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Abstract

Background and aims: The role of muscle magnetic resonance imaging (MRI] in the diagnostic
procedures of myopathies is still controversially discussed. The current study was designed to
analyze the status of qualitative muscle MRI, electromyography (EMG), and muscle biopsy in
different cases of clinically suspected myopathy.

Methods: A total of 191 patients (male: n=112, female: n=79) with suspected myopathy who all
received muscle MRI, EMG, and muscle biopsy for diagnostic reasons were studied, with the
same location of biopsy and muscle MRI (either upper or lower extremities or paravertebral
muscles). Muscle MRIs were analyzed using standard rating protocols by two different raters
independently.

Results: Diagnostic findings according to biopsy results and genetic testing were as follow:
non-inflammatory myopathy: n=65, inflammatory myopathy (myositis): n=51, neurogenic:
n=18, unspecific: n=23, and normal: n=34. The majority of patients showed myopathic
changes in the EMG. Edema, atrophy, muscle fatty replacement, and contrast medium
enhancement (CM uptake) in MRI were observed across all final diagnostic groups. Only 30%
of patients from the myositis group (n=15) showed CM uptake.

Discussion and conclusion: The study provides guidance in the definition of the impact of
muscle MRI in suspected myopathy: despite being an important diagnostic tool, qualitative
MRI findings could not distinguish different types of neuromuscular diagnostic groups in
comparison with the gold standard histopathologic diagnosis and/or genetic testing. The
results suggest that neither muscle edema nor gadolinium enhancement are able to secure

a diagnosis of myositis. The current results do not support qualitative MRl as aiding in the
diagnostic distinction of various myopathies. Quantitative muscle MRl is, however, useful in
the diagnostic procedure of a suspected neuromuscular disease, especially with regard to
assessing progression of a chronic myopathy by quantification of the degree of atrophy and
fatty replacement and in exploring patterns of muscle group involvements in certain genetic
myopathies.
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Introduction

The differential diagnostic process of suspected
neuromuscular disorders is known to be challeng-
ing. Key elements of the diagnostic work-up
include personal and family history, detailed clin-
ical assessment, determination of creatine-kinase

(CK)-levels, neurophysiological studies, and
histopathological findings in muscle biopsy.!
Muscle magnetic resonance imaging (MRI) has
increased its impact in that process over the last
decade and plays an important role in the
diagnostic work-up of acquired and inherited
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neuromuscular diseases, that is, (I) identifying
genetically different conditions, (II) helping the
clinician select appropriate genetic and biochemi-
cal diagnostic investigations, and (III) guiding
which muscle should be targeted for histopatho-
logical studies.?3

The use of a combination of sequences allows for
the analysis of different aspects of the muscle.? In
general, protocols include T1-weighted (T1W)
and a fluid-sensitive, T2-weighted (T2W) or
short-tau inversion recovery (STIR) sequence.*
T1W images allow the assessment of muscle
architecture and anatomy, particularly in refer-
ence to normal surrounding fat, including hem-
orrhage and abnormal fat deposition (e.g. muscle
fatty replacement).* T2W or STIR sequences are
primarily used to characterize muscle edema.*
Furthermore, STIR sequences provide the
advantage of homogeneous fat suppression.
Gadolinium (contrast medium; CM)-enhanced
fat-suppressed T1W imaging (Gd-T1WI) is
known to reflect fascial edema or inflammation.>
A specific MRI pattern has already been estab-
lished for single neuromuscular disorders, for
example, idiopathic inflammatory myopathies
(ITIMs), including dermatomyositis, polymyosi-
tis, and inclusion body myositis.>® Muscle MRI
is also helpful in genetically determined myopa-
thies like facioscapulohumeral dystrophy
(FSHD)? and other muscular dystrophies,8
showing a specific pattern of affected muscles
based on fat replacement recognizable on MRI.
However, many of these patterns are overlap-
ping® and critical to interpretation.*

Muscle MRI is considered to be the imaging
modality of choice in routine diagnostic work-up
of inherited neuromuscular disorders and to be
often able to identify a distinctive pattern of
muscle involvement so that muscle MRI may
narrow down the genes to be sequenced and
evaluated.’®© Due to the increasing impact of
muscle MRI in the diagnostic work-flow of sus-
pected myopathies, a muscle T1W MRI-based
artificial  intelligence-empowered tool has
recently been established for muscular dystro-
phies.® However, several questions are still open,
especially the association of qualitative MRI cat-
egories (CM enhancement, muscle fatty replace-
ment, and edema) with certain myopathies and
myositis. Despite the fact that MRI has been
used to detect affected muscles by muscle fatty
replacement and to establish a landscape of

involved muscles in an individual, it is still
unknown whether the diagnosis based on the
MRI findings can provide more than localizing
information. To address these questions, the
findings of muscle MRI were analyzed in 191
patients together with electromyography (EMG)
and muscle biopsy results performed for diag-
nostic reasons.

Subjects and methods

Patients

A total of 191 patients (male: =112, female:
n=179) were included into the study group. All
patients had been referred to the Department of
Neurology, University Clinic of Ulm, Germany
for diagnostic procedures for a suspected myopa-
thy between the years 2014 and 2017. Age at
inclusion ranged from 18 to 88years (median:
53years, 25% percentile: 43years, 75% percen-
tile: 62years). Information about their disease
history and characteristics, comorbidities, medi-
cation, neurological, and cardiac symptoms were
obtained in structured personal interviews
addressing the presentation of muscle weakness,
muscle cramps, myalgia, and family history. All
patients included into the study received exten-
sive clinical work-up including blood samples for
CK, muscle MRI, EMG, and muscle biopsy for
diagnostic reasons. In all patients assessed, the
locations of biopsy and muscle MRI were the
same (either upper or lower extremities or para-
vertebral muscles).

EMG studies

EMG studies (Toennies universal amplifier,
Erich Jaeger GmbH, Hochberg, Germany &
DasyLab, v 13, measX GmbH und Co. KG,
Monchengladbach, Germany) were performed
during the diagnostic work-up prior to muscle
biopsy and genetic confirmation of the disease.
EMG results were obtained from individually
selected muscles according to clinical findings
and patients’ history. The reports were evaluated
for description of spontaneous activity fibrillation
potentials, positive sharp waves and complex
repetitive discharges, motor unit action potentials
and recruitment during maximum innervation.
According to comparison with norm values,!!
EMG results were classified into (I) myopathic,
(II) neurogenic, (III) combined myopathic and
neurogenic, or (IV) normal.
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Muscle histopathology and molecular genetic
testing

Histopathological analysis of all muscle biopsies
[vastus lateralis muscle (z=139), biceps brachii
muscle (z=15), gastrocnemius muscle (z=11),
deltoid muscle (#=7), paravertebral muscles
(n=7), semimembranosus muscle (z=5), tibial
anterior muscle (z=3), gluteus maximus muscle
(n=2), psoas major muscle (n=1), triceps brachii
muscle (n=1)] were performed according to
standard protocols.!2 The muscle specimens were
frozen and stored at —80°C. Ten-micron frozen
sections were stained with hematoxylin and eosine,
Gomori trichrome, nicotinamide adenine dinucle-
otide dehydrogenase, cytochrome ¢ oxidase/succi-
nate dehydrogenase, acid phosphatase, elastica-van
Gieson, periodic-acid Schiff , adenosine triphos-
phatase at pH 4.3, 4.6, and 10.35, respectively,
and oil-red O.12 Histopathological findings were
categorized as (I) inconspicuous, (II) unspecific
myopathic, (III) degenerative myopathic, (IV)
inflammatory myopathic, or (V) neurogenic.13:14
Biopsies with myopathic alterations were differen-
tiated between inflammatory and non-inflamma-
tory myopathies, comprising hereditary muscular
dystrophies and associated disorders (i.e. congeni-
tal myopathies, myofibrillar myopathies, metabolic
myopathies except from mitochondrial myopathies
and ion channel disorders).

Myopathic changes were qualitatively and quanti-
tatively evaluated concerning shape and size,
caliber variation of muscle fibers, position of
nuclei, structural defects or changes in individual
muscle fibers, acid phosphatase activity, distribu-
tion of connective and adipose tissue, fiber type
distribution, splitting, presence of lymphozytic
infiltration, vacuoles, glycogen, lipid droplets,
and oxidative reactions as described by Dubovitz
and Sewry.13 Isolated mitochondrial myopathies
were not included in the analysis. Accompanying
mitochondrial disturbances in inflammatory
myopathies were accepted.

I. Normal skeletal muscle was evaluated
when routine histological stainings showed
neither structural deficits, lipid storage,
glycogen storage, neurogenic or myopathic
changes, nor mitochondrial disturbances
with oxidative abnormalities or ragged red
fibers.

II. As “unspecific” abnormalities, we consid-
ered mild abnormalities like internal nuclei
in <5% of muscle fibers, scarce necrotic,

whorled fibers, or targetoid muscle fibers
without any other abnormalities.
Myopathic changes were obtained when
histopathology was abnormal in a combina-
tion of increased fiber size variability with
endomyseal fibrosis, high amount of central
nuclei, fiber splitting, and whorled fibers,
rounded fiber shape, necrosis, and phago-
cytosis. Distinctive pathological changes
implying a certain myopathy as well as an
increased amount of adipose tissue were
also included in finding the final histo-
pathological diagnosis, addressed as “myo-
pathy” in this study.
Inflammatory myopathies were indicated
as myopathic changes in combination
with inflammatory lymphocyte infiltra-
tion in immunohistochemistry as well as
specific features like perifascicular atro-
phy in dermatomuyositis or rimmed vacu-
oles in inclusion body myositis. These
diagnoses were summarized as “myositis”
in this study.

V. Neurogenic atrophy consisted of atrophic
fibers of both types in reticular distribution
or small/large groups of atrophic fibers of
both fiber types without any myopathic
changes.13:14

III.

IV.

Genetic studies were performed according to
standard protocols.15

Muscle MRI

All patients underwent an MRI examination of
either bilateral upper or lower limbs or the paraver-
tebral muscles according to the patients’ symp-
toms using a 1.5 T MRI scanner (Magnetom
Symphony, TIM, Siemens Healthcare, Erlangen,
Germany). The routine MRI examination was
conducted with the patient lying supine using a
phased array body coil. All images were acquired
in axial scan planes using fast-spin echo T1W (TR/
TE, 932/10; number of signal averages, 2; FOV:
439.1mm X 330mm), STIR (TR/TE, 7310/56;
inversion time 140 ms; number of signal averages,
1; FOV: 439.1mm X 330mm) and T1W fat satu-
rated post contrast (TR/TE, 831/10; number of
signal averages, 2; FOV: 439.1 mm X 330mm) for
all patients except 15 patients in whom contrast
was not applied because of renal impairment and
low glomerular filtration rate (<30%). For con-
trast application 0.1-0.2ml/kg of Prohance con-
trast medium (Bracco, Italy) was injected
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Table 1. Inter-rater reliability for all muscle magnetic resonance imaging
scores according to Cohen’s «.

Cohen’s «

Muscle atrophy

Muscle fatty replacement

Muscle edema

CM uptake

k=0.616,2=11.3, p<0.001
k=0.663,7=13.8, p<0.001

k=0.696, 2=13.5, p<0.001
k=0.779,2=14.1, p<0.001

CM, contrast medium.

automatically at a rate of 1 ml/s followed by 10ml
saline using automatic injector (Medrad, Bayer,
Germany). Examinations were conducted from
the level of the shoulders to the wrists in the case of
upper limb evaluation and from the level of the
hips to the ankles in the case of lower limb evalua-
tion. Both arms were scanned separately in differ-
ent acquisitions, while both thighs/legs and
paravertebral muscles were scanned together in the
same acquisition.

Two blinded raters independently reviewed and
scored the images; rater 1 with 10years of experi-
ence in musculoskeletal radiology and rater 2
with 7years of experience in musculoskeletal
radiology. Both raters were blinded to each oth-
er’s results and to the clinical data of the patients.

For qualitative MRI evaluation, four different
findings were evaluated, that is, muscle size/atro-
phy, muscle fatty replacement, muscle edema
(STIR/T2 hyperintensity), and extent of contrast
enhancement of the involved muscles. To this
end, we used a previously published definition
and grading score.l® Accordingly, atrophy was
defined as visual loss of muscle volume and
graded according to a four-point visual scale:
grade 0, no atrophy; grade 1 mild atrophy (<30%
of the total muscle volume), grade 2 moderate
atrophy (>30% and <60% of the total muscle
volume), and grade 3 severe atrophy (>60% of
the total muscle volume). Muscle fatty replace-
ment was then graded according to a five-point
visual scale,!7-18 as follows, grade 0 normal; grade
1 just some fatty streaks; grade 2 <50% fatty infil-
tration of the involved muscle; grade 3 as much
fat as muscle; and grade 4, more fat than muscle.
Muscle edema was evaluated in STIR/T2W
images as abnormally increased signal (hyperin-
tensities) within the muscle. It was graded

according to a previously proposed three-point
visual scale:!® grade 0, normal muscle with no
abnormally increased signal; grade 1 abnormally
hyperintense signal involving one-third or more
of the muscle volume; and grade 2 abnormally
hyperintense signal in more than one-third of the
muscle. According to the four-point visual atro-
phy grading scale, we proposed a similar visual
scale for contrast enhancement of the muscles,
where grade 0 corresponds to no muscle enhance-
ment and grades 1, 2, and 3 correspond to muscle
enhancement of <30%, 30-60%, and >60% of
the involved muscle, respectively.

The final score for each finding and each patient
was estimated according to the most affected
muscle. Inter-rater reliability was evaluated to
assess reproducibility.

Statistical analysis and inter-rater reliability

All statistical analyses and visualizations were
performed using Prism Version 7 (GraphPad,
San Diego, CA, USA). The inter-rater reliability
of qualitative assessments of muscle MRI was
determined by Cohen’s k. For further analysis,
MRI-values of both raters were averaged and dec-
imal places =0.5 have been rounded up.

Ethical statement

This study was conducted according to the
Helsinki Declaration. All included patients gave
informed written consent prior to study inclusion.
The study was approved by the local University of
Ulm ethics committee (reference no. 12/09).

Results

Inter-rater reliability for MRl interpretation
Calculation of Cohen’s k for two raters in 191 cases
(except CM uptake: #=179) resulted in a propor-
tion ¥ >0.6 in all scores, as a proportion of match
beyond chance. Results of inter-rater reliability are
shown in Table 1. Inter-rater reliability was evalu-
ated as “good” for all scored MRI categories.20

Clinical findings and histopathological results

The majority of patients out of all diagnostic groups
reported myalgia. Subsequently, paresis and crampi
were observed (Table 2). Interestingly, myalgia,
crampi, and paresis together were only seen in
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Table 2. Clinical findings of N=191 patients in correlation to the final diagnosis. Numbers are given as total
numbers of patients and percentages of the respective diagnosis subgroups. Multiple symptoms could be reported.

Myalgia Crampi Paresis Myalgia, crampi,  Number of patients
and paresis with CK elevation

Final diagnosis

Myopathy, n=65 50 (77%)  12(18%) 36 (55%) 5 (8%) 46 (71%)
Myositis, n=51 33 (65%]) 6(12%) 31(61%) O 41 (80%)
Neurogenic disease, n=18 11 (61%)] 5 (28%]) 8(44%) 0 13 (72%)
Unspecific, n=23 22 (96%) 5(22%) 13(57%) 0 13 (57%)
Normal, n=34 30 (88%) 4012%)  9(26%) © 16 (47%)

CK, creatine kinase.

Table 3. Electromyographic findings of N=191 patients according to the final diagnosis; combined =myopathic
and neurogenic electromyography findings. One patient may have >1 clinical finding. Numbers are given as
total numbers of patients and percentages of the respective diagnosis subgroups.

Myopathic Neurogenic Combined Normal
Final diagnosis
Myopathy, n=65 30 (46%) 8 (12%]) 2 (3%) 25 (38%)
Myositis, n=51 27 (53%) 5 (10%) 2 (4%) 17 (33%)
Neurogenic disease, n=18 4 (22%) 10 (55%) - 4 (22%)
Unspecific, n=23 7 (30%) - - 16 (70%)
Normal, n=_34 17 (50%) 5 (15%) 1(3%) 11 (32%)

patients with myopathy. CK elevation (>145U/l) MR/ findings

was present in 129/191 patients. EMG was normal
in 73/191. Next to combined EMG patterns, exclu-
sively myopathic changes were found in 85/191 and
exclusively neurogenic changes (polyphasic poten-
tials increased in amplitude and reduced recruit-
ing) were observed in 28/191. Five patients showed
combined myopathic and neurogenic changes
(Table 3). The final diagnosis according to biopsy
results and genetic testing were: myopathy n=65,
myositis #=51, neurogenic disease n=18, unspe-
cific n=23, and normal n=34. Out of the myo-
pathic group, genetic testing led to the following
diagnoses: metabolic myopathies were diagnosed
most frequently (24/65), followed by myoadenylate
deaminase deficiency (3/65), core myopathy (2/65),
and limb girdle muscular dystrophy (2/65). One
patient was defined as a Duchenne carrier. In all
diagnostic groups, biopsy results defined the final
diagnostic group.

A total of #=94 patients out of all diagnostic
groups showed edema. In 71% of these patients
(n=67), MRI also displayed gadolinium enhance-
ment. Edema was observed across all pathologies,
most often in myopathies, less in neurogenic mus-
cle disease (Table 3). Gadolinium enhancement
was not specific but observed across all diagnostic
groups. Representative examples of the qualitative
MRI patterns are given in Figure 1. More than
two-thirds of patients from the myositis group
showed muscle fatty replacement, which was most
commonly observed in patients with myopathy
(Table 4; Figure 2). In patients with myopathy and
myositis as the final diagnosis, highest cumulative
MRI scores were observed for muscle fatty replace-
ment, followed by edema, CM uptake, and muscle
atrophy (Figures 2 and 3). Interestingly, CM
uptake has only been observed in 30% of patients
with myositis. The majority of patients with
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Figure 1. Representative examples of thigh magnetic resonance imaging (MRI] (a) atrophy and (b) muscle
fatty replacement in T1-weighted images (c) edema in short-tau inversion recovery, and (d) gadolinium
enhancement in fat saturated T1-weighted MRI with contrast medium.

Table 4. Magnetic resonance imaging findings [atrophy, muscle fatty replacement, edema, and contrast
medium (CM] uptake] given as % according to the appearance in each diagnostic group (myopathy, myositis,

neurogenic disease, unspecific, and normal).

MRI findings
Atrophy Muscle fatty Edema CM uptake
replacement

Myopathy, n=65 23 (35%) 53 (82%) 37 (57%) 33 (51%])
Myositis, n=51 12 (24%) 31 (63%) 24 (47%) 15 (29%)
Neurogenic disease, n=18 2 (11%) 8 (44%) 5 (28%) 3(17%)
Unspecific, n=23 7 (30%) 15 (65%) 11 (48%) 8 (35%)
Normal, n=34 10 (29%) 22 (65%) 17 (50%) 11 (35%)

myositis as a final diagnosis showed muscle fatty
replacement (63% of patients) followed by edema
(47% of patients) (Figure 2). Combined MRI
findings (edema, CM uptake, atrophy, and muscle
fatty replacement) were detected in all diagnostic
groups except the neurogenic disease group.

Discussion

Neuromuscular imaging with muscle MRI is
increasingly being used for the diagnostic work-
up of patients with suspected acquired or inher-
ited muscle diseases.?:22 Despite the low
specificity,?®> several MRI patterns (affected

muscle pattern) have already been established in
the clinical algorithms.#6:7:21,24 MRI is reported to
have a sensitivity of approximately 90% to detect
abnormal muscles in IIMs.22 In hereditary mus-
cular disorders, MRI has also been proposed as a
tool for identifying patterns of muscular involve-
ment and as a biomarker of disease progres-
sion.%2527 However, it remains an unsolved
question whether MRI findings can provide
enough information to deduce a diagnosis. Since
the underlying pathophysiology cannot be
differentiated, muscle MRI can qualitatively only
differentiate severity and distribution of morpho-
logical changes in size and shape, severity and
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normal

unspecific

neurogenic
disease

sisoubelp |euy

CM-uptake

= edema =
=== atrophy 3
== muscle fatty replacement
myositis normal
combined 2
W neurogenic ®
== myopathic
normal -
myopathy unspecific myopathic 5
= myositic o
== neurogenic &
== myopathic
L L L L
0 50 100 150 200 250

results as % from patients in one diagnostic category

Figure 2. Combined results of biopsy, electromyography (EMG), and magnetic resonance imaging (MRI)
according to each diagnostic category. Values given as % of patients in each diagnostic group. Given that one
patient may have >1 finding, especially in biopsy and MRI, percentage may exceed 100%.

CM, contrast medium.

myopathic myositis neurogenic  unspecific normal
muscle atrophy I
= " il
wis Irllll Iil IIIIIH I1E]
CM-uptake I
0 1 2 3 4

Figure 3. Heatmap showing the individual magnetic resonance imaging (MRI) scores for each MRI category
analyzed according to each diagnostic group. Atrophy (four-point visual scale): grade 0 no atrophy; grade 1
mild atrophy (<30% of the total muscle volume), grade 2 moderate atrophy (>30% and <60% of the total
muscle volume), and grade 3 severe atrophy (>60% of the total muscle volume). Muscle fatty replacement
(five-point visual scale): grade 0 normal; grade 1 just some fatty streaks; grade 2 <50% fatty infiltration

of the involved muscle; grade 3 as much fat as muscle; and grade 4, more fat than muscle. Muscle edema

(three-point visual scale): grade 0, normal muscle with no abnormally increased signal; grade 1 abnormally
hyperintense signal involving one-third or more of the muscle volume; and grade 2 abnormally hyperintense
signal in more than one-third of the muscle. Contrast enhancement (four-point visual scale): grade 0 no

muscle enhancement, grade 1 muscle enhancement of <30%, grade 2 muscle enhancement of 30-60%, and

grade 3 muscle enhancement of >60%.
CM, contrast medium.

distribution of lipomatous changes, and presence
of muscle edema.2428:29

In the current study, 191 patients (male: n=112,
female: n=79) with suspected myopathy received
muscle MRI, EMG, and muscle biopsy for diag-
nostic reasons. The majority of patients were diag-
nosed with non-inflammatory myopathy, followed
by myositis. Muscle biopsy was histologically

normal in 18% and showed unspecific findings in
12%. A primary neurogenic disease was detected
in 9% of our cohort. Muscle edema, atrophy,
muscle fatty replacement, and gadolinium
enhancement in MRI were observed in all final
diagnostic groups.

The earliest change at MRI of inflamed muscles is
muscle edema, generally observed in both T2W
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and STIR sequences, which is thought to be
caused by increased intracellular and/or extracel-
lular water content.?430 It has already been shown
that 56% of patients with active dermatomyositis
and 15% of those with active polymyositis have
muscle edema in MRI.3! The sensitivity of MRI in
showing muscle edema in active myositis is about
80-90%.3° However, the specificity of muscle MRI
is known to be more limited, since muscle edema
can be noted in a whole array of different condi-
tions (e.g. intense muscle exercise, infections, early
neuropathy, ischemia, injury, neoplasm, radiation,
and compartment syndrome).2430:32 Consistent
with recent findings,?2-23 the majority of patients
with myositis as the final diagnosis showed muscle
fatty replacement (63% of patients), followed by
edema (47% of patients) and CM uptake (29% of
patients). In the myositis group, highest MRI
scores were observed for muscle fatty replacement,
followed by edema and CM uptake (Figure 3).
Gadolinium enhancement is reported to be mainly
present in subcutaneous and fascial areas in inflam-
matory myopathies® as a form of myofasciitis. Our
findings support the notion that edema and muscle
fatty replacement are key findings in muscle MRI
of patients with suspected myopathies. Qualitative
muscle MRI was not able to distinguish between
myositis and degenerative myopathy as the final
diagnosis and is therefore of limited value for pro-
posing the underlying disease entity in diagnostics,
as previously reported.?®> The finding of muscle
fatty replacement in 63% of patients with myositis
as final diagnosis indicates that chronic myositis
leads to fatty replacement of the affected muscles,
as in degenerative myopathies.

In inflammatory myopathies, the diagnosis is
based on characteristic clinical findings, elevated
serum skeletal muscle enzymes, electromyogra-
phy, and muscle biopsy. However, MRI is known
to accurately document the extent and intensity
of muscle abnormalities.?? Specific findings may
differ between the acute/active (edema, high sig-
nal intensity on STIR, and fat-saturated gadolin-
ium-enhanced T1W images) and chronic phase
(atrophy and muscle fat replacement on T1W
images).22:23,30

Recent studies showed gadolinium depositions
following serial administrations of gadolinium-
based contrast agents for MRI examinations in
various parts of the brain in animal models and
humans.343¢ Subsequently, even though no clini-
cal correlates of the deposits are known yet, an

intensive discussion about safety and impact of
contrast agents followed. In the investigated
cohort, CM uptake has only been observed in
30% of patients with myositis and was as well
observed in all other final diagnostic groups. In
line with the upcoming discussion of gadolinium
deposits,37 3% our study further underlines the
question of whether there is a diagnostic value of
contrast enhancement in comparison with STIR
sequences in suspected myositis.

Some myopathies present with a typical pheno-
type which allows targeted molecular genetic
analysis to secure the diagnosis without muscle
biopsy, for example, FSHD. Furthermore, neu-
rogenic diseases are generally diagnosed based on
clinical and electrophysiological findings without
biopsy. However, in the majority of cases, the
diagnosis of myopathies still requires a thorough
analysis of the phenotype combined with EMG
findings and histopathological changes. Several
studies have already shown that muscle MRI is a
useful tool in the diagnostic procedures of neuro-
muscular disorders, especially in uncertain cases
and monitoring of disease progression in myosi-
tis, in addition for the identification of a moder-
ately involved muscle for biopsy to increase
quality and diagnostic output.?-3:22

Although potentially useful in pointing to specific
viable muscles for biopsy, it is possible within a
severely affected muscle to take a specimen from
a very atrophic fascicle that will show “end-stage
atrophy” because the biopsies are not MRI-
guided. A very careful clinical examination with
functional assessment of the muscle strength and
palpation of the candidate muscle before pro-
ceeding to the biopsy remains essential.

Our study confirmed that muscle MRI can serve as
a diagnostic tool for the selection of the biopsy area;
however, the qualitative changes in MRI cannot
achieve a prediction of the histological diagnosis
with neither of the detected qualitative MRI sub-
groups. Since biopsy can also be made after thor-
ough clinical examination and selection of a
non-atrophic paretic muscle, skeletal muscle MRI,
especially whole body muscle MRI, is used as a
quantitative evaluation for myopathies with a selec-
tive involvement pattern for genetic testing.*? There
are also hereditary myopathies where identical clin-
ical or histopathological features may be caused by
a variety of genes or, in contrast, a genetic defect
may lead to variable clinical phenotypes.!
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Conclusion

It is already known that the sensitivity of muscle
MRI is higher than its specificity, especially in
detection of inflamed muscles.?® In the studied
cohort, combined MRI findings (edema, CM
uptake, atrophy, and muscle fatty replacement)
were detected in all diagnostic groups with the
exception of the neurogenic disease group, which
might be seen as a possible indicator of high sen-
sitivity with limited specificity. Consistent with
recent studies, high MRI scores were found for
edema and muscle fatty replacement in myositis
patients. However, the data show that edema is
not specific for inflammation but can also be
detected as denervation edema* and in certain
forms of genetic myopathies. Muscle fatty replace-
ment has been observed across all final diagnostic
groups and therefore cannot be regarded as a
marker for a neurogenic disorder.

Given that each recognized MRI pattern was
observed across all histopathological diagnoses,
qualitative MRI patterns were not able to predict
the final diagnosis. Out of all diagnostic groups,
the highest median MRI scores for muscle fatty
replacement and edema were observed in patients
with myopathy, indicating that the simultaneous
occurrence of edema and muscle fatty replace-
ment can be considered to be an MRI-based indi-
cator for chronic myopathies (either genetic or
inflammatory). Its value has to be seen in explor-
ing the extent of muscle groups affected but not
in histopathology forecast.

Gadolinium uptake was observed in all diagnosis
groups, although less frequently than edema,
even in the myositis group. These findings
underline the limited value of gadolinium in sus-
pected myopathies. The present study provides
important information on the impact of muscle
MRI in suspected myopathy. Neither muscle
edema nor gadolinium enhancement could dis-
tinguish between histologically proven diagnosis
groups so that these findings are therefore una-
ble to secure a diagnosis of myositis. Although a
final diagnosis cannot be made based on MRI
findings alone according to the current results,
muscle MRI might have value in the diagnostic
procedure of a suspected neuromuscular dis-
ease, including the selection of a location for a
muscle biopsy. Being qualitatively non-specific,
the additional value has to be reevaluated in
terms of cost-effectiveness and contribution to
the individual disease prior to biopsy. On the

other hand, muscle MRI can distinguish between
similar diseases in form of pattern recognition.
Therefore, it serves as a tool for advanced selec-
tive questions in distinguishing variable pheno-
types of a genetic myopathy or in addressing
long-term follow-up and therapy evaluation in
inflammatory myopathies.

In muscle disease, MRI can detect signal changes
or atrophy of muscles, not only in clinically affected
muscle groups but also in subclinical involvement.
The quantitative analysis of muscle involvement,
especially in quantitative whole body MRI, can
help to refine a certain diagnosis. It can be useful in
assessing progression of a chronic myopathy by
quantitating the degree of atrophy and fatty
replacement and for research purposes in explor-
ing patterns of muscle group involvements in cer-
tain genetic myopathies. Muscle MRI can be used
to identify suitable muscles for biopsy, which is
also possible after clinically established working
diagnosis and thorough examination.

The use of MRI therefore can be used for specific
questions, but the expansive use, especially with
gadolinium exposure, should be critically
reconsidered.

Acknowledgement

We acknowledge the excellent technical assis-
tance of Martina Leis (Muscle laboratory of the
Department of Neurology, University Hospital
Ulm, Germany).

Author contributions

Conception and design: ACL, JK, and AR. Data
acquisition and analysis: DLU, MM, JK, and AR.
Drafting of the manuscript: DLU, MM. Figures
and statistical analysis: DLU. Revision of the
manuscript: ACL, JK, and AR.

Conflict of interest statement
The authors declare that there is no conflict of
interest.

Funding

The authors disclosed receipt of the following
financial support for the research, authorship,
and/or publication of this article: DLU is a mem-
ber of the German mitoNET funded by the
German Ministry of Education and Research.
DLU is funded by the Hertha-Nathorff-
Programm (HNP) of the Ulm Medical University,
Germany.

journals.sagepub.com/home/tan


https://journals.sagepub.com/home/tan

Therapeutic Advances in Neurological Disorders 14

ORCID iDs

Diana Lehmann Urban

https://orcid.org/0000-

0002-2815-4066

Jan Kassubek

https://orcid.org/0000-0002-

7106-9270

Angela Rosenbohm

https://orcid.org/0000-

0001-9700-0338

References

1.

10.

Jungbluth H. Myopathology in times of modern
imaging. Neuropathol Appl Neurobiol 20175 43:
24-43.

Mercuri E, Pichiecchio A, Allsop J, et al. Muscle
MRI in inherited neuromuscular disorders: past,
present, and future. ¥ Magn Reson Imaging 2007;
25: 433-440.

. Figueroa-Bonaparte S, Segovia S, Llauger J, ez al.

Muscle MRI findings in childhood/adult onset
pompe disease correlate with muscle function.
PLoS One 2016; 11: e0163493.

Costa AF, Di Primio GA and Schweitzer ME.
Magnetic resonance imaging of muscle disease: a
pattern-based approach. Muscle Nerve 2012; 46:
465-481.

Ukichi T, Yoshida K, Matsushima S, ez al. MRI
of skeletal muscles in patients with idiopathic
inflammatory myopathies: characteristic findings
and diagnostic performance in dermatomyositis.
RMD Open 2019; 5: e000850.

Tasca G, Monforte M, De Fino C, ez al.
Magnetic resonance imaging pattern recognition
in sporadic inclusion-body myositis. Muscle Nerve
2015; 52: 956-962.

. Tasca G, Monforte M, Ottaviani P, ez al.

Magnetic resonance imaging in a large cohort
of facioscapulohumeral muscular dystrophy
patients: pattern refinement and implications for
clinical trials. Ann Neurol 20165 79: 854-864.

Wattjes MP, Kley RA and Fischer D.
Neuromuscular imaging in inherited muscle
diseases. Eur Radiol 2010; 20: 2447-2460.

Verdu-Diaz J, Alonso-Perez J, Nunez-Peralta
C, er al. Accuracy of a machine learning muscle
MRI-based tool for the diagnosis of muscular
dystrophies. Neurology 2020; 94: e1094—e1102.

Fischer D, Bonati U and Wattjes MP.

Recent developments in muscle imaging of
neuromuscular disorders. Curr Opin Neurol 2016;
29: 614-620.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Bischoff C, Stalberg E, Falck B, er al. Reference
values of motor unit action potentials obtained
with multi-MUAP analysis. Muscle Nerve 1994;
17: 842-851.

Zimmermann C, Kalepu R, Ponfick M, er al.
Histological characterization and biochemical
analysis of paraspinal muscles in neuromuscularly
healthy subjects. Muscle Nerve 20155 52: 45-54.

Dubovitz V and Sewry CA. Muscle biopsy: a
practical approach. 3rd ed. Philadelphia: Saunders
Elsevier, 2007.

Engel AG and Franzini-Armstrong C. Myology.
2nd ed. New York: Churchill Livingstone, 1994.

Kuhn M, Glaser D, Joshi PR, ez al. Utility of a
next-generation sequencing-based gene panel
investigation in German patients with genetically
unclassified limb-girdle muscular dystrophy.

F Neurol 2016; 263: 743-750.

Guimaraes JB, Zanoteli E, Link TM, et al.
Sporadic inclusion body myositis: MRI findings
and correlation with clinical and functional
parameters. Am J Roentgenol 2017; 209:
1340-1347.

Gilbert F, Bohm D, Eden L, er al. Comparing
the MRI-based goutallier classification to an
experimental quantitative MR spectroscopic fat
measurement of the supraspinatus muscle. BMC
Musculoskelet Disord 20165 17: 355.

Goutallier D, Postel JM, Bernageau ], ez al. Fatty
muscle degeneration in cuff ruptures. Pre- and
postoperative evaluation by CT scan. Clin Orthop
Relat Res 1994; 304: 78-83.

Morrow JM, Matthews E, Raja Rayan DL, er al.
Muscle MRI reveals distinct abnormalities in
genetically proven non-dystrophic myotonias.
Neuromuscul Disord 20135 23: 637—646.

Altman DG. Practical statistics for medical research.
London: Chapman & Hall, 1991.

Weber MA, Wolf M and Wattjes MP. Imaging
patterns of muscle atrophy. Semin Musculoskelet
Radiol 2018; 22: 299-306.

Paramalingam S, Counsel P, Mastaglia FL,

et al. Imaging in the diagnosis of idiopathic
inflammatory myopathies; indications and utility.
Expert Rev Neurother 20195 19: 173-184.

Schulze M, Kotter I, Ernemann U, ez a/. MRI
findings in inflammatory muscle diseases and
their noninflammatory mimics. Am § Roentgenol
2009; 192: 1708-1716.

May DA, Disler DG, Jones EA, er al. Abnormal
signal intensity in skeletal muscle at MR imaging:

journals.sagepub.com/home/tan


https://journals.sagepub.com/home/tan
https://orcid.org/0000-0002-2815-4066
https://orcid.org/0000-0002-2815-4066
https://orcid.org/0000-0002-7106-9270
https://orcid.org/0000-0002-7106-9270
https://orcid.org/0000-0001-9700-0338
https://orcid.org/0000-0001-9700-0338

D Lehmann Urban, M Mohamed et al.

25.

26.

217.

28.

29.

30.

31.

32.

patterns, pearls, and pitfalls. Radiographics 2000;
20 Spec No: S295-S315.

Quijano-Roy S, Avila-Smirnow D and Carlier
RY; WB-MRI muscle study group. Whole body
muscle MRI protocol: pattern recognition in early
onset NM disorders. Neuromuscul Disord 2012;
22(Suppl. 2): S68-S84.

Barp A, Bello L, Caumo L, er al. Muscle MRI
and functional outcome measures in becker
muscular dystrophy. Sci Rep 2017; 7: 16060.

Tasca G, Monforte M, Diaz-Manera J, ez al.
MRI in sarcoglycanopathies: a large international
cohort study. ¥ Neurol Neurosurg Psychiatry 2018;
89: 72-717.

Paoletti M, Pichiecchio A, Cotti Piccinelli S, ez al.
Advances in quantitative imaging of genetic and
acquired myopathies: clinical applications and
perspectives. Front Neurol 2019; 10: 78.

Amarteifio E, Nagel AM, Kauczor HU, ez al.
Functional imaging in muscular diseases. Insights
Imaging 2011; 2: 609-619.

Pipitone N. Value of MRI in diagnostics and
evaluation of myositis. Curr Opin Rheumatol 2016;
28: 625-630.

Pipitone N, Notarnicola A and Scardapane A.
Does MRI provide an added value over serum
creatine kinase measurement in myositis? Ann
Rheum Dis 20155 74: 177.

Rubin DA and Kneeland JB. MR imaging of the
musculoskeletal system: technical considerations
for enhancing image quality and diagnostic yield.
Am F Roentgenol 1994; 163: 1155-1163.

33.

34.

35.

36.

37.

38.

39.

40.

Dalakas MC. Inflammatory muscle diseases.
N Engl ¥ Med 20155 372: 1734-1747.

Jost G, Frenzel T, Lohrke ], er al. Penetration
and distribution of gadolinium-based contrast
agents into the cerebrospinal fluid in healthy rats:
a potential pathway of entry into the brain tissue.
Eur Radiol 2017; 27: 2877-2885.

Fingerhut S, Sperling M, Holling M, ez al.
Gadolinium-based contrast agents induce
gadolinium deposits in cerebral vessel walls, while
the neuropil is not affected: an autopsy study.
Acta Neuropatrhol 2018; 136: 127-138.

Radbruch A, Richter H, Fingerhut S, ez al.
Gadolinium deposition in the brain in a large
animal model: comparison of linear and
macrocyclic gadolinium-based contrast agents.
Invest Radiol 2019; 54: 531-536.

Layne KA, Dargan PI, Archer JRH, er al.
Gadolinium deposition and the potential for
toxicological sequelae - a literature review of
issues surrounding gadolinium-based contrast
agents. Br J Clin Pharmacol 2018; 84: 2522-2534.

Choi JW and Moon WJ]. Gadolinium deposition
in the brain: current updates. Korean ¥ Radiol
2019; 20: 134-147.

McDonald R], Levine D, Weinreb J, ez al.
Gadolinium retention: a research roadmap from the
2018 NIH/ACR/RSNA workshop on gadolinium
chelates. Radiology 2018; 289: 517-534.

Tomas X, Milisenda JC, Garcia-Diez Al, er al.
Whole-body MRI and pathological findings in
adult patients with myopathies. Skeletal Radiol
2019; 48: 653-676.

Visit SAGE journals online
journals.sagepub.com/
home/tan

®SAGE journals

journals.sagepub.com/home/tan


https://journals.sagepub.com/home/tan
https://journals.sagepub.com/home/tan
https://journals.sagepub.com/home/tan



