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Abstract

The purpose of this study was to use proton magnetic resonance spectroscopy to assess
intramuscular lipid and metabolites of lower leg muscles in boys with Duchenne muscular
dystrophy (DMD) and determine its relationship with strength and functional ability.
Spectroscopic measurements were obtained from four muscles of the lower leg in 25 boys with
DMD (9.243.1 years) and 10 healthy boys (10.2+2.6 years). Lipid fractions and metabolite
concentrations were also determined. Muscle strength, a timed functional test, and the Modified
Brooke Lower Extremity Functional Scale were also determined. Lipid fractions were higher
(p<0.01) for the DMD group than healthy subjects for all muscles, and lipid fraction was found to
be greater in the older DMD boys. The peroneal muscle demonstrated a significant difference in
lipid fraction in all DMD age groups. Lipid fractions in all muscles correlated with functional
measures (r=0.52-0.70, p<0.001), with smaller inverse correlations with the strength measure (r=
-0.36 — —0.56, p<0.05). These findings provide quantifiable information regarding intramuscular
lipid and metabolite levels of different muscles across various age groups in boys with DMD and
may be used in determining the effect of interventions in future clinical trials.
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Introduction

Duchenne muscular dystrophy (DMD), the most common form of muscular dystrophy, is an
X-linked disease that affects 1 in 3,500 [1] to 6,291 [2] male births. This degenerative
neuromuscular disease impacts muscle tissue resulting in weakness and impaired functional
abilities. Clinical manifestations of the disease, such as impaired gait, become apparent
while the child is 3-5 years old [3-6]. Historically, children with DMD lose the ability to
walk by 12 years of age [7]. With the use of glucocorticoid corticosteroids, most children
with DMD can increase this time for ambulation[8-11]. However, even most boys taking
steroids become non-ambulatory by the age of 15 years [12]. The vast majority of patients
with DMD pass away by their mid to late twenties [13, 14], and there is currently no cure for
DMD.

Increased lipid infiltration into skeletal muscles of boys with DMD is associated with the
progressive weakness and decreased functional abilities [15-17]. Non-invasive
measurements using magnetic resonance imaging (MRI) have provided important
information concerning this intramuscular lipid infiltration in boys with DMD [18-25].
Some of the previous MRI approaches have primarily focused on qualitative assessments of
dystrophic muscle [18-20, 25]. Also, the use of Dixon MRI has been implemented to
quantify lipid and water signal in the leg muscles of boys with DMD [13, 26]. MRI
measurements that are sensitive to changes to muscle composition and fatty tissue
replacement appear to be promising biomarkers to monitor disease progression in this
patient population.

In addition to MRI, proton magnetic resonance spectroscopy (*H-MRS) can be utilized to
provide further information pertinent to muscle tissue in boys with DMD. 1H-MRS is
commonly considered the gold standard for measuring lipid and major muscle metabolites.
Some investigators have suggested that an alteration in prominent metabolites [the ratio of
trimethyl ammonium (TMA) to total creatine (tCr)] may be linked to cell membrane changes
that occur from disease progression in DMD [27-29]. Quantifying intramuscular tCr may
also be clinically important in boys with DMD as creatine supplementation is commonly
used and has been studied as a potential therapy with varying results in DMD [30, 31].

Furthermore, 1H-MRS provides a means to determine the location of lipid in skeletal muscle
[32-35]. The accumulation of intramuscular lipid impacts the physiological function of
muscle differently depending on where the lipid is stored. Intramyocellular lipid (IMCL) is
found within skeletal muscle fibers while extramyocellular lipid (EMCL) is located outside
of the muscle cell. The amount of IMCL has been shown to affect insulin resistance [36—
38]) and is important in people with decreased activity levels (such as boys with DMD). 1H-
MRS provides a means to differentiate between IMCL and EMCL and quantify the levels of
these fats.
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We have previously demonstrated substantial replacement of muscle with non-contractile
tissue in the thigh muscles of boys with DMD older than 10 years [39]. In the current study,
we chose to examine the lower leg musculature. These muscles may have an advantage over
more proximal muscles due to the slower disease progression in the lower leg muscles and
therefore may be more applicable for use as an outcome measure over a greater range of
ages. Torriani et al [16] recently measured lipid fraction using 1H-MRS in the soleus (Sol)
and tibialis anterior (TA) muscles of a small group of boys with DMD (n=9). They found
greater lipid in both of these muscles relative to healthy controls. They also qualitatively
noted that the peroneal (Per) muscle had the greatest degree of lipid amongst the lower leg
muscles in DMD. However, the extent of lipid infiltration within the Per was not quantified.
Additional investigation using IH-MRS to quantify muscle fatty infiltration in various lower
leg muscles of children with DMD in a larger sample size that allows for stratifying subjects
by age and disease severity should provide useful information about how this disease
impacts the lower leg muscles and its potential impact on strength and walking.

Therefore, the objectives of this study were to: 1) compare intramuscular lipid using 1H-
MRS among four key muscles involved in the primary movements of the lower leg in boys
with DMD and age-matched healthy controls, 2) examine the intramuscular lipid levels of
boys with DMD in different age groups, as well as the contribution of the IMCL and EMCL
levels within the lower leg muscles 3) examine metabolite concentrations (TMA and tCr),
and 4) determine the association between intramuscular lipid with strength and functional
ability in children with DMD and healthy children.

Materials and Methods

Subjects

Twenty-five boys with a medical diagnosis of DMD confirmed by genetic testing (mean age
9.2 + 3.1 years) and 10 healthy control (CON) children (mean age 10.2 + 2.6 years)
participated in the study. Demographic data for all subjects are shown in Table 1. Twenty-
one of the 25 DMD subjects were still ambulatory, and all 25 were taking glucocorticoid
corticosteroids at the time of testing. To examine the lipid levels at different ages for the
second objective of this study, the DMD subjects were further divided into three groups
based upon age: 5-7 years (n = 10), 8-10 years (n = 9), and 11+ years (n = 6). All aspects of
this research project were approved by the Institutional Review Board of the University of
Florida.

1H-MRS Data Acquisition

Spectroscopic measurements were obtained from the Sol, medial gastrocnemius (MG), TA,
and Per muscles of the right lower leg. Measurements were performed on either a 1.5T
(Signa, GE Medical Systems) or a 3.0T (Achieva, Philips Medical Systems) whole-body
scanner. The subjects were positioned supine with their lower leg centered inside either a
lower-extremity quadrature coil (1.5T) or an eight channel SENSE receive only extremity
coil (3.0T). First, gradient-echo MRI was performed to obtain transaxial, fat suppressed T,
weighted images of the lower leg from the knee to the ankle. The parameters were as follow:
1.5T scanner: TR 18 msec, TE 3.5 ms, flip angle 10°; 3T scanner: TR 24 ms, TE 1.8ms, and
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20° flip angle. Parameters for both systems included an acquisition matrix of 224x224 pixels
and an optimized field of view (~12x12 cm?). For 'H-MRS measurements, volume localized
unsuppressed spectra from the Sol, MG, TA, and Per muscles were acquired using a
stimulated echo acquisition mode (STEAM) technique. A large voxel was carefully placed
inside the belly of each of the four muscles (Sol 4,500-17,600 mm3, MG 2,400-15,300
mm?3, TA 1,800-7,400 mm?3, Per 1,600-6,800 mm?3) with care taken to avoid visible
vasculature, subcutaneous fat, and myofascial layers using the transaxial T; weighted
images (Fig. 1). The following acquisition parameters were used for 1H7 MRS measures for
each of the four muscles: 64 averages, echo time 108 ms, repetition time 3,000 ms, 2,084
data points, a spectral width of 2,500 Hz, and 4 phase cycles.

1H-MRS Data Analysis

Concentrations of lipid and water were determined for each of the four muscles with a
custom-written software application in Interactive Data Language (IDL version 7.1.1, ITT
Visual Information Systems). After a zero order phase correction, water and lipid
concentrations were quantified via area integration. To assess the lipids, we included all
lipid peaks from 0.5-2.75 ppm, and the water peak included values between 4.30-5.10 ppm.
A lipid fraction ratio (Lipid:Lipid+Water) was then determined without correcting for the
effects of Ty and To.

Contents of TMA, tCr, EMCL, and IMCL were also determined using Magnetic Resonance
User Interface for Java (jMRUI) software. Water amplitude was determined with AMARES.
An HLSVD filter was used to then remove the water peak so that further metabolite and
lipid concentrations could be determined using prior knowledge and starting values (at 5.45,
3.91,3.2,3.02,2.35,1.5,1.3, 1.1, and 0.9 ppm). Spectra were only analyzed for IMCL and
EMCL if the split resolution could be readily indentified [40]. IMCL and EMCL were
analyzed for 9 DMD and 10 CON subjects for the Sol, 11 DMD and 10 CON subjects for
the MG, 16 DMD and 10 CON subjects for the TA, and 6 DMD and 7 CON subjects for the
Per. TMA and tCr peaks were able to be detected and differentiated from baseline noise for
the following muscles: Sol (DMD n=19, CON n=10), MG (DMD n=12, CON n=5), TA
(DMD n=8, CON n=5), and Per (DMD n=5, CON n=7). Water, lipid, and the metabolite
concentrations were corrected for T, and T, relaxation using values from the literature [41].
Concentrations of TMA, tCr, EMCL, and IMCL were each determined relative to water, and
ratios of TMA/tCr and IMCL/EMCL were also calculated.

Isometric Muscle Strength Testing

Isometric peak torque of the plantarflexor (PF) muscle group was assessed for the right leg
using a Biodex dynamometer as previously described [42]. The knee was placed between 0°
to 10° of flexion and the ankle was placed in neutral. The subject was instructed to push as
hard as possible for 5 seconds, followed by a 1-minute rest. Five trials were performed, and
the highest torque value was used for analysis (peak torque). This protocol has been shown
to be reliable in boys with DMD [42]. Peak torque values were normalized to body surface
area (BSA) [42].
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Functional Assessment

To assess functional abilities, ambulatory subjects performed the time to walk 30 feet (30ft
Walk) [16, 42-45]. Subjects performed the task three times, and the fastest time was
recorded for analysis. The functional ability for all of the subjects with DMD was also
ranked by a physical therapist using the Modified Brooke Lower Extremity Functional Scale
[17, 39, 42, 46-49]. This scale ranges from a grade of 1 (able to walk and climb stairs
independently) to a grade of 10 (confined to bed).

Statistical Analyses

Results

All statistical analyses were done with SPSS statistical software (version 17.0). Means and
standard deviations were calculated for all variables for both groups of participants with the
exception of the Modified Brooke Score for which a median and range were determined.
Mann-Whitney tests were used to examine differences between the DMD and CON groups.
Kruskal Wallis testing was used to determine differences in lipid fraction among the three
age groups of boys with DMD for all four muscles. Relationships between functional tests
with lipid fraction of the four individual muscles and the Composite (sum) of all four
muscles together were examined using Spearman Rho correlation coefficients. Pearson
correlation coefficients were used to examine the relationships between muscle strength and
lipid fraction. Alpha level was set at 0.05 for all statistical testing.

The demographics for both the DMD and CON groups are shown in Table 1. For the DMD
group, the median Modified Brooke Score was 2 ranging from grade 1 to 9. This scale
indicates that the majority of patients in this group were ambulating with minimal to
moderate difficulty, except for four subjects who were non-ambulatory (grade 9) at the time
of testing.

Assessment of Intramuscular Lipid Fraction

Spectra were successfully obtained in all 25 subjects with DMD and the 10 control subjects.
Lipid fraction values for the CON boys were lower than the values for the boys with DMD
for all four muscles examined in the lower leg (p < 0.01; Fig. 2). On average, CON lipid
fraction values were only 40-45% of that measured in the DMD group. The 4 non-
ambulatory subjects demonstrated a substantially higher intramuscular fat fraction for all
four lower leg muscles relative to the other 21 subjects with DMD (increases of: Soleus
68%, MG 86%, TA 113%, Per 65%). When the DMD subjects were stratified into the three
age groups (5-7 years, 8-10 years, and 11+ years), greater lipid fraction values were found
in the older boys with DMD (Fig. 3). Specifically, higher lipid fractions were noted for both
the 8-10 year olds and the 11+ year olds compared to the 5-7 year olds for all four muscles.
However, the only significant difference in lipid fraction for the 11+ years group relative to
the 8-10 year olds was found in the Per muscle (Fig. 3).

Muscle Strength

Peak torque normalized to BSA was higher for both the KE and PF muscle groups in the
CON group compared to the boys with DMD. KE peak torque values were 73.5 + 25.4 N/m
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for the CON group and 21.6 £+ 10.8 N/m for the boys with DMD. PF peak torque values
were 80.1 +19.8 N/m CON and 30.8 + 13.4 N/m DMD.

Functional Ability

The DMD group required more time to walk 30 ft relative to the CON group. Four of the 25
DMD subjects were unable to complete the 30ft Walk. Times for the CON and DMD groups
of subjects who completed the 30ft Walk were as follows: 4.3+ 0.6 svs. 6.3+ 1.1s.

Relationships between Lipid Fraction and Functional Measures

Strong to moderate relationships were noted between the lipid fraction and the Modified
Brooke Scale as well as the 30ft Walk (Table 2). Correlation coefficients ranged from 0.52—
0.70 with the higher correlations found for the Sol and Per muscles and the lowest for the
TA. A scatter plot for the Per muscle is shown in Fig. 4. As a post-hoc analysis, we made a
Composite lipid fraction by summing the lipid fractions for all four muscles for each subject.
The relationship between this Composite lipid fraction was slightly greater (correlation
coefficients = 0.63-0.74) than what was found for the Sol and Per muscles. Significant
correlations were also found between peak torque (strength) and the lipid fractions, although
these moderate correlations were not as strong as those found with the Modified Brooke
Scale and the 30ft Walk (Table 2).

Metabolites, IMCL, and EMCL concentrations

Approximately 50% of the spectra acquired in the subjects with DMD demonstrated a clear
distinction in IMCL and EMCL and were deemed appropriate for these peaks to be reliably
resolved [40]. All of the spectra from the 10 controls were reliably analyzed for IMCL and
EMCL for all the muscles except for the Per muscle, which had usable spectra in 6 controls.
Table 3 demonstrates metabolite, IMCL, and EMCL concentrations from the four lower leg
muscles. The only significant differences between the DMD and control groups were the
TMA/H20 and tCr/H20 levels in the MG muscle with the DMD group having lower levels
for both variables relative to the CON group.

Discussion

This is the first study to evaluate intramuscular lipid and metabolites from four different
muscles of the lower leg in children with DMD. Examining how the disease process affects
different muscles needed for functional mobility and walking is a key step to understand the
disease progression of DMD and how novel interventions may affect its course. We

used 1H-MRS as a means of objectively measuring the replacement of muscle by
intramuscular lipid. Overall, the results of this study show considerable variations among
lower leg muscle responses in DMD with age. We also found significant relationships
between intramuscular lipid fraction with both function and strength.

In this study we examined the Sol, TA, MG, and Per of the lower leg. We included
assessment of the Per musculature as this muscle group has been reported to have a high
degree of lipid infiltration when assessed qualitatively via MRI [16]. Our results confirm
this observation as we found the Per to have the highest degree of fatty tissue infiltration of
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the lower leg muscles studied. The Per muscle was also the only muscle assessed that
demonstrated a significant difference in lipid fraction across all three age groups for the
boys with DMD (5-7 years, 8-10 years, and 11+ years), suggesting it is affected early in the
course of the disease. It is possible that the Per muscle provides more stabilization about the
ankle joint during gait in children with DMD due to altered kinetics/kinematics from the
disease [25,26]. This potential increase in muscular contractions at the Per may contribute to
a more rapid intramuscular infiltration of lipid. We observed less fatty infiltration in the TA
relative to the other lower leg muscles. Torriani et al [18] also reported that the TA had
approximately one third of the lipid fraction of the Sol muscle when assessed via 1H-MRS
(TA =9.2% vs. Sol = 28.4%), and the qualitative rating of lipid infiltration via MRI was
lower than the Per, Sol, GM, and lateral gastrocnemius muscles.

Furthermore, we examined how these lipid levels were related to functional ability in boys
with DMD. We found moderate to strong relationships between lipid fractions from all four
lower leg muscles and function. Others have also noted strong relationships between
measures of intramuscular fat in the legs of boys with DMD and their functional abilities
[16, 17, 19]. The global functional scale of the Modified Brooke Lower Extremity score was
highly correlated with the lipid fraction from the Sol and Per muscles and moderately
correlated with the MG and TA muscles. The lipid fraction from the TA muscle consistently
demonstrated the lowest relationship for all functional scores/tests. Our findings do differ
somewhat from those by Torriani [16] in that they found a strong correlation between the
lipid fraction of the TA and a global functional score. However, they did not find any
significant relationship between the lipid fraction from the TA and any of the specific
functional measures used in that study (the 6 minute walk test or the 10 m walk). The
weaker correlations we found with the lipid fraction of the TA compared to those of the
other 3 muscles examined may be in part due to the lesser degree of involvement of this
muscle, resulting in lower fatty infiltration. This difference between our results and those of
Torriani may also be due in part to our subjects being approximately 2 years younger on
average than those used in the other study.

This is also the first study we are aware of to examine the relationship between strength
measures (peak torque) and 1H-MRS measures of lipid in children with DMD. Strength
decline occurs progressively in patients with DMD, and this developing weakness has
devastating consequences with the eventual loss of the ability to walk. We found moderate
inverse relationships between lipid fraction and PF strength (r values ranging from —0.49 to
-0.56), however, these were not as strong as those found between lipid fraction and timed
functional tests (r values ranging from 0.70 to 0.52). Our findings using IH-MRS revealed
similar results to Wren and colleagues [17] who used Dixon MRI to examine the
relationship between lipid and functional ability in boys with DMD. These findings suggest
that future studies examining the effects of muscle pathophysiology and replacement by
noncontractile tissue in boys with DMD may consider placing greater importance on
including functional testing than on assessments of strength.

The results of this study also provide important information concerning both the methods
and the results of quantifying metabolites, IMCL, and EMCL concentrations in the lower leg
muscle of boys with DMD. While others have reported on TMA and tCr values in the Sol
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muscle of boys with DMD previously [28,29], this is the first study to provide values for
these metabolites in other lower leg muscles as well as for the IMCL and EMCL levels in
this patient population. A key finding findings from our study is the difficulty found in
obtaining spectra with adequate resolution to accurately determine IMCL and EMCL levels
in dystrophic muscle. In the healthy control subjects, these values were able to be
determined in the majority of the spectra; however, this was not the case for the data from
the DMD group as many of the spectra were unable to be confidently resolved (most noted
for quantifying the EMCL and IMCL values) even when TMA and tCr were clearly
spectrally resolved. We implemented the criterion recommended by Boesch et al [40] of
requiring a visual “step” or “split” between IMCL and EMCL to determine if a spectrum
could be analyzed for determining IMCL and EMCL. With the increased lipid infiltration
from the disease process the spectra were less frequently able to be analyzed, and overall
nearly half of the spectra did not meet the above criteria to be reliably analyzed. Other
algorithms may be more appropriate to use in better distinguishing spectra to be resolved in
this patient population.

We could not confirm the findings of Hsieh and colleagues [29] as our results differed
somewhat in the TMA and tCr ratios. While the values we reported were on average less in
boys with DMD compared to controls, this difference did not reach significance in the Sol
muscle (as it did for Hsieh) and only reached significance for the MG. This difference may
be partially explained by the different age ranges of the samples used (6-9 years for Hsieh
[29], and 5-15 years in our study) as well as voxel size and positioning. We can also not rule
out that our results are an underestimation of the metabolites in boys with DMD who had
more disease progression since the spectra acquired in the older subjects were typically not
able to be analyzed as often as the younger subjects. Another potential contributor to this
difference in results may be from the use of corticosteroids. While all of our subjects with
DMD were currently taking steroids, Hsieh et al did not indicate whether the subjects were
taking steroids at the time of their study. It is possible that our subjects had more
intracellular water content from this steroid use that lowered the TMA/H,0 and tCr/H,0
levels.

Limitations

A limitation to our investigation is that we did not examine boys who were not receiving
corticosteroids as a comparison. While the mechanism of action for corticosteroids is not
fully understood, the use of corticosteroids in patients with DMD slows disease progression.
The results of several studies have demonstrated improved muscle strength/function as well
as prolonging of ambulation in boys with DMD [10, 11, 51-56]. Another limitation to this
study is that we did not assess muscles beyond the lower leg. We decided to concentrate on
the muscles of the lower leg because these muscles may be more advantageous than the
thigh/hip muscles due to the disease progression affecting the lower leg muscles over a
longer period of time. While others have also focused on examining lower leg muscles in
DMD [16, 29, 49], it is important to recognize more proximal muscles (ie muscles of the
thigh, hip, and back) also impact functional ability. Therefore, we can not exclude the
potential effect the changes in these more proximal muscles may have had on the
correlations reported. Finally, we acknowledge a limitation in using two different MR
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scanner vendors and magnetic fields for data collection. These differences between the two
scanners could potentially have had an effect on the results, though we minimized this
possibility by using ratios to quantify lipid/metabolite concentrations.

Conclusions

In this study we quantified lipid levels of four lower leg muscles with 1H-MRS and found
moderate to strong correlations between these levels and functional and strength
measurements in children with DMD. Lipid levels differed across muscles and increased
with older age groups. These differences between DMD and controls were the smallest for
the TA muscle and greatest for the Per muscle, which may be linked to altered gait
mechanics from the disease. Further investigation should continue to examine what factors
contribute to the variability of these lipid levels across muscles in boys with DMD and how
future clinical interventions affect the fatty infiltration of skeletal muscle and their
functional deficits. Due to the dire need for nonambulatory measures of disease progression
in DMD, future research should examine lipid and metabolite levels in the upper extremities
with disease progression in older boys with DMD.
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Figure 1.
Representative transaxial slices from T4 weighted MRI of the lower leg in a healthy control

(CON) (top), boy with DMD demonstrating minimal lipid infiltration (middle), and a boy
with DMD with more advanced lipid infiltration (bottom). The voxel placement for the 1H-
MRS is outlined in white in the soleus muscles in each of the MRI’s. The corresponding
spectra demonstrate the metabolites (TMA and tCr) as well as the decreasing split resolution
between EMCL and IMCL with increasing lipid infiltration.
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Figure 2.
Plots demonstrating individual levels of lipid fraction for both healthy boys (CON) and boys

with DMD for all four lower leg muscles.
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Figure 3.
Lipid fraction for all four muscles of boys with DMD with the subjects divided into three

age groups: 5-7 yrsn =10, 8-10 yrs n =9, and 11+ yrs n = 6. Red horizontal line indicates
mean lipid fraction from healthy control boys (CON, n = 10). Differences were noted for
most of the DMD relative to the age-matched CON groups (#p < 0.05). Differences were
noted among DMD groups from 5-7 yrs group (*p < 0.05; **p < 0.01) and from the 8-10
yrs group (§p < 0.05).
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Figure 4.
Scatterplot demonstrating relationships between lipid fraction of the peroneal muscles and

the 30ft Walk for boys with DMD and healthy controls.
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Table 1
Subject Demographics
DMD CON

Number of Subjects 25 10
Number Ambulatory 21 10
Age (years) 92+31 102+26
BSA (m?) 12+02 1.1+03

1

Modified Brooke Lower Extremity Score 5 (1_9)**

Page 17

Values are mean + SD except for Modified Brooke Lower Extremity Score demonstrating median and range. DMD, Duchenne muscular dystrophy

group; CON, control group. BSA, body surface area.

*%

p < 0.01 significant difference between groups.
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Table 2

Spearman Rho correlation coefficients were used to determine the relationships between Function (Brooke
score and 30ft walk) with levels of lipid. Pearson correlation coefficients were used to determine the
associations between PF strength values and lipid levels.

Modified Brooke  30ft Walk  PF Strength

Sol 0.70"" 064" -0.56*
MG 067" 0.58"" -0.50""
TA 0.63" 052" -0.56""
Per 0.70™" 0.64™" -0.36"
Composite of 4 muscles 0.74** 0.66™F 055"

Sol, soleus; MG, medial gastrocnemius; TA, tibialis anterior; Per, peroneal muscles; KE, knee extensors; PF, plantarflexors.
*
p <0.05;

*

*
p < 0.001.
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