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Abstract The role of neuromuscular imaging in the diagnosis of inherited and acquired muscle
diseases has gained clinical relevance. In particular, magnetic resonance imaging (MRI),
especially whole-body applications, is increasingly being used for the diagnosis and
monitoring of disease progression. In addition, they are considered as a powerful
outcome measure in clinical trials. Because many muscle diseases have a distinct
muscle involvement pattern, whole-body imaging can be of diagnostic value by
identifying this pattern and thus narrowing the differential diagnosis and supporting
the clinical diagnosis. In addition, more advanced MRI applications including non-
proton MRI, diffusion tensor imaging, perfusion MRI, T2 mapping, and magnetic
resonance spectroscopy provide deeper insights into muscle pathophysiology beyond
the mere detection of fatty degeneration and/or muscle edema. In this review article,
we present and discuss recent data on these quantitative MRI techniques in muscle
diseases, with a particular focus on non-proton imaging techniques.
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Neuromuscular imaging is increasingly being used for the
diagnostic work-up of patients with suspected acquired or
inherited muscle diseases.' Recent review articles stressed
the importance of dedicated imaging modalities such as
ultrasonography and magnetic resonance imaging (MRI) in
the detection of muscle pathology (e.g., muscle edema or
edema-like changes, fat replacement, and atrophy) to support
the clinical diagnosis and aid further diagnostic steps, for
example, guiding muscle biopsies.*”’ Modern medicine is
precision and individualized medicine, meaning the correct
therapy at the right moment for the right patient. For instance,
diagnostic tests will guide clinical decision making to prescribe
a specific drug, depending on the specific disease entity and
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the patient’s prognosis as a responder or nonresponder to a
given treatment. Moreover, precision medicine relies on the
availability of robust, reliable, and validated molecular and
other biomarkers such as imaging markers. Precision medicine
was declared by President Barack Obama as a national task of
the United States in his State of the Union Address on Janu-
ary 20, 2015.

Large-volume MRI

In the field of muscular diseases, the role of radiology
facilitating precision medicine may lie in its potential to
depict large volumes, for instance, the human being as a
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whole. In the field of myopathies, whole-body (wb)-MRI
may allow for the identification of individual patterns of
muscle involvement, the extent of this involvement and risk
stratification, detection of possible and clinically relevant
comorbidities, as well as potentially radiomics-genomics
applications. It has been demonstrated conclusively that
neuromuscular imaging techniques can identify involve-
ment patterns of muscle pathology based on the patterns
of fat replacement, muscle edema, and atrophy that are to a
certain degree specific for disease entities, coining the term
“pattern recognition.” In particular, the diagnostic value of
this approach was demonstrated in the differential diagnosis
of inherited muscle diseases.’*° The wb-MRI protocols have
been used to assess myopathies (with a very good correlation
of fat replacement and paresis) for more than a decade and
also to detect subclinical involvement. Examples of wb-MRI
protocols even at higher magnetic field strengths are de-
scribed elsewhere.0"12

Focused and Quantitative MR Imaging

An important role of radiology in precision medicine may
be high-resolution imaging or imaging using advanced/
quantitative techniques offering information about micro-
structural tissue damage and even the metabolism on a
cellular level allowing a correlation with muscle function
and in particular the genotype-phenotype relationship. In
addition to the use of semiquantitative visual rating scales,
quantitative muscle MRI techniques (gMRI) can assess
the degree of muscle degeneration and inflammation
more precisely. This was exemplified by the European
Union funding of the Cooperation in Science and Technolo-
gy (COST Association) action BM1304 called MYO-MRI
(www.myo-mri.eu), in which development and protocol
sharing of quantitative imaging techniques was one of the
goals.”?

Moreover, several review articles have been published on
various qMRI techniques in recent years.'3~1® In particular,
gMRI measures are valuable for monitoring disease progres-
sion.37:1213.17.18 The detection of subclinical disease pro-
gression, especially for those muscles that are not easily
accessible based on clinical examination, the monitoring of
the natural history of disease, and checking potential thera-
peutic effects by using qMRI may be especially valuable in
clinical trials.’>1°

One particular qMRI application is the Dixon technique,
or multiecho chemical shift encoded water-fat imaging.2°
Quantitative MRI to measure the fat replacement of skeletal
muscle by either chemical shift encoded imaging methods
like Dixon or iterative decomposition of water and fat with
echo asymmetry and least-squares estimation (IDEAL), or
magnetic resonance spectroscopy (MRS) was demonstrated
to provide a sensitive objective end point in several studies
in muscular dystrophies.”’ Using these chemical shift
encoded water-fat imaging sequences, the muscle fat frac-
tion (MFF) can be calculated by positioning regions of
interest (ROIs) on different muscles on the MR images.
After conducting ROI analysis on both water (“w”) and fat
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(“f") images, the MFF can be calculated in this equation as
MFF = f/(f + w).21%2

Recent data suggest that the role of neuromuscular imaging
goes far beyond the diagnostic stage and includes monitoring
of disease progression as well as treatment efficacy and safety
monitoring.>>?* A large number of studies showed a good to
very good correlation of MFF with strength and function
measures cross-sectionally in a wide range of muscle dis-
eases,'21%25-28 and recently MFF was even shown to be able to
predict future function in Duchenne muscular dystrophy
(DMD).2%3° This represents an important step forward in
the road to a surrogate end point in clinical trials.'>>!

A second approach for the reliable assessment of degener-
ative disease activity in muscle tissue including fatty degener-
ation represents T2 mapping of skeletal muscle. T2 mapping
can be performed without accounting for fat replacement
(global T2) and by removing the fat during postprocessing or
by using MRS (water T2).">23 Other promising techniques may
also play arole, for instance diffusion tensor imaging (DTI), >'P
MRS, and non-proton MRI such as 3>Cl and 2>Na MRI.

Although several review articles have appeared in the last
decade on muscle imaging, the focus of these articles was
largely on proton MRI and MRS.>'31>-2" Thus our focus is an
overview of qMRI in muscle diseases with a particular focus
on non-proton MRIL

Non-proton MRI

The increasing availability of high-field MRI systems (By > 3 T)
enables MR imaging of non-proton nuclei (e.g., 2>Na, 3°Cl, >°K,
and '70) in clinically feasible measurement time and accept-
able spatial resolution.>>33 Among all non-proton nuclei,
sodium (>3Na) exhibits the best properties for in vivo applica-
tions. However, the in vivo signal-to-noise ratio (SNR) of 2>Na
MR is still four orders of magnitude lower compared with the
SNR of '"H MRI. This difference is caused by the low in vivo
concentration and the ~ 10-fold lower MR sensitivity of the
23Na nucleus. In addition, the Na MRI signal of skeletal
muscle tissue experiences fast biexponential transverse relax-
ation (Tof" ~ 1.5-2.5 ms; T2s* ~ 15-30 ms).34 Thus ultrashort
echo time pulse sequences (TE < 1 ms) are required for quan-
titative imaging. Because the T1 relaxation time of the sodium
nucleus within the muscle tissue is short (12-25 ms),> rapid
averaging can be used to improve the SNR of 2>Na MRI.
Therefore, 22Na MRI can depict changes of muscular sodium
(Na*) concentration in sodium muscle channelopathies and
other rare muscle channelopathies and dystrophies, such as
hypokalemic periodic paralysis and DMD.'>3° It was shown
that quantitative 2>Na MRI measurements can be performed
with good repeatability and reproducibility, which is impor-
tant for longitudinal studies and future multicenter trials.>®

Applications of 2>Na MRI in Muscular Channelopathies
and Muscle Dystrophies

Myotonia is an involuntary slowed relaxation after a forceful
voluntary muscle contraction leading to the clinical presen-
tation of muscle stiffness. The main feature of myotonia is the
electrical hyperexcitability of the muscle fiber membrane.
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During repeated contractions the stiffness classically
recedes, coining the term “warm-up” phenomenon. In con-
trast, patients with paradoxical myotonia (synonym: para-
myotonia) experience worsening of muscle stiffness after
repeated contractions or during cooling. Myotonia patients
presenting with episodes of flaccid limb muscle weakness
receive the diagnosis periodic paralysis. They present with
episodic weakness spelling with varying intervals of normal
muscle function. The major pathophysiologic hallmark is the
electrical inexcitability of the muscle fiber membrane.

We can differentiate between two dominant episodic
types of weakness with or without myotonia based on the
serum K* level during the attacks of tetraplegia: hyper-
kalemic periodic paralysis (HyperPP) and hypokalemic peri-
odic paralysis (HypoPP). Independently of the severity and
frequency of the paralytic episodes, many patients develop a
chronic progressive myopathy in their 40s, an age at which
the attacks of weakness decrease.>”3® Although channelo-
pathies including myotonias and periodic paralyses are
clinically characterized by episodic symptoms, most patients
present with progressive focal or general muscular weak-
ness. Routine proton ('H) MRI applications show normal
muscle tissue morphology or demonstrate edematous or
lipomatous changes in terms of fat replacement, atrophy,
or even exercise-induced hypertrophy or myopathic pseu-
dohypertrophy.3® Of note, none of these changes are specific
for any particular disease entity.>°

Muscle channelopathies can serve as proof-of-principle
diseases for the use of 2>Na MRI.3® Physiologically, the intracel-
lular Na* content is ~ 10 times lower than the extracellular
concentration. This gradient is mandatory for the functioning of
cells. The energy-consuming Na*-K*-ATPase contributes to this
concentration gradient and helps maintain the membrane
potential of cells. While pumping three sodium ions to the
extracellular space, it carries only two potassium ions to the
intracellular space of the cell. Thus in total it removes one
positively charged ion from the intracellular space of the cell,
causing a negatively charged cell membrane potential. A break-
down of the Na*-K*-ATPase or an increased open probability of
mutated cellular ion channels (e.g., in muscular channelopa-
thies37) results in an increase of the intracellular Na* concen-
tration and subsequently to a depolarization of the cells.

Paramyotonia congenita (PC) is a channelopathy character-
ized by an increased intracellular Na* concentration, and cell
depolarization can be easily and reproducibly provoked, for
instance by exposure to cold and muscle load. The exposure to
cold temperatures can trigger a long-lasting depolarizing Na*
inward current and muscle weakness.>” A potential provoca-
tion scenario is cooling for 25 minutes directly followed by a
short exercise (2 minutes) consisting of dorsiflexion of the feet
against resistance and standing on tiptoes.>® The provoked
muscle of the PC patients shows a pronounced decrease of
muscle strength and an increase of the >>Na MRI signal.>® In
contrast, '"H MRI does not show any pathologic findings.
Different 2>Na MR sequences are available. Among these, the
2Na inversion recovery MRI provides a strong weighting
toward intracellular sodium and can visualize this increase
of the intracellular Na* concentration (~Fig. 1).384°
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One clinical example demonstrating the value of qMRI is
23Na MRI for the evaluation and monitoring of muscular
channelopathies, in which an autosomal dominant
bequeathed defect of muscular Na* channels leads to a
pathologic Na* influx and to intermittent or permanent
muscular paresis as well as muscular stiffness. 2>Na MRI
by which aspects of muscular pathogenesis such as muscular
Na* homeostasis can be visualized and monitored has con-
clusively demonstrated the added value of qMRI techniques
in the diagnosis and monitoring of muscular Na* channel
diseases because 2>Na MRI is able to depict an intracellular
muscular sodium accumulation in close correlation to clini-
cal symptoms, such as the development of muscular paresis.
This sodium accumulation correlates well with the severity
of paresis, and this marker is reproducible.3® The key points

can be summarized as follows32:

1. Muscular ion channelopathies include the non-dystrophic
myotonias and periodic paralyses. The common feature is
the alteration of the muscle membrane potential due to
changes in ion conductivities. This implies that gradients
for Na* and CI~ are different, leading to an alteration of
the membrane excitability. Clinical manifestations of
these muscular diseases are myotonia or weakness asso-
ciated with hyper- or hypokalemia.

2. Periodic paralysis occurs episodically with varying inter-
vals of normal muscle function because the underlying ion
channel defects are usually well compensated. An addi-
tional trigger, for instance, exposure to cold, is often
required for channel malfunction and thus triggers clini-
cal symptoms.

3. Muscle channelopathies can be diagnosed and monitored
by qMRI techniques for demonstration of the pathogene-
sis, estimating prognosis, and monitoring treatment.

4. For example, 2>Na MRI can depict an intracellular muscu-
lar sodium accumulation simultaneous to development of
muscular paresis in paramyotonia and HyperPP and
HypoPP. The sodium accumulation correlates well with
clinical manifestations such as the grade of paresis, and
the measurements are reproducible.

5. In HyperPP and HypoPP, treatment schemes that are
antiedematous have the potential to alleviate muscular
edema and weakness.

Sodium Concentration, Edema, and Muscle Strength

HypoPP is characterized by episodes of flaccid skeletal muscle
weakness. These episodes are accompanied by a drop in serum
potassium. HypoPP is an autosomal-dominant neuromuscular
disorder. Muscle strength is mostly reduced in muscles recent-
ly exercised. The episodes of muscle weakness usually
last hours but may persist for days. Some patients may develop
a progressive proximal myopathy with seemingly permanent
weakness.*"*? A correlation between the frequency of weak-
ness episodes and subsequent muscle degeneration has not
been observed. In most patients, HypoPP is caused by muta-
tions in one of two genes, CACNA1S and SCN4A. Both encode
voltage-gated ion channels of skeletal muscle, namely, Cav1.1,
the tubular L-type calcium channel, and Nav1.4, the sarcolem-
mal sodium channel. The mutations are localized in a
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Fig.1 The 'Hand ?>Na magnetic resonance (MR) images of a patient with a muscular channelopathy (paramyotonia congenita). The right lower
leg (asterisk) was cooled with an ice bag, resulting in an increase of the intracellular Na* concentration and in severe muscle weakness. Two
reference tubes were used for signal normalization (1: 51.3 mmol/L NaCl and 5% agarose gel; 2: 51.3 mmol/L NaCl solution). (a) T1-weighted and
(b) T2-weighted fat-suppressed 'H MRI revealed no pathologic signal differences between the cooled (asterisk) and the non-cooled muscle. (c)
The 23Na inversion recovery (IR) MRI revealed a distinct increase of the signal in the cooled leg and thus visualizes the increase of the intracellular
Na™* content. Note: Reference tube 2 (pure saline solution) shows no signal intensity on 2>Na IR MRI. (d) The cooled leg shows a slightly increased
total Na+ concentration. STIR, short tau inversion recovery. (Reproduced with modifications from Nagel et aI.40)

transmembrane helical S4 segment thought to act as a voltage
sensor and neutralize a positive amino acid such as arginine (R)
(Cav1.1; Nav1.4). Substitution of the R residue with histidine
(H) or glycine (G) leads to a pathologic so-called gating pore
current through the S4 segment that depolarizes the muscle
and thus probably causes the weakness.*>*3 Carbonic anhy-
drase inhibitor (CAI) therapy, especially with acetazolamide,
has been the most common treatment choice for HypoPP in the
past decades.** In addition to genotyping and the response to
therapy, muscle qMRI is a promising method to investigate the
underlying cause of the muscle weakness.*?

Muscular Na* concentration has been quantified by using
1.5-T,41 3-T,%46 and 7-T >Na MRI (~Fig. 2).2>*’ A recent
observation of one female patient presenting with HypoPP
over a period of 11 years revealed a permanent recovery from
permanent muscle weakness by spironolactone plus K*
treatment.*® In addition, the therapeutic response of muscle
tissue could be monitored with ultrasound, 'H MRI, and 2>Na
MRL“8 The patient was wheelchair bound at 8 years of age
and yet remarkably regained ambulation when placed on
spironolactone plus K* at age 18, and she has retained near-
normal strength over the intervening 11 years.*® Ultrasound
and '"H MRI demonstrated muscle edema without any fat
replacement or atrophy before treatment initiation that
subsequently resolved when the muscle strength improved.
A 22Na MRI revealed intracellular Na* overload, which was
initially very severe with ~ 50 mM compared with normal

values of 20 mM, but it then resolved and did not reoccur
during pharmacotherapy.*® This longitudinal observation of
a single patient demonstrated several interesting features of
the periodic paralysis HypoPP:

1. The diagnosis could be delayed for more than a decade
when the presentation is atypical with so-called perma-
nent myopathic features rather than episodic attacks of
weakness. This may occur especially when there is no
family history for a de novo mutation.

2. Moderate to severe weakness that has persisted for adecade
in HypoPP can be reversed with appropriate therapy.

3. Muscle imaging and molecular genetics are important
diagnostic tools and could monitor reversal of chronic
weakness with spironolactone plus K*. Normalization of
image-based pathologic features like edema and intracel-
lular Na™ overload, as well as the absence of others (fat
replacement or muscle atrophy), were associated with
reversibility of clinical features.

4. Continued adequate therapy may preserve muscle struc-
ture and strength in the long term. However, weakness
due to fat replacement could be considered progressive
and irreversible.®

Sodium MRI in Duchenne Muscular Dystrophy

In addition to muscular channelopathies, several studies also
reported the value of 22Na MRI for muscle dystrophies such
as DMD.3>4>49-51 I 2 2012 study including eight patients
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7-T 2Na IR MRI

7-T 22Na MRI
50 mM
25
3-T 2Na MRI
50 mM
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Fig.2 Comparison of 22Na magnetic resonance (MR) images obtained with a 7-T unit and on the same day with a 3-T unit of both lower legs in a
24-year-old man with paramyotonia congenita and full muscle strength before provocation. The left lower leg (asterisk) was cooled with an ice
bag wrapped around the lower leg for 25 minutes. Directly after cooling, the patient had to dorsiflect his feet against resistance and stand on his
tiptoes. The contralateral leg was not cooled and served as the reference. The >Na MR images demonstrate substantial increase of the
intracellular Na™ concentration that parallels muscle weakness of the left lower leg. Two reference tubes were used for signal normalization (1:
51.3 mmol/L NaCl and 5% agarose gel; 2: 51.3 mmol/L NaCl solution). In contrast to the total Na* concentration sequence (right column), the
23Na inversion recovery (IR) sequence (left column) better reveals the distinct increase of the signal in the provoked leg and thus the increase of
the intracellular Na™. Moreover, the higher field strength yields a better contrast-to-noise ratio at the same acquisition time.

with DMD and eight volunteers (both with a mean age of 9.5
years) and using 3-T 'H and 2>Na MR sequences, the muscular
tissue Na* concentration was markedly increased in DMD
(38 £ 6 mmol/L) and remained constant during follow-up
(n=7, first: 38 + 6 mmol/L; second: 37 + 4 mmol/L).49 Mus-
cular edema and fat content were also significantly elevated
in DMD compared with healthy individuals.

Based on these data, it was concluded that 2>Na MRI
demonstrated a muscular Na* overload in DMD. This per-
manent Na* overload in all DMD patients may be osmotically
relevant and may play a role in the development of the
muscle edema that was present and persisted in all studied
DMD patients.>>38454° This muscle edema may represent
inflammation related to progressive muscle degeneration,
but the previously described findings point to the suggestion
that increased sodium concentrations and water precedes
the dystrophic process and persists until fat replacement is
complete. Thus muscle cell edema may represent the initial
stage of muscular degeneration because muscular Na* over-
load was also reported in the chronic HypoPP.*?

Of note, the prevailing theory of muscle edema in DMD is
that this represents an inflammatory first stage of the
disease with ongoing muscle degeneration.> Further studies
have investigated whether these increased sodium concen-
trations are relevant for pathogenesis and disease progres-
sion as well as whether this may be a potential target for
treatment.”> The effects of various diuretic drugs on a cell
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model of DMD were investigated, demonstrating that both
CAI and aldosterone antagonists could repolarize depolar-
ized muscle fibers. CAI therapy is known to have acidifying
effects that may be harmful to the ventilation of DMD
patients. Therefore, research studies mainly concentrated
on the modern spironolactone derivative eplerenone with
a very high repolarizing power.>? In a pilot study, this drug
was administered to a 22-year-old female DMD patient who
was wheelchair dependent and did not receive any prior
corticosteroid therapy. Eplerenone decreased both cyto-
plasmic sodium and water overload leading to an increase
in muscle strength and mobility. This led to the conclusion
that eplerenone might have some beneficial effect on DMD
muscle tissue and that the cytoplasmic edema is rather
cytotoxic and should be treated before fatty degeneration
takes place.”3

Moreover, it was reported that a low-dose application of a
mild diuretic substance such as eplerenone is beneficial on
the muscle tissue compared with glucocorticoid therapy in
the early stages of two 7-year old DMD patients measured by
2Na and 'H MRI, myometry, and clinical testing before and
after 1, 3, and 6 months of therapy with eplerenone or
cortisone, respectively.”® During eplerenone therapy the
authors detected a reduction of muscular edema and mus-
cular Na* concentration that was more pronounced com-
pared with the patient treated with cortisone. Myometric-
measured tissue parameters such as muscle stiffness had a
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more pronounced effect in the child treated with eplerenone
after a first increase in muscle stiffness both after eplerenone
and cortisone treatment. With the help of advanced quanti-
tative muscle MRI, the hypothesis could be raised that
eplerenone might be a possible new therapy option in
DMD. In addition, it was shown that, in DMD, increased
Na* concentrations can be present even in the absence of
fatty degenerative changes or increases of the water T2
relaxation time.”! This demonstrates that 2>Na MRI can be
a very sensitive technique for the analysis of muscular
diseases.

Genotype-Phenotype Correlation

Altered Na™ and chloride (Cl~) homeostasis can be visualized
in periodic paralyses, where the resting membrane potential
is reduced,’” by using 7-T 2*Na and 3°Cl MRI?? Genetic
alterations that affect muscle ion channels are linked to
the rare but expanding group of inherited muscle channe-
lopathies.>® These genetic mutations result in either an
increase or a decrease in muscle membrane excitability.
This leads to a variety of related clinical diseases:

1. Non-dystrophic myotonias show delayed relaxation after
muscle contraction causing muscle stiffness and pain.

2. Periodic paralyses are characterized by episodes of flaccid
muscle paralysis with intervals of normal muscle
function.>*

The disease of muscle channelopathies is provoked by
mutations in calcium, chloride, potassium, and sodium ion
channels. The mutations result in decreased or increased
muscle membrane excitability. This is due to altered muscle
membrane potential related to changes in ion conductivi-
ties. The early and accurate diagnosis of channelopathies is
clinically highly relevant because treatment and manage-
ment strategies differ based on mutation and clinical phe-
notype.°>* As mentioned earlier, cation leaks play an
important role in HypoPP and cause clinical manifestations
in terms of paralytic attacks.*’ Andersen-Tawil syndrome
(ATS) is a rather exceptional disease in the spectrum of
channelopathies because it is a multisystem disorder. Clini-
cally, ATS is characterized by periodic paralysis, ventricular
arrhythmias, and dysmorphic features.>> Most ATS patients
present with a mutation in the ion channel gene KCNJj2
encoding the inward rectifier K* channel Kir2.1. This chan-
nel represents a component of the inward rectifier IK1.IK1
that, during the final phase of repolarization, provides
repolarizing current.>>

The 23Na concentration in the skeletal using 2>Na MRI
operating at 7-T was higher in Cav1.1-R1239H, Cavl.1-
R528H, and Kir2.1 mutations in patients presenting with
periodic paralysis compared with healthy volunteers.?? In
this particular study, >>Na and >>Cl MR examinations of both
lower legs were performed on a 7-T whole-body system in
genetically confirmed HypoPP (Cav1.1-R1239H mutation,
n=>5; Cavl.1-R528H mutation, n=38), ATS (n=3), and 16
healthy volunteers.”> Muscle edema was assessed on short
tau inversion recovery (STIR) 3-T '"H MR images obtained the
same day, fat replacement was measured on T1-weighted
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images, and the MFF was quantified using Dixon-type imag-
ing.22 Median muscular 2>Na concentration was significantly
higher in Cav1.1-R1239H (35 mmol/L), Cav1.1-R528H
(32 mmol/L), and Kir2.1 mutation (24 mmol/L) than in
healthy volunteers (20 mmol/L).>2 Median muscular normal-
ized 3°Cl signal intensity detected by 7-T 3°Cl MRI was
significantly higher in Cav1.1-R1239H (28), Cav1.1-R528H
(24), but not in Kir2.1 mutations (14) of patients with
periodic paralysis than in healthy volunteers (13)
(=Fig. 3). Also, a strong correlation was found between
the degree of muscular edema and MFF when compared
with the muscular >>Na concentration and normalized 3>Cl
signal intensity, thereby substantiating the link between ion
overload and cell damage in muscle tissue of periodic paral-
yses.22 Compared with volunteers, Cav1.1-R1239H and
Cav1.1-R528H showed both significantly increased muscular
edema and MFF. In addition, Na* and Cl~ homeostasis was
mostly altered in the severe phenotype Cav1.1-R1239H
presenting with almost daily paralytic episodes.??

Outlook: Imaging of More Exotic X-nuclei
(3>cl and *°K)

In addition to Na*, many other MR-accessible nuclei are
involved in physiologic cellular processes. However, except
for 3P, their MR sensitivities are much lower compared with
the sensitivity of Na* (~Table 1).

35CI MRI: Chlorine (Cl7) is the most abundant anion in the
human organism and very important because it is involved in
many fundamental physiologic processes like the influence of
cellular osmolarity and cell volume. 33Cl~ is passively distrib-
uted in response to the resting membrane potential of skeletal
muscle tissue, and thus it regulates cell potential such as the
inhibition of muscular cell excitability.61 This results from very
high CI~ conductance that is ~ 80% of the total membrane
conductance at rest.>” Hence the resting membrane potential
of muscle cells can be approximated by the Nernst equation for
CI™. This equation requires only intra- and extracellular Cl~
concentrations.”® C~ MRI can determine the total tissue Cl~
concentration and thus can help calculate the required intra-
cellular concentration. The extracellular concentration is easily
accessible by blood chemistry, and data for the intracellular
volume fraction are available in the literature®>%3 and can also
be estimated from the tissue sodium concentration (e.g., as
measured with 22Na MRI®*). Chlorine has two MR-sensitive
naturally occurring isotopes, >Cl (natural abundancy, ~ 76%)
and 37Cl (~ 24%).>> The feasibility of >>Cl MRI in humans was
demonstrated.”>*® A 3°CI MRI might enable noninvasive
electrophysiologic measurements in vivo in the future, such
as the determination of the resting membrane potential of
muscle cells that is reduced in various muscular diseases
including the periodic paralysis.

39K MRI: Because intra- and extracellular K* concentra-
tions largely affect the excitability and membrane potential
of cells,®® the measurement of the muscular K* content is
highly preferable. Among the three naturally occurring MR-
sensitive isotopes of potassium (*°K, 4°K, and “4'K), the
abundance of *°K is highest, ~ 93%.%> Although the expected
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Fig.3 Magneticresonance imaging (MRI) findings in the two hypokalemic periodic paralysis (HypoPP) mutations. (a) A 41-year-old woman with
HypoPP (severe phenotype, Cav1.1-R1239H) in comparison with (b) a 54-year-old woman with HypoPP (mild phenotype, Cav1.1-R528H). The
higher muscular 2>Na and *°Cl signals in the calf muscles in the severe phenotype Cav1.1-R1239H of HypoPP when compared with Cav1.1-R528H
are evident. The three reference phantoms containing 5% agarose gel and 10, 20, or 30 mM NaCl solutions are visible on top of the calves. Both
edema-like changes (open arrows) and fatty muscular degeneration within the calf muscles are most pronounced in Cav1.1-R1239H mutations

(a). STIR, short tau inversion recovery.

Table 1 Physical properties and expected relative in vivo SNR

of selected non-proton nuclei®3->°

Nucleus | Spin/ | Natural Typical in vivo Relative in
abundance, | concentrations, | vivo SNR, %®
% mol/L

H 1/2 99.99 79° 100

2Na 3/2 100 0.17¢ 0.7-1072/

1.3-107"
35¢ 3/2 75.78 0.03¢ 22-.10°3
39K 3/2 93 0.11¢ 1.6-1073

Abbreviation: SNR, signal-to-noise ratio.

?A linear increase of noise with frequency was assumed.

bDerived from measured water content (71%) of brain white matter.>’
“‘Measured 2*Na concentration of healthy calf muscle tissue3® and
healthy articular cartilage®® (highest 2>Na content among all tissues).
9Measured 3°Cl concentration of healthy brain white matter.>?
®Measured 3°K concentration of skeletal muscle tissue.%0

relative SNR of 3°K MRI is more than a factor of 30 lower
compared with the SNR of 2>Na MR], the feasibility of >>Cl and
39K MRI of human brain and muscle in vivo was demonstrat-
ed on a 7-T wb-MRI system (~Fig. 4).>%-°

These non-proton qMRI techniques could be especially
interesting for assessing non-dystrophic muscles, such as in
periodic paralyses with often normal 'H MRI findings, but
also in DMD for detecting altered ion homeostasis in dystro-
phic muscle cells.?33849 The recently introduced algorithm
for partial volume correction leads to more accurate quanti-
tative values in non-proton MRIL®® and hence the future for
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non-proton MRI in muscular applications may be even
brighter.>®

Other Techniques: Diffusion Tensor Imaging|
Diffusion-weighted Imaging, Dynamic Contrast-
enhanced MRI, and *'P Magnetic Resonance
Spectroscopy

In addition to non-proton MRI, several other advanced
imaging techniques have been used to study muscle diseases.
Many of these were discussed in recent reviews,'3:15.16,67.68
and therefore the information here is limited to a short
summary of the technique and recent advances. The reviews
offer more in-depth information.

Diffusion-weighted imaging (DWI) and DTI of muscle is a
technique that allows for probing tissue microarchitecture.
DWI with the increase in apparent diffusion coefficient
(ADC) corresponds to the increase of extracellular water.3-69
DTI combined with appropriate postprocessing allows for
determination of fiber lengths, fiber curvatures, and penna-
tion angles.'® Although the application of this technique in
the brain is widely used, the application in muscle disease is
very much under development. Previous reports on human
subjects showed changes in ADC due to muscle denerva-
tion’? and in inflammatory myopathies.”’ Stringent quality
control and accurate fat suppression are of very high impor-
tance because both an increased T2 relaxation time and the
presence of fat can influence the resulting values.”? Possibly
as a result, there have been some conflicting reports on the
changes reported in different muscle diseases.”>~’® Overall,
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Fig.4 A'H,*3Na, 39K, and 3°Cl 7-T magnetic resonance imaging (MRI) of the healthy thigh muscle of a female volunteer. Each X-nuclei MR image
was acquired in an acquisition time of 10 minutes. Nominal spatial resolutions of 3.8 x 3.8 x 10 mm? (>*Na MRI), 8 x 8 x 16 mm?* (**K MRI), and
12 x 12 x 24 mm?> (3Cl MRI) were achieved. TSE, turbo spin echo. (Reproduced from Nagel et al.35)

because changes in ADC are unspecific, the range in normal
values is quite broad,’® and technical challenges are in-
creased in pathologic conditions, the widespread application
and interpretation of this technique is still challenging. A
possible promising development could be using longer dif-
fusion times with stimulated echo approaches because this
allows modeling of membrane permeability and myofiber
size, as recently shown in mouse models of DMD.’7-78

Current magnetic resonance perfusion MRI techniques
allowing the noninvasive functional assessment of peripher-
al microvasculature in healthy and diseased individuals are
blood oxygenation level-dependent (BOLD), arterial spin
labeling (ASL), and dynamic contrast-enhanced (DCE) MRI.
The functional imaging of skeletal muscle microvasculature
helps in the understanding of muscular and vascular physi-
ology and alterations of microcirculation under certain
pathologic conditions such as peripheral arterial occlusive
disease, diabetes mellitus, chronic compartment syndrome,
and rheumatic disorders.

The potential of these three MRI methods to assess disease
severity noninvasively and the efficacy of new therapeutic
strategies such as stem cell and gene therapy renders them
very appealing future research targets.”® Furthermore, de-
nervated musculature shows gadolinium enhancement that
can be detected ~ 24 hours after the denervating event.2 MR
perfusion imaging is capable of detecting increased perfu-
sion in denervated muscles compared with normal muscu-

lature.2” When no reinnervation occurs, chronic muscle

denervation finally results in atrophy, with reduction of
the diameter of the muscle belly and fatty metaplasia leading
to a shortening of the T1 relaxation time.

MRS and magnetic resonance spectroscopic imaging
(MRSI) provide metabolic information on the musculoskele-
tal system, thus helping us understand the biochemical and
pathophysiologic nature of numerous diseases. In particular,
31-phosphorous (3'P) MRS was used to study the energy
metabolism of muscular tissue since the very beginning of
MR examinations in humans when small-bore magnets for
studies of the limbs became available.”#2 Spatial localiza-
tion was less demanding in these studies. However, high
temporal resolution was necessary to follow metabolism
during exercise and recovery. The observation of high-ener-
gy phosphates during and after the application of workload
offers insight into oxidative phosphorylation, a process that
takes place in the mitochondria and characterizes impaired
mitochondrial function.®3 In healthy skeletal muscle tissue,
the amount of high-energy phosphates and the oxidative-
phosphorylation potential are crucial for proper muscle
function. Disturbances in the kinetics of energy metabolism,
such as oxidative phosphorylation during recovery from
exercise, may limit the contracting ability of the muscles.3?
Furthermore, changes in myocellular high-energy phosphate
metabolism are encountered in diseases leading to muscular
degeneration.'>#? Intracellular pH, as well as the MR signal
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intensity ratios P;:PCr (inorganic phosphate [P;; to phospho-
creatine [PCr]) and PDE:PCr (phosphodiester [PDE] to PCr),
were reported to increase depending on the stage and
severity of the muscle degeneration.'>67:68:82 |t was shown
conclusively how MRS and MRSI were used in numerous
diseases to characterize an involvement of the muscular
metabolism. Recent reviews offer more in-depth
information.!3-67-68

Conclusion

The importance of muscle imaging in patients with muscu-
lar disorders is increasingly recognized. Today muscle MR
imaging with its capability of whole-body musculature
assessment is the modality of choice in a routine diagnostic
work-up, often able to identify a distinctive pattern of
muscle involvement. In the future, wb-MRI protocols and
hierarchical meta-analytical approaches with fingerprints
of individual diseases will probably very much improve the
use of muscle MRI for pattern recognition purposes. Quan-
titative MRI may be a useful tool for monitoring disease
progression, especially when subclinical, in future thera-
peutic trials. In addition, advanced imaging technologies
such as non-proton MRI, DTI, perfusion MRI, T2 mapping,
and MRS/MRSI will become more available, at least in an
university hospital setting, to reveal deeper insights into
muscle pathophysiology beyond the mere detection of fatty
or edema-like changes.
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