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Abstract

Muscular dystrophies (MDs) are inherited diseases that lead to progressive skeletal muscle weakness and
functional decline. Currently, the diagnosis is generally made on clinical grounds and confirmed by genetic testing,
serologic assessments, neurophysiologic measurements or muscle biopsy. Given our understanding of the
pathophysiology of these dystrophies, advancements in magnetic resonance imaging (MRI) techniques may assist
clinicians in identification and monitoring of skeletal muscle disease progression in MDs using non-invasive
approaches. In this article, we review MR imaging techniques that have been used to quantify skeletal muscle
involvement in the various muscle dystrophies, such as in vivo spectroscopic procedures to quantify lipids (1H),
muscle bioenergetics (31P) or cellular function (23Na). We also summarize studies that have used T2 relaxation
measurements to evaluate muscular dystrophies. While carbon spectroscopy (13C), diffusion tensor imaging (DTI)
and blood oxygenation level-dependent (BOLD) imaging have not yet been explored in the assessment of skeletal
muscles of MD patients, we briefly describe these techniques as they have been useful in skeletal muscle
examinations of healthy and injured muscles. Thus, they could potentially be of diagnostic and prognostic value in
skeletal muscle evaluations of MD patients. The article concludes by commenting on potential for image processing
methods such as texture analysis in the evaluation of muscle images from MD patients.

Keywords: MRI; Muscle; Dystrophy; T2 mapping; Spectroscopy;
Diffusion tensor imaging

Introduction
Muscular dystrophies (MDs) are a number of inherited diseases

that lead to skeletal muscle weakness and progressive degeneration [1].
Mutations in genes responsible for the expression of proteins essential
for muscle function are behind the observed muscle wasting in MDs.
The onset of these neuromuscular disorders may be at birth or early
childhood, or it may not present until late into adulthood. Numerous
types of MDs have been identified based on the onset age, muscles
involved, and rate of muscle degeneration. Duchenne muscular
dystrophy (DMD) is the most common type and is an X-linked
disorder affecting mostly boys during their childhood [2]. Mutations
in the dystrophin gene lead to an absence of the dystrophin
cytoskeleton protein in DMD patients. Another common MD that has
been linked to mutations in dystrophin is Becker muscular dystrophy
(BMD). In BMD, however, dystrophin protein is not totally absent, it
is present but there are alterations in its quality or amount [3]. Other
MDs include myotonic muscular dystrophy (MMD),
facioscapulohumeral muscular dystrophy (FSHMD), and limb-girdle
muscular dystrophy (LGMD). Table 1 lists the affected muscles as well
as the onset age in some of the muscle dystrophies.

In a number of these MDs, the pathophysiology is linked to the
presence and function of the dystrophin protein. This creates a cascade
of effects including compromised sarcolemmal structural integrity,
increased intracellular calcium burden, mitochondrial dysfunction,
myofibril protein degradation, apoptosis, and necrosis. Over time,
these relentless effects result in the failure of the muscle degeneration/
regeneration cycle due to the exhaustion of the muscle progenitor
pool. Immune cell infiltration, inflammation, and connective and fatty
tissue deposition displace and eventually replace the myofibers [4,5].
These processes result in skeletal muscle remodelling, heterogeneity
and phenotypic plasticity [5]. In addition, the immune system plays a
pivotal role; the necrotizing muscle fibres are attacked by macrophages
and inflammatory cells are present throughout the skeletal muscle
endomysium, perimysium, epimysium and perivascular areas [6].
Dystrophin deficiency also causes loss of sarcolemmal neuronal nitric
oxide synthase (nNOSμ) and reduces paracrine signalling of muscle-
derived nitric oxide (NO⋅) to the microvasculature, which renders the
diseased muscle fibres susceptible to functional muscle ischemia
during exercise. Repeated bouts of functional ischemia superimposed
on muscle fibres already weakened by dystrophin deficiency results in
use-dependent focal muscle injury [7]. These processes lead to
progressive ultrastructural, metabolic and blood flow changes
resulting in weakness and functional decline.

Although different groups of muscles may be affected in each
muscle dystrophy, all MDs share common characteristics in that the
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involved muscles are generally atrophied, showing fatty replacement of
muscle fibres. This lipid infiltration and replacement of muscle fibres
by connective tissue leads to muscle weakness and degeneration,
which impacts the functional ability of MD patients. Muscle
hypertrophy may also be observed. Depending on the MD type and
the severity of the disease, the impairments may include minor
disabilities, functional and cognitive impairments or they may be more
severe leading to serious muscle damage and complete loss of life by
the late twenties, as is the case of most DMD patients who die due to
cardiac and respiratory failures [8].

Dystrophy Affected Muscles Onset Age

Duchenne Lower limb, hips, shoulders,
cardiac

Childhood (early years)

Becker Lower limb, hips, shoulders,
cardiac

5-15 years of age or
adulthood

Myotonic Facial, distal extremities Infants to adulthood

Limb-girdle Proximal muscles of pelvis and
shoulders

Late adolescence to
adulthood, sometimes
childhood

Facioscapuloh
umeral

Facial, upper arm, shoulder Early adolescence,
sometimes childhood

Table 1: Some Muscular Dystrophies (MDs) along with the muscles
involved and the age of onset*. *A comprehensive description of other
muscle dystrophies can be found in the following reference [3].

The clinical diagnosis of MDs is based on a complete physical
examination and assessments of the patient’s medical and family
history. Laboratory tests are also conducted to evaluate serum creatine
kinase (CK), an enzyme that elevates due to muscle damage. Other
serologic markers that are elevated with muscle disease and that may
be examined include aldolase, lactate dehydrogenase and aspartate
aminotransferase. Neurophysiologic studies including nerve
conduction studies and electromyography (EMG) assessments are also
used to evaluate the nervous system involvement in MD sufferers.
Various exercise tasks are available to examine the functional capacity
of patients and functional scores are commonly employed to monitor
the progression of disease. Since a genetic component is responsible
for the MDs, genetic testing is used to diagnose them.

Muscle biopsies, which are generally “gold standard” approaches,
suffer from sampling errors and are invasive procedures. Thus, their
use may be limited in the assessment of disease status in MDs,
especially because young children are commonly affected and repeated
evaluations are necessary due to the tendency of muscles to degenerate
over time. An imaging approach is desired in this case, as it allows for
the examination of an entire muscle, or groups of muscles, and is more
tolerable by young patients. Numerous imaging methods exist to
evaluate skeletal muscles in the various MDs and to track disease
progression including computed tomography (CT), nuclear medicine
(e.g. positron emission tomography, PET and single photon emission
computer tomography, SPECT), ultrasound (US) and magnetic
resonance imaging (MRI). In paediatric populations the usage of
nuclear medicine and CT have the disadvantage of exposing patients
to ionizing radiation, even though the sensitivity and specificity are
notably high (especially for PET). Furthermore nuclear medicine
techniques require injection with radiotracers and have poor spatial
resolution. CT scanning, although possessing superior spatial

resolution, has poor soft tissue contrast, especially when compared
with MRI.

Ultrasound and MRI are typically classified as non-invasive due to
the lack of ionizing radiation. While US is a less expensive modality
that is more accessible than MRI, it does not enable evaluations of
deep muscles and is notoriously operator-dependent. This is especially
problematic for quantitative studies and temporal studies that depend
on consistency. It must be realized that imaging paediatric patients
and obtaining high quality images is challenging, regardless of the
modality used. This is because patient motion can be a problem in
these young subjects who do not always comply. The use of sedation
and restraint in young populations is sometimes necessary to obtain
images of acceptable quality. Because of the brief list of shortcomings
for imaging modalities we have focused this article on the details of
MR imaging techniques that have been used in the diagnosis and
prognosis of muscular dystrophies.

MR imaging approaches have shown promise in muscle assessment
and recent advances have the potential to aid the clinician in
evaluating MDs. Although routine anatomical MRI methods, such as
T1 and T2 weighted images, are used for morphological evaluations of
MDs, the focus of this article is on advanced imaging methods that
enable quantitative evaluation of muscle metabolism, structure and
function. These include in vivo spectroscopic approaches, such as
proton magnetic resonance spectroscopy (1H-MRS) that allows for
lipid quantification, and multinuclear spectroscopic (MNS) techniques
to investigate muscle bioenergetics (31P) and cellular function (23Na).
In addition, T2 mapping, which is used to gain insight into muscle
composition by examining tissue proton pools, is discussed as it has
been used many times to assess MDs. The article ends by summarizing
MR methods that could potentially be useful in skeletal muscle
evaluations in muscular dystrophies. These include in vivo carbon
(13C) NMR spectroscopy (another MNS technique), diffusion tensor
imaging (DTI) used to investigate muscle microstructure, and blood
oxygenation level-dependent (BOLD) imaging that examines tissue
function through local changes in the ratio of oxy to
deoxyhaemoglobin. Lastly, a unique approach of evaluating MR image
texture for the evaluation MD patients is presented.

Conventional Clinical MR Techniques
Standard MRI approaches that have been used to diagnose the

various MDs include non-contrast T1-weighted images [9-13] and fat
suppressed T2-images [14]. An MRI protocol, specific for the pediatric
population, has been suggested to identify the pattern of muscle
involvement for muscle dystrophies [13]. This imaging scheme is
based on T1 and proton density weighted acquisitions, and is
completed in less than 30 minutes [13]. The use of conventional MR
imaging sequences to assess muscle dystrophies is of clinical value,
however, a full discussion of routine sequences and acquisition
parameter variations is beyond the scope of this review. Furthermore,
numerous reviews are already available on this topic, and on the
appearance of muscles of MD patients on routine clinical scans, to
which we direct interested readers [15-17].

In Vivo Spectroscopic Approaches
Unlike conventional sequences, that are qualitative approaches used

routinely to diagnose and monitor disease progression in muscular
dystrophies, numerous quantitative spectroscopic MRI techniques are
available that can provide valuable insight into biochemical properties
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of skeletal muscles. The earliest documented of these in vivo
approaches to be used in the assessment of MDs is phosphorus MRS
(31P) [18]. Phosphorus studies are also the most commonly available
MR spectroscopic techniques in the literature in this group of patients
[18-30]. Besides 31P, evaluation of myotonic dystrophy has been
carried out using sodium spectroscopy (23Na) to assess cellular
physiology [31,32]. A third approach to examine muscle metabolism
that is easier to perform in a clinical setting compared to the two
preceding multinuclear spectroscopic techniques, is proton
spectroscopy (1H). Since the majority of routine MRI examinations
rely on the signals obtained from the hydrogen nucleus, clinical
scanners are equipped with the hardware that is necessary to perform
proton spectroscopy. Scanning of nuclei other than 1H requires
unique RF coils to transmit/receive signals and a host of other
specialized MR equipment (e.g. specialized RF amplifiers and T/R
switches) that is not part of the standard clinical MRI package. In
addition, the water peak can be used in proton spectroscopy as a
reference when absolute metabolite concentrations are to be
computed. However, most multinuclear approaches require the use of
external references, such as tubes containing a solution of a known
concentration, to act as a reference. These external solutions
complicate the quantitation because they experience different
magnetic field homogeneities (both B0 and B1 field) relative to the
acquisition volume. Thus, MNS techniques are most commonly
carried out in research-based facilities that have engineering and/or
physics expertise. Surprisingly, 1H spectroscopy has only been recently
used to examine lipids in skeletal muscles of MD patients [33-37],
although a non-suppressed 1H spectrum from a Duchenne MD
patient was presented in an early paper focusing on phosphorus
imaging [18].

H Spectroscopy
A typical unsuppressed 1H spectrum from a muscle voxel of a

healthy individual is dominated by a large water signal at 4.7 parts per
million (ppm) and a lipid peak of smaller magnitude in the region
between 1-2 ppm. Signals corresponding to trimethyl ammonium
(TMA) and creatine (Cr) may also be evident in the range of 2-4 ppm,
however, in order to better resolve these metabolites, water
suppression is needed. The lipid signal gives information about the
location of fats within the muscle cell, as this peak can be resolved into
two components, one that corresponds to lipids that are found in the
cytoplasm of the muscle cell, or the intra-myocellular lipids (IMCL)
and another component that comes from outside of the muscle cell
(extra-myocellular lipids, EMCL). Figure 1 shows an example water
suppressed 1H spectrum from the anterior tibialis muscle of a healthy
subject.

Since skeletal muscles are atrophied in muscular dystrophies and
adipose tissue replaces muscle cells, numerous studies have
demonstrated that 1H-MRS is a useful method to quantify
intramuscular lipid concentrations in MD patients [33-36]. The
technique has been used to investigate the lower limb muscles of
Duchene sufferers [33-37]. While early studies only examined the
soleus muscle of these patients [33,34], more recent investigations
have included a wider group of muscles to examine disease extent
among the various muscles [36]. Hsieh et al. [33,34] measured total
creatine (tCr; i.e. creatine plus phosphocreatine), and TMA
concentrations using proton MRS in DMD patients and healthy
subjects. TMA is thought to play a role in the metabolism of
phospholipids, while tCr is involved in energy metabolism. The group

reported significant reductions in the TMA/tCr and TMA/water ratios
in the patient population [33,34]. In addition, correlations were
observed between scores of muscle function and the TMA/tCr ratio
[34]. In another study, the lipid fraction in regions of interest from the
soleus and tibialis anterior muscles of DMD patients was determined
[35]. This value was computed by combining the concentrations of all
lipid peaks between 0.9-2.3 ppm. As expected, significantly larger lipid
fractions were observed in the two muscles of the DMD group when
compared to healthy subjects, with the soleus muscle having a larger
lipid fraction than the tibialis anterior muscle [35]. Correlations were
also noted between the lipid fractions and results from tests used to
assess muscle function. Lott and colleagues [36] have recently
examined a larger group of DMD patients, and have evaluated four
muscle compartments in the lower leg of each subject: the soleus,
medial gastrocnemius, tibialis anterior and peroneal muscles. In
addition, the researchers investigated the distribution of lipid
metabolites by examining the IMCL and EMCL peaks. Similar to the
study by Torriani et al. [35], the researchers reported that
intramuscular lipid fractions in the DMD group were higher than
those in the control group. In addition, dividing the DMD population
into three groups based on their age (5-7 years old, 8-10 years old, and
≥ 11 years old) revealed that the older groups had larger intramuscular
fat fractions [36]. With regards to EMCL and IMCL assessments, the
group noted that unlike the spectra of healthy volunteers, where the
lipid peak could be resolved into its two constituent signals, split
resolution of the lipid peak was not always identified in the DMD
group as lipid infiltration into the muscle increased [36].

Figure 1: Sample suppressed 1H spectrum from a healthy skeletal
muscle region of the anterior tibialis. Intra-myocellular (IMCL) and
extra-myocellular (EMCL) lipid signals, trimethyl ammonium
(TMA) and creatine (Cr) peaks are evident. Upper insert shows the
axial calf slice with the location of the voxel (arrow) that was used
to collect the spectrum.

For the MRS studies mentioned above (and proton spectroscopy in
general), selection of the acquisition volume (voxel) is achieved most
often using a point resolved spatially localized spectroscopy (PRESS)
technique or infrequently with stimulated echo acquisition mode
(STEAM). Both methods similarly localize a spectral volume but they
differ in the RF pulses (90°-180°-180° for PRESS compared to
90°-90°-90° for STEAM). This difference results in theoretical higher
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SNR for PRESS. STEAM may be of interest when the desire to
minimize the effects of T2 decay as the minimum TE can be as low as
~10 ms, compared to ~30 ms for PRESS. In addition to these common
methods there are numerous other spectral acquisitions, each with
advantages and disadvantages, the details of which are beyond the
scope of this review. Nonetheless, the acquisition of almost all 1H-
MRS approaches involve careful placement of an acquisition voxel
inside a muscle region of interest while attempting to minimize
contributions from fat in the subcutaneous layer. The above studies
demonstrate that quantification of fatty infiltration into skeletal
muscles of MD patients can be carried out noninvasively and may be
useful in the evaluation of disease progression. The most important
caveat regarding 1H-MRS acquisition is the relationship of muscle
fiber angle with respect to the main magnetic field (B0). This is often
referred to as the ‘magic angle effect’, maximizing at 54.7°. Residual
dipolar couplings change the spectral appearance of creatine, and
methylene resonances of EMCLs are shifted and broadened due to
bulk magnetic susceptibility (with IMCL unaffected). When muscle
fibers are parallel to B0 (such as with the anterior tibialis) there is
maximal separation between IMCL and EMCL. For an excellent
review of this topic see Boesch et al. [38]. Further studies are needed to
assess the involvement of other muscles and the clinical utility of the
technique in tracking disease status.

P Spectroscopy
Since high energy phosphates (e.g. adenosine triphosphate, ATP)

are the energy storage molecules in the body, non-invasive phosphorus
magnetic resonance spectroscopy can be done to examine muscle
bioenergetics. The technique has been used to examine energy
metabolism in skeletal muscles of patients suffering from a variety of
MDs [18-31,39-41] with early studies surfacing in the literature in the
beginning of the 1980s, focusing on Duchenne muscular dystrophy
[18]. A 31P spectrum contains dominant signals from inorganic
phosphate (Pi), phosphocreatine (PCr) and three resonance signals
that arise from the phosphates in ATP that are typically referred to as
the α, β, and γ peaks, each progressively farther from the bulk of the
molecule. Two small peaks, arising from phosphodiesters (PDE) and
phosphomonoesters (PME) are also sometimes evident in a 31P
spectrum of a normal resting muscle, typically only when the spectral
SNR is high. Assessment of intracellular pH can be carried out from
the 31P spectrum using the chemical shift difference between the Pi
and PCr peaks. A sample 31P spectrum of resting calf muscle is shown
in Figure 2. It should be noted that studies of dynamic spectral
acquisition (e.g. spectra taking <15 seconds) are only able to resolve
the dominant resonances (Pi, PCr and ATP). To visualize PMEs and
PDEs temporal resolution must be sacrificed for SNR. This can be
either done by increasing the acquisition volume or increasing the
number of acquisition averages. The SNR increase is directly
proportional to the acquisition volume and the square root of the
number of averages.

Early studies using phosphorus spectroscopy to examine MDs
focused on assessment of metabolite concentrations in the resting
muscles, either examining forearm [18] or calf muscles [19]. Subjects
suffering from numerous muscle dystrophies have been investigated
using phosphorus MRS, including patients and carriers of both DMD
[1-20,40] and Becker muscular dystrophy (BMD) [22,23,40]. In
addition, the resting biochemical muscle properties of patients with
myotonic muscular dystrophy (MMD) [24,26], limb girdle muscular

dystrophy (LGMD) [25] and facioscapulohumeral muscular dystrophy
(FSHMD) [29] have been assessed.

Figure 2: Upper insert shows positioning of the axial slab within the
calf region, from which two phosphorus spectra were acquired. The
upper 31P spectrum took twenty seconds to acquire, while the
lower one took 11 minutes. Notice that longer acquisitions lead to
much better peak resolution. Peaks evident are phosphocreatine
(PCr at 0ppm), inorganic phosphate (Pi at 5 ppm), and adenosine
triphosphate (ATP between -5 and -20 ppm).

With regards to DMD patients, impaired muscle energy
metabolism has been noted, as evident from the decrease in the ratio
of PCr to ATP [18,19,40] and PCr to Pi [18,19] in the resting muscle.
Decreases in the ratio of PCr to ATP [23,40] and increases in the ratio
of Pi to PCr [39] have also been noted in resting muscles of BMD
subjects. Resting phosphorylated metabolite concentrations have been
observed to be normal in the calf muscles of LGMD patients [25],
while only fat infiltrated calf muscles of FSHMD patients have shown
reductions in the ratio of PCr to ATP [29]. Some studies report an
increase in the resting intracellular pH in the muscles of DMD [18],
BMD [13,39], LGMD [25], and fat infiltrated muscles of FSHMD
patients [29] compared to healthy subjects. Others, on the other hand,
show no differences in the pH at rest between controls and DMD
patients [19]. This is similar to resting forearm muscle assessments of
myotonic dystrophy subjects that show normal intracellular pH [24,
26]. Surprisingly, evaluations of the calf muscles of these patients
reveal a high pH [26]. In addition, although decreases in the ratio of
PCr/ATP are observed in both the arm and calf of MMD patients,
changes observed in the arm are of higher degree than those in the calf
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[26]. When it comes to carriers of muscle dystrophies, phosphorylated
metabolite concentrations of DMD and BMD carriers as well as non-
carrier relatives of BMD patients have been shown to have similar
value to those of normal subjects at rest [22,23,39].

Although examining the resting muscle using 31P spectroscopy has
shown features that distinguish MD patients from those of normal
subjects, phosphorus studies that evaluate metabolite concentrations
both at rest, and during and following exercise, are extremely useful in
gaining insight into recovery kinetics in the various muscle
dystrophies [22-27,39-41]. Investigating the recovery of PCr following
exercise allows for inferences to be made about mitochondrial
function. Figure 3 shows a sample 31P spectrum acquired before,
during and after plantar flexion exercise from the calf of a healthy
subject. A reduction in PCr and an increase in Pi are observed due to
the exercise.

Figure 3: Sample phosphorus spectra obtained from the calf muscle
of a healthy subject prior, during, and following voluntary plantar
flexion at 25% maximal voluntary contraction (MVC). Notice the
changes in the phosphocreatine (PCr at 0 ppm) and the inorganic
phosphate (Pi at 5 ppm) peaks as a result of the exercise.

In BMD patients and gene carriers, a longer time for the pH to
recover to its pre-exercise value has been reported [39]. Another study
also measured a longer time for the PCr/Pi ratio to recover following
isokinetic exercise in BMD/DMD carriers [22], implying abnormalities
in muscle energy metabolism. Assessment of calf muscle bioenergetics
following plantar flexion exercise in LGMD patients has revealed that
the oxidative capacity of these patients is normal during recovery from
exercise [25]. A similar finding has been observed in myotonic
dystrophy patients [24] and in DMD carriers following aerobic
forearm exercise [40].

Na Imaging
In myotonic muscle dystrophy, sodium channel conductance has

been shown to be altered [42]. It is thus not surprising that MRS
studies have utilized 23Na to non-invasively examine muscles of

MMD patients [31,32]. The sodium nucleus has a spin of 3/2 and a
quadrupolar moment [43]. Sodium is distributed across the cellular
membrane, with a much higher concentration (approximately ten
times) in the extracellular space. In biological tissues, sodium has a
biexponential spin-spin (T2) relaxation time, where the short
component is on the order of one millisecond [32]. The intracellular
and extracellular sodium pools have been identified as originating
from the 2 components of the biexponential signal decay [44-47]. Intra
and extracellular sodium can also be probed using quantum filters (i.e.
double and triple quantum filtering) [42,44]. Sodium imaging is
challenging and requires quick data sampling schemes (pulse
sequences) in order to detect the sodium signal. Figure 4 shows a
sample sodium image of the calf of a healthy subject at rest. With
regards to muscle dystrophies, a couple of studies have revealed that
the total sodium concentration in the calf muscles of MMD patients is
significantly higher than that of healthy subjects [31,32]. Correlations
have also been reported between muscle sodium concentration and
disease severity [31].

Figure 4: An axial anatomical sodium localizer (left) along with a
sodium image of a healthy human calf muscle, acquired using 3
mm isotropic resolution, field of view of 18 cm, and TE/TR =
0.45/75 ms. The blurring of sodium images is due to the fast
decaying sodium signal (much shorter transverse relaxation (T2))
compared to that of protons. Notice that the sodium signal is
uniform in all the muscles of the healthy individual at rest.

C Spectroscopy
Although we are not aware of any studies that have used carbon

spectroscopy to examine muscular dystrophies, the technique has been
used to investigate skeletal muscle metabolism and it allows for the
determination of glycogen levels [48-50]. However, like most
multinuclear spectroscopic approaches, carbon imaging is challenging
and requires additional hardware and software. For 13C spectroscopy
the small carbon signal (1.1% natural abundance) needs to be boosted
either through 13C enrichment, by hyperpolarization, or by proton
decoupling. The most common approach is through enrichment,
where, for example, a diet is given that is high in a particular 13C-
labelled metabolite some time prior to the experiment [51-53]. The
metabolic fate of this particular carbon then may be traced. This
method is slow and researchers have more recently gravitated to
hyperpolarized 13C labeled molecules that may be traced in real time
following injection [54-56]. The last approach, proton decoupling,
produces an increase in 13C signal through nuclear Overhauser
enhancement (NOE) by destroying couplings between the low
abundance carbon with that of the dominating hydrogen signal [57].
This simplifies the spectra as well because the 1H nuclei split the
carbon signals into multiplets. Decoupling 1H improves the sensitivity
of the acquisition such that peaks of metabolites such as glycogen can
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become visible. The only downfall is a second proton RF channel is
necessary, in addition to a signal waveform generator. This, along with
the other challenges associated with MNS; tend to limit the wide
application of the technique. A sample non-decoupled 13C spectrum
from the thigh of a healthy subject is shown in Figure 5.

Figure 5: A sample non-decoupled 13C spectrum from the thigh
muscle of a healthy subject.

Software Packages for MRS Analysis
Numerous software packages are available for the analysis of MRI

spectroscopic data. Table 2 shows some of the commonly used
programs for metabolite evaluations [58-60]. While some software
packages are freely available, other programs have an associated cost.
In addition, some packages allow for the assessment of proton spectra,
while others work on both hydrogen and multinuclear elements.

Name of
Program

Website Nucleus Supported OS Cost

LCModel [58] http://www.s-
provencher.co
m/pages/
lcmodel.shtml

1H,13C Linux ≈ 15,000
US$*

jMRUI [59]/
mMRUI

http://
www.mrui.uab.
es/mrui/
mrui_Overview
.shtml

All Linux, Windows Free**

TARQUIN [60] http://
tarquin.sourcef
orge.net/
index.php

1H, 13C,
31P

Windows, Linux,
Mac

Free

Table 2: Software programs available for the analysis of MRI
spectroscopic data. *For non-profit researchers. **Certain restrictions
apply: program is free for non-commercial research uses and non-

profit research organizations. Note: Website addresses were accessed
on June 10th 2014.

T2 Mapping
In routine clinical scanning, the hydrogen nucleus is used to obtain

images of a region of interest. This requires the use of a radio
frequency (RF) pulse to excite hydrogen nuclei and allow them to
oscillate. Initially, there is phase coherence in this oscillatory motion
(i.e. nuclei move together). However, as the nuclei begin to return to
equilibrium following termination of the RF pulse, a loss of spin phase
coherence results. The relaxation mechanism that is responsible for
this behaviour is referred to as the spin-spin or transverse relaxation,
commonly known as T2 relaxation. This time constant thus describes
the decay of the MR signal, which in a simple system and using simple
imaging techniques is defined mathematically as a monoexponential
decay of the form:

where Mxy is the magnitude of the transverse component of the
magnetization, M0 is the initial magnetization and TE is the time at
which the echo is collected. Taking the logarithm of Equation 1 and
plotting the ln(Mxy) vs. TE leads to a linear fit from which the T2 time
can be calculated using the slope of the straight line. Many
measurements of T2 are done as described above, using a handful of
TE values, each being acquired individually (ideally with the same pre-
scan values for each TE).

It has been noted that the T2 time is characteristic of a tissue and
can be affected by disease and physiological perturbation. T2
measurements have been used to evaluate the effects of exercise on
muscles [61-64], to monitor the therapeutic responses on treatment of
exercise-induced muscle injuries [65,66], and to evaluate muscle
diseases [67-73]. Exercise causes changes in microvascular fluid
volume, and these changes vary with the type of exercise (e.g. eccentric
vs. concentric exertion) and with muscle tissue type. One common
finding to all exercise studies is that T2 is noted to increase as a result
of exercise. This most likely reflects the influx of water into the
intracellular space by osmosis due to the movement of ions into the
cell with activity [74].

Numerous studies have demonstrated the effectiveness of T2 as a
reliable tool to study muscle disease [67-73]. Diseases that result in
muscle physical changes involving fluctuations in vascular fluid
volume and water content could be quantified through T2
measurements. With regards to muscle dystrophies, T2 investigations
have been carried out in DMD patients [69,70,73,76], MMD patients
[67] and FSHMD patients [75]. Higher T2 values have been reported
in non-fat infiltrated regions of the anterior tibialis muscle of MMD
patients compared to healthy subjects, with the highest T2 values
noted with advanced disease [67]. In another study that tracked
disease progression over a 2-year period in leg muscles of DMD
patients, increases in T2 times were observed over the 2 years, with the
older aged DMD boys showing higher progression than the younger
patients [76]. In addition, correlations have been noted between T2
values in the soleus muscle and functional scores [76]. In a study that
assessed thigh and pelvic muscles of DMD patients, the gluteus
maximus muscle has been observed to have the highest T2 values of all
the assessed muscles, and a correlation has been found between the T2
in that muscle and clinical scores [73]. T2 measurements have also
been used to assess the effect of steroid treatment on the gluteus
maximus muscle of DMD patients [69]. A variable response has been
observed, with some patients showing increases in T2 times with
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therapy, others showing no change in T2 times and a third group
showing decreases in the measured T2 with therapy [69]. The increase
in the T2 time was presumed to stem from an increase in fat
infiltration with disease progression, while reversal of inflammation
with steroids was postulated to result in reductions in the measured T2
with treatment [69]. In the group that did not show any changes in the
transverse relaxation, a stable disease state has been suggested to be
established with the treatment [69].

In most of the muscle dystrophy studies, no consistency is observed
as to the T2 measurement: while some studies report using 2 echoes
[67], others have employed 5 echoes [76], 9 echoes [69] or 11 echoes
[73]. In addition, some groups use a monoexponential fit to model the
signal decay [73,76], while others do not discuss the fitting algorithm
[69]. There is also rarely a discussion on the T2 fit quality (i.e. R2 or χ2
values). These inconsistent T2 measurement approaches could lead to
widely varying T2 values and make comparisons between different
researcher groups difficult to carry out.

Although monoexponential fitting is typically employed to model
the T2 decay curve, T2 in tissues is affected by the ‘type’ of water that
is present. Compared to pure water, T2 in biological systems such as
muscle is reduced by a factor of approximately 50 [77]. This fact has
led to identification of at least two phases or pools of water in muscle
tissue. While some researchers have attributed these pools to physical/
anatomical sources, others have suggested that they are biochemical in
nature [77-79]. Either way, it is accepted that exchange of water
protons between these pools contributes to variations in T2 values in
muscular systems.

In order to efficiently and accurately quantify the multiple fractions
of T2 in muscle, many echoes are required. The individual collection
of these echoes is cumbersome and time consuming. The use of a
Carr-Purcell-Meiboom-Gill (CPMG) sequence, which is a modified
version of Hahn's spin-echo sequence, as proposed by Carr and Purcell
[80] and later improved by Meiboom and Gill [81], is the better
approach when it comes to such quantitative analysis. While a single
muscle T2 component (31ms) has been measured in vivo using 6
echoes [82], a multicomponent T2, from at least 4 water pools, has
been determined in the same in vivo muscle study with the use of a
CPMG sequence in combination with a projection presaturation
technique [82]. This acquisition collected 1000 echoes from the muscle
and identified four T2 components: <5 ms representing
macromolecular water, 21 ± 4 ms and 39 ± 6 ms representing
intracellular water, and 114 ± 31ms originating from extracellular
water [82]. It is thus clear that although simple monoexponential fits
are widely used to model muscle T2 decay, they do not allow for an
accurate resolution of all muscular water pools. Quantitative muscle
T2 is best done using a large number of echoes over a CPMG train. At
least two T2 components can then be resolved, representing
intracellular and extracellular/vascular pools.

Other Advanced Structural and Functional MRI
Techniques

Diffusion Tensor Imaging (DTI)
Examination of muscle architecture noninvasively to gain insight

into the underlying fibre structure has been carried out for over a
decade using diffusion tensor imaging [83-93]. While earlier DTI
studies were performed in the brain to assess the integrity of cerebral
structures [94,95], the technique was quickly applied to investigate

skeletal muscles due to the anisotropic muscle fibre structure.
Diffusion imaging relies on the application of additional gradients to
sensitize the MR signal to molecular motion. The technical detail of
the imaging sequence that is used to encode diffusion and the
mathematical procedure that is carried out to calculate diffusion
parameters is beyond the scope of this review. Our group recently
summarized these issues in a review article to which interested readers
are directed [96]. A number of quantities are obtained from the
diffusion measurement to describe molecular diffusion, such as the
apparent diffusion coefficient (ADC), the fractional anisotropy (FA)
and eigenvalues (λs) to characterize diffusion magnitude. Using the
orientation of eigenvectors, tractography can be performed to visualize
muscle fibre tracts. Although DTI studies have been useful in
examining muscle damage and inflammatory myopathies [84,86,88],
to our knowledge, the technique has not yet been applied to examine
skeletal muscles of muscular dystrophy patients. A few studies do exist
that assess central nervous system abnormalities in myotonic
dystrophy patients using DTI [97-99]. In addition, assessment of
dystrophic mouse skeletal muscle has been carried out using DTI
[100]. Since myofiber abnormalities are evident in MD patients, DTI
could be useful to examine muscle tissue microstructural integrity and
monitor disease progression and treatment response in MD patients
noninvasively.

Blood Oxygen Level-dependent (BOLD) Imaging
When functional MRI (fMRI) is mentioned, images of brain

activation maps are usually assumed. Although fMRI was initially used
to assess cortical responses to various stimuli, the technique has been
applied to numerous other organs, including skeletal muscles
[101-108] to gain insight into the microvasculature. The BOLD
contrast that is exploited in fMRI studies is based on alterations in
hemoglobin oxygenation such that the paramagnetic
deoxyhemoglobin distorts the local magnetic field, thereby influencing
the measured MR signal. Since the method uses an endogenous species
as a source of contrast, it is serves as a non-invasive approach to
examine muscle function. We have recently summarized the use of
this technique to assess skeletal muscle microvascular environment
[96]. While numerous BOLD fMRI studies have been performed to
examine diseases that result in impaired perfusion to skeletal muscles
[104,106,108], the method has not been used to probe skeletal muscle
microcirculation in MD patients, although it has been used to examine
the response of the CNS to motor stimulation in myotonic dystrophy
patients [109]. Muscle degeneration is evident in the affected muscles
of MD patients, and exercise intolerance is observed. However,
numerous studies have not been able to find altered microcirculation
in dystrophic muscles [110]. BOLD imaging might be useful to further
examine microvascular status in the affected MD muscles and its
noninvasive nature enables for repeated examinations to be carried
out.

Image Texture Analysis
Routine clinical MR images, such as T1 and T2 weighted images,

are usually visually inspected by a radiologist to qualitatively define
disease extent, while quantification of spectroscopic, DTI and BOLD
images usually requires more elaborate analysis techniques.
Quantification of diagnostic clinical images is possible using image
processing techniques such as texture analysis, which is a set of
mathematical tools that enable discrimination between various regions
within an image based on objective parameters such as pixel intensities
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and their distribution. A number of methods are available to perform
texture analysis [111] and the technique has been useful in identifying
dystrophic muscles [112]. Although such approaches provide further
insight into underlying image characteristics that may be difficult to
discern visually, they are computationally demanding.

Summary of Mr Imaging in Muscular Dystrophies
The diagnosis of the various muscular dystrophies is carried out

using standard MR techniques [9-17], including non-contrast T1-
weighted images [9-13] and fat suppressed T2-images [14]. Recently,
advanced MR approaches have provided valuable insight into
biochemical properties of skeletal muscles of MD patients. Using 1H
spectroscopy, quantifications of intramuscular lipid concentrations
have been carried out in Duchene sufferers [33-37]. As expected,
DMD patients show higher intramuscular lipid fractions compared to
healthy controls [35,36]. The 1H spectrum gives signals from trimethyl
ammonium (TMA) and total creatine (tCr), which are thought to play
roles in the metabolism of phospholipids and energy metabolism,
respectively. Using these signals, significant reductions in the
TMA/tCr and TMA/water ratios have been noted in DMD patients
compared to healthy subjects [33,34]. To better assess energy
metabolism, phosphorus magnetic resonance spectroscopy (31P MRS)
has been carried out on skeletal muscles of MD patients [18-31,
39-41], examining both resting muscle metabolites [18-20,22-26,40],
as well as evaluating metabolite concentrations at rest, and during and
following exercise to gain insight into recovery kinetics [22-27,39-41].
Impaired resting muscle energy metabolism has been noted in DMD
[18,19,40], BMD [23,40], and fat infiltrated calf muscles of FSHMD
patients [29]. Assessments of resting intracellular pH in the muscles of
MD patients are varied. Some studies reveal increases in the resting
intracellular pH in DMD [18], BMD [13,39], LGMD [25], and fat
infiltrated muscles of FSHMD patients [29], while others show no
differences in the pH at rest between controls and patients [19,24,26].
Using 31P spectra to investigate exercise recovery, abnormalities in
energy metabolism have been observed in BMD/DMD carriers [22,39],
while the oxidative capacity of LGMD [25] and MMD [24] patients has
been reported to be normal during recovery from exercise. Sodium
(23Na) spectroscopy has been used to assess cellular physiology non-
invasively in the muscles of MMD patients, revealing significantly
larger sodium concentrations in the calf muscles of patients compared
to healthy controls [31,32]. It has been noted that the T2 time is
characteristic of a tissue and can be affected by disease and
physiological perturbation. T2 investigations have thus been carried
out in DMD patients [69,70,73,76], MMD patients [67] and FSHMD
patients [75]. It should be noted that no consistency is usually
observed between investigators when it comes to measuring T2, with
respect to the number of echoes [67, 69, 73, 76] or the fitted model
used to quantify T2 [69,73,76].

Conclusions
While routine clinical MR imaging techniques are useful in the

evaluation of skeletal muscle degeneration that is evident in muscle
dystrophies, recent advances in MRI have led to the development of
quantitative imaging methods that are of diagnostic and prognostic
value. Numerous in vivo spectroscopic procedures are available. These
can be used to quantify phosphorylated metabolites to gain insight
into muscle bioenergetics (31P), to assess lipid content (1H), to
examine glycogen concentration (13C), or to evaluate cellular function
(23Na). T2 relaxation measurements have also shown promise in the

evaluation of muscular dystrophies. While not yet explored in the
assessment of skeletal muscles of MD patients, diffusion tensor
imaging and blood oxygenation level-dependent imaging are emerging
techniques that could potentially further our understanding of muscle
architecture and microvasculature in this group of patients,
respectively. Most of these advanced MR imaging approaches
currently require the help of physics/ engineering personnel to ensure
that they are properly implemented.
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