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In the last years, magnetic resonance imaging (MRI) has become fundamental for
the diagnosis and monitoring of myopathies given its ability to show the severity and
distribution of pathology, to identify specific patterns of damage distribution and to
properly interpret a number of genetic variants. The advances in MR techniques and post-
processing software solutions have greatly expanded the potential to assess pathological
changes in muscle diseases, and more specifically of myopathies; a number of features
can be studied and quantified, ranging from composition, architecture, mechanical
properties, perfusion, and function, leading to what is known as quantitative MRI (QMRI).
Such techniques can effectively provide a variety of information beyond what can be
seen and assessed by conventional MR imaging; their development and application in
clinical practice can play an important role in the diagnostic process and in assessing
disease course and treatment response. In this review, we briefly discuss the current role
of muscle MRI in diagnosing muscle diseases and describe in detail the potential and
perspectives of the application of advanced gMRI techniques in this field.

Keywords: muscular imaging, neuromuscular diseases, MRI, myopathy, advanced imaging

INTRODUCTION

The term “myopathies” encompasses a wide spectrum of childhoodand adulthood, acquired and
inherited diseases affecting skeletal muscle whose main feature is muscle weakness. Other features
that may be variably associated are muscle pain, contractures, exercise intolerance, myoglobinuria,
and multi system involvement i.e., heart, liver, central, and peripheral nervous system (1).

Abbreviations: ASL, arterial spin labeling; MBD, Becker muscular dystrophy; BOLD, blood oxygenation level dependent;
DMD, Duchenne muscular dystrophy; BMD, Becker muscular dystrophy; DWI, diffusion weighted imaging; DTI, diffusion
tensor imaging; FE, fat fraction; FSHD, facio-scapulo-humeral muscular dystrophy; IBM, inclusion body myositis; IDEAL,
iterative decomposition of water and fat with echo asymmetry and least-squares estimation; LGMD, limb girdle muscular
dystrophy; LOPD, late onset Pompe disease; MD, myotonic dystrophy; MR, magnetic resonance; MRE, magnetic resonance
elastography; MRI, magnetic resonance imaging; MRS, magnetic resonance spectroscopy; MT, magnetization transfer;
OPMD, oculopharingeal muscular dystrophy; PET, positron emission tomography; qMRI, quantitative magnetic resonance
imaging; SEPIN, selenoprotein N; SNR, signal to noise ratio; STIR, short-tau inversion recovery; SWE, shear wave
elastography; TSE, turbo spin echo; US, ultrasound.
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The diagnosis of myopathy has been traditionally based on
the clinical, electromyography and muscle biopsy findings, which
indicated the subsequent genetic investigations.

Currently, however, there is a large availability of other
powerful diagnostic technologies, especially in the field of
genetics, which have widely changed our approach to the
diagnosis of muscle diseases. The possibility to broadly study
patients’ genomes through Next Generation Sequencing (NGS),
approaches such as Whole Exome Sequencing (WES) and Whole
Genome Sequencing (WGS) are already revolutionizing the
entire diagnostic process, allowing us to detect several molecular
changes whose role and pathogenicity need to be evaluated in the
specific clinical context (2).

In the last years, magnetic resonance imaging (MRI) has
become a very powerful tool to improve our capability of
diagnosing muscle diseases because it can show the severity and
distribution of tissue damage in different muscles of the body
or within a single muscle. The resulting observations are an
extremely useful complement to clinical evaluation, especially
when specific patterns of damage distribution are identified,
and help in reaching the correct diagnosis and the proper
interpretation of the identified genetic variants (3-5).

In this review, we briefly discuss the current role of muscle
MRI in diagnosing muscle diseases and describe in detail the
advances and the perspectives of the application of advanced
quantitative MRI (gMRI) techniques in this field.

CONVENTIONAL MUSCLE IMAGING

MRI techniques used in muscle disorders have traditionally
included T1-weighted images (T1w) and sequences sensitive
to tissue water, as short-tau inversion recovery (STIR) or T2-
weighted images (T2w), with or without suppression of the signal
of fat tissue. The use of such techniques has been primarily
devoted to the macroscopic evaluation of morphological changes
of the muscles, including fat replacement and edema.

Aiming to more precisely grade the compositional changes
in muscle, semi-quantitative indices have been implemented. In
clinical and research practice, in fact, several MRI rating scales
[usually comprising 4 or 5 grades ranging from normality (0)
to severe abnormalities (4, 5)] are currently used to evaluate the
extension of fatty degeneration and semi-quantitatively assess the
degree of muscle damage, the most used being the Mercuri and
Fischer scales (3, 4).

In the recent years, a part of literature in the field of muscle
disorders evaluated through comparative studies the distribution
and severity of damage in different muscles through comparative
studies in order to detect specific MRI patterns for different
myopathies, helping the clinicians in the diagnostic workup.

Characteristics of muscle damage on conventional MRI may
be organized into the following main pattern descriptors: (1)
severity and distribution of morphological changes in muscle size
and shape, (2) severity and distribution of fat, and (3) presence of
muscle edema (5).

Among acquired myopathies, the idiopathic inflammatory
myopathies (IIM) are certainly the best characterized. In this

group of diseases, MRI can visualize edema (as a sign of
inflammatory changes) on short tau inversion recovery (STIR) or
fat-suppressed T2-weighted sequences in the early/acute disease
phases, whereas fatty replacement and muscle atrophy on T1-
weighted images can occur as later changes (5, 6).

In Polymyositis (PM), muscle edema usually affects proximal
muscles of the lower and upper extremities in a symmetrical
way (6). Compared with PM, Dermatomyositis (DM) affects
predominantly and more severely the thigh muscles, except those
of the posterior compartment, which are similarly involved in
both disorders (7).

In 2014, Miranda et al. compared MRI images of thigh muscle
compartments of 11 adult subjects with DM and 11 adult subjects
with PM (8). Muscle edema, mainly in the proximal region of
the studied muscles, was significant in DM, whereas areas of fat
replacement were predominant in PM.

In 2011, Davis et al. proposed a specific scoring system
for assessing acute inflammatory changes in juvenile DM (9).
Markers of inflammatory change in four muscle groups and
the surrounding soft tissues were defined: degree of muscle
inflammation based on a 4-point score (none = 0, mild = 1,
moderate = 2, and severe = 3), assessed by taking the overall
impression of the entire muscle group; presence of soft-tissue
edema (absent = 0, present = 1) and of perifascicular edema
(absent = 0, present = 1).

In sporadic Inclusion Body Myositis (sIBM), a
myodegenerative and inflammatory muscle disease, muscle
atrophy is at least as frequently detected as inflammation on
MRI, predominantly affecting the distal quadriceps with a
pattern of involvement reported in retrospective studies as
sensitive and specific for the diagnosis (10).

Inherited myopathies have been studied in depth by muscle
MRI and several specific patterns have been identified.

In 50 genetically confirmed Duchenne Muscular Dystrophy
(DMD) children, muscle MR and qualitative assessment by
Mercuri scoring showed severe fibro-fatty changes in gluteus
medius, minimus, and adductor magnus (11). Moderate to
severe changes in gluteus maximus and quadriceps muscles
were also observed whereas sartorius, semimembranosus and
gracilis were spared. Superficial posterior and lateral leg muscles
were preferentially involved with sparing of deep posterior and
anterior leg muscles. A direct correlation between duration of
illness and fibro-fatty changes in piriformis, quadriceps, and
superficial posterior leg muscles was also observed (11).

In 51 molecularly confirmed Becker Muscular Dystrophy
(BMD) patients, muscle MRI showed a pattern of fatty
substitution involving mainly the hip extensors and most
thigh muscles (12). The severity of muscle fatty substitution
significantly correlated with specific DMD gene mutations (i.e.,
patients harboring deletion of exon 48 or deletions bordering
exon 51 presented a milder involvement). Skeletal muscle MRI
also correlated with motor function and helped in predicting
functional deterioration within a 12-months period.

Limb-Girdle Muscular Dystrophies (LGMD) are a
molecularly heterogeneous group of childhood or adult-
onset muscular dystrophies with frequent clinical overlap that
often causes considerable diagnostic difficulty. In LGMD R1
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(former LGMD2A), caused by mutations in the calpain-3
gene, MRI pattern shows involvement of the posterior thigh
and adductor muscles (13). At lower leg level, MRI usually
detects involvement of the soleus and of the medial head of
the gastrocnemius with relative sparing of the lateral head
(13). LGMD R9 (former LGMD2I), caused by mutations in
fukutin-related protein (FKRP), is characterized by MRI signal
changes in adductor muscles and in posterior thigh and posterior
thigh and calf muscles, whereas tibialis anterior is usually spared
and often hypertrophied. During the disease course, gluteus
maximus, adductor magnus, and biceps femoris are commonly
involved while vastus lateralis and vastus intermedius muscles
can be spared until advanced stage of disease (14).

The group of dysferlinopathies, caused by mutations in the
dysferlin gene, includes the proximal form LGMD R2 (former
LGMD2B), the distal Miyoshi myopathy, clinically characterized
by initial calf involvement, and a form of distal anterior
(tibial) myopathy.

Despite clinical heterogeneity, these myopathies are
characterized by a common MRI pattern in the lower limbs, with
involvement of gastrocnemius medialis, soleus, posterior thigh,
and adductor compartments. While anterior compartments of
the thighs may also be involved, there is usually a characteristic
sparing of the gracilis and sartorius muscles in the thigh and,
importantly, of the pelvic muscles compared to the thigh and
lower legs (14-16).

At variance, sarcoglycanopathies (LGMD R3-R6, former
LGMD2C-2F) are characterized by relative or even complete
sparing of the lower leg compared to the thigh, and a clear
proximo-distal involvement of the vastus lateralis. This pattern is
consistent across the four different mutated sarcoglycans (alpha,
beta, gamma, and delta) (17).

Among the other inherited myopathies, autosomal dominant
myopathies such as LGMD D1 (former LGMDID), facio-
scapulo-humeral muscular dystrophy (FSHD), myofibrillar
myopathies (MFM), and some forms of congenital myopathies
were the better studied.

In LGMD DI, a peculiar “horseshoe sign” given by fatty
replacement of posterior thigh and adductor magnus muscles
with sparing of the semitendinosus is the MRI hallmark of most
of the mutated patients, together with gastrocnemius medialis
and later on soleus involvement at the lower leg level (18).

In FSHD, the involvement in the lower limbs is more
variable although some muscles are consistently affected (such
as abdominal muscles, semimembranosus and other muscles of
the posterior thigh, and gluteus minimus) and others consistently
spared even at advanced stages, such as iliopsoas and obturator
muscles (19).

MFMs, pathologically characterized by myofibrillar
degeneration and accumulation of abnormal proteins such
as desmin, alpha-B-Crystallin, and Myotilin, are a group of
diseases often difficult to diagnose. In this setting, muscle
imaging, in combination with clinical and muscle biopsy
evaluation, can be a helpful tool in identifying the specific MFM
subtypes (4).

In patients with desminopathy, the semitendinosus was the
most affected muscle, followed by sartorius and gracilis, whereas

other thigh muscles were involved later in the disease course. At
the leg level, the peroneal muscles were more, or at least equally,
involved than tibialis anterior muscle, which is considered a
criterium to detect desminopathy with sensitivity of 100% and
specificity of 95% among MFMs (4).

MFMs having mutations in MYOT, FLN-C, and LDB3 (ZASP)
showed different patterns of muscle degeneration, which led to
the formulation of criteria useful for separation of distinct MFM
subtypes and in directing genetic analysis (20).

Central Core Disease (CCD) is caused by mutations in the
ryanodine receptor 1 gene (RYR1). In the autosomal dominant
form, muscle MRI shows selective involvement of vasti, sartorius,
adductor magnus with relative sparing of rectus femoris, gracilis,
and adductor longus in the thigh and selective involvement of
soleus, gastrocnemii, and peroneal group with relative sparing of
the tibialis anterior in the leg (21).

Muscle MRI performed in a cohort of patients with
muscle disorders characterized by rigidity of the spine (rigid
spine syndrome SEPNI-related, Bethlem myopathy, and Ullrich
congenital muscular dystrophy linked to Col6A1, Col6A2, and
Col6A3 mutations, Emery-Dreifuss muscular dystrophy linked
to LMNA defects and calpain-deficient limb girdle muscular
dystrophy) showed a pattern typical for 1 of the 5 studied forms
in 82% of the scans and a pattern consistent, although not typical,
in 8% of the cases (22).

A selective MRI pattern was recognized in selenoprotein N
(SEPN1)-related myopathies. The semimembranosus muscle is
always largely involved to large extents up to a complete atrophy,
often together with sartorius, adductor magnus, and the short
head of biceps femoris, whereas abnormalities of the lower leg are
less common. in the other districts of whole-body scans, severe
wasting of sternocleidomastoid muscle was detected whereas
elevator scapulae in the neck, iliacus in the pelvis, adductor
longus, gracilis, rectus femoris, and tibialis anterior in the lower
limb are spared even in later stages (23).

Within the metabolic myopathy group, Pompe disease is the
best-characterized disease, particularly for what concerns the late
onset form (LOPD). A systematic axial muscle degeneration,
especially in spine extensor and abdominal muscles and thigh
muscles, is often recognizable (24, 25), with relative sparing of
leg muscles. The scapular girdle and pelvic girdle muscles were
also involved and a distinctive feature can be the tongue muscle
fatty degeneration, evident in most of affected patients (26).

In Figures 1, 2 different patterns of involvement of both
hereditary and inflammatory myopathies are shown.

APPLICATIONS OF ADVANCED
QUANTITATIVE TECHNIQUES

The advances in MRI techniques and post-processing software
solutions have greatly expanded the potential to assess pathologic
changes in muscle disorders; a number of features can be
studied and quantified, ranging from composition, architecture,
mechanical properties, perfusion, and function, leading to what
is known as quantitative MRI (QMRI).
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FIGURE 1 | Muscle MRI in a subset of dystrophies and congenital myopathies. For each box, thighs are displayed on the left, legs on the right side; spin-echo
T1-weighted images are on top, short-tau inversion recovery (STIR) images on the bottom. (A) Child with Duchenne dystrophy (DMD) showing prominent fat

replacement of gemini and adductor magnus and, to a lesser extent, of soleus, peroneal muscles, and rectus femoris bilaterally. Of note, edema of the left quadriceps
and, more diffuse, of the leg muscles is evident. (B) Adult subject with Pompe Disease, showing selective fatty replacement of the posterior thigh and relative sparing of
leg muscles. Slight patchy STIR hyperintensities are evident bilaterally, mainly involving the thigh musculature, as reported in literature (58). (C) Young subject with beta
sarcoglycanopathy, showing important involvement of adductor magnus and longus and harmstring; at leg level the extensor digitorum longus is the most affected
muscle. Unspecific slight STIR hyperintensity of the residual calf muscles is evident. (D) Young subject with Bethlem myopathy showing predominantly peripheral
involvement both at the level of the thigh and leg muscles. Note the central shadow in the rectus femoris (arrow) and the bat-wing sign in the posterior leg musculature
(arrowheads). No edema is evident. (E) Young subject with congenital myopathy due to selenoprotein 1 (SEPN1) showing diffuse muscular atrophy and selective fatty
replacement of sartorius and, to a lesser extent, of adductor magnus; no edema is evident. (F) Young subject with facio-scapulo-humeral dystrophy (FSHD), showing
involvement of the posterior thigh muscles and of tibialis anterior (TA), with sparing of the quadriceps bilaterally, but with rectus femoris involvement. Edema is evident

at the level of TA and harmstring muscles and, peripherally, of vastus lateralis. All presented MRI images have been collected during routine patient care.

Such techniques can effectively provide information beyond
what can be seen and assessed at conventional MRI; their
development and application in clinical practice can play an
important role in defining the disease course and treatment
response (27-30).

Fat Fraction

The calculation of the percentage of fat into a tissue, called
fat fraction (FF), has become a crucial point in the study of
myopathies, where fat replacement is an important feature of the
pathological spectrum (31).

Dixon imaging (developed by Thomas Dixon in 1984)
is an MR technique that relies on water/fat chemical shift
difference and that is used to obtain homogeneous fat-
suppression when other techniques fail (mainly due to
inhomogeneities of the magnetic field) and to calculate the FF of a
tissue (32-35).

The Dixon sequence basically acquires two images, one with
water and fat signals in-phase and the other with water and
fat signals out-of-phase: the sum and subtraction of the two
images allows the production of a water-only image and a fat-only
image, the latter being of particular interest in muscle imaging.
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FIGURE 2 | Muscle MRI in inflammatory myopathies. For each box, thighs are displayed on the left, legs on the right side; spin-echo T1-weighted images are on top,
short-tau inversion recovery (STIR) images on the bottom. (A) Adult subject with polymyositis (PM), showing multifocal muscular edema involving both thigh and leg
muscles and no selective pattern of fat replacement; (B) Adult subject with dermatomyositis (DM) showing characteristic multifocal perifascicular edema involving both
thigh and leg muscles; (C) Adult subject with inclusion body myositis (IBM), with predominant fatty substitution of anterior thigh musculature and gemini muscles,
associated to slight multifocal muscle edema. All presented MRI images have been collected during routine patient care.

A FF map is usually built with a colorimetric scale based on
the percentage of fat in each voxel; regions of interest (ROI)
can be drawn to calculate the FF in a chosen area within the
muscle belly (Figure 3). The FF as measured by Dixon imaging
is considered highly reliably and reproducible (36-38). A non-
uniform fat replacement throughout the muscle body, however,
has to be taken into account: Hooijmans et al. recently found
that distribution of fat replacement in DMD varies along the
proximodistal axis, with higher FF in the distal and proximal

muscle segments compared to the belly. As a consequence such
non-uniformity have to be taken into account to prevent sample
bias (39).

Different techniques are available for Dixon imaging. Two-
point Dixon is generally considered satisfactory for the liver;
artifacts as image swap may occur, however, in skeletal muscle.
Three-point Dixon, a technical more reliable evolution of the
original sequence, is almost always not affected by such an
issue (40).
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FIGURE 3 | Qualitative and quantitative left thigh muscle MRI in an adult subject with facio-scapulo-humeral disease (FSHD). (A) T1-weighted, (B) short-tau inversion
recovery (STIR), and (C) fat fraction (FF) calculated with a 3-point Dixon approach are displayed. Regions-of-interest (ROI) are positioned, respectively on normal and
fatty replaced muscles, with their mean FF shown as percentage in the tag. The figure shows extensive fatty replacement of the harmstring muscles (mean FF = 4%),
with the ROI positioned on the long head of the biceps femoris, compared to the normal quadriceps (mean FF = 45%). Colors from dark blue to dark red represent
the percentage of fat (FF) (see color bar). MRI images have been collected during routine patient care.

Quantitative Dixon MRI is more precise than visual
radiological methods as semi-quantitative grading for the
evaluation of fat replacement, which commonly implies a
systematic overestimation of the fatty component (41, 42). The
use of Dixon-derived FE therefore, has become a reference for
a precise assessment of fat replacement in muscular dystrophies,
especially in DMD, where it has been more frequently applied. In
DMD, in fact, FF maps correlate well with histology (37, 43), play
a role in the follow-up (44-47) and in the evaluation of therapy
response (48).

The quantification of FF also correlates well with clinical
function (49, 50); a threshold of 50% of fat replacement, as
assessed by Dixon imaging, can predict the loss of ambulation
with a sensitivity/specificity of 100%/91% in DMD (50). Hence
FF evaluation thus represents a promising endpoint to test the
efficacy of treatment over the degree of ambulation impairment.

As aforementioned, Dixon-derived FF estimation has revealed
its usefulness in monitoring the effects of treatments in DMD.
Arpan et al. showed that 1 year administration of corticosteroids
to young DMD boys stopped the fatty infiltration process in
the thighs and legs, whereas in the natural course of the
disease fatty infiltration rate was, respectively, of 7 and 3% (48):
the authors suggested that the lesser fat deposition in steroid
therapy may be explained by a reduced inflammation/damage
and fat infiltration secondary to treatment. Janssen et al. used
T2-derived FF to monitor and quantify the therapeutic effects
of physical activity in FSHD subjects, revealing a slowing of
the fat replacement rate from the usual care group, and also
demonstrated that FF can be a reproducible and sensitive
biomarker (51).

Dixon-based FF has been also used to quantify fatty
muscle degeneration and track disease progression in Becker
muscular dystrophy (BMD), even if in a small cohort and at
a relatively short imaging interval of follow-up (52). Fischer

et al. documented that mean FF (and T2 measure) were highly
negatively correlated with time function tests in 20 BMD subjects,
suggesting that the mean FF (and, in parallel, T2) are able to
measure the functional impact of key pathological processes (53).

Subtle changes in FF have been shown in oculopharyngeal
muscular dystrophy (OPMD) (54) and in in LGMD R9, where
an increase in fat replacement was demonstrated in 9 (out of 14)
muscles analyzed over a 12 months follow-up, whereas such a
changement was not evident on semi-quantitative scoring of the
T1w images (55).

FF quantification sensitively detected fat replacement rate also
in Charcot-Marie-Tooth disease 1A and 2F (CMT1A-2F) and
SIBM (56-58).

In Pompe disease authors showed a strong correlation
between muscle strength, muscle functional scales and the degree
of intramuscular fat as assessed by a three-point Dixon sequence
(59). Carlier et al. retrospectively demonstrated with Dixon
imaging that fat replacement occurs at a rate of 0.9%/year in
Pompe disease, hamstring and adductor muscles being the most
rapidly involved (60). More recently, in a prospective study in 32
late onset Pompe disease (LOPD) subjects, Figueroa-Bonaparte
etal. demonstrated a 1.7% increase in fat content of thigh muscles
at 1 year follow-up, but only in symptomatic subjects (61).

As a further implementation of the Dixon technique, a
T2w TSE Dixon approach was used by Schlaeger et al. (62)
as a fast whole-body simultaneous grading of muscle fat
replacement and edema in a mixed cohort of subjects with
neuromuscular disorders. The authors documented a high inter-
method agreement between traditional Tlw Dixon, T2 STIR,
and the proposed T2 TSE Dixon for rating fatty infiltration
and intramuscular edema, with no need for multiple acquisition
stacks to cover the entire body and the possibility to study
contemporarily fat replacement and edema. As a consequence,
T2-weighted Dixon TSE imaging was proposed as a further
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step in QMRI to obtain an accelerated simultaneous grading of
whole-body skeletal muscle fat infiltration and edema (62).

With regard to magnetic field inhomogeneities that affect
Dixon sequences, a series of modifications of the initial Dixon
technique have been proposed to reduce this issue leading first
to the three-point Dixon and later to the so called iterative
decomposition of water and fat with echo asymmetry and least-
square estimation (IDEAL) (63). Such technique is essentially
compatible with any pulse sequence.

The major strengths of this technique are the uniform and
reliable fat suppression throughout the body and the very
high signal to noise ratio (SNR) of the reconstructed fat-
only and water-only (64). The purpose and the utilization of
such technique, however, remains the same as the two- and
three-point Dixon.

In conclusion, the quantification of fat-fraction measurement
as obtained from Dixon (or even IDEAL) MRI can be regarded
as a useful biomarker to precisely quantify the fatty infiltration in
muscle (Figure 3), representing a marker of involvement (though
relatively-late), and a marker of therapeutic response (31).

Relaxometry
T2 Relaxometry
T2 mapping is a gMRI technique that measures T2 relaxation
of tissues, that reflects the locoregional water binding and
that is prolonged by the presence of increased free water
(20, 65-67). The T2 time is characteristic for each tissue and is
affected by a number of physiologic and pathologic processes;
in muscle imaging it has been used to explore the effects of
exercise (65, 68, 69), and to specifically evaluate neuromuscular
diseases, also after exercise (70-74). It must be underlined
that, given known modification of T2 relaxation time after
exercise, performing an MRI shortly after physical activity may
significantly alter the signal; an appropriate resting time is
therefore recommended.

T2 measurement is an attractive endpoint because it is
primarily affected by early changes in muscle integrity, before
fat infiltration occurs: in other words, the T2 value reflects the
prodromal phases of the disease in the muscle. As a consequence,
the T2 is an in vivo indicator of ongoing disease activity.
Nonetheless its low specificity has to be kept in mind: an increase
of T2 signal may be due to several unspecific events which all
lead to intracellular or extracellular edema or a combination of
both (29).

The difference between global T2 and water T2 must
be specified. Global T2 signal is strongly influenced by fat
infiltration, which is better described by fat-fraction evaluation
techniques as Dixon (see above); the use of global T2 can thus
lead to confusion and is therefore discouraged. What is really
interesting in the setting of muscle diseases imaging is water T2,
that reflects the ongoing pathologic changes in the muscle (75).

In DMD T2 was found to be increased in involved muscles in
a series of studies (71, 76-82). Moreover, T2 and related variables
were shown to increase over time and to strongly correlate with
changes in functional performance (83, 84).

Studies combining gMRI and magnetic
spectroscopy (MRS) in DMD demonstrated

resonance
interesting

findings in the early detection of muscle involvement and
in the assessment of steroid therapy effects. Hooijmans et al.
showed that both T2 and PDE (phosphodiesters, see >'P-MRS
section below) are already increased prior to fat replacement
and remain elevated in affected muscles. Both measures could
therefore serve not only as early markers of disease, but they
could also potentially track response to therapy (85).

As a proof of principle, Arpan et al. in fact, demonstrated,
through a combined quantitative MRI/MRS approach, that both
quantitative MR techniques are able to effectively monitor the
effects of corticosteroids on the lower extremity muscles of
young boys with DMD. In treated subjects, T2 values and FF
decreased when compared to untreated boys, and progressive
fat replacement was slower during treatment, at least in a few
muscles. The monitoring of T2 was able to detect therapeutic
effects as early as 3 months after drug initiation (48).

Differently from DMD, BMD subjects did not show a T2
increase in affected muscles (86), likely in keeping with the minor
degree of inflammation. Conversely, high T2 values were found
in residual muscle tissue of myotonic dystrophy (DM) 1, with the
highest values reported in the more advanced stages of disease,
the increase being associated to a decrease in muscle force (72).

Finally, increased T2 values were also found in inflammatory
myopathies, where they again reflect the degree of inflammation
(58,73, 87, 88).

T1 Relaxometry

Another available technique based on relaxometry uses T1 signal
decay instead of T2. T1 values in muscle imaging are known to be
increased in case of inflammation and strongly decreased where
fat-replacement occurs (89-92); on the contrary, T2 values are
elevated in both conditions (93).

Fast T1-mapping sequences have been applied in the study
of myocardium (94), whereas only a few studies applied T1
mapping in skeletal muscle imaging in healthy subjects (69, 95),
demonstrating a high repeatability.

T1 values, along with T2 and T2* mapping, were found to be
significantly increased in a small group of FSHD subjects (n = 7)
and, in parallel, they correlated well with clinical severity scores
(96). Gaur et al. failed to show a T1 abnormality in upper arms in
DMD compared to controls (82).

Marty et al. recently explored muscle T1 relaxometry on
healthy volunteers and compared its sensitivity with the standard
three-points Dixon sequence to assess fat replacement in 30 BMD
subjects: the measured T1 values showed a high repeatability,
correlating well with FF as measured by Dixon sequence,
and could discriminate involved muscles from normality.
Additionally the acquisition time was quite fast, with a 10's scan
time per slice (97).

Diffusivity Imaging

Diffusion imaging reflects the diffusivity of water molecules in
biological tissues: in an unrestricted environment, molecules
are able to move freely (the so-called free Brownian motion),
whereas in biological tissues several structures or conditions,
as the presence of cellular membranes, may actually restrict
such motion.
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In skeletal muscle, water diffusivity increases in active
inflammation and decreases where fatty degeneration occurs. As
a consequence, diffusion weighted imaging (DWI) can be applied
in the assessment of myopathies and may serve as a biomarker for
disease course and response to treatment (98, 99).

Diffusion tensor imaging (DTI) is a technical evolution
of the concept of diffusion imaging that has been largely
applied in brain and spine imaging (100). DTI is based on
the ability of water molecules to move differentially in various
directions through biologic tissues. The diffusivity along the
three axes of the space can be measured applying different
gradients; when movement is facilitated in one direction rather
than homogeneously in all directions, the so-called anisotropic
diffusion occurs, as expressed by fractional anisotropy (FA).
Other DTI parameters that assess diffusivity predominantly
along the other axes are mean (MD), radial (RD), and axial
diffusivity (AD).

The high anisotropic structures found in the human body are
the white matter bundles in the central nervous system (CNS)
and the muscular fibrillar structures: the well-organized and
ordinate muscle proteins and membranous structures represent,
in fact, a barrier to free water diffusion, that is conversely
allowed along the main axis of the considered structure. When
a well-organized structure is disrupted by any physiologic or
pathological process, its anisotropy decreases (i.e., FA decreases)
(99, 101).

As microstructural abnormalities observed in the context of
myopathies, i.e., Z-line abnormalities or increased permeability
of cellular membranes, have a negative impact on anisotropic
diffusivity, rather facilitating diffusivity along other axes, DTI can
play a role to quantitatively investigate such modifications and to
monitor the follow-up (99, 102).

When examining DTI data, however, the presence of
confounding factors has to be taken into account. A sufficient
SNR as well as precise measurements of percentages of fat and
mean water T2 are considered essential to reliably estimate
the skeletal muscle DTI parameters, limiting confounding
effects (103).

The replacement of muscular fibrils by adipose and fibrous
tissue in DMD (and by extension in muscular dystrophies
in general) actively destroys the barriers that restrict water
movement, resulting in an increase in ADC values (apparent
diffusivity coefficient, an increased ADC indicates increased free
water diffusivity) and a decrease in FA values (decreased integrity
of fibrils) (104): ADC and the DTT values can thus be applied to
quantitatively assess disease severity in muscle disease (105, 106).

In their pilot study Ponrartana et al. demonstrated a strong
correlation between muscle strength and adiposity in boys with
DMD, even though such markers could rather represent fat
replacement than real muscle damage in later disease stages
(105): with regard to diffusivity, muscle strength negatively
correlated with FA and positively with ADC. Nonetheless,
unexpectedly, more advanced disease correlated positively with
FA and negatively with ADC, probably due to artificial increase
of ADC and decrease of FA in muscles with >45% of
fat replacement.

Another group only observed a trend for the decrease in FA
and an increase of mean diffusivity (MD) in the tibialis anterior
muscle in DMD (103).

DTI analysis has also been used to quantify the muscular
diffusivity properties in PM/DM in the field of inflammatory
myopathies: ADC and the three eigenvalues (diffusion values in
the three axes) were significantly different between normal and
affected muscles (99).

Tractography represents an application of DTI that allows
the analysis of fibers (in this case of muscle fibers). Muscular
architectural aspects such as pennation angle, curvature of
fibers, fiber length and possible muscle fibrosis can be studied
(107), hence fiber tracking may provide further quantitative
information in muscle studies. Intrinsic characteristics of the
fibers are influenced by fatty infiltration and muscle atrophy;
as a consequence the study of fiber alignment and of diffusivity
parameters along the fibers appears of particular interest
(102, 108).

Keller et al. demonstrated a strong and consistent association
of DTI metrics and fiber total length (FTL) and with mean
FF calculated with a Dixon sequence, in a customized ROI
segmentation in 15 dystrophic subjects (109). Issues derived from
the possibility of incorrect fibers tracking algorithm setting and
the effects of partial volume artifacts, however, have to be taken
into account (110).

Intra-voxel incoherent motion (IVIM) is another diffusivity
based technique that, using several low b values (0-600 s/mm?),
allows simultaneous quantification of perfusional and diffusivity
properties of a tissue (111); with regard to muscle imaging, IVIM
has been applied to study perfusion-related muscle damage such
as in peripheral arterial occlusive disease and the microstructural
muscular properties at rest and following exercise in healthy
subjects (112), thus providing a useful alternative to other non-
invasive perfusional methods such as arterial spin labeling (ASL,
see perfusion section below) (113, 114).

Qi et al. characterized total fluid motion within the muscle
in inflammatory myopathies evaluating ADC and the three
parameters derived from IVIM, thus separating the diffusion
of water molecules from microcapillary perfusion of tissues. In
patients, unaffected muscles had DWI coefficients equivalent
to those of normal muscles, whereas inflamed muscles showed
elevated ADC and diffusion values and decreased volume
fraction of capillary perfusion (f); conversely, fat-infiltrated
muscles had lower diffusivity values than control muscles,
resembling the typical characteristics of fat tissue (98).

Sigmund et al. with a combined Dixon-based and DTI
approach applied to thigh and calf muscles in dermatomyositis
(DM) observed a lower pseudo-diffusion (D*) in the quadriceps
and a correlation between diffusion metrics and T1/T2-based
scores of disease severity at rest. Additionally, with regard to
DTI, post-exercise diffusion measurements showed significantly
higher mean (MD) and radial diffusivity (RD) compared to
controls (115).

Ran et al. analyzed IVIM in 46 subjects with myopathy
and found that standard ADC values along with SNR decay
curves and biexponential ADC parameters were useful in
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distinguishing among PM/DM, glycogen storage diseases, and
muscular dystrophy patients (116).

In conclusion, the numerous implementations and possible
applications of diffusion weighted imaging can effectively play
a relevant role in the management of myopathies, both at rest
and after exercise, in the attempt to better describe the underlying
pathological processes.

Magnetization Transfer

Magnetization transfer (MT) is an MRI technique that is able
to depict the interactions of tissue-water protons that are part
of different macromolecular environments. To simplify using
a two-pool picture, water protons in tissues are considered to
reside either in the “free” water proton pool (responsible of
the conventionally visible MRI signal) or the “restricted” proton
pool where protons are bound to proteins and macromolecules.
Quantification of MT provides estimates of the relaxation and
exchange rates protons between the two pools and the ratio
between them (the so called pool size ratio, PSR) (66, 117).

Magnetization transfer contrast is high in skeletal muscle and
its origin and mechanisms have been studied by several groups in
normal, aging and diseased muscles, with a particular attention
for the detection and estimation of fibrosis, even if the link is
not completely understood (95, 118-122). In particular, it has
been demonstrated that PSR may be used as a biomarker of
inflammation, though in a murine model (123).

Sinclair et al. showed that MT ratios (MTR) may be
more sensitive to muscle damage than conventional MRI
in 10 patients with Charcot Marie Tooth disease type
1A (CMT1A) and nine patients with chronic inflammatory
demyelinating polyneuropathy (CIDP) compared to controls.
MTR measurement showed correlation with functional measures
and with conventional STIR sequences, thus being consistent
with visualization of muscular edema; additionally a reduction of
MTR in muscles otherwise deemed normal on STIR was found,
suggesting an increased sensitivity to ongoing disease (121). Also
in CMT1A and sIBM subjects, even after adjustment for FF (that
could alter the quantification), MTR was reduced in muscles
without substantial intramuscular fat accumulation compared to
controls, suggesting sensitivity to early and potentially reversible
changes in muscle water distribution (56).

As a further implementation of the technique, MT has been
combined with double quantum filtering and ultra-short TE
(UTE) imaging, with the aim to improve the technique specificity
in detecting collagen, with promising results (124).

Spectroscopy

Magnetic resonance spectroscopy (MRS) is a technique that
is able to provide information regarding the metabolites
composing tissues, by separating them according to their unique
chemical shifts. The spectroscopic identification of metabolites
is achievable applying different techniques; in fact different
MR spectroscopies are available, according to the different
studied nucleus, 'H (also called proton spectroscopy, the more
commonly found in practice), *'P (phosphorus), 2*Na (sodium),
13C (carbon) being the most important ones (125).

The possibility to detect any abnormality in metabolites
that may even precede clinical symptoms and even subtle fat
infiltration in skeletal muscle is of particular interest, as it could
distinguish early disease-related changes that are potentially
reversible and, additionally, track metabolite abnormalities
throughout the disease course.

As routine MRI examinations rely on proton signal, the
almost totality of clinical scanners are only equipped with the
hardware that is necessary to perform proton spectroscopy (‘H-
MRS). Scanning of nuclei other than 'H requires dedicated
radiofrequency coils to transmit/receive signals and other
dedicated hardware and software that are not part of the standard
clinical MRI packages.

31p MRS

Despite being the most used and studied in the last decades,
the applicability of *!'P-based MRS in skeletal muscle imaging
is nonetheless limited by the need of dedicated equipment,
generally not available in a typical clinical setting (Figure 4).

Phosphorus (P) MR spectroscopy has long been used
mainly because of its ability to detect signals from biological
molecules important in the cellular energetic processes,
including phosphocreatine (PCr), adenosine triphosphate
(ATP), and inorganic phosphate (Pi) (126-129). Other
molecules that are often studied are phosphomonoesters
and phosphodiesters (PDE) that are products of degradation
of membrane phospholipids (130, 131). Finally, though in
an indirect way, also tissue pH can be estimated with this
technique (132).

Some studies suggest that P-including metabolites or ratio
of metabolites can be used as early disease markers, before
significant fat replacement occurs (85, 133). In particular PDE-
levels appear as a promising biomarker (134).

In DMD, MR spectroscopy has been applied both to
evaluate cellular metabolism and to measure intramuscular lipid
composition (85, 135-137). Studies dating back to late eighties
and nineties documented decreased phosphocreatine/inorganic
phosphate (PCr/Pi) and PCr, but increased Pi in gastrocnemius
muscle of DMD children (128, 138). More recently Torriani
et al. showed that PCr/Pi of posterior lower leg muscles was
significantly lower in DMD children, suggesting that it may be
used as a measure of bioenergetic reserve and as a marker of
cellular oxidative metabolism (135). They also found elevated
muscular pH, in line with previous experiences in literature
(128, 138), and suggested that pH increase in DMD may
be a response to dystrophin deficiency, possibly related to
regenerative mitogenesis or altered ion transport. Importantly,
Torriani et al. did not find any correlation between strength and
motor functions and spectroscopy parameters, differently from a
few small studies conducted previously that went in that direction
(nonetheless the small sample sizes of those studies effectively
prevented any significant conclusion) (137, 139). As authors
suggested, in the context of small sized cohorts, metabolite
profiles as defined by MRS may not be as sensitive as MR
imaging and measures of fat replacement in predicting disease
severity (135).
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Italy). Image have been collected during routine patient care.

FIGURE 4 | Phosphorus Magnetic Resonance Spectroscopy @ P-MRS) of a normal subject, with the voxel positioned at the level of the posterior leg muscles. The
normal phosphocreatine peak is evident (Courtesy of Dr. Claudia Cinnante, Neuroradiology Unit, Fondazione IRCCS Ca’ Granda Ospedale Maggiore Policlinico, Milan,

Hooijmans et al. (134) evaluated calf muscles in DMD subjects
with 3'P MRS at 7 Tesla and found that extensively fat replaced
muscles had some metabolite ratios, including PDE/ATP,
significantly increased compared to controls. Additionally, only
the PDE/ATP ratio (and T2 values, see dedicated section
above) was increased in muscles with only a minor fat
replacement (85), suggesting PDE/ATP ratio may be used
as a biomarker of mild/initial disease. The same group
documented that in DMD PDE levels increase 2-fold in
muscles with different levels of involvement over 2 vyears
time, supporting the hypothesis that PDE-levels may increase
very rapidly early in the disease process and remain elevated
thereafter (134).

Phosphorus MRS of the upper limb in patients with DMD
has also been attempted, being able to discriminate between
patients and controls and also defining a specific pattern of
disease evolution in non-ambulant subjects (49, 140).

In BMD Wokke et al. found higher PDE/ATP ratios in
several not fat-replaced muscles, whereas PDE/ATP ratios
were higher in all measured muscles with increased fat levels
compared to healthy controls. Tissue pH was also found
increased in all muscles of BMD subjects compared to healthy
controls (133). Tosetti et al. found metabolites abnormalities
also in mild BMD subjects, similar to previous findings in

more severe BMD subjects (128, 141, 142), confirming an
increased intracellular pH at rest in BMD (even though the
meaning of such a finding is unclear) (143). In particular,
the slight increase in the PDE peak could represent an early
catabolic marker of disease (144), consistent with other muscular
dystrophies (145).

The evaluation of pre- and post-exercise cellular
energetics in DMD has not yet been performed; in BMD
or DMD/BMD carriers anomalies were shown, but with
equivocal results showing bidirectionally abnormal glycolysis,
but no real impairment of oxidative phosphorylation
(127, 128, 135, 141, 142, 144, 146).

Altered metabolic patterns have also been reported in
myotonic dystrophy (147), LGMD (145), and FSHD, generally
corresponding to either muscle degeneration or regeneration
(148, 149). Furthermore, investigators have shown that 3!P-
containing metabolite concentrations correlated with the extent
and rate of fat replacement and strength in FSHD (150).

Finally, also in subjects with inflammatory myopathies, 3'P
MRS showed an impaired phosphorous metabolism during
exercise, that tended to normalize after treatment with steroids
(90, 151). Other studies, however, have suggested a limited role
for such metabolic abnormalities in inflammatory myopathies as
sIBM (152).
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TH MRS (Proton MRS)

Proton (!H)-MRS does not require any additional hardware or
software to be used in the most widely available MR scanning
systems, hence it can easily implemented in clinical studies.
Proton spectroscopy is now considered a reference standard for
non-invasive fat quantification (153, 154). As fat replacement is a
constant pathologic feature of dystrophies and most myopathies,
the ability to reliably quantify fat is of primary importance:
however, it must be reminded that for a correct application of
MRS the water content within the muscle must be consistent
throughout, a requisite that is obviously not respected in
case of ongoing inflammation/edema, commonly occurring in
myopathies (79, 155).

Numerous studies have demonstrated that 'H-MRS is a
useful method to quantify intramuscular lipid concentrations in
dystrophic patients, especially in DMD (135, 137, 156, 157), also
showing that MRS profiles may serve as biomarkers in disease
progression in longitudinal studies (46). Arpan et al. evaluated
with proton MRS the effects of corticosteroids in boys with DMD
and demonstrated that MRS profiles can monitor the effects of
therapy (48).

In subjects with IIM, proton spectroscopy showed that
creatine (Cr) concentrations in normal appearing muscles
on T1 and STIR images are increased compared to healthy
controls, suggesting that changes in MRS profiles may precede
pathological changes on conventional MRI (158).

In conclusion, to date, no pathognomonic proton MR
spectroscopy pattern has been found to identify a specific
myopathy, as fatty degeneration is the last step of them all
(132). In such a context, spectroscopy of other nuclei may rather
be a useful tool in the assessment of damage even before fat
replacement and/or functional impairment occur, and may also
track treatment response.

2Na MRS

Sodium (Na) plays a vital role in cellular function and
integrity; it is found both in the intracellular and extracellular
space, but its extracellular concentration is 8-10 times higher
than the intracellular one, the sodium-potassium (Na™-PT)
pump being the responsible agent for the maintenance of the
concentration gradient. In myocites the abnormalities in total
sodium concentration and in its trans-membrane flux rates occur
in several physiological and pathological conditions, including
exercise, cellular proliferation, and myopathies (159-162).

As sodium is less represented in tissues than hydrogen, Na
MRS has an average SNR that is extremely lower than that of
proton MRS (additionally depending on organs). Such issue has
been at least partially resolved by the progressive implementation
of higher magnetic field scanners, up to 9.4T (163), which
increase the SNR.

With regard to DMD, the sodium concentration has been
shown to be elevated in the myoplasm, with an osmotic effect
causing intracellular muscle edema (164). In a pilot study,
Glemser et al. investigated the effects of eplerenone in two DMD
subjects and found that intracellular-weighted sodium signal and
muscular sodium concentrations decreased with therapy (along

with edema), suggesting a role of sodium quantification by MRS
as a tracer of disease activity/response to therapy (165).

Myotonic dystrophy has also been linked to sodium channel
conductance dysregulation, which may pathologically increase
muscle fiber concentrations, influencing disease severity (161);
in addition to this, the dysregulation was even incremented after
exercise (162).

As aforementioned, the development of sodium spectroscopy
at higher magnetic field strengths of 3T or 7T allows a
more elevated SNR and thus a more precise quantification
of intracellular 2*Na homeostasis in healthy volunteers and in
myopathies. The potential of 2>Na MRI at ultra-high fields can
be expected to be promising in the near future.

3C MRs
No studies have used carbon spectroscopy yet to examine either
inherited or acquired myopathies. Nonetheless, this technique
has been used to investigate skeletal muscle metabolism, mainly
to determine glycogen levels in normal subjects and in altered
glycogen storage diseases (166-170).

As already seen for sodium and phosphorus, carbon imaging
is, however, quite challenging, as it requires dedicated equipment
uncommonly found in a clinical setting.

Multi-Voxel MRS

Multi-voxel MRS is a technical advancement in spectroscopic
studies, largely applied in the neuroradiological domain, which
may possibly play a role in muscular imaging, given its ability
to simultaneously image multiple voxels in a single acquisition.
Traditional single-voxel spectroscopy, in fact, suffers the same
issues as a routine muscular biopsy, as it focuses on a chosen
region of interest, whereas the disease could involve an entire
muscle or different parts of it in a heterogeneous manner. In
this sense, the single-voxel approach could miss areas of disease
pathology, showing false negative results.

Previously multiple-voxel MRS required a number of
technical steps that significantly increased scan time, thus greatly
limiting its applications: the recent implementations of various
fast MRS techniques (as multiple-echo acquisition, echo-planar
spectroscopy imaging, and parallel encoded MRS), however, has
fortunately reduced the total scan time, making the multi-voxel
approach more attractive, also in a clinical setting. As for the
central nervous system, the obtained metabolites spectra can then
be plotted and superimposed to anatomical images of muscles for
a better overall depiction of the real involvement of rather large
anatomic regions.

MRI Elastography (MRE)

Magnetic resonance elastography (MRE) assesses the mechanical
properties of soft tissues by analyzing the propagation of
mechanical waves in the tissue, being considered as an imaging-
based counterpart to palpation. The magnetic resonance signal
can be sensitized to motion down to a submillimetric level and
can effectively track the propagation in tissues of such pressure
waves. The velocity of the propagation is directly proportional
to tissue stiffness: as a consequence, it can be used to estimate
the viscoelastic properties of tissues, stiffness above all (171, 172).
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More in detail, MRE functions as follows: an external mechanical
device, whose function is regulated by the MR pulse sequence,
generates the shear waves, which propagate through the muscular
tissue. MR detection of such wave propagation results in the
quantification of tissue elasticity (i.e., stiffness), through the
generation of elasticity parameters maps, called elastograms. One
of the main limitations of MRE approach is, however, linked
to the manual nature of the stimulus, which can suffer from
variations (173).

MRE can be used to assess muscular physiologic responses
and, more often, stiffness in normal and damaged muscles
(174-177).

In a MRE study in DMD, muscular stiffness was increased
in upper and lower limb muscles compared to healthy muscles,
the greatest increases being in the most proximal groups (178).
Conversely, in myositis, muscle stiffness of involved muscles was
decreased at MRE, supporting the presence of an inflammatory
injury to the muscular tissue (179).

Tissue elastography can also be evaluated using ultrasound
(US) methods, with results comparable to MRE and with a clear
advantage in terms of feasibility, patient acceptance and general
availability of the technical equipment (180, 181). The feasibility
and reliability of US elastography has not only been validated for
strain elastography but also for shear-wave elastography (SWE)
(180, 182).

Dastgir et al. evaluated SWE values in a large mixed cohort of
subjects with myopathy (n = 45), finding only three muscles with
values different from healthy controls (183, 184). Also Zaidman
et al. confirmed that US quantitative measures can effectively
detect abnormalities in dystrophic muscles, by using a different
US quantitative measure called calibrated muscle backscatter
ultrasound echointensity (185).

Pichiecchio et al. evaluated five DMD preschool children with
a combined approach including conventional MRI (via a semi-
quantitative analysis) and shear-wave elastography, suggesting
that SWE could be considered a more sensitive instrument than
MRI for detecting early muscle changes (186). If confirmed in
larger cohorts, such data could open interesting scenarios for
SWE application in myopathies.

Other Techniques of Advanced Imaging
Perfusion Imaging

Even if functional MRI (fMRI) is immediately associated
to functional studies of the brain, this technique has also
been applied to other organs, including skeletal muscles, to
assess microvasculature (187-189). The BOLD (blood oxygen
level dependent) contrast used to build the fMRI signal, in
effect, is based on alterations in hemoglobin oxygenation:
the paramagnetic deoxyhemoglobin, in fact, distorts the local
magnetic field, consequently influencing the local signal.

The skeletal muscle BOLD signal reflects the muscular
microcirculation and can be regarded as a non-invasive tool
to indirectly evaluate muscular function (188, 190, 191). BOLD
fMRI has been applied to examine diseases causing altered
perfusion of skeletal muscles (192, 193) and to assess the brain
response to motor stimulation in myotonic dystrophy, but not
at muscular level (194). Despite the known muscle degeneration

detected in dystrophic patients, no altered microcirculation has
been found in these patients so far.

Arterial spin labeling (ASL) is an advanced MR technique for
measuring local perfusion without administration of intravenous
gadolinium, mostly applied in brain imaging, particular in a
pediatric setting. Skeletal muscle ASL has been validated several
years ago (195), but a few more recent ASL studies always
of normal muscles are available even at higher magnetic field
up to 7 Tesla (196-198). Reports of clinical application of
ASL in a pathologic context are scarce, including compartment
syndrome and peripheral artery disease (199-201). Important
limitations include known sensitivity of ASL technique to
motion artifacts, low contrast-to-noise ratio, and relatively long
acquisition times (202).

Contrast Enhanced Imaging

Contrast administration for MR muscle imaging is an off-label
practice in clinical context of myopathies and its availability and
applicability vary by jurisdiction and over time (203).

Gadolinium has been thoroughly used as a marker of
fibrosis in cardiac imaging, where the replacement of myocardial
cells is associated with the expansion of the interstitial space
(204). Delayed contrast enhancement in cardiac imaging is
a powerful marker to identify myocardial replacement by
connective tissue. Yet a prerequisite for this approach is the
absence of extracellular edema or any situation that could cause
pathological enhancement of myocardial cells, such as necrosis or
inflammation. In such cases, delayed enhancement is not reliable
in documenting fibrosis.

Gadolinium enhancement could be applied to indirectly
evaluate fibrosis in the skeletal muscle as well, but no studies are
currently available in literature, probably due to several technical
issues including the smaller extracellular space and lesser degree
of fibrosis characteristic of skeletal muscle (29).

Dynamic MRI

The applicability of electrical muscular stimulators (EMS) that
are MRI-compatible has been recently demonstrated (205, 206).
As a consequence, interest has risen regarding the possibility to
study the movement-linked micro-changes in muscular tissue,
using MR sequences that are synchronized with the electrical
stimuli. Deligianni et al. demonstrated that both qualitative and
quantitative parameters that have a significant dependence on
stimulation levels (i.e., stimulation current) can be extracted
from the integration of EMS-based stimulus and MRI (206). A
wide range of triggered MRI sequences, including conventional
cardiovascular sequences, can be used in combination with this
technique; the possible scenarios of application of stimulus MRI
are quite broad.

Texture Analysis

The human eye is capable to detect the visual patterns such
as roughness and smoothness of an image, and specifically
in diagnostic images, although with physiological limits that
prevent the detection of subtle variations, such as those of
thousands of gray levels, which is something a computer can
effectively do.
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Texture analysis is a computerized method that can detect
the signal from each pixel of an image and describe the
spatial variations of pixel signals, allowing a deeper insight
into the image structure that may be impossible to detect
visually; this way, texture analysis can indeed reflect in detail the
microstructural heterogeneity of signal with a good sensitivity, in
a non-operator-dependent way. This approach has been applied
in several imaging modalities, to precisely characterize even the
smallest variations of tissue homogeneity (207).

In 1999, Herlidou et al. demonstrated that texture analysis
could discriminate between healthy subjects and dystrophic
patients muscles with a sensitivity of 70%, and a specificity of 86%
(208). Arpan et al. built T2 signal histograms of lower leg muscles
in DMD and showed that they can represent an alternative
approach to quantify disease involvement. A threshold was
applied to quantify the percentage of affected areas: when
compared to conventional method using mean T2 muscle signal,
the supra-threshold pixels could better monitor involvement in
dystrophic muscles. Therefore, the authors suggested that such
a method may be more sensitive in the follow-up of minor
pathologic linked to the disease evolution (77). For instance,
T2w- and contrast-enhanced T1w-based histogram analysis has
been implemented recently to assess the radiation changes in
internal obturator muscles after radiotherapy for prostate cancer
(209) and in paravertebral muscle of symptomatic lumbar canal
stenosis (210).

Some studies applied histogram analysis to muscle
ultrasonographic images, using different measures of tissue
homogeneity, in healthy subjects (211, 212); others applied it
to muscle disorders and found that disease involvement (here
DMD) could effectively be well-described with such a technique
and with a high level of detail (213). In a more recent study
of muscle US, Sogawa et al. showed that texture analysis of
ultrasonographic data can differentiate between neurogenic and
myogenic diseases being promisingly useful in the non-invasive
assessing of the underlying disease mechanisms (214).

Several limitations, however, apply. First, this analytic
approach is computationally demanding and needs dedicated
software. As already underlined by Carlier et al. texture analysis
additionally depends on the used voxel size. A large voxel
would, in fact, delete subtle differences and make the image too
homogeneous with consequent loss of information, a small voxel
would be largely influenced by rumor with possible confounding
effect on the texture (29). Furthermore, the whole analyzed
region has to be chosen above a certain size, to limit the effect
of partial volume (209, 215). A harmonization of acquisition
parameters between centers who apply such a technique is thus
required; if correctly implemented and regulated, however, image
texture analysis of MR or US images can be regarded as a
promising diagnostic tool (216, 217).

Nuclear Medicine

In addition to its central importance in oncological imaging,
positron emission tomography (PET) has nevertheless gained an
increasing role in the detection of muscle inflammation, also in
the clinical setting. A flogistic process of whatsoever origin is,
in fact, associated with increased uptake of '®F-FDG. Yet, even

if PET sensitivity in the detection of high-grade inflammation
(e.g., acute infection) is high, the sensitivity in the context
of inflammatory myopathies is relatively low. In such cases
the combination of PET and MR imaging (i.e., T2-weighted
sequences to detect edema) are recommended to increase the
accuracy of diagnosis (218-220).

To date no study including a large cohort has been performed
to highlight the value of F-FDG PET in the setting of non-
inflammatory myopathies, the main reason being the high
availability of conventional US and/or MRI imaging and the
general tendency of physicians to avoid radiation exposure in
non-oncologic subjects.

Liau et al. presented a case of a man with dermatomyositis
in which PET/CT imaging revealed diffuse proximal muscle
hypermetabolism, consistent with myositis inflammation (221).
Renard et al. reported a case of DM in which the initial
FDG-PET showed diffuse, increased, proximal predominant,
muscular uptake, later normalized after steroid therapy (222).
Others investigated the value of PET in different types
of inflammatory myopathies, yet only in four cases: two
subjects with low-grade myositis and one cases of sIBM
were negative at PET examinations, whereas a case of DM
showed diffuse proximal muscle hypermetabolism (223): the
authors comment that FDG-PET is able to detect more severe
myopathies when necrotizing/inflammatory changes occur,
helping in demonstrating response to treatment. Nevertheless,
as aforementioned, the role of PET in low-grade disease needs
further assessment, due to reported low sensitivity in mild cases.

In 20 subjects, Tanaka et al. showed that FDG uptake can
discriminate PM/DM from non-muscular diseases and is highly
sensitive in detecting muscle inflammation in proximal muscles:
moreover, the FDG uptake correlated well with muscle weakness
and with the presence of inflammatory cells at biopsy (224).
Other authors instead underlined how visual assessment of
FDG uptake and the quantification of standardized uptake value
(SUV) can have a significant role in the clinical management of
PM/DM, allowing a better understanding of the diseases (225).
In a larger cohort of 38 IIMs, Li et al. found that muscular FDG-
PET uptake was generally higher in patients than controls, and
that muscular uptake correlated with muscle strength and serum
creatine kinase (CK) levels. Furthermore, PET examination,
whose primary purpose was to rule out any malignancy in the
context of IIMs, succeeded in detecting a tumor in roughly 20%
of cases (226).

Also an interesting, large-cohort, single-photon emission
computed tomography (SPECT) study applying *™Tc-PYP
(technetium pyrophosphate) in 90 IIMs subjects confirmed
that radiotracer uptake was significantly higher than in healthy
controls (227).

As per brain imaging, other PET tracers such as Pittsburg
compound B (PIB) may also play a role in muscle imaging. A
few experiences in the detection of amyloid plaques by PIB-PET
in myocardium or in skeletal muscles in sSIBM were remarkable
(228, 229).

Finally, the recent implementation and increasing diffusion of
new PET/MR scanners as the hybrid imaging technique of choice
beyond the traditional PET/CT imaging, will probably improve
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the imaging process and promote an advance in knowledge also
in the context of myopathies and muscle diseases in general (230).

Whole-Body MRI (WB-MRI)
Muscle MR scans are usually focused on certain ROIs for a
number of reasons (firstly due to time constraints limiting too
long acquisitions) based on the clinical suspicions. The technical
implementation of whole-body MRI (WB-MRI) has overcome
such “limitation,” making it possible to contemporarily study the
entire body in a reasonable time (typically 1 h or less) (231, 232),
assessing at a time fat and muscular volume (23, 233-236).
WB-MRI can effectively provide information that is
enormously useful to clinical evaluation, detecting all areas
of inflammatory involvement or fat replacement throughout
the body, greatly helping in the diagnostic process (237). It
consequently allows a better tailoring of eventual treatments,
and, last but not least, a better monitoring of their efficacy, in a
reasonably short time. WB-MRI can also serve as guidance for
muscular biopsy possibly even more than conventional MRI,
given the wide field of view, in particular for uncertain cases.
Conversely, the analysis of WB-MRI datasets may represent a
difficulty, given the large amount of acquired data. To address
such an issue, Hankiewicz et al. have proposed the use of a
graphical technique (so called heat maps), already applied in
other scientific disciplines, which provides a visual representation
of each muscle of the body (Figure 5). Hence, a visualization of
the overall condition of muscles of a subject at a glance is possible
(23) and involved and/or spared muscles become immediately

evident at visual inspection (23, 238). Such a reader-friendly
visual presentation of data, in fact, could make more evident or
reveal subtle relationships, tendencies, and involvement patterns
(238), building a sort of a “fingerprint” of a subject, and, as a
further step, of a specific disease. The so-built heat maps can
thus be applied to promptly recognize a myopathic pattern and
to facilitate uncertain diagnosis (236, 238, 239).

To date applied protocols for WB-MRI generally include
traditional sequences as T1, T2 and STIR; nonetheless an effort
is made to extend studies including DWI and other advanced
techniques, with promising scenarios.

CONCLUSIONS

The recent advances in imaging techniques have greatly changed
the diagnostic approach in the field of neuromuscular diseases.
Although clinical evaluation remains the pivot of the diagnostic
process and muscle biopsy is often an essential procedure in order
to correctly define the diagnosis, there is no doubt that current
imaging techniques have taken a prominent place in the muscle
disease work-up.

The application in clinical practice of advanced quantitative
techniques will certainly lead to a further evolution in the
approach to this group of diseases. Thereby, the diagnostic
process becomes increasingly a “multidisciplinary affair”
involving the clinical myologist, the myopathologist, the
geneticist, and the neuroradiologist. A proper amalgam of all
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these skills is undoubtedly essential and represents the future
of myology.
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