside the muscle cell are
called extramyocellular lipids (EMCL), and lipids stored on the inside of muscle
cells are called intramyocellular lipids (IMCL). The relationship between
metabolic syndrome and IMCL has been extensively studied.

AIM
To determine the effects of muscle fiber orientations on muscle metabolites using
"H MRS.

METHODS

Chicken muscles were used as the subject in this study. MRS spectra were
performed on a 1.5T Magnetic resonance imaging machine (1.5 Tesla Philips
Achieva). A single voxel (8 mm x 8 mm % 20 mm) was placed on the chicken
extensor iliotibialis lateralis muscle with the muscle fiber oriented at 0°, 30°, 60°,
and 90° to the main magnetic field. 'H MRS spectra were acquired using a point-
resolved spectroscopy, TR = 2000 ms, TE = 30 ms, and NSA = 256. Metabolites of
interest from each orientation to the main magnetic field were compared using
Wilcoxon signed-rank test. Differences less than 0.05 were considered to be
statistically significant with 95%CI.

RESULTS

The metabolite profiles were different for each orientation of muscle fibers to the
main magnetic field. The orientation at 90° was the most different compared to
other orientations. The quantity of IMCL and EMCL exhibited statistically
significantly changes with impacts at 30°, 60°, and 90° when compared with
muscles aligned at 0° to the main magnetic field. Statistical analysis showed
statistically significant IMCL (CH,), EMCL (CH,), and IMCL (CH,) at 30°, 60°, and
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90° (P =0.017, 0.018, and 0.018, respectively) and EMCL (CH,) at 30° and 60° (P =
0.017 and 0.042, respectively). EMCL (CH,) at 90° was unable to be measured in
this study. The muscle lipids quantified at 30°, 60°, and 90° tended to be lower
when compared to 0°.

CONCLUSION

Careful positioning is one of the most important factors to consider when
studying 'H MRS metabolites in muscles to ensure reproducibility and
uniformity of muscle metabolite spectra.

Key words: Proton magnetic resonance spectroscopy; Metabolite; Muscle fiber
orientation; Intramyocellular lipids; Extramyocellular lipids; Magnetic susceptibility

©The Author(s) 2019. Published by Baishideng Publishing Group Inc. All rights reserved.

Core tip: Proton magnetic resonance spectroscopy (*H MRS) is a technique that is widely
used for intramyocellular lipids and extramyocellular lipids quantification in muscles, as
evidenced in various studies. However, different muscle positions can potentially lead to
inconsistency in metabolite quantification and can also impede interpretation of data,
which can lead to misinformation. This study reveals that the muscle orientation at 0°,
30°, 60°, and 90° to the main magnetic field significantly affects the metabolite profile
and quantification. The metabolite profile changes due to the muscle fiber orientation
demonstrate that the positioning potentially causes inaccuracy in "H-MRS spectrum
analysis.

Citation: Pasanta D, Kongseha T, Kothan S. Effects of muscle fiber orientation to main
magnetic field on muscle metabolite profiles for magnetic resonance spectroscopy
acquisition. World J Radiol 2019; 11(1): 1-9

URL: https://www.wjgnet.com/1949-8470/full/v11/i1/1.htm

DOI: https://dx.doi.org/10.4329/wjr.v11.il.1

INTRODUCTION

Proton magnetic resonance spectroscopy (*H MRS) is a technique widely used for
investigating metabolites in humans. With insulin resistance, the body stores more
lipids in various compartments of organs that normally do not contain fat, such as the
liver and muscles. The lipids stored outside muscle cells are called extramyocellular
lipids (EMCL), and lipids stored inside muscle cells are called intramyocellular lipids
(IMCL). Various studies have shown that IMCL levels are inversely associated with
type II diabetes. It is also thought that this relationship is the cause of skeleton muscle
insulin resistance and may be an early sign of defective glucose uptake!"’l. The
relationship between metabolic syndrome and IMCL has been studied extensively.
Unlike muscle biopsy, "H MRS is a noninvasive technique suitable for studies that
require constant follow-ups and has been popular for use in metabolomics research.
Ectopic fat accumulation among various organs, specifically IMCL, is being
investigated to gain a better understanding of the pathological mechanisms!!. The '"H
MRS in muscle is usually performed in lower extremity muscles, such as the tibialis
anterior, soleus, and gastrocnemius, due to their accessibility for MRI positioning.
Nevertheless, much research demonstrates that muscle "H MRS is influenced by the
positioning of the organ of interest!**l. It has also been discovered that the orientation
of muscle with respect to the direction of the main magnetic field (B,) affects residual
dipolar coupling and bulk magnetic susceptibility on spectra profiles, leading to
inconsistencies of metabolite quantification. Hence, it can impede the interpretation
and therefore lead to misinformation!”. Muscle fiber orientation can be determined
from dipolar coupling; however, this is an indirect method for measuring muscle fiber
orientation!".

Currently, there are no studies that directly measure muscle alignment to B, or how
the muscle fibers are aligned to B, as it is impossible to measure the exact angle of
muscle to By in humans.

The purpose of this study is to determine the effects the muscle fiber angle to B, has
on the spectrum profile and to obtain muscle lipid quantification without the effect of
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muscle contraction. This study used extensor iliotibialis lateralis muscles from chicken
thighs as the muscle of interest. Because it is an upper muscle, it is able to give a clear
visualization of the muscle fiber alignment to B,.

MATERIALS AND METHODS
Study subjects

Chicken extensor iliotibialis lateralis muscle was used in this study. A chicken thigh
was purchased at local store and was properly skinned, carefully avoiding any muscle
tissue. Next, the chicken thigh was placed into a sterile package and stored at 4°C
until the time of study.

Data acquisition and analysis

Magnetic resonance imaging with a 1.5 Tesla Philips Achieva (Philips Medical
Systems, Best, the Netherlands) equipped with a knee coil was used for the 'H MRS
spectrum acquisition. The chicken extensor iliotibialis lateralis muscle fiber alignment
was used as the reference point and placed in the middle of the coil, positioned at 0°,
30°, 60°, and 90° to B,. T2-weighted turbo spin echo images in coronal plane and axial
plane of muscle were first acquired for voxel localization. Single-voxel point resolved
spectroscopy pulse sequence was used for spectrum acquisition with TR = 2000 ms,
TE = 30 ms, and NSA = 256 when equipped with automatic shimming. A voxel of size
8 x 8 x 20 mm® was carefully placed on the iliotibialis lateralis muscle, carefully
avoiding any other muscle fasciae, bulk fat, and air, with verification being obtained
from MRI images. Spectra acquisition was repeated 7 times at each angle. All of the
spectra in this study were acquired within two hours.

JMRUI version 6.0 B was used for metabolite peak assignment and analysis""'l.
Spectrum fitting was done by the AMARES algorithm!'? with prior knowledge for line
width, and chemical shifts of each peak were obtained from previous studies!"’l.
Residual water tail was used as the chemical shift reference at 4.72 ppm and then was
suppressed with an HLSVD filtering algorithm!*. The spectrum line shape was
estimated with Lorentzian. The zero order phases were estimated by AMARES, and
first order phase was fixed at zero with data being truncated by two points for
baseline correction. The fitted spectrum showed various peaks of metabolites of
interest in the following manner: IMCL (CH,) at 0.9 ppm, EMCL (CH,) at 1.1 ppm,
IMCL (CH,) at 1.3 ppm, EMCL (CH,) at 1.5 ppm, and creatine (Cr) at 3.02 ppm. IMCL
and EMCL amplitudes fitted by AMARES were calculated into the ratio per signal
intensity of Cr as the internal reference.

Statistical analysis

The data analysis was performed using Origin 8.0 software (OriginLab, Northampton,
MA, United States). The calculated results of spectrum fitting at 0°, 30°, 60°, and 90° of
muscle fiber orientation to B, were compared using Wilcoxon signed-rank test.
Statistically significant differences were those less than 0.05, and there was a 95% level
of confidence based on this testing. Any metabolite that was undetectable or any
measurement that yielded unreliable results by JMRUI was excluded from the
statistical analysis.

RESULTS

Chicken muscle spectra were acquired with a carefully placed voxel on the iliotibialis
lateralis muscle, avoiding other muscle fasciae, bulk fat, and air, at different angles to
B, (Figure 1). In previous nuclear magnetic resonance studies, the chicken pectoral
muscle tissue showed similar spectra and lipid chemical shifts to that of human
muscles!”™. In this study, metabolites of interest were assigned with IMCL (CH,) at 0.9
ppm, EMCL (CH,) at 1.1 ppm, IMCL (CH,) at 1.3 ppm, EMCL (CH,) at 1.5 ppm, and
Cr at 3.02 ppm. This was then quantified with an AMARES algorithm provided by a
JMRUL

The representative spectra profile shown in Figure 2 clearly reveals that muscle
spectra were affected by relative muscle fiber orientation to B,. The spectrum profile
at 0° show more well-defined EMCL and IMCL spectra in both the CH, and CH,
groups. The line widths of IMCL and EMCL in both CH, and CH, groups appear to be
broadening, with an increasing angle of muscle alignment to B, resulting in
overlapping peaks. Additionally, the spectra at 30°, 60°, and 90° appeared to have
smaller signal intensity and higher noise when compared to the spectra from 0°, as
they were multiplied by a factor of 2. However, Cr at 3.02 ppm remained unaffected
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Figure 1 Chicken’s extensor iliotibialis was used to perform muscle quantification for muscle metabolites by
proton magnetic resonance spectroscopy. A: Skinned chicken thigh showing the extensor iliotibialis lateralis
muscle fiber orientation (in the yellow marked area) at various angles (0°, 30°, 60°, and 90°) with regard to the main
magnetic field (B,); B: T2-weighted turbo spin echo MRI images show areas of proton magnetic resonance
spectroscopy voxel placement. B: Main magnetic field direction.

at every angle. The spectrum profile of orientation at 90° was the most different
compared to other orientations. Figure 3 shows the muscle spectrum at 30°, 60°, and
90° subtracted by the baseline at 0°, which revealed drastically different spectrum
profiles with alterations in each angle of muscle fiber from the residual form spectra
subtraction.

The AMARES algorithm with prior knowledge was performed by spectrum fitting
into individual metabolites. Figure 4 shows that the quantification results obtained for
EMCL (CH,) at 1.5 ppm were undetectable for any spectra obtained from 90°
orientation and that EMCL (CH,) was undetectable from 2 spectra at 60°. It appears
likely that the spectrum peak broadening made it difficult to differentiate metabolite
peaks. The IMCL (CH,), EMCL (CH,), IMCL (CH,), and EMCL (CH,) were then
calculated into a ratio to Cr as the internal reference in each spectrum acquired. The
Wilcoxon signed-rank test was used for statistical analysis of lipid ratios to Cr at 0°
and to other angles with P-values < 0.05. Lipid ratios to Cr were significantly different
when comparing spectra at different orientations to 0° (Table 1). However, at 90°, the
EMCL (CH,) peak could not be determined and was excluded from statistical
analysis. EMCL and IMCL ratios to Cr were normalized by the mean lipid ratio at 0°
to access the differences in ratios when compared to the relative muscle fiber
orientation at 0°. The bar graph in Figure 5 demonstrates that the lipid ratios at
different angles tended to be lower when compared to lipid ratios obtained at 0°. The
comparisons between 0° and at 30°, 60°, and 90° were performed with Wilcoxon
signed-rank test and were found to be significantly different from EMCL and IMCL
ratios that were obtained from orientations at 0° in every muscle orientation (P-value
<0.05).

DISCUSSION

Muscle 'H MRS spectra are known for their unique characteristics, such as dipolar
coupling and bulk magnetic susceptibility. Bulk susceptibility was observed to be
involved with separation of the EMCL and IMCL peaks, while residual dipolar
coupling influenced the resonance of Cr and phosphocreatine. Both dipolar couplings
and bulk magnetic susceptibility are orientation dependent. The dipolar coupling
effect the aqueous metabolite, while the bulk magnetic susceptibility effects are seen
on orientation-dependent structures such as EMCL.

Bulk magnetic susceptibility is an effect that depends on orientation and tissue
type, causing nuclei to differently experience the magnetic fields from the external
B,l"l. Our study has shown that the effects of bulk magnetic susceptibility are caused
by orientation with B,. The IMCL and EMCL qualification was affected by the muscle
orientation to B,. Bulk magnetic susceptibility plays an important role in
differentiating IMCL and EMCL resonance peaks, and causes wider spectrum bands,
leading to shifts of resonance peaks that can affect the EMCL resonance. The results of
the EMCL/Cr ratios in this study appear to be consistent with wider standard
deviation (SD) values that are obtained when compared to IMCL/Cr taken from the
same angle to B,.

In this study, the spectra obtained at the other angles appear to have smaller
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Chemical shift (ppm)

Figure 2 Original proton magnetic resonance spectroscopy spectra at different angles. Muscle spectra at 0°
are shown with spectra oriented at 30°, 60°, and 90° multiplied by a factor of 2. The spectrum at 0° showed the most-
well defined lipid peaks IMCL (CH,), EMCL (CH,), IMCL (CH,), and EMCL (CH,). EMCL: Extramyocellular lipids;
IMCL: Intramyocellular lipids.

amplitudes when compared to those taken at 0°. Cr is able to pass through cell
membranes and therefore is not affected by muscle alignment with the main magnetic
field. EMCL is more affected by positioning because of the EMCL environment, which
is attached to muscle fiber, and because it is orientation dependent. IMCL can rotate
in muscle cytosol in an aqueous state and can therefore average bulk magnetic
susceptibility effects!'>'”l. In this study, spectrum profiles were different for each
orientation of muscle fibers to the main magnetic field. The results suggest that the "H
MRS spectrum was affected not only by pennation angle, as observed in earlier
studies” but also by the relative muscle alignment to B,

Any prior knowledge concerning AMARES algorithms is known to improve
metabolite quantification, but it also potentially causes error if the spectrum that was
fitted is not a typical spectrum profile. A possible explanation for these results may be
because the prior knowledge in the algorithm was obtained from typical human
muscle spectrum, while spectrum profiles taken from various positions and
orientations of muscle will tend to have peaks that are overlapped, and therefore are
almost indistinguishable. This is particularly true for IMCL and EMCL resonance
frequencies that were affected by bulk magnetic susceptibility.

These changes in spectrum profiles lead to inaccuracies in metabolite
quantification. Different positions with the same qualification algorithms can lead to
inaccuracies in metabolite quantification as well. This phenomenon occurs because
prior knowledge and the metabolite qualification of metabolites was taken from
typical orientations or from a muscle that almost parallels the main magnetic field,
such as the tibialis anterior. It is impossible and unlikely to obtain a typical spectrum
or prior knowledge from each and every angle. Additionally, the metabolites need to
be studied in various muscles for various reasons, especially in deep muscles that are
difficult to biopsy. It is important to set a universal standard for muscle orientation in
"H MRS or to obtain a typical spectrum for each muscle of interest to reduce any
potential errors and to increase reproducibility.

However, this study observed only small changes from Cr at 3.02 ppm, which was
possibly caused by the group rotation of a Cr methyl group that averages these effects
out. While phosphocreatine peaks occurred at 4.1 ppm, there were no splitting peaks
from any residual dipolar coupling effects. In agreement with previous studies, the
residual dipolar coupling vanished after 1-2 h postmortem. This was approximately
the same time at which phosphocreatine depletion occurred from energy failure!'"l.
Our results demonstrated that bulk magnetic susceptibility may play a vital role in the
separation and qualification of IMCL and EMCL, without the effects being caused
from muscle contraction and residual dipolar coupling.

This present study also indicates the effects of muscle orientation on 'H MRS
spectrum data acquired from clinical field evidence and from other species. These
results agree with the findings of other studies!"” in that bulk magnetic susceptibility
is not exclusively seen in human muscles but is also found in both other mammals
and poultry. This tendency occurs even when considering any observed bulk
magnetic susceptibility that persists even for postmortem 'H MRS muscle spectra. A
limitation of this pilot study that needs to be acknowledged is that the sample size is
relatively small, and data were acquired from chickens with no diet control prior to
the study. Additionally, there have been no previous studies done on any of the
factors that affect IMCL and EMCL levels in chickens. Furthermore, prior knowledge
for AMARES algorithms was obtained from human muscles, which can potentially
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Baseline

0°-0°

30°-0°

60°-0° "’\/\/Mfw\f—-u

90°-0°

Chemical shift (ppm)

Figure 3 Muscle metabolite spectra at 30°, 60°, and 90° subtracted from baseline set at 0°. Muscle spectra at
30°, 60°, and 90° without multiplied factors are subtracted from spectrum baseline at 0°.

cause quantification errors.

After taking these variables into account, these findings confirm previous findings
and provide additional evidence suggesting that muscle spectra can be affected by the
relative muscle orientation to the main magnetic field. Taken together, these findings
indicate that these variables of muscle orientation must be taken into consideration.
There are limitations in this study, such as the small number of samples and the small
size of chicken muscles compared to human muscle. In conclusion, the metabolite
profile changes are due to the muscle fiber orientation, which demonstrates that
positioning potentially causes inaccuracies in 'H-MRS spectrum analysis.
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Table 1 The median (25"-75" percentile) values of IMCL (CH,), EMCL (CH,), IMCL (CH,), and EMCL (CH,) ratios to creatine with the

muscle positioned at 0°, 30°, 60°, and 90° to the main magnetic field

Metabolite
Angle
IMCL (CH,), 0.9 ppm Pvalue EMCL (CH,),1.1 ppm Pvalue IMCL (CH,),1.3ppm Pvalue EMCL (CH,),1.5ppm P value
0° 1.44 (1.36-1.47) - 4.25 (4.22-5.35) - 2.96 (2.53-2.99) - 3.08 (2.09-3.46) -
30° 0.80 (0.77-0.81) 0.017° 1.23 (1.16-1.33) 0.017° 0.55 (0.46-0.60) 0.017° 0.28 (0.04-0.44) 0.017°
60° 1.15 (0.86-1.19) 0.018" 2.03 (1.69-2.08) 0.018" 0.77 (0.68-0.91) 0.018" 0.04 (0.04-0.11) 0.042°
90° 0.64 (0.62-0.64) 0.018" 1.29 (1.27-1.32) 0.018° 0.30 (0.72-0.31) 0.018" = -

The P-value shows the comparison between the metabolite ratios to creatine at 0° vs the different angles, as determined by Wilcoxon signed-rank test (n =
7). Data are expressed as medians (2575t percentiles).

P-value < 0.05, significantly different.

EMCL: Extramyocellular lipids; IMCL: Intramyocellular lipids.

IMCL (CH,)

EMCL (CH,) EMCL (CH3)
/ 3
__IMCL (CHs)
0° w1 Creatine

~ IMCL (CH, EMCL (CH;)
Creatine~__ EMCL IMCL (CH5)

300 %38 (CH,
IMCL (CH,) EMCL (CH;)
Creatine\ EMCL ™ —IMCL (CHy)

60°  x3.8 (CH

) IMCL (CH,) EMCL (CH;)
o0 ‘38 Creatine ~__ /\ V= ML (cHy)
Il Il 1 Il Il Il 1 1

6 5 4 3 2 1 0 -1
Chemical shift (ppm)

Figure 4 Metabolites identified by AMARES algorithm. Metabolites are shown in the following quantities: IMCL (CH,) at 0.9 ppm, EMCL (CH,) at 1.1 ppm, IMCL
(CH,) at 1.3 ppm, EMCL (CH,) at 1.5 ppm, and creatine at 3.02 ppm. At 30°, 60°, and 90°, spectra were shown by a factor of 3.8. Spectrum of muscle positioned at
90° to the main magnetic field was unable to be identified for EMCL (CH,) at 1.5 ppm. EMCL: Extramyocellular lipids; IMCL: Intramyocellular lipids.

. 0°

120

100

Ratio to 0°
[o2) o
o o

D
o

N
o

o

IMCL (CH;) EMCL (CH,) IMCL (CH,) EMCL (CH,)

Figure 5 Metabolites at different angle ratios to muscle metabolite at 0°. Each lipid (IMCL (CH,), EMCL (CH,), IMCL (CH,), and EMCL (CH,)) was calculated as
a ratio to creatine and then was normalized with the average of lipid/Cr ratio set at 0°. At 30°, 60°, and 90°, there was a tendency for the ratio to decrease when
compared to 0°. The comparisons between 0° and the different angles were performed using Wilcoxon signed-rank test with *P-value < 0.05 being significantly
different. Cr: Creatine; EMCL: Extramyocellular lipids; IMCL: Intramyocellular lipids.

ARTICLE HIGHLIGHTS

Research background

Proton magnetic resonance spectroscopy (*H MRS) is a technique widely used for investigating
metabolites in humans. Lipids that are stored outside the muscle cell are called extramyocellular
lipids (EMCL), and lipids stored on the inside of muscle cells are called intramyocellular lipids
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(IMCL). The relationship between metabolic syndrome and IMCL has been extensively studied.
However, muscle position in relation to the main magnetic field can affect spectra profiles,
leading to inconsistency of metabolite quantification, which can then lead to misinterpretation.

Research motivation

There is no current study that has directly measured muscle alignment to the main magnetic
field or how the muscle fibers are aligned between studies, as it is impossible exactly measure
the angle of muscle relative to the main magnetic field in humans.

Research objectives

To determine the effects of the muscle fiber angle to the main magnetic field for obtaining
spectrum profiles and muscle lipid quantification without the effects of muscle contraction. This
study used extensor iliotibialis lateralis muscles taken from the thigh of a chicken as the muscle
of interest. Since it is the uppermost muscle, it provides a clear visualization of the muscle fiber
alignment related to the main magnetic field.

Research methods

Chicken extensor iliotibialis lateralis muscles were used as the muscle of interest in this study.
Magnetic resonance imaging (1.5 Tesla Philips Achieva) was used for the '"H MRS spectrum
acquisition. The chicken extensor iliotibialis lateralis muscle fiber alignment was used as the
reference and was place in the middle of the coil, positioned at 0°, 30°, 60°, and 90° to the main
magnetic field. Single voxel Point Resolved Spectroscopy pulse sequence was used for spectrum
acquisition, having a voxel size of 8 mm x 8 mm x 20 mm. It was carefully placed on the
iliotibialis lateralis muscle. Spectra acquisition was repeated 7 times for each angle. JMRUI
version 6.0 B was used for metabolite peak assignment and analysis. Spectrum fitting was done
by an AMARES algorithm with prior knowledge. The fitted spectrum showed various peaks of
metabolites of interest in the following manner: IMCL (CHj;) at 0.9 ppm, EMCL (CH,) at 1.1 ppm,
IMCL (CH,) at 1.3 ppm, EMCL (CH,) at 1.5 ppm, and Cr at 3.02 ppm. IMCL and EMCL
amplitudes fitted by AMARES were calculated into the ratio per signal intensity of Cr in each
spectrum as the internal reference. The results of spectrum fitting at 0°, 30°, 60°, and 90° of
muscle fiber orientation to the main magnetic field were compared using Wilcoxon signed-rank
test.

Research results

The results showed that the metabolite profiles in each orientation of muscle fiber to the main
magnetic field were different. The orientation at 90° was the most different compared to the
other orientations. The quantity of muscle metabolites was statistically significantly changed at
30°, 60°, and 90° of muscle fiber relative to the main magnetic field when compared to 0° relative
to the main magnetic field. Statistical analysis showed statistically significant differences for
IMCL (CH,), EMCL (CH,), IMCL (CH,) at 30°, 60°, and 90° (P = 0.017, 0.018, and 0.018,
respectively) and EMCL (CH,) at 30° and 60° (P = 0.017 and 0.042, respectively). EMCL (CH,) at
90° was unable to be measured in this study. Furthermore, the muscle lipids quantified at 30°,
60°, and 90° tended to be lower when compared to 0°. The metabolite profile changed due to the
muscle fiber orientation, indicating that positioning potentially causes inaccuracies in 'H-MRS
spectrum analysis.

Research conclusions

This study has determined that the basic muscle orientations to the main magnetic field can and
do affect "THMRS spectrum profiles and quantification. Muscle orientation is often treated with
less care in studies on 'TH MRS. These metabolite profile changes are due to the muscle fiber
orientation, which demonstrates that the positioning potentially causes inaccuracy in 'TH-MRS
spectrum analysis.

Research perspectives

TH MRS practitioners and users need to be especially careful when positioning any muscles or
any organs of interest in order to reduce error, to be able to compare spectrum results across
various institutions and to ensure reproducibility and uniformity.
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