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ABSTRACT

Introduction: Proton magnetic resonance spectroscopy ("H-MRS) is an advanced magnetic resonance imaging (MRI)
technique that permits the molecular characterization by detecting signals of the water, lipids, and metabolites such
as lactate, N-acetyl aspartate (NAA), glutamine, creatinine (Cr), and choline (Cho) in the region of interest. "H-MRS
technique has widely explored the area in the brain, breast, prostate, and optical radiation. However, there are lim-
ited literature on MR spectroscopy techniques in musculoskeletal (MSK). The primary purpose of this pilot study is
to evaluate lower limb muscles strength pre-and post-resistance straining in lightly active subjects using single-voxel
'"H-MRS with different voxel sizes. Methods: The study examined the vastus lateralis muscle of nine male adults 18-
26 years of age, body mass index (BMI) = 21.9-38.0 kg/m?. Each subject underwent 1.5 T single voxel, short echo
time, point resolved proton MRS at pre- and post- resistance training. Results: The Wilcoxon signed-rank test was
performed and was found no significant difference between 20 mm? and 30mm? voxel size for NAA, Cr, and Cho
for pre- and post-resistance training. Conclusion: The finding of this study shows no improvement of the metabolite’s
quantification from two different sizes of a voxel. However, it may be helpful to explore a different aspect of tech-
nique in 'H-MRS imaging to investigate the muscle size, volume, and musculoskeletal properties with significant
conditions such as musculoskeletal diseases, muscle injuries as well as in sports sciences.
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INTRODUCTION

Magnetic resonance imaging (MRI) has a distinctive
ability to delineate soft tissues with excellent contrast
and measure chemical and structural changes non-
invasively. It is also promising and potentially being
used to develop imaging biomarkers of physiological
processes and the assessment of pathologies. Therefore,
MRI has become a chosen modality for musculoskeletal
tumor assessments, mainly in defining tumor extent
using conventional pulse sequences and its ability to
characterise the distribution pattern and the severity
of changes (1). Moreover, the latest advanced MR
sequences provide quantitative measurements for
analyzing disease progression, response to therapy,

and evaluating the pathophysiological level of disease
processes. In addition to that, advanced MR techniques
such as proton spectroscopy can provide metabolic
information by measuring metabolites produced in
a large quantities by malignant tumors, thus, MR
spectroscopy can differentiate benign from malignant
tumors in both pre-surgical and post-treatment settings

(2).

MR spectroscopy (MRS) can evaluate the microstructural
of water diffusivity and intramyocellular lipid content (3).
MRS enables non-invasive molecular characterization of
a region of interest by detecting water, lipids, and other
metabolite signals such as N-acetyl aspartate (NAA),
Creatine (Cr), and Choline (Cho) (2). In comparison to
other MR techniques, MRS can provide information
relating to the chemical microenvironment from atomic
nuclei in various groups (4). This property helps detect
changes in metabolites concentration to evaluate healthy
tissues and pathological processes (5). Kachramanoglou
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et al (2014) reported that MRS can demonstrate the
abnormal concentration of metabolites caused by
pathological processes. MRS is proficient in measuring
mitochondrial function where it can determine the
energetic state of the cell. These studies promised that
MRS is useful in evaluating metabolites changes in the
musculoskeletal (6).

The movement of a human body depends heavily on
the integrity of the muscle and skeletal bones. Muscle
and bones demanded metabolism mechanisms from the
mitochondria to boost movement energy. The muscles
take up almost 30% of the metabolism rate in the
human body at the resting state (7). Resistance training is
effective at increasing muscle mass (5). A study has been
conducted using electromyography (EMG) assessment to
take advantage of the muscle manifestations have been
conducted between the vastus lateralis and medialis
muscles which reported consistent with the finding from
biopsy studies (8). Wcisto et al. ( 2014) piloted a study
using 31-Phosphorus MRS before and after exercise on
the lower calf and reported no significant difference
in the concentration of the remaining metabolites (9).
However, 31-P MRS is considered a promising tool but
required improvement in its techniques. Proton magnetic
resonance spectroscopy ("H-MRS) is widely used for the
heart muscle, brain, breast, and prostate(1, 10-12), but
there are limited works of literature on skeletal muscle
(13,14).

The cell metabolism of the vastus lateralis muscle relies
on the enzyme of the activity between males and females
(15) .The microvascular function in the lower leg and
slight brief of contraction could altered the metabolites
involves during the exercise due to muscle oxidative
capacity (16). The main importance of using "H-MRS is
to identify and quantify the metabolites (17) that peaks
other than water and fat. Using a bigger voxel on a
subject with a small size of vastus lateralis muscle could
bring a false reading of metabolites. The smaller voxel
is favorable to avoid overlapping adjacent structures
from the region of interest (18) . It also comes in handy
to prevent the voxel placement near the area artifact or
implant. The variation of voxel sizes is also desirable
to compensate in-cooperative patients, and when time
is limited. However, different voxel size affects the
scanning time. Besides, a larger voxel deteriorates when
echo time (TE) is short.

Numerus MR spectroscopy studies in Malaysia focused
on evaluating neuro-metabolite changes in patients
with mild traumatic brain injury and metabolite
concentration in human optical radiation (19,20). To
date, there is no research on the use of MR spectroscopy
in the muscular-skeletal system and no study on MRS
scanning parameters that highlight the benefits of
different voxel sizes of "TH-MRS spectra acquisition from
the cell metabolism responsible for musculoskeletal
movement from exercises. Therefore, the primary

purpose of this pilot study is to assess the effectiveness
of single-voxel magnetic resonance spectroscopy
("H-MRS) in assessing patients’ lower limb muscles
with different voxel sizes. The study focused to measure
metabolite changes, N-acetyl aspartate (NAA), Choline
(Cho) and Creatine (Cr) in the vastus lateralis muscles
pre- and post-resistance training using 1.5T MRI system
in lightly active male subjects. This study will benefit as
a preliminary finding in determining the usefulness of
"H-MRS imaging protocol in the musculoskeletal system
and substantiating the assertion that exercise affect
metabolites in the skeletal muscle.

MATERTIALS AND METHODS

Subject recruitment

This was a prospective study that involved pre- and
post- resistance training. All the subjects volunteered to
participate in the study. The recruitment was conducted
via social media and instant messaging. A total of nine
lightly active males between the ages 18-26-year-old
with ideal body mass index (BMI) at approximately
18.90- 29.9 kg/m2. All the subjects self-reported no
regular intense exercise other than walking around the
campus and being lightly active. Before the subject
recruitment, a subject information sheet and consent
form were provided to all subjects. The subjects were
brief about the MR safety and the possible risk and
injury from performing the resistance training. The
safety screening was conducted verbally and recorded
on the MR safety checklist. The study was approved by
the Universiti Teknologi MARA (UiTM) research ethics
committee and adhered to the Declaration of Helsinki
1964.

Study setting

The MR images and spectra were acquired using a 1.5
Tesla MRI machine (Magnetom Aera, Siemens, Erlangen,
Germany) using a four-element body coil available at
Clinical Training Centre (CTC) Faculty of Medicine,
Universiti Teknologi MARA (UiTM) Sungai Buloh. The
integrity of the coil was secured using a strap and a
laser beam was centered from the knee joint down to
the ankle joint. Subject performed the exercises at the
gymnasium available at the residential hostel near the
MR facility. The nearest gym was selected to ensure the
subjects undergo MR scanning immediately after the
workout to preserve the data acquired from the post-
training scanning. Pre-training MR scanning held with
the subject in resting condition. Then, the subjects were
brought into the gym. They must complete several sets of
an exercise to stimulate the cell metabolism of the lower
limb muscles. After the completion of the resistance
training, subjects were informed to go to the MR scanner
room for the image acquisition.

Resistance Training
With a supervision and advise by a certified
physiotherapist, subjects were instructed to do strength
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training of the lower leg. Resistance training is an
efficient method to improve muscle strength, muscle
mass and combat metabolic syndrome (19,20). The
exercise was open chained exercises that must include
vastus lateralis muscle, predominantly in the lower
limbs. The subjects begin by doing leg muscle warm-
up exercises and strength training. Warming up exercise
is vital to make sure the excellent blood flow to the
muscles, helps loosens the joints, and prevent them
from acute injuries such as sprains. During the warm-up
exercise, subjects were required to lift their right foot
and begin to swing it back and forth in standing position.
Subjects were advised to ensure the abdominal muscle
contracted and the affected leg was fully extended and
straight without moving the torso part. The exercise was
repeated for 20 times before switching to the left leg.
The standing leg curl exercise was incorporated in the
strength training. In standing position, both legs of the
subject are required to extended straight. This position
was the starting position for the subjects. Then, subjects
were required to exhale whilst maximizing their lung
capacity as their right leg raise. Subjects must hold the
position for a couple 10 seconds and then inhale as they
slowly lower their right leg back to the starting position.
The procedure was repeated until it was completed,
with each set consisting of 10 repetitions for 30 minutes
per subject or until the subject became fatigued (19, 21).
Table | contains a list of the exercises.

Table 1: Resistance training. Exercises performed by the subject.

Description of the exercise Number of
repetitions
Warm-up exercise
Leg swings  Stand up straight and raise one 20 x/side

leg. Gently swing the leg back
and forth while contracting the
abs and not moving the torso.

Strength training

10 x/side for
30 minutes

Standing leg  Remain standing with both
curl legs extended. Raise one leg
and hold for 10 seconds while
exhaling. Then, inhale slowly as
subject lower his leg back to the
starting position.

MRI and "H-MRS protocols

The MRI and "H-MRS scans were performed on the
thigh with a four-element body coil to include the vastus
lateralis muscle. The scan performed pre- and post-
resistance training. Within this study, several acquisition
parameters were fixed, and these included the use of
fish oil as a marker, patient positioning, type of coil,
and the post-acquisition image processing. Localizer
scanning were performed on all the subjects to localize
and planning for the subsequence MR sequence

A Single-voxel spectra used in this study by using the
point-resolved spectroscopy sequence (PRESS) and the
parameters for '"H-MRS are TR of 2000 ms and TE of
31 ms, eight acquisitions and eight phase steps (13).

A voxel size of 30mm? and 20mm? was placed within
the vastus lateralis of subjects. The voxel position
determined by using corresponding axial T2 spin echo
(SE) weighted MR images with TR of 3500 ms, TE of
100 ms, slice thickness of 6 mm, field of view (FOV) of
20 cm and acquisition (Acq) time of 4 minutes. Those
voxel sizes and the position maintained uniformly for
all subjects. The location of the voxel was placed on
the pre-determined muscle to deviate from the blood
vessels, subcutaneous, adipose tissue, and adjacent
muscles area (Figure 1). The values of NAA, Cr and Cho
metabolites spectral peaks were recorded. The spectral
peaks from the individual metabolites are expressed
as parts-per-million (ppm). The values for the targeted
metabolites was compared for pre- and post-training to
identify any changes to the vastus lateralis muscles mass
(13).

Figure 1: Size and Location of the voxel. (a) A MRI T2 weight-
ed image with voxel size of 20 mm? (white box) and (b) voxel
size of 30 mm? (white box) in the vastus lateralis muscle.

Statistical Analysis

All the data were analyses using IBM Statistical Package
for Social Science (SPSS) (Armonk, NY) version 24.0
software. Descriptive analysis and a Shapiro-Wilk test
was performed to assess the data normality. A Wilcoxon
signed ranks test was conducted to compare the voxel
size for each metabolite (NAA, Cr and Cho) pre- and
post-training for the subjects. The statistical significance
was defined by p<0.05.

Ethical Clearance

This study was approved by Universiti Teknologi MARA
(UiTM) Research Ethics Committee with the reference
number REC/257/19.

RESULTS

The result from this study comprised of the differences
between the pre- and post-resistance training metabolites
reading obtained using the 20 mm?* and 30 mm? voxel
size (Table Il), along Figure 2 show an axial MRI image
of voxel localization in the vastus lateralis muscle, and
the "H-MRS spectra in parts per million (ppm).

N-acetyl aspartate (NAA) pre-exercise and post-
exercise of 20mm?® and 30mm? voxel size
The N-acetyl aspartate (NAA) metabolite value of
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Table Il: Pre- and post-resistance training metabolite values. NAA, Cr
and Cho metabolite values at pre- and post-resistance training in the
vastus lateralis muscle using 20 mm?*and 30 mm? voxel size.

Voxel Size 20 mm? p-value
Mean = Standard Deviation (SD)
Muscle - Metabolites . .
Pre-training Post-training
Vastus lateralis - NAA 2.15+0.07 2.16 £ 0.012 0.49
Vastus lateralis - Cr 3.04 £ 0.01 3.06 £ 0.03 0.13
Vastus lateralis - Cho 3.24 +0.04 3.22£0.018 0.29
Voxel Size 30 mm? p-value
Mean = Standard Deviation (SD)
Muscle - Metabolites . .
Pre-training Post-training
Vastus lateralis - NAA 2.16 £ 0.12 2.19 £ 0.02 0.34
Vastus lateralis - Cr 3.05 +0.03 3.04 £ 0.02 0.28
Vastus lateralis - Cho 3.24 +£0.04 3.22+0.018 0.24

Figure 2: Axial MRI and 1TH-MRS images of vastus lateralis
muscle. (a) A MRI T2 weighted image and the voxel localiza-
tion (white box) are shown and the vastus lateralis curve from
TH-MRS, showing peaks of the NAA, Cr and CHO metabo-
lite of a lightly active subject pre-resistance training (b) and
post-resistance training (c)

pre- and post-training using 20 mm? voxel size were
2.15 ppm and 2.16 ppm, respectively. The standard
deviation of pre- and post-training was 0.07 ppm and
0.012 ppm, respectively. Whereas for scanning utilizing
the 30 mm?® voxel size demonstrated the metabolite
value of pre- and post-training at 2.16 ppm and 2.19
ppm and the standard deviation at 0.12 ppm and 0.02
ppm, respectively. There was no significant difference
for NAA concentration for voxel size at 20 mm?® and
30mm?. This result suggests that metabolite reading
of NAA for pre- and post-training is deviated from the
normality. A Wilcoxon signed-rank test was performed
and found no statistically significant difference in NAA
concentration between pre- and post-training 20 mm?
(Z =-0.677, p = 0.498) and for 30 mm? voxel size (Z =
-0.949, p = 0.343).

Creatine (Cr) Pre-Exercise and Post-Exercise of 20mm?
and 30mm?® Voxel size

The metabolite value of Creatine (Cr) collected for pre-
and post- training was 3.04 ppm and 3.06 ppm with the
reported standard deviation at 0.01 ppm and 0.03ppm
for voxel size at 20 mm?’. However, at 30 mm? voxel
size, the Cr concentration was reported at 3.05 ppm
and 3.04 ppm, and standard deviation 0.03 and 0.02.
A Shapiro-Wilk test was performed and showed that
the distribution of Cr for voxel size at 20 mm? is not
normally distributed (p = 0.01) but show evidence of
normality for voxel size at 30 mm?® (p = 0.353). Since
the assumption is disagree, Wilcoxon Signed Rank Test
was performed and reported no significant difference of
Cr spectral peak between 20 mm? (Z =-1.49, p = 0.136)
and 30 mm?® (Z = -1.06. p = 0.288) voxel sizes in this
study.

Choline (Cho) pre-exercise and post-exercise of 20mm?
and 30mm? voxel size

The metabolite value of Choline (Cho) pre- and post-
training using 20mm?® and 30mm?® voxel size was
3.24 ppm and 3.22 ppm, respectively. The standard
deviation of 20mm?* and 30mm?® voxel size was 0.04
ppm and 0.018 ppm, respectively. There was not a
significant difference in the spectral peak of Cho for
pre- and post-training of 20mm? and 30mm? voxel size
voxel size because it is not normally distributed. A
Wilcoxon signed-rank test was conducted to determine
the amount of Cho peaks and found that there was no
significant changes in each participant’s lower leg for
pre-and post-exercise for 20 mm?® (Z = -1.057, p = 0.29)
and 30 mm?* (Z=-1.17, p = 0.24).

DISCUSSION

The Wilcoxon Signed Ranks Test result of the statistical
test showed that there was no significant difference in
metabolites reading between pre- and post-resistance
training MRS scanning for both 20 mm?* and 30 mm? voxel
sizes. Presence of mitochondriainthe muscle has enabled
the measurement of the metabolites changes that help in
energy metabolism (22). However, during exercise, both
anaerobic and aerobic channels activated. According to
Saltin et al., (2010) the activation of the channels results
in difficulty to measure the ATP production that leads
to more complex channels of phosphocreatine (PCr)
hydrolysis, oxidative phosphorylatin, and glycolysis(23).
Due to small chemical shift range in which the
metabolites resonate, the changes in post-exercise
metabolite readings became insignificant because many
of the metabolite’s resonances overlapped, obscuring
their presence (24). The visibility of acetylcarnitine has
been observed using long TE for the skeletal muscle
(25). Based on the research, in the conventional short-
TE spectroscopy, the peak of metabolites at 2.13 ppm
was covered by broad lipid resonances (25). However,
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the spectrum of the metabolites appears as a single,
sharp, and symmetrical peak when a long TE used in the
spectroscopy scanning protocol. It also recommended
using at least 3T MRI machine to make sure the higher
sensitivity of metabolites detection. It was also suggested
that at least a 3T MRI machine be used to ensure
higher sensitivity of metabolite detection. Nonetheless,
higher magnetic strength does not guarantee absolute
quantification of metabolites (26).

The Wilcoxon Signed Ranks Test result of the statistical
test showed that there was no significant difference of
metabolites reading between pre-training 20 mm? to 30
mm?* voxels sizes scanning and post-training 20 mm?
to 30 mm? voxels sizes scanning. The finding in this
study shows that the size of voxel has a significant cost
to the signal to noise (SNR) ratio of the scanning. The
relationship between the SNR and the metabolites is
directly proportional. SNR of metabolites increases with
an increase in the voxel size (27) . In this research, both
sizes of voxel were chosen according to the SNR range.
The 20 mm? and 30 mm?® voxel size produced SNR that
lies within the optimum range. The importance of the
different size of a voxel is to compensate the size of the
voxel with the size of the volume of interest (VOI) and
avoiding voxel bleeding from occurring. A study utilizing
phosphor MR spectroscopy (31P-MRS) reported that the
adjacent temporal lobe structures cannot be avoided
during the placement of bigger size voxel (27). As a
recommendation to improve the diagnostic accuracy
of the MRS scanning, data acquisition with higher SNR
but with smaller voxel size is needed. This current MRS
with semi-quantitation study using metabolites ratio is
limited to the relation of SNR and size of the voxel (27).
This variation size of voxels is essential to compensate
the variation of the size of the lower limb muscles and
to improve the performance of MRS as a useful and
promising diagnostic tool in the evaluation of abnormal
of MSK. The study of MRS of MSK profoundly affected
by the size of the voxel. As mentioned before, the small
size of the voxel is required to be able to examine the
structure correctly according to the VOI. Hence, the
SNR reduces as the size of voxel reduces.

Using a bigger sample size is recommended in improving
the result of the statistical test. Participating more
subjects involved in this study can better understand
the effectiveness of MRS in evaluating vastus lateralis
muscle. Due to the long scanning time, the study
needed a more extended time from the recruitment
until the scanning procedure. The proper planning and
scheduled scanning need to be prepared to compensate
for the increasing number of subjects and the hospital
schedule.

MRI and "H-MRS showed the impressive result in the
assessment of vastus lateralis muscle among the lightly
active subject. The purpose of this study was to add to
the assumption that 'H-MRS is one of the modalities

capable of diagnosing lower limb muscle abnormalities,
in addition to invasive tissue biopsy. The improvement
to the "H-MRS scanning protocol has proven to be useful
in evaluating metabolite changes. The study shows that
"H-MRS can read metabolites changes in vastus lateralis
muscle with different voxel sizes. MRI can measure
the different size of lower limb muscle before and after
exercise, which is also evident in another study that
was conducted to evaluate semitendinosus muscle
(13). Even though the metabolite values pre- and post-
resistance training in this study were not statistically
significant, implementing the recommendations given
may improve the data in a future study, and '"H-MRS can
be a non-invasive method for providing metabolite and
physiological information concerning MSK anomaly.

CONCLUSION

The protocol of this study used the basic principle of
MRS by applying short TE and long TR to acquire data.
Due to the overlapping of the signal of metabolites
by the activities of mitochondria after the exercise in
the muscle, the metabolites reading cannot be detect
correctly. Thus, causing the indifferences of metabolites
reading during pre- exercise and post-exercise. Longer
TE in the protocol of MRS of MSK in future studies could
potentially improve the metabolites reading and reduce
the overlapping signal between the metabolites and
mitochondria activities in the muscle. It is suggested
that future studies manipulate the small voxel size with
high SNR and incorporate different software to analyse
the metabolites peak. A future study could also compare
metabolites in the lower limbs of males and females,
pre- and post-resistance training, or high intensity
interval training to gain a better understanding of the
effectiveness of MRS in evaluating cell metabolism in
the vastus lateralis muscle. Currently gold standard in
evaluating lower limb muscle injuries is muscle biopsies,
however with robust and advanced technology from
the MR spectroscopy it could ameliorate the need for
invasive biopsy procedure.
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