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Abstract

Advanced magnetic resonance imaging (MRI) techniques can evaluate a wide array of muscle
pathologies including acute or chronic muscle injury, musculotendinous response to injury,
intramuscular collections and soft tissue masses, and others. In recent years, MRI has played a
more important role in muscle disease diagnosis and monitoring. MRI provides excellent spatial
and contrast resolution and helps direct optimal sites for muscle biopsy. Whole-body MRI now
helps identify signature patterns of muscular involvement in large anatomical regions with relative
ease. Quantitative MRI has advanced the evaluation and disease tracking of muscle atrophy and
fatty infiltration in entities such as muscular dystrophies. Multivoxel magnetic resonance
spectroscopy (MRS) now allows a more thorough, complete evaluation of a muscle of interest
without the inherent sampling bias of single-voxel MRS or biopsy. Diffusion MRI allows
quantification of muscle inflammation and capillary perfusion as well as muscle fiber tracking.
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Advanced magnetic resonance imaging (MRI) techniques can evaluate a wide array of
muscle pathologies including acute or chronic muscle injury, degree of musculotendinous
response to injury (e.g., scar formation, stiffness), intramuscular collections and soft tissue
masses, and others.

Most advanced MRI techniques available to date are not used routinely for the clinical
evaluation of muscle. However, in some clinical areas such as neuromuscular diseases, MRI
is becoming more commonplace for disease diagnosis and monitoring. MRI provides
excellent spatial and contrast resolution for the evaluation of individual muscles, tendons,
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and musculotendinous units, as well as of large muscle groups for determining disease
extent. MRI may also help direct optimal sites for muscle biopsy in regions of abnormal
muscle signal intensity, volume, shape, or composition.l: 2 Macroscopic structural changes
in muscle, such as muscle atrophy and fatty infiltration3-> (»Fig. 1), occur after a cascade
of more subtle microscopic changes takes hold. Such microscopic changes may include
expansion of the extracellular volume (presenting as muscular edema), changes in muscle
fiber shape, muscular necrosis, inflammation of muscle fibers (myositis), or fatty infiltration
of muscle tissue.6 Advances in MRI that can detect these pathologic events are critical for
earlier diagnosis and earlier treatment of muscle disease.

High Field Strength

High field strength magnets more easily support higher spatial resolution for improved
characterization of muscle injuries that most often occur around the myotendinous junction.’
Such injuries may include areas of hemorrhage or interstitial edema that are best appreciated
on fluid-sensitive sequences and have a classic feathery appearance.

Higher field strength magnets also allow for better characterization of muscle injuries in
sports, for which a new categorization scheme was published in 2013 in the Munich
consensus statement.® As healing occurs after muscle injury, there is resolution of the high
signal intensity seen on fluid-sensitive sequences and often concomitant development of
fibrous scarring that may initially be seen as high signal intensity on fluid-sensitive
sequences but is eventually low signal intensity on all sequences. Because of differences in
tear patterns and healing patterns, tears of even the same tendon at similar sites seen in
different patients may yield different long-term functional outcomes because the mechanics
of contraction during activity and risk of retear change.® The clinical relevance of the
presence of scar and residual high signal within previously injured musculotendinous units
remains uncertain.10

Whole-Body MRI

The size of the anatomical region that could be scanned in one encounter was traditionally
limited by the time needed for image acquisition. In general, there is a trade-off between
field of view and spatial resolution. Thus, whole-body MRI is more focused on the contrast
resolution, provided by fluid/fat-sensitive sequences, rather than architectural detail. In cases
where multiple anatomical regions needed to be scanned, individual regions were scanned
one station at a time (often requiring patient repositioning between each scan) and later
combined in the postprocessing phase. Advances in MR technique and technology, such as
parallel acquisition techniques and continuous table movement, have allowed significant
reductions in acquisition time while maintaining the image quality of whole-body MRI
scans.11

One of the fields that was among the earliest to explore the clinical applications of whole-
body MRI was oncology because metastatic disease can occur in multiple widely distributed
organ systems.2 Whole-body MRI can also be used to evaluate pathology that affects large
portions of a patient’s muscular anatomy simultaneously, as is seen in many pediatricl3 and
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adult myopathies, inherited muscle disorders such as Duchenne’s muscular dystrophy
(DMD),1* and delayed-onset muscle soreness (DOMS). Heat maps that visually depict fatty
infiltration scores of muscles throughout the body can then be constructed to display a group
of patients’ overall burden of muscle fatty infiltration (»Fig. 2).

MRI in general, and whole-body MRI in particular, can also serve as a useful adjunct to
muscle biopsy and/or genetic analysis in the evaluation of pediatric myopathies.l 2 15 Some
key features assessed with whole-body MRI that might otherwise be missed on more limited
scans including the distribution of proximal versus distal abnormalities (within a limb or
within an individual muscle); preferential sparing or involvement of individual muscles or
muscle groups across different body regions; the type of involvement of specific muscles
(e.g., perifascial high signal intensity, atrophy) at various stages of disease; differences in the
expected versus observed muscle bulk (atrophy versus hypertrophy) in individual muscles;
and changes in total muscle mass.13: 16

A field of view that encompasses the entire body can further assist in evaluation of unilateral
findings by allowing a comparison with the unaffected contralateral side. Whole-body MRI
protocols most frequently include T1-weighted, T2-weighted, and short tau inversion
recovery (STIR) sequences in the coronal and axial planes (»Fig. 3). Whole-body MRI
using these sequences can be used to identify signature patterns of muscular involvement in
disorders such as facioscapulohumeral muscular dystrophy (FSHD).1” Ongoing research has
begun to incorporate more diverse imaging sequences, such as diffusion-weighted
imaging,18 contrast-enhanced imaging,19 and positron emission tomography,2° into whole-
body MR imaging protocols.

Quantitative MRI

Quantitative MRI, in which measurements such as fat quantification within muscle can be
made, has become an increasingly important tool for the initial diagnosis of muscular
disorders, disease tracking, and for evaluation of treatment efficacy. For example,
investigators published the main findings in the various types of limb girdle muscle
dystrophies in 2015 that provide a useful atlas both for initial clinical diagnosis and for
disease tracking.?!

Other investigators have used approaches based on chemical shift such as Dixon MRI to
quantitate the long-term sequelae of denervation, such as muscular atrophy, fatty infiltration,
and interstitial fibrosis, all of which may occur in traumatic brachial plexus injury.22 This
technique attempts to improve on the prior qualitative strategies of estimating muscle
degeneration, such as the Goutallier score on T1-weighted turbo spin-echo images?3 that is
moderately reliable at best even in experienced hands.24 Another semiquantitative method
called Mercuri scoring evaluates fibrofatty replacement of muscle by scoring on T1-
weighted images.2> 26

In recent years, several groups have shown that a more robust quantitative measurement
strategy is more sensitive in detecting small changes in muscle degeneration compared with
a more qualitative method that focuses, for instance, on total muscle cross-sectional area and
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a subjective assessment of fatty infiltration.2”- 28 Quantitative muscle MRI indeed detects
subclinical muscular disease progression and can be used as a powerful surrogate outcome
measure in clinical trials, although not yet approved by the U.S. Food and Drug
Administration or the European Medicines Agency for this purpose.2?

Dixon sequences (»Fig. 4) have shown utility in measuring intramuscular fat in patients
with rotator cuff tears,30: 31 muscular dystrophies,32-38 and diabetes mellitus.39 Quantitative
Dixon techniques, provide the additional advantage of separating the portions of muscle
within a cross section that consist of contractile muscle tissue from those that contain
fatinfiltrated tissue. In so doing, it can provide a more accurate estimate of functional muscle
bulk that may explain patients’ symptoms better than simplyan overall cross-sectional
area.22 Three-point Dixon has been shown to quantify intramuscular fat and total and
contractile cross-sectional areas with excellent interobserver reliability in brachial plexus
injury patients.22 Furthermore, these investigators quantitatively showed that in the studied
patient cohort, the contractile cross-sectional area of the affected biceps brachii muscle
contributed most to reduction in active elbow flexion, active supination, and muscle force.
Qualitative, T2-weighted Dixon fat suppression techniques may also improve conspicuity of
subtle muscle edema pattern in early denervation stages, as compared with conventional
STIR or chemical fat suppression sequences (®™Fig. 5). IDEAL is a three-echo Dixon
technique for fat and water separation with a focus on noise performance and can be used
with gradient-echo—based and spin-echo—based methods.

Three-dimensional MRI sequences may be used to assess overall muscle bulk in patients
with muscle-wasting conditions or after trauma, such as after anterior cruciate ligament
(ACL) injury49-42 and reconstruction.*3-47 Such techniques have been used to show, for
instance, that the ipsilateral gracilis and semitendinosus muscles in patients undergoing ACL
reconstruction with hamstring tendon autograft experienced the highest degree of volumetric
decline from pre- to postsurgery, likely due to selective atrophy from graft harvesting.#8

Magnetic Resonance Spectroscopy

Magnetic resonance spectroscopy (MRS) provides information about the composition of
tissues by separating metabolites according to their unique chemical shift properties. Since
the 1980s, multiple investigators have used MRS to study phosphorus-containing (31P)
compounds in muscle.#® Because 31P is a component of adenosine triphosphate,
phosphocreatine, and inorganic phosphate, 31P-MRS has been used to study patterns of
energy consumption and exercise-related changes in muscle.>% 51 Animal and human studies
have identified metabolic profiles on 31P spectroscopy that correspond to muscle
degeneration and regeneration in DMD, and similar findings have been reported in
FSHD.52-54 Furthermore, investigators have shown that 31P-containing metabolite
concentrations measured using MRS correspond to the extent and rate of fat replacement in
specific muscles as well as muscle strength in FSHD.®

In spite of the demonstrated utility of 31P-based MRS in studies of skeletal muscle, the need
for specialized hardware, software, and expertise has limited its clinical applicability. More
recent investigations in skeletal muscle have focused on the development of proton (1H)-
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MRS that does not require additional hardware or software for most MR scanning
systems.®6-58 One of the technical challenges in performing 1H-MRS in muscle has been
the presence of large water and fat peaks that obscure smaller peaks corresponding to
molecules of interest. Improvements in magnetic field homogeneity, gradients, and water
suppression have now made it possible to use proton spectroscopy to estimate reliably the
concentration of metabolites such as creatine and trimethylamines in muscle.?® 1H-MRS can
also be used to distinguish the intramuscular and extramuscular lipid peaks within muscle,
allowing for noninvasive measurement of fatty infiltration.5%: 61 In muscle, 1H-MRS is now
considered a reference standard for noninvasive quantification of fat.62 63 Because fat
infiltration is a prominent pathologic feature of the muscular dystrophies and other chronic
muscle disorders, this capability may be useful in characterizing pathology in this group of
diseases. However, an important assumption of MRS is that the water content within muscle
is consistent throughout, which may not be the case in particular conditions where
inflammation/edema may coexist with fatty infiltration, such as in DMD.64. 65

Another advancement in MRS technique that may enhance its ability to examine muscle
tissue is the ability to image multiple voxels in a single acquisition. Routine single-voxel
spectroscopy protocols share the same disadvantages as a routine muscle biopsy in that they
examine small regions of large muscles and can therefore miss areas of disease pathology.
Performing MRS in multiple voxels previously required a greater number of phase-encoding
steps that increased the scan time prohibitively. However, the development of various fast
MRS techniques (such as multiple-echo acquisition, echo-planar spectroscopy imaging, and
parallel encoded MRS) has reduced the scan time and allowed the efficient acquisition of
spectra over large regions. These spectra can then be mapped onto anatomical images
(»Figs. 6 and 7) to better appreciate spatial variations in the metabolic profile over large
regions of tissue.%6: 67

Studies of 1H-MRS in skeletal muscle in patients with myositis have shown that creatine
concentrations in muscles that appear normal on T1 and STIR images are higher in patients
with myositis compared with healthy controls, suggesting that changes in MRS profiles may
precede pathologic changes on anatomical MRI.58 The discovery of alterations in metabolite
concentrations that precede both fat infiltration and clinical symptoms in skeletal muscle is
an important one because it could distinguish early disease-related changes that are
potentially reversible.

Blood Oxygenation-Level Dependent and Arterial Spin Labeling Imaging

Blood oxygenation-level dependent (BOLD) imaging, more commonly seen and associated
with neuroimaging in functional brain imaging studies, can be used in musculoskeletal
imaging to identify skeletal muscles with extensive but transient alterations of blood flow
between resting and active states.59 BOLD MR imaging is believed to be a better tool to
provide functional information about muscle tissues and affords the possibility of
superimposing high-resolution anatomical images,%° whereas arterial spin labeling is more
limited by poor contrast-to-noise ratio, higher motion sensitivity, and only moderate spatial
resolution.”® Still, BOLD MRI for skeletal muscle remains of limited clinical utility in most
centers because it requires provocation maneuvers to induce measurable BOLD signal
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alterations in skeletal muscle, such as cuff compression—induced ischemia, exercise,
administration of vasoactive pharmaceuticals, or oxygen ventilation.”1-73

Furthermore, several known factors can affect BOLD signal in skeletal muscle including
patient age, recent exercise activity, muscle fiber type, and certain vasoactive
pharmaceuticals,9 all of which may need to be accounted for when interpreting BOLD MR
images that may add to interpretation time. Similar to 31P-based MRS in studies of skeletal
muscle, the need for specialized software and clinical expertise in BOLD imaging has
limited its clinical applicability.

T2 Mapping

T2 mapping is a quantitative MR technique that measures T2 relaxation times throughout
the tissue of interest. Areas of increased free water (e.g., areas of inflammation) manifest as
higher T2 values; indeed, nearly all pathophysiologic states of muscle increase T2 relaxation
times.”* T2 mapping may also be used to track changes in muscle after therapy, for example
after botulinum toxin injection into the gastrocnemius muscle (™ Fig. 8).”> T2 mapping
allows for evaluation of muscle activity, with proportionally higher T2 values seen with
higher activity in involved muscles.”® 77 T2 mapping can also be used to evaluate muscle
inflammation’8 and fatty infiltration.”® An important technical consideration when
performing T2 mapping is to construct T2 maps with fat suppression, so the measured T2
relaxation times reflect only increased T2 values due to edema (and not due to fatty
infiltration of the muscles that will artifactually elevate T2 values on non—fat-suppressed T2
maps).”* 80 That small amounts of intramuscular fat could be quantified using T2 mapping
with and without fat suppression was validated by Shiraj et al in 2014.81 In addition to the
quantitative aspects of T2 mapping, it can also improve the conspicuity of and confirm
subtle abnormalities such as early denervation (»Fig. 9).

Diffusion MRI

Muscle is an ordered fibrillar biological tissue that exhibits tissue anisotropy (i.e., diffusion
of water is not unrestricted in all directions).82-86 Muscular diffusion values also depend on
the orientation of muscle fibers because the motion of water is least restricted parallel to
fibers. Diffusion-weighted imaging (DWI1) offers the opportunity to measure molecular
diffusion noninvasively and to make meaningful inferences from such information in clinical
contexts.8” In inflamed muscles, diffusion may be increased because of fluid infiltrating the
extracellular space. However, in the idiopathic inflammatory myopathies, small capillary
diffusion volumes indicate a reduced vascular supply. DWI is able to quantify muscle
inflammation and capillary perfusion with the ability to monitor the integrity of the
myofibrillar lattice in myositis.88

Diffusion Tensor Imaging

Diffusion tensor imaging (DTI) allows for quantification of diffusion in muscle and for
muscle fiber tracking (e.g., to track skeletal muscle fiber direction and subclinical injury in
skeletal muscles on a microscopic level).89-21 Damage to muscle resulting from ischemic,
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inflammatory, and traumatic processes may result in muscle fiber disorganization and
deterioration that can be indirectly measured with diffusion tensor parameters such as mean
diffusivity and fractional anisotropy (FA).87 92 Indeed, multiple prior studies have shown
that muscle filament size and cross-sectional area of a bulk muscle do not directly depend on
each other, 93-95 and they suggest that more microscopic changes must be evaluated, such
as with diffusion MRI. Prior studies showed little diffusion restriction along muscle fibers
and strong restriction transverse to muscle fibers, supported by a study using time-dependent
DTI1.96 Other groups have found DTI to serve as a promising ancillary imaging method (to
standard T2 weighted imaging) in the diagnosis of chronic exertional compartment
syndrome of the lower extremities®’ (»Fig. 10), in which the muscular compartments retain
excess fluid following exercise, potentially leading to perfusion abnormalities, pain, and
ischemic muscle injury.?8 FA maps may be reconstructed from diffusion images and used in
muscle imaging. In one recent study, FA maps were shown to have a very strong inverse
correlation (Pearson correlation coefficient [R] = — 0.993, with p = 0.001) with pain in the
context of DOMS and have been proposed to better reflect underlying muscle damage
because intramuscular and perifascial edema may persist long after the resolution of clinical
symptoms, whereas FA normalizes around the same time as pain subsides.%°

Magnetic Resonance Elastography

Magnetic resonance elastography (MRE) infers the mechanical properties (e.g., stiffness) of
soft tissues by analyzing shear wave data. MRE may be used to evaluate for differences in
physiologic responses and stiffness between normal and damaged muscles.100. 101 For
instance, after 48 hours following an eccentric exercise protocol, an increase in the
magnitude of muscle shear stiffness may be seen in postexercise muscles compared with the
same muscles before exercise.’
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Fig. 1.

Axial short tau inversion recovery cross sections of the thorax and abdomen in a patient with
facioscapulohumeral muscular dystrophy. Arrows denote active disease in the serratus
anterior (upper image), triceps (middle image), and lumbar paraspinal muscles (lower
image).
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PR

Fig. 2.
Heat map of fat infiltration scores in 24 individuals with facioscapulohumeral muscular

dystrophy. Patients are arranged (left to right) from lowest to highest mean MRI score.
Muscles on the left and right sides of the body are placed to the left and right sides
(respectively) of the labeled tick marks for each subject. Fat infiltration scores on T1-
weighted MRI (from 0 to 5) and their corresponding colors are shown in the numbered bar
on the right. The mean MRI score for all muscles scored within a single individual are
represented in the bottom row.
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Fig. 3.
Representative examples of T1-weighted and short tau inversion recovery whole-body MR

images in axial and coronal planes.
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Fig. 4.
Representative axial cross sections of the upper leg of a healthy volunteer acquired using a

2-point Dixon sequence. The upper images are acquired with fat and water both in phase
(left) and out of phase (right). The in- and out-of-phase images are used to construct the fat
(left) and water (right) images in the lower row.
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Fig. 5.
Axial T2-weighted iterative decomposition of water and fat with echo asymmetry and least-

squares estimation (IDEAL) image performed on a 3.0-T magnet demonstrates (a) a
denervation edema pattern within the anterior and lateral leg muscle compartments that
cannot be confidently appreciated on the corresponding short tau inversion recovery (STIR)
image (b). Signal hyperintensity of the common peroneal nerve as it courses around the
fibular head is also more conspicuous on IDEAL (c) compared with STIR (d) imaging.
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Metabolite mapping

Fig. 6.
In multivoxel MR spectroscopy, a 16 x 16 grid is positioned over an axial T1 cross section

of the midthigh of a patient with facioscapulohumeral muscular dystrophy. Extensive fatty
infiltration is seen in the hamstrings. Spectra are generated from each voxel using Fourier
transformation. Individual metabolite peaks (here, the lipid peak is selected) can be isolated
from all of the voxels in the grid to generate metabolite maps.
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Fig. 7.
With multivoxel MR spectroscopy, 16 x 16 grids were placed over the midthigh of a healthy

volunteer (top left) and a patient with facioscapulohumeral muscular dystrophy (FSHD)
(bottom left). After Fourier transformation, corresponding spectra in the second and third
columns show elevated fatty infiltration of the midthigh musculature in the FSHD patient,
particularly in the posterior thigh in the region of the adductors and hamstrings. The control
patient demonstrates a normal appearance and minimal degree of fatty infiltration of muscles
of the midthigh.
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Fig. 8.
Axial T2 maps at baseline (left) and at 3 months after botulinum toxin injection (right) in a

patient undergoing botulinum toxin injection for spasticity management. T2 mapping in this
context is used to characterize botulinum toxin diffusion in human muscle using MRI. In the
3-month postinjection image, there are increased T2 values within the lateral head of the
gastrocnemius muscle (yellow arrow).
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Fig. 9.
Oblique sagittal (a) and coronal (b) T2-weighted Dixon fat suppression MR images

demonstrate enlargement and signal hyperintensity (arrows) of the common peroneal nerve
at the level of the fibular head. (c) There is subtly increased T2-weighted signal intensity of
the tibialis anterior muscle (outlined) compared with normal regional muscles. (d) T2 maps
of the same calf musculature, where region of interest (ROI) 1 exhibits a normal T2 value of
the unaffected peroneal musculature (38.2 + 1.5 ms) while ROI 2 demonstrates T2
prolongation of the anterior tibialis (49.8 + 1.9 ms), confirming suspected denervation.
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Fig. 10.
T2-weighted MRI and diffusion tensor imaging from a healthy volunteer (left) and a patient

with chronic exertional compartment syndrome (CECS) (right) demonstrate right calf
muscle before (labeled Pre) and after (labeled Post) treadmill exercise. In the CECS patient,
there is clear increased T2 prolongation in the medial and lateral heads of the gastrocnemius
that corresponds to areas of higher mean diffusivity (MD) and lower fractional anisotropy
(FA). (Reprinted with permission from reference.%6)
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