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Abstract

Background The diagnosis of patients with mutations in the VCP gene can be complicated due to their broad phenotypic
spectrum including myopathy, motor neuron disease and peripheral neuropathy. Muscle MRI guides the diagnosis in neuro-
muscular diseases (NMDs); however, comprehensive muscle MRI features for VCP patients have not been reported so far.
Methods We collected muscle MRIs of 80 of the 255 patients who participated in the “VCP International Study” and
reviewed the T1-weighted (T1w) and short tau inversion recovery (STIR) sequences. We identified a series of potential
diagnostic MRI based characteristics useful for the diagnosis of VCP disease and validated them in 1089 MRIs from patients
with other genetically confirmed NMDs.

Results Fat replacement of at least one muscle was identified in all symptomatic patients. The most common finding was
the existence of patchy areas of fat replacement. Although there was a wide variability of muscles affected, we observed a
common pattern characterized by the involvement of periscapular, paraspinal, gluteal and quadriceps muscles. STIR signal
was enhanced in 67% of the patients, either in the muscle itself or in the surrounding fascia. We identified 10 diagnostic
characteristics based on the pattern identified that allowed us to distinguish VCP disease from other neuromuscular diseases
with high accuracy.

Conclusions Patients with mutations in the VCP gene had common features on muscle MRI that are helpful for diagnosis
purposes, including the presence of patchy fat replacement and a prominent involvement of the periscapular, paraspinal,
abdominal and thigh muscles.

Keywords VCP myopathy - Multisystemic proteinopathy - Muscle MRI - Valosin

Introduction

Robert Y. Carlier and Jordi Diaz-Manera have equally contributed

. The VCP gene encodes the valosin-containing protein
to this work.

(VCP), a member of the ATPases Associated with diverse
Extended author information available on the last page of the article cellular Activities (AAA +) family of proteins. VCP is
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ubiquitously expressed, and it is involved in protein degra-
dation by the ubiquitin—proteasome system and in cellular
homeostasis regulation [1-3]. The group of Dr. Kimonis
described in 2001 that mutations in the VCP gene were the
cause of an autosomal dominant disease characterized by the
combination of an inclusion body myopathy (IBM), Paget's
disease of the bone (PDB) and frontotemporal dementia
(FTD), also known as IBMPFD [4-T7]. Since the original
description, many other phenotypes and diseases have been
reported associated with mutations in the VCP gene includ-
ing facio-scapulo-humeral muscle weakness, distal myopa-
thy, amyotrophic lateral sclerosis, parkinsonism, hereditary
spastic paraplegia, Charcot—-Marie—Tooth disease type 2,
Huntington’s disease and cardiomyopathy [8—17]. Because
of this wide range of clinical presentations, the IBMPFD
acronym was replaced by the term multisystem proteinopa-
thy (MSP) to encompass all the phenotypes associated
with VCP mutations [6]. Other genes have recently been
described to also cause MSP including hnRNPA1, SQSTM 1,
MATR3, TIAI and OPTN [18, 19]. To better understand
the variable features of MSP produced by mutations in the
VCP gene (VCP-MSP), we collected demographic, clinical,
genetic, muscle MRI and muscle biopsy data of 255 patients
from different countries included in the “VCP International
Study” [20]. Clinical and genetic data of the whole cohort
have already been described, confirming that the muscles
affected at disease onset are very variable among patients
and can include the limb girdle, axial or distal muscles.
However, muscle weakness quickly spreads with disease
progression and can potentially affect almost all muscles
at disease stages including respiratory muscles. This phe-
notypic variability makes the diagnosis challenging, espe-
cially if patients present with atypical symptoms without
clear family history [21].

Muscle MRI is widely used to evaluate patients with
neuromuscular diseases as it can provide helpful informa-
tion about structural changes including increase in water
content which is commonly linked to active muscle fiber
necrosis, inflammation or denervation, and fat replacement,
which is linked to chronic irreversible loss of muscle tis-
sue [22]. Information obtained from the MRI complements
that obtained from muscle function assessments and helps
provide tailored care for patients. Moreover, identifica-
tion of a selected pattern of muscle involvement by muscle
MRI can be very useful for diagnostic purposes [23]. MRI
sequences quantify structural changes in skeletal muscle of
patients with neuromuscular diseases and are gaining pop-
ularity as an outcome measure both for clinical trials and
natural history studies [24, 25]. However, little is known
about the muscle MRI features in patients with VCP-MSP
disease, as most of the published data is based on single
cases or small cohorts [26-29]. Additionally, MRI can also
play a role in these patients by identifying changes in the
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bone characteristic of PDB. There is a large amount of lit-
erature describing the radiological features of PDB using
conventional X-ray and CT scans. Findings include osse-
ous dedifferentiation, coarsened trabeculae, cortical thick-
ening, bone condensation and enlargement [30]. PDB can
have an asymmetric distribution and affect multiple bones
most commonly the lumbar spine, pelvis, sacrum, femur and
the skull [31]. Bone scintigraphy is also sensitive as it can
detect an increased blood flow and associated osteoblastic
and osteoclastic activity seen in PDB [32]. Bone MRI is not
commonly used for diagnostic purposes in PDB, although
it can detect changes compatible with the disease [33].
The major indication for performing an MRI in the follow-
up of PDB patients is to detect malignant transformation
of a lesion. T1-weighted (T1w) as well as fat-suppressed
T2-weighted (T2w) images are useful for this purpose: T1w
MR images can show bone enlargement, cortical thickening
within maintained yellow marrow and fat-suppressed T2w
images display abnormal intermediate and heterogeneous
high signal intensity of bone marrow [30]. To our knowl-
edge, there are no published studies using MRI to identify
the bone lesions in patients with mutations in the VCP gene.
Here, we describe the muscle and bone MRI features of a
large cohort of patients with mutations in the VCP gene that
were included in the “VCP International Study” and provide
relevant information useful for diagnostic purposes [20].

Methods
Study setup and subjects

The “VCP International Study” is a multicenter collaborative
retrospective study collecting demographic, genetic, clinical,
MRI and muscle biopsy data of patients with a genetically
confirmed diagnosis of MSP caused by mutations in VCP
gene [20].

Inclusion criteria for participating in the “VCP Interna-
tional Study” were: (i) patients having a pathogenic (P)/
likely pathogenic (LP) monoallelic variant in the VCP
gene and (ii) enough data available in the clinical notes
about demographic and clinical data as stated in the origi-
nal description of the cohort [20]. For this MRI study, we
selected all patients that had a muscle MRI performed dur-
ing their follow-up for diagnostic purposes.

Clinical and genetic data

We reviewed the demographic and clinical data available
including gender, age at first symptom, age at MRI, phe-
notype of the disease, pattern and severity of muscle weak-
ness when the MRI was performed, associated diagnosis of
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PDB, involvement of the central nervous system (dementia,
parkinsonism, upper motor neuron involvement) and diag-
nosis of polyneuropathy. The specific mutation detected in
the VCP gene was also collected.

MRI acquisition and analysis

All patients were scanned in 1.5 or 3 Tesla MRI machines
using previously published standardized protocols to
acquire T1w and STIR images of the lower limbs or the
whole body, although the vendors and coils used varied
from one center to another [34]. For scoring purposes, we
requested a minimum of 3 axial slices of each muscle cov-
ering the maximum volume possible from the proximal to
the distal insertion of each muscle. Patients from whom
only single MRI slices were provided were excluded as
well as MRIs of bad quality where individual muscles
could not be clearly identified. All scans were evaluated
and independently judged by an experienced neuroradiolo-
gist (R. C.) and a neurologist (D. E.), who were blinded to
the clinical information using the same protocol of analy-
sis. First, general features of the structural changes on the
MRIs were assessed including texture of fat replacement
(widespread or patchy), asymmetries in fat replacement
(two or more points difference in the score described
below between both sides) and existence of a gradient
of muscle involvement. Second, muscle fat replacement
was scored using a semiquantitative visual score on axial
T1w images consisting of 1 to 4 grades as follows: normal
muscle appearance (score 1); occasional scattered areas of
increased density in < 30% of the muscle volume (score 2);
numerous discrete areas of increased density in 30-60%
of the muscle volume (score 3); and washed-out appear-
ance due to increased areas of confluent density in more
than 60% of the muscle volume (score 4). Inter-rater agree-
ment kappa between the two assessors was 0.75 (95% CI
0.73-0.77, p < 0.001). In the case of a disagreement in the
score, the muscle was reviewed by the two assessors who
agreed on a final score. Third, STIR images were reviewed
to identify signal hyperintensities that were categorized as
absent (score 0), mild (score 1), moderate (score 2) and
severe (score 3). Finally, both T1w and STIR images were
systematically reviewed to detect changes compatible with
PDB by an experienced radiologist (R.C.).

To investigate correlations between the degree of fat
replacement and clinical or genetic features we calculated a
cumulative MRI score per patient, named here as MRI score,
by adding the score of fat replacement for each muscle.

Modeling the data to identify characteristics
for diagnosis

The analysis of fat replacement allowed us to identify groups
of muscles that were commonly affected and muscles that
were commonly spared, proposing a group of diagnostic
characteristics. We assessed the accuracy of these rules
in the MRIs obtained from the “VCP International Study”
cohort and also in a group of 1089 muscle MRI scans of
patients with 10 different neuromuscular diseases including
Duchenne/Becker muscular dystrophy, limb girdle muscu-
lar dystrophy (LGMD) R1 (CAPN3), LGMD-R2 (DYSF),
LGMD-R3 to 6 (caused by mutations in the sarcoglycan
genes), LGMD-R9 (FKRP), LGMD-R12 (ANOS), facioscap-
ulohumeral muscular dystrophy (FSHD), Pompe disease,
oculopharyngeal muscular dystrophy (OPMD) and patients
with a myopathy caused by mutations in the LMNA gene
that were used to build the Myo-Guide artificial intelligence
algorithm published in 2020 [35].

We developed an algorithm that integrated these rules
into a single predictive model. The algorithm contained a
group of rules (R) that included all single diagnostic rules
(r) as follows: R=[r_0, r_1, ... r_n]. R was applied to each
patient (p) obtaining a score of »=0 if the patient did not
meet the rule or r=1 if the patient did meet the rule. A
receiver operating characteristic curve (ROC) was used to
represent the results of the algorithm applied to our cohort.
In order to reduce the impact of the missing data on the
results of the algorithm, we applied it, but considering the
best- and worst-case scenarios defined as Best-Case Sce-
nario (BCS) when all missing data (NAs) in VCP-MSP dis-
ease patients were True, while all NAs in other diseases
were False, and the Worst-Case Scenario (WCS) when all
NAs in positive class (VCP-MSP) were False, while all NAs
in negative class were True. A more detailed description of
how the algorithm was developed can be found in the sup-
plemental methods section.

Statistics

We used the Shapiro—Wilk test to study whether the vari-
ables were normally distributed. We used parametric studies
for variables normally distributed and nonparametric stud-
ies for variables non-normally distributed. The specific test
used for each analysis is mentioned in the text. If a high
number of comparisons were studied, Bonferroni correc-
tion was used as post hoc analysis. Hierarchical analysis and
graphical representation as a heatmap were performed using
R software, V.4.2.1 (https://www.r-project.org). Statistical
analyses were performed using IBM SPSS Statistics, V.21
(IBM, Armonk, New York, USA). Quadratic weighted kappa
was calculated to assess inter-rater agreement. A p <0.05
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level of significance was allowed. Statistical analyses were
performed using SPSS for Windows version 22.0.

Results
Patients

We collected MRI scans from 80 of the 255 patients
included in the “VCP International Study.” Nine MRI scans
were excluded due to low quality or lack of enough slices
to adequately assess muscle involvement leaving a group
of 71 MRI scans that were finally included in the study.
All patients except for one asymptomatic carrier had some
degree of muscular weakness at the time of MRI. Sympto-
matic patients had a mean onset of symptoms at 45 years
(range 18—67) with a mean time from onset of symptoms to
the MRI of 7.6 years (range 0-29).

Of the 70 symptomatic patients included in the study,
53 patients had an isolated myopathy, and 17 patients had a
myopathy combined with signs of motor neuron involvement
of which 12 had exclusive upper motor neuron involvement,
five had a combination of upper and lower motor neuron
involvement, and two had exclusive involvement of the lower
motor neuron. The pattern of muscle weakness at onset was
very variable across patients, the most common being gener-
alized weakness affecting upper and lower limbs in 13 cases.
The frequency of the mutations of patients included in the
study can be found in Supplemental Table 1.

MRI analysis: general features

Of the 71 MRI scans included in the study, 20 were whole-
body MRIs, three included upper and lower limbs but not
trunk muscles and 48 included images of the lower limbs
only. Signal abnormalities in T1w images were detected
in all but one patient (70/71). The normal MRI was of an
asymptomatic carrier with no muscular weakness at the age
of 46 years old.

Patients showed a combination of muscles that were com-
pletely/almost completely replaced by fat, muscles that were
partially affected and muscles that were spared. In the case
of partial replacement, we identified a peculiar distribution
characterized by patches of fat replacement in the earliest
stages that progressed toward areas of apparently normal
muscle embedded on large confluent areas of fat tissue, what
has been described as “fat pockets” or “popcorn appear-
ance” (Fig. 1). We identified these “fat pockets” in at least
one muscle in 67/70 patients (95.7%) of which 36 patients
(42.8%) had them in the thigh, affecting mostly the femoral
quadriceps muscles (24 patients, 28.5%), and 57 patients
(67.8%) had them in the lower legs, predominantly in the
peronei (39 patients, 46.4%) and tibialis anterior muscles
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(35 patients, 41.6%). Fat pockets were observed through-
out disease progression, from patients with mild changes to
patients in very advanced stages of the disease. Additionally,
we observed another peculiar distribution of the fat that con-
sisted of a linear distribution of the fat in the coronal slices
in some muscles, including the glutei muscles, the vasti or
the tibialis anterior muscles (Supplemental Fig. 1).
Asymmetric involvement, judged as a score difference
of at least 2 points in at least one muscle, was found in 38
patients (54%), although in 21/38 (55.2%) the asymmetry
was found in one muscle only (Fig. 2A and B). Asymme-
try in two or more muscles was found in 17/38 patients
(44.7%). A distal to proximal gradient of fat replacement
was observed in 24 patients (34.2%) and was identified
mainly in the femoral quadriceps and soleus (Fig. 2C-F).

Pattern of fat replacement: Head, scapula and arm
muscles

None of the 20 patients with an MRI available of the head
had fat replacement of any facial muscles (Fig. 3). However,
fat replacement of the neck extensors was observed in seven
of 20 cases. Scapular and arm involvement was analyzed
in 23 patients. We identified four muscles to be commonly
affected including the trapezius in 82.6%, serratus anterior
in 81.8%, pectoralis major in 68.2% and latissimus dorsi in
65.2% of the patients (Fig. 4). Interestingly, supraspinatus,
infraspinatus and subscapularis were the most preserved
muscles, being involved in 5 to 9% of patients and only to
a mild extent. In the arms, the biceps brachii and the del-
toid muscles were the most commonly and severely affected
muscles in 45% of the cases (Fig. 3). Distal arm involvement
was infrequent. We only found one patient with mild fat
replacement of the anterior forearm compartment although
this result needs to be taken with caution due to the low
number of MRIs that included this region.

Pattern of fat replacement: trunk and pelvic muscles

Fat replacement in almost one muscle of the trunk was
observed in all the 23 patients analyzed. All patients
showed involvement of at least one abdominal muscle
(Fig. 3). In 94% of the cases there was involvement of
paraspinal muscles including rotator, multifidus, longis-
simus and ilio-costalis muscles that was defined as fat
replacement of score equal or higher than 3 in at least one
muscle in one or more spinal segments. The analysis of
the whole spinal segments showed a cranio-caudal gradi-
ent consisting in the cervical segment being less affected
than the thoracic segment and the thoracic segment being
less affected than the lumbar segment. This gradient was
associated with an incomplete mediolateral gradient of
involvement, consisting in the medial part being less
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Fig. 1 Distribution of fat replacement in the skeletal muscles of
patients with mutations in the VCP gene. The figure shows examples
of the distribution of fat replacement in patients with mutations in the
VCP gene at different stages of disease progression. A, B and C show
examples of fat replacement in the gluteus maximus. D, E and F show
patients at early stages of disease progression where fat can be seen

affected than the lateral part of the paraspinal musculature
as shown in Supplemental Fig. 2.

An MRI covering the whole psoas, iliacus and the
glutei muscles was available for 45 patients. The Gluteus
minimus was the most frequently and severely affected
(85.4%, mean score 2.9) muscle in this region, followed
by the psoas (62.2%, mean score 1.8) and gluteus maxi-
mus (53.3%, mean score 1.7). An MRI covering the pelvic
floor was available for 57 patients. In general, this region
was completely spared or only mildly affected, as only
17 patients (30%) showed fat replacement in one or more
muscles and always to a minor extent (mean score 1.3).

Pattern of fat replacement: thigh muscles

An MRI covering the whole thigh was available for 70
patients. Fat replacement of at least one muscle was

as spots of fat in the muscles as highlighted by the arrows. G, H and
I show images of fat replacement in the thigh of patients at middle
(G and H) and advanced (I) stages of disease progression. J, K and
L show examples of the fat replacement in the muscles of the legs in
patients in early (J) and middle (K and L) stages of disease progres-
sion

observed in 67/70 patients (95.7%). There was a wide
variety of muscles affected, but we identified five muscles
to be consistently affected in most of the patients includ-
ing the adductor magnus, affected in 62/70 (88.5%, mean
score 2.6), the biceps femoris short head, affected in 62/70
(88.5%, mean score 2.4), the vastus intermedius, affected
in 56/70 (80.0%, mean score 2.3), the vastus medialis,
affected in 57/70 (81.4%, mean score 2.3), and the vastus
lateralis, affected in 55/70 (78.5%, mean score 2.0) (Fig. 4).
In contrast, the adductor brevis and adductor longus were
the least affected muscles, being totally spared in 88% and
80% of patients, respectively. In line with the heterogene-
ity of clinical involvement, no consistent imaging pattern
could be identified in the thigh region. Nevertheless, the
combined involvement or sparing of some muscles was
frequently observed. For example, the association of the
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Fig.2 Asymmetric and distal to proximal gradient of fat replacement.
A and B show MRI of two patients with asymmetric fat replacement
in the vastus intermedius (arrow in A) and the soleus (arrow in B)
muscles. C and D show a distal to proximal gradient of fat replace-

adductor magnus together with at least one vasti muscle
was observed in 91% of the patients, and in 90% of the cases,
there was involvement of at least one muscle of the posterior
compartment of the thigh, either the biceps femoris short
head, the semimembranosus or the semitendinosus. Inter-
estingly, the sartorius and gracilis muscles were commonly
affected, being completely replaced by fat in some patients
even though other thigh muscles were still relatively pre-
served, which could be a useful clue to differentiate VCP-
MSP disease from other limb girdle muscular dystrophies
(LGMD).

Pattern of fat replacement: leg muscles

An MRI covering the whole leg was available for 60 patients.
Fatty replacement of at least one muscle was observed in
54/60 patients (90%). We identified two muscles to be more
frequently affected: the gastrocnemius medialis muscle was
affected in 49/60 (81.6%, mean score 2.5) and the soleus in
47160 (78.3%, mean score 2.2) (Fig. 5). The tibialis posterior
and the popliteal muscles were the least commonly affected
muscles in this region. As observed in the thigh, there was a
wide variability in the muscles affected in the legs from one
patient to the other; however, some common combinations
were observed. In this sense, involvement of at least one
muscle of the calves and one muscle of the anterior compart-
ment was observed in 44/60 patients (73.3%) while isolated
involvement of the calves or the anterior compartment was
observed in 8/60 and 2/60, respectively (Fig. 3).

@ Springer

ment in the vastus intermedius muscle (arrow). E and F show a distal
to proximal gradient of fat replacement in the tibialis anterior muscle
(arrow)

Analysis of STIR sequence

STIR imaging was available for 66 patients. Of those, 50
(75.7%) had an increased signal intensity in at least one
muscle affecting the lower leg only (36 patients, 54.5%) or
in association with the thigh (11/66, 16.6%). The muscles
with more frequent STIR abnormalities were the tibialis
anterior (38 patients, 57.7%) and the soleus (35 patients,
53.0%) (Supplemental Fig. 3). A distal to proximal gradi-
ent of STIR hyperintensity was observed in 27 patients
(40.9%). STIR hyperintensity was observed affecting the
skeletal muscles, but also the surrounding fascia, inter-
muscular tissue and the subcutaneous tissue as shown in
Fig. 6.

MRl rules for the diagnosis of VCP-MSP disease
myopathy

Based on the patterns observed we identified a series of
potential diagnostic rules and applied them to the present
cohort of VCP-MSP disease patients. Table 1 shows the
accuracy of each individual rule to predict the diagno-
sis of VCP-MSP disease. As described in the methods
section, we created an algorithm taking into account all
rules defined and applied it to a large cohort of MRI scans
including 70 VCP-MSP disease patients and 1089 MRI
scans of patients included in the Myo-Guide study [35].
The AUC of the ROC curve was 81.1 when predicting the
diagnosis of VCP-MSP disease, which was higher than the
other diagnoses present in the Myo-Guide study (Fig. 7).
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Fig.3 Fat replacement pattern in patients with mutations in the VCP
gene. The figure shows the pattern of fat replacement observed in dif-
ferent patients with mutations in the VCP gene. A and B show normal
cranial muscles without fat replacement. C shows fat replacement of
the paraspinal cervical muscles (black arrow). D shows fat replace-
ment of the paraspinal cervical muscles (black arrow) and trapezius
(double arrow). E and F show a fat spot in the trapezius muscle
(arrow) while scapular muscles are spared (double arrow). G shows
fat replacement of the serratus anterior (black arrow) and the biceps
brachii (double arrow). H, I and J show different examples of fat
replacement in the trunk muscles, including abdominal (arrow) and
paraspinal (double arrow) muscles. K shows involvement of the glu-
teus maximus (double arrow) and gluteus minimus (arrow) muscles,
while gluteus medius (asterisk) is spared. L shows no involvement of
the pelvic floor muscles (arrow). M shows characteristic involvement

of upper thigh characterized by sparing of rectus femoris (arrow) and
adductor longus (double arrow), with involvement of the vasti mus-
cles (asterisk). N, O and P show different combinations of muscle
fatty replacement observed in the thigh, N shows predominant pos-
terior thigh involvement (arrow), while O and P show predominant
anterior involvement (arrow) with sparing of rectus femoris (dou-
ble arrow). R, S and T show different combinations of muscle fatty
replacement observed in the leg, R shows fat replacement of gastroc-
nemius medialis (arrow) associated with asymmetric involvement of
soleus (double arrow) and peroneus (asterisk). S shows involvement
of the anterior (arrow) and posterior compartment (black arrow) and
sparing of peroneus and tibialis posterior muscles (asterisk). T shows
predominant anterior involvement (arrow) with sparing of soleus
(asterisk)
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Fig.4 Heatmap showing muscle fatty replacement of muscles of the
thigh. Heatmap showing fat replacement of the muscles of the thigh.
Patients and muscles are ordered according to hierarchical cluster-
ing. The score of a muscle in a patient is indicated by the color of the

Identification of signs of Paget’s disease of bone
on the MRI

A total of 12 patients out of the 71 included were already diag-
nosed with PDB. We identified changes compatible with PDB
in eight of them. In six cases, the changes were only visible in
the pelvic area and especially in the iliac bone, while in one
case the changes were visible in the lumbar vertebrae and in
another case in the cervical vertebrae C2-C3, characterized by
coarsened trabeculae, cortical thickening and bone enlarge-
ment of the body of the two vertebrae (Fig. 8).

We were not able to detect any bone changes in the
remaining 4 cases, although in one case the examination was
restricted to the lower limbs without pelvic coverage, and in
another case, the whole-body examination was performed with
a large gap between slices.

@ Springer

Semimembranosus
Gracilis
Semitendinosus
Sartorius

Vastus lateralis
Vastus medialis
Vastus intermedius
Biceps short head
Adductor magnus

square. As shown in the figure, adductor magnus, biceps short head,
vasti muscles and the sartorius were the most frequently affected
muscles, while adductor longus, adductor brevis and rectus femoris
were commonly spared or less affected

Influence of demographic, clinical and genetic
features on muscle involvement

We did not identify differences in the degree of fat replace-
ment in any muscle based on the gender of the patients.
Neither the genotype nor the phenotype at the time of MRI
correlated with the pattern or severity of the fat replacement.
We did not identify differences in the pattern of muscle
involvement between patients with an exclusive myopathic
presentation and patients with associated motor neuron
involvement. We observed a significant positive correlation
between age of the patients when MRI was performed and
the total amount of fat identified in the muscles, although the
correlation coefficient was low (p =0.01, R=0.33). There
was a statistical trend toward a positive significant correla-
tion between the degree of fat replacement and functional
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MRI Score

Popliteal
Tibialis posterior
Flexor hallucis longus

Fig.5 Heatmap showing muscle fatty replacement of muscles of
the leg. Heatmap showing fat replacement of the muscles of the leg.
Patients and muscles are ordered according to hierarchical cluster-
ing. The score of a muscle in a patient is indicated by the color of
the square. As shown in the figure, gastrocnemius medialis and soleus

status (p =0.06, R: 0.35). We did not observe any correla-
tion between MRI score and respiratory function using FVC
percentage predicted, and there were not differences in MRI
score between ventilated and non-ventilated patients.

Influence of disease progression on skeletal muscle
involvement

To investigate the sequence of muscle involvement as the
disease progresses, we classified the patients into 3 groups
depending on their functional status (ambulant, requiring
aids for walking and wheelchair users) and calculated the
median value of fat replacement of muscle tissue of the
lower limbs. The heatmaps obtained suggested a pattern of
disease progression. The most affected muscles in the earli-
est stages of the disease were the gluteus minimus, the sar-
torius and the adductor magnus. In the intermediate stage,
besides the aforementioned muscles, we observed common
involvement of the short head of the biceps femoris, the gas-
trocnemius medialis, soleus, tibialis anterior and extensor
digitorum muscles in the legs. Finally, in the advanced cases

Flexor digitorum

Soleus

Peroneus longus
Peroneus brevis
Gastrocnemius lateralis
Extensor hallucis longus
Extensor digitorum longus
Tibialis anterior
Gastrocnemius medialis

were the muscles more commonly affected followed by the distal
anterior compartment muscles: tibialis anterior, extensor digitorum
longus and extensor hallucis longus, while tibialis posterior and pop-
liteal muscles are commonly spared

requiring a wheelchair, pelvic and proximal muscles of the
thigh became severely affected including the vasti and the
semimembranosus muscles (Supplemental Fig. 4).

Discussion

Mutations in the VCP gene produce in most of the patients a
myopathy that can be associated with other phenotypes such
as dementia, PDB, motor neuron disease or polyneuropathy
[20]. The diagnosis of the disease can sometimes be difficult
as patients can present with a huge variety of neurologi-
cal symptoms, weakness being the most common one [21].
However, weak muscles also vary considerably from one
patient to another, especially at early stages, which trans-
lates into a plethora of potential combinations of muscles
involved. Muscle MRI is useful in the diagnostic process
of many neuromuscular diseases [23]. Here, we reviewed
the muscle MRI of 71 patients included in the “VCP Inter-
national Study,” representing to our knowledge the largest
cohort of VCP-MSP disease patients studied by muscle MRI
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Fig.6 Examples of STIR enhancement in patients with mutations in
the VCP gene. The figure shows different examples of STIR enhance-
ment in patients with mutations in the VCP gene. A Enhancement
of the subcutaneous tissue (arrow), perifascicular (double arrow)
and vastus lateralis muscle (asterisk). A’ Tlw image of the same
slice showing. No fat replacement in the area enhanced in STIR. B

Enhancement of the periphery of the vastus lateralis muscle in STIR
while B’ shows no fat replacement in that muscle. C Enhacement of
the whole volume of tibialis anterior which is already replaced by fat
in T1 as shown in C’. D Enhancement of periphery of peroneus mus-
cle (arrow) which is partially replaced by fat as shown in D’

Table 1 MRI rules described

: : Rule Accuracy (%)

for the diagnosis of VCP

myopathy Fat pockets 95.7
Serratus anterior, trapezius and latissimus dorsii more or equally affected than infraspina- 100

tus, supraspinatus and subscapularis

At least one abdominal and paraspinal muscles affected 100
Gluteus minor more or equally affected than gluteus medius 58.5
Gluteus medius more or equally affected than gluteus maximus 85.7
Sartorius more or equally affected than gracilis 90
Adductor magnus more or equally affected than adductor longus 98.3
Vasti muscles more or equally affected than the rectus femoris 68.8
Biceps short head more or equally affected than the biceps long head 90.1
Gastrocnemius medialis more or equally affected than the gastrocnemius lateralis 925
Tibialis anterior more or equally affected than the peronei muscles 89.5

@ Springer
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Fig.7 Validation of diagnostic rules identified in VCP myopathy.
Figure shows the metrics obtained to validate the rules proposed for
VCP myopathy. A Results of the analysis of each rule applied to the
cohort of VCP patients. B Results of the analysis of each rule applied
to a cohort of 978 MRIs of 10 different neuromuscular diseases.
C Results of the analysis of each rule applied to a cohort of VCP
patients and 978 MRIs of 10 different neuromuscular diseases. Green,
orange and blue in A, B and C corresponds to percentage of patients
meeting the rule, percentage of patients with missing data and per-

so far. Our analysis has allowed us to identify some charac-
teristic features that, although not pathognomonic, could be
useful for the diagnosis. The most common feature observed
by MRI was the presence of “fat pockets” also described as
“popcorn appearance” in the skeletal muscles. This finding
although suggestive, is not specific for VCP-MSP disease

False Positive Rate

centage of patients not meeting the rules, respectively. D Comparison
of ROC curves obtained after applying the rules generated to MRIs
of patients with different neuromuscular diseases. E ROC curve
obtained after applying the rules generated to the cohort of patients
with VCP myopathy. The blue area shows an interval of confidence
including of missing variables where the upper limit shows the ROC
curve if all missing variables were meeting the rules and the lower
limit shows the ROC curve if all missing variables were not meeting
the rules. AUC: Area under the curve

patients as it has also been described in neurogenic diseases
such as spinal muscular atrophy (SMA), distal motor neu-
ropathies and Charcot Marie Tooth disease but also in other
myopathies such as neutral lipid storage disease [19, 36].
The existence of “fat pockets” in MRI scans of VCP-MSP
disease patients may have different origins. It could suggest
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Fig.8 Examples of MRI finding in patients with Paget disease of the
bone included in this study. Coronal views T1 (A) and T2 with fat
saturation (A’)-weighted images of the lumbar spine showing hetero-
geneity of the signal of bone marrow at L2 and L4 levels compared to
L1 and L3 (arrows). Coarsed trabeculae are more visible on T1 and
edema of the vertebral body on T2 fat sat. Sagital (B) and axial (C
and C’) T1-weighted and axial T2 with fat saturation views centered

a component of neurogenic involvement ranging from ALS
or lower motor neuron involvement to mild involvement in
patients with combined myopathic and neuropathic features.
Supporting this hypothesis, muscle biopsies of VCP-MSP
disease patients can also show a combination of myopathic
and neurogenic changes [29]. Interestingly, we have not
observed differences in the pattern of muscle involvement
between patients with a predominant myopathic or a neu-
rogenic phenotype, suggesting that there is a continuum
between the two phenotypes, and the underlying pathol-
ogy producing the disease is similar. But the presence of fat
pockets that in many patients adopt a lineal distribution as
seen in the coronal slices suggest that groups of muscle fib-
ers closely located together degenerate at the same time and
are replaced by fat, which suggests a kind of programmed

@ Springer

on the upper cervical spine. Signal heterogeneity, cortical thicken-
ing and bone enlargement of the entirety of C2 and C3 vertebrae is
detectable (arrows). Axial T1 (D) and T2 (D’) with fat saturation-
weighted images centered on the iliac crest. Bone changes are very
subtle on T1 but bone edema and heterogeneity is more visible on T2
on the left side (arrow) especially in comparison with the right side

death spreading from one fiber to the other or a grouped
muscle fiber necrosis.

Muscle replacement by fat is a consistent finding in the
disease, affecting mainly scapular, trunk, pelvic and thigh
muscles. The combination of muscles affected in the per-
iscapular region including the trapezius, latissimus dorsii
and the serratus anterior with sparing of the subscapularis
and the infra/supraspinatus is very similar to the pattern
described in FSHD, which is one of the potential clinical
differential diagnosis of VCP-MSP disease myopathy [37].
We have identified other radiological features shared with
FSHD, as the high frequency of asymmetries, a common
involvement of paraspinal and abdominal muscles, hyperin-
tensities in STIR imaging in several muscles and the com-
mon involvement of the tibialis anterior, gastrocnemius
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medialis and soleus in the legs [38]. The involvement of the
thigh is also similar but there are some differences between
these two diseases. In VCP-MSP disease, there is a predom-
inant involvement of the adductor magnus, the vasti, the
biceps femoris short head and the sarforius muscles with
sparing of rectus femoris and adductor longus muscles.
Moreover, the posterior muscles of the thigh tend to be less
involved than the vasti muscles. On the contrary, in FSHD
there is a predominant involvement of the posterior mus-
cles of the thigh, the rectus femoris, adductor longus and
the adductor magnus [38]. Vasti muscles, although often
involved, tend to be less affected than the posterior muscles
of the thigh in FSHD. However, the most important differ-
ence between FSHD and VCP-MSP disease is the presence
of “fat pockets” observed in the VCP-MSP disease patients,
which per se helps to distinguish VCP-MSP disease from
many other myopathies, including LGMD which are another
of the differential diagnosis of VCP-MSP disease myopathy.
In this regard, the fact that most VCP-MSP disease patients
have sparing of the subscapularis and the infra/supraspina-
tus, early involvement of abdominal muscles and involve-
ment of the sarforius are clues that can be helpful to differ-
entiate from LGMD produced by mutations in the CAPN3,
FKRP or the sarcoglycan genes which are diseases that can
clinically mimic VCP-MSP disease, especially if patients
present with limb girdle muscle weakness associated with
scapular winging [39-41]. Another important differential
diagnosis of VCP-MSP is acquired IBM. The MRI of IBM
has been broadly described and include distinctive features
compared to VCP including fat replacement of the flexor
fingers in the forearm, a gradient of fat replacement in the
quadriceps from distal to proximal and hyperintensity in the
signal on STIR in several muscles [42]. These features could
be useful to distinguish IBM from VCP-MSP.

We have described a series of diagnostic rules based on
the pattern of MRI involvement that could be helpful to dis-
tinguish VCP-MSP disease from other diseases and imple-
mented a new algorithm to validate these rules in a large
cohort of patients with muscular disorders including several
LGMDs, DMD/BMD and FSHD [35]. Our results show that
there is not a single characteristic pathognomonic for VCP-
MSP disease patients, but the combination of all rules can
predict the diagnosis with a high accuracy, reinforcing the
utility of muscle MRI in daily clinics, especially if new vari-
ants are found in the VCP gene.

Another striking finding on the MRI is the presence of
hyperintensities in STIR which reflect the presence of free
water in the muscle and have been associated with inflam-
mation, muscle necrosis or denervation [22]. Muscle biop-
sies of VCP-MSP disease patients can present scattered
inflammatory cells along with denervation, which are two
common causes of increase in the STIR [26, 43]. However,
the existence of subcutaneous hyperintensities is mainly

observed in patients with inflammatory myopathies who
have a component of fasciitis, which has not been described
so far in VCP-MSP disease patients to our knowledge [44,
45]. These results suggest that there could be an inflamma-
tory process or edema affecting the fascia in some cases,
although a biopsy of this region is needed to determine the
reason for this enhancement. Moreover, these results suggest
that the hyperintensities observed could be a sign of disease
activity as has been shown in many other neuromuscular
conditions [38].

One of the advantages of assessing patients with MRI is
that it can also be helpful to identify bone lesions that could
suggest the diagnosis of PDB and help in the diagnosis of
patients. However, it is important to consider that the sen-
sitivity of MRI is lower compared to X-ray or CT scan for
the diagnosis of bone lesions [31]. Here, we have observed
changes in eight of the 12 patients known to have PDB,
while none of the remaining 58 patients had any suggestive
change. Most of the changes were observed in the pelvis
of the patients and are similar to previous descriptions of
patients with PDB not associated with mutations in VCP.
Moreover whole-body MRI can also allow to study the brain,
which is relevant in this disease. In most of the centers, a
neck coil is used to study brain, face and neck muscle, and
therefore, it is possible to plan an extended study of the brain
using sequences such as T1 or T2. Here we observed parieto-
occipital atrophy in one of the patients scanned.

We have also analyzed how the disease progresses in
terms of muscle involvement from early stages, in which
patients are still ambulant, to advanced stages, when patients
have lost ambulation and are non-ambulant. This analysis
raises interesting questions about factors affecting the rate
of muscle degeneration. Despite the variability of the phe-
notype from one patient to the other, we have observed that
there are certain muscles affected early in the progression of
the disease such as gluteus minor or adductor magnus while
others, such as gluteus medius or maximus are only affected
in advanced cases. In addition, while a group of muscles
could become involved at the same time, the progression
of fat replacement between muscles in a group could also
vary. For example, in most patients, the gluteus minimus
becomes completely replaced by fat at early stages of disease
progression, while the adductor magnus, while also involved
in ambulant patients, is often not completely replaced in
advanced cases. It is tempting to hypothesize that muscles
with a slower progression could express proteins that protect
them from rapid degeneration. Despite previous attempts to
investigate this in many neuromuscular disorders, it is still
not clear why muscle degeneration shows a different rate of
progression [46, 47]. The clear understanding of the pattern
of severely involved and spared muscles demonstrated here
should allow for more focused investigations in the future.
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This study has several limitations that need to be men-
tioned. First, MRIs were performed in different scanners
and using different protocols of acquisition, which has
complicated the interpretation of some cases forcing us to
not include nine scans. However, due to the popularization
of MRI for diagnosis across neuromuscular units, T1w and
STIR are today considered standard sequences and many
specialized centers have implemented the standardized
protocols published in guidelines [48]. Due to the retro-
spective nature of the project, as we collected the MRIs
already performed for diagnosis purposes, there were
only a few whole-body MRIs limiting the information
obtained from the trunk, upper limbs and cranial muscles.
However, the data obtained have identified a pattern of
involvement in these regions, suggesting a combination of
muscles affected or spared that can be useful for the diag-
nosis. Third, we did not obtain muscle function tests of the
patients when the MRI was performed, and therefore, the
correlations made here were only done with the ambula-
tory status limiting the validation of MRI as an outcome
measure that correlates with muscle function in VCP-MSP
disease myopathy.

In summary, the present study, performed in the frame-
work of the “VCP International Study,” allowed the col-
lection of a large number of MRIs of VCP-MSP disease
patients and the study of the main MRI features, which
can be useful to guide the genetic diagnosis of patients.
Fat replacement is a constant feature as all symptomatic
patients displayed at least one muscle replaced partially or
completely by fat. The most striking MRI characteristic is
the presence of patches of fat progressing toward a conflu-
ent accumulation of fat surrounding areas of normal mus-
cle, known as “fat pockets,” that were observed in more
than 90% of the patients studied. Fat replacement was
associated with STIR hyperintensities in many patients
that involved not only skeletal muscles but also the fascia
and subcutaneous tissue surrounding the muscle. Although
there was a wide variability in muscles that were affected,
we identified a series of diagnostic rules based on the pat-
tern of fat replacement that can help distinguish VCP-MSP
disease from other neuromuscular disorders.
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Acknowledgements We would like to thank all patients and relatives
that have participated in this study. We thank also all doctors who have
visited the patients included in the study but are not part of the author
list. Many of the authors of this paper are part of the European Research
Network in Neuromuscular Diseases (ERN-NMD). We would also like
to thank Dr. Michio Inoue working at the Department of Neuromus-
cular Research, National Institute of Neuroscience, National Center of
Neurology and Psychiatry in Tokyo, Japan; Dr. Nobutoshi Morimoto
working at the Department of Neurology, Kagawa Prefectural Central
Hospital in Kagawa, Japan; Dr. Ayako Sasaki, working at the Depart-
ment of Neurology, Kinki Central Hospital Hyogo, Japan; and Dr. Toru

@ Springer

Yamashita working at the Department of Neurology, Graduate School
of Medicine, Dentistry and Pharmaceutical Sciences, Okayama Uni-
versity in Okayama, Japan. This work has been partly funded by grants
to JDM from the French Association of Myopathies (AFM-23444 and
24341), Muscular Dystrophy-UK (MDUK-0280/0783), Academy of
Medical Sciences (Professorship Scheme APR4/1007) and Medical
Research Council (MR/W019086/1).

Funding This work has been partly funded by grants to JDM from the
French Association of Myopathies (AFM-23444 and 24341), Muscular
Dystrophy-UK (MDUK-0280/0783), Academy of Medical Sciences
(Professorship Scheme APR4/1007) and Medical Research Council
(MR/W019086/1).

Data availability Data obtained are available for further analysis by
contacting the corresponding author of the paper.

Declarations

Ethical approval Study approval was obtained from the Newcastle upon
Tyne Hospitals Register Audit in the UK (project number 10833, Cal-
dicott Approval: 7918), the Klinikum at Ludwig-Maximilians Univer-
sity in Munich, Germany (project 21-0071), and the John Hopkins
Hospital Institutional Review Board, Baltimore, USA (n° 00288171).
These ethics committees catalogued the present study as an audit as
we collected deidentified retrospective data of patients with VCP-MSP
disease, and therefore, patients did not need to sign a consent form.

Conflicts of interest The authors declare no competing interests re-
lated to the content of this work.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Johnson JO, Mandrioli J, Benatar M et al (2010) Exome sequenc-
ing reveals VCP mutations as a cause of familial ALS. Neuron
68:857-864

2. Sun X, Qiu H (2020) Valosin-containing protein, a calcium-
associated ATPase protein, in endoplasmic reticulum and mito-
chondrial function and its implications for diseases. Int J Mol Sci
21:3842

3. Yeo BK, Hong CJ, Chung KM et al (2016) Valosin-containing
protein is a key mediator between autophagic cell death and apop-
tosis in adult hippocampal neural stem cells following insulin
withdrawal. Mol Brain 9:31

4. Kimonis VE, Kovach MJ, Waggoner B et al (2000) Clinical and
molecular studies in a unique family with autosomal dominant
limb-girdle muscular dystrophy and Paget disease of bone. Genet
Med 2:232-241

5. Kovach MJ, Waggoner B, Leal SM et al (2001) Clinical deline-
ation and localization to chromosome 9p13.3-p12 of a unique


https://doi.org/10.1007/s00415-023-11862-4
http://creativecommons.org/licenses/by/4.0/

Journal of Neurology (2023) 270:5849-5865

5863

10.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

dominant disorder in four families: hereditary inclusion body
myopathy. Paget disease of bone, and frontotemporal dementia.
Mol Genet Metab 74:458-475

Evangelista T, Weihl CC, Kimonis V, Lochmuller H, Consortium
VCPrd (2016) 215th ENMC International Workshop VCP-related
multi-system proteinopathy IBMPFD) 13-15 November 2015,
Heemskerk, The Netherlands. Neuromuscul Disord 26:535-547
Watts GD, Wymer J, Kovach MJ et al (2004) Inclusion body myo-
pathy associated with Paget disease of bone and frontotemporal
dementia is caused by mutant valosin-containing protein. Nat
Genet 36:377-381

Weihl CC, Pestronk A, Kimonis VE (2009) Valosin-containing
protein disease: inclusion body myopathy with Paget’s disease
of the bone and fronto-temporal dementia. Neuromuscul Disord
19:308-315

Sacconi S, Camano P, de Greef JC et al (2012) Patients with a
phenotype consistent with facioscapulohumeral muscular dystro-
phy display genetic and epigenetic heterogeneity. J] Med Genet
49:41-46

Palmio J, Sandell S, Suominen T et al (2011) Distinct distal myo-
pathy phenotype caused by VCP gene mutation in a Finnish fam-
ily. Neuromuscul Disord 21:551-555

. Gonzalez-Perez P, Cirulli ET, Drory VE et al (2012) Novel muta-

tion in VCP gene causes atypical amyotrophic lateral sclerosis.
Neurology 79:2201-2208

Spina S, Van Laar AD, Murrell JR et al (2013) Phenotypic vari-
ability in three families with valosin-containing protein mutation.
Eur J Neurol 20:251-258

de Bot ST, Schelhaas HJ, Kamsteeg EJ, van de Warrenburg BP
(2012) Hereditary spastic paraplegia caused by a mutation in the
VCP gene. Brain 135:¢223 (author reply e224)

Gonzalez MA, Feely SM, Speziani F et al (2014) A novel muta-
tion in VCP causes Charcot-Marie-Tooth type 2 disease. Brain
137:2897-2902

Gite J, Milko E, Brady L, Baker SK (2020) Phenotypic conver-
gence in Charcot-Marie-Tooth 2Y with novel VCP mutation. Neu-
romuscul Disord 30:232-235

Mariani LL, Tesson C, Charles P et al (2016) Expanding the spec-
trum of genes involved in huntington disease using a combined
clinical and genetic approach. JAMA Neurol 73:1105-1114
Wang SC, Smith CD, Lombardo DM, Kimonis V (2021) Char-
acteristics of VCP mutation-associated cardiomyopathy. Neu-
romuscul Disord 31:701-705

Korb MK, Kimonis VE, Mozaffar T (2021) Multisystem pro-
teinopathy: where myopathy and motor neuron disease con-
verge. Muscle Nerve 63:442-454

Astrea G, Morrow JM, Manzur A et al (2022) Muscle “islands”:
an MRI signature distinguishing neurogenic from myopathic
causes of early onset distal weakness. Neuromuscul Disord
32:142-149

Schiava M, Ikenaga C, Villar-Quiles RN et al (2022) Genotype-
phenotype correlations in valosin-containing protein disease: a
retrospective muticentre study. J Neurol Neurosurg Psychiatry.
https://doi.org/10.1136/jnnp-2022-328921

Korb M, Peck A, Alfano LN et al (2022) Development of a
standard of care for patients with valosin-containing protein
associated multisystem proteinopathy. Orphanet J Rare Dis
17:23

Nunez-Peralta C, Alonso-Perez J, Diaz-Manera J (2020) The
increasing role of muscle MRI to monitor changes over time
in untreated and treated muscle diseases. Curr Opin Neurol
33:611-620

Diaz-Manera J, Llauger J, Gallardo E, Illa I (2015) Muscle MRI
in muscular dystrophies. Acta Myol 34:95-108

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Dahlqvist JR, Widholm P, Leinhard OD, Vissing J (2020) MRI
in neuromuscular diseases: an emerging diagnostic tool and bio-
marker for prognosis and efficacy. Ann Neurol 88:669-681
Paoletti M, Pichiecchio A, Cotti Piccinelli S et al (2019) Advances
in quantitative imaging of genetic and acquired myopathies: clini-
cal applications and perspectives. Front Neurol 10:78
Figueroa-Bonaparte S, Hudson J, Barresi R et al (2016) Muta-
tional spectrum and phenotypic variability of VCP-related
neurological disease in the UK. J Neurol Neurosurg Psychiatry
87:680-681

Papadimas GK, Paraskevas GP, Zambelis T et al (2017) The mul-
tifaceted clinical presentation of VCP-proteinopathy in a Greek
family. Acta Myol 36:203-206

Kobayashi R, Naruse H, Kawakatsu S et al (2022) Valosin-con-
taining protein Asp395Gly mutation in a patient with frontotem-
poral dementia: a case report. BMC Neurol 22:406

Wan Y, Wang Q, Zheng Y et al (2023) Novel variants, muscle
imaging, and myopathological changes in Chinese patients with
VCP-related multisystem proteinopathy. Mol Genet Genom Med.
https://doi.org/10.1002/mgg3.2176

Theodorou DJ, Theodorou SJ, Kakitsubata Y (2011) Imaging
of Paget disease of bone and its musculoskeletal complications:
review. AJR Am J Roentgenol 196:564-75

Dell’Atti C, Cassar-Pullicino VN, Lalam RK, Tins BJ, Tyrrell PN
(2007) The spine in Paget’s disease. Skelet Radiol 36:609-626
Love C, Din AS, Tomas MB, Kalapparambath TP, Palestro CJ
(2003) Radionuclide bone imaging: an illustrative review. Radio-
graphics 23:341-358

Smith SE, Murphey MD, Motamedi K, Mulligan ME, Resnik CS,
Gannon FH (2002) From the archives of the AFIP. Radiologic
spectrum of Paget disease of bone and its complications with
pathologic correlation. Radiographics 22:1191-1216
Warman-Chardon J, Diaz-Manera J, Tasca G, Straub V, Group
MRIws (2020) 247th ENMC International Workshop: Muscle
magnetic resonance imaging: implementing muscle MRI as a
diagnostic tool for rare genetic myopathy cohorts. Hoofddorp The
Netherlands, September 2019. Neuromuscul Disord 30:938-947
Verdu-Diaz J, Alonso-Perez J, Nunez-Peralta C et al (2020) Accu-
racy of a machine learning muscle MRI-based tool for the diag-
nosis of muscular dystrophies. Neurology 94:¢1094—e1102
Garibaldi M, Tasca G, Diaz-Manera J et al (2017) Muscle MRI in
neutral lipid storage disease (NLSD). J Neurol 264:1334-1342
Tasca G, Monforte M, Iannaccone E et al (2014) Upper girdle
imaging in facioscapulohumeral muscular dystrophy. PLoS ONE
9:¢100292

Tasca G, Monforte M, Ottaviani P et al (2016) Magnetic resonance
imaging in a large cohort of facioscapulohumeral muscular dys-
trophy patients: pattern refinement and implications for clinical
trials. Ann Neurol 79:854-864

Barp A, Laforet P, Bello L et al (2020) European muscle MRI
study in limb girdle muscular dystrophy type R1/2A (LGMDR1/
LGMD2A). J Neurol 267:45-56

Tasca G, Monforte M, Diaz-Manera J et al (2018) MRI in sarco-
glycanopathies: a large international cohort study. J Neurol Neu-
rosurg Psychiatry 89:72-77

Willis TA, Hollingsworth KG, Coombs A et al (2013) Quantita-
tive muscle MRI as an assessment tool for monitoring disease
progression in LGMD2I: a multicentre longitudinal study. PLoS
ONE 8:¢70993

Tasca G, Monforte M, De Fino C, Kley RA, Ricci E, Mirabella M
(2015) Magnetic resonance imaging pattern recognition in spo-
radic inclusion-body myositis. Muscle Nerve 52:956-962
Nalbandian A, Khan AA, Srivastava R et al (2017) Activation of
the NLRP3 inflammasome is associated with valosin-containing
protein myopathy. Inflammation 40:21-41

@ Springer


https://doi.org/10.1136/jnnp-2022-328921
https://doi.org/10.1002/mgg3.2176

5864

Journal of Neurology (2023) 270:5849-5865

44. Sreelal T, Bhatia A, Suri D et al (2022) Whole-body MR imag-
ing in evaluation of children with juvenile dermatomyositis. Eur
J Radiol 155:110475

45. Spalkit S, Sinha A, Prakash M, Sandhu MS (2021) Dermatomy-
ositis: patterns of MRI findings in muscles, fascia and skin of
pelvis and thigh. Eur J Radiol 141:109812

46. Diaz-Manera J, Fernandez-Torron R, Jaume LL et al (2018) Mus-
cle MRI in patients with dysferlinopathy: pattern recognition and
implications for clinical trials. J Neurol Neurosurg Psychiatry
89:1071-1081

Authors and Affiliations

47.

48.

De la Torre C, Illa I, Faulkner G et al (2009) Proteomics identi-
fication of differentially expressed proteins in the muscle of dys-
ferlin myopathy patients. Proteom Clin Appl 3:486-497
Warman Chardon J, Diaz-Manera J, Tasca G et al (2019) MYO-
MRI diagnostic protocols in genetic myopathies. Neuromuscul
Disord 29:827-841

Diana Esteller’ - Marianela Schiava? - Rocio-Nur Villar-Quiles? - Boris Dibowski* - Nadia Venturelli* - Pascal Laforet’ -

Jorge Alonso-Pérez®’ - Montse Olive’2 . Cristina Dominguez-Gonzalez®® - Carmen Paradas

10,11 10,11 |

- Beatriz Vélez

Anna Kostera-Pruszczyk'#?" . Biruta Kierdaszuk'#?' . Carmelo Rodolico'? - Kristl Claeys'* - Endre Pal'> -
Edoardo Malfatti'® - Sarah Souvannanorath'® . Alicia Alonso-Jiménez'” - Willem de Ridder'” - Eline De Smet'’ -

George Papadimas'® - Constantinos Papadopoulos'® - Sofia Xirou'® - Sushan Luo'® - Nuria Muelas
Juan J. Vilchez®2%2223 . Alba Ramos-Fransi?* - Mauro Monforte?’ - Giorgio Tasca? - Bjarne Ud
Johanna Palmio?%?7 . Srtuhi Sri?® . Sabine Krause?® . Benedikt Schéser?® - Roberto Fernandez-Torrén

8,20,22,23
42627
11,30,

Adolfo Lépez de Munain''3° . Elena Pegoraro®' - Maria Elena Farrugia®? - Mathias Vorgerd*3 -

Georgious Manousakis®* - Jean Baptiste Chanson®’ - Aleksandra Nadaj-Pakleza®® - Hakan Cetin3 -

Umesh Badrising®’ - Jodi Warman-Chardon32 . Jorge Bevilacqua®® - Nicholas Earle®* - Mario Campero®® -

Jorge Diaz* - Chiseko lkenaga®® - Thomas E. Lloyd*° - Ichizo Nishino*' - Yukako Nishimori*' - Yoshihiko Saito®' -
Yasushi Oya*? - Yoshiaki Takahashi*® - Atsuko Nishikawa** - Ryo Sasaki*® - Chiara Marini-Bettolo? - Michela Guglieri? -

Volker Straub? - Tanya Stojkovic® - Robert Y. Carlier* - Jordi Diaz-Manera

< Jordi Diaz-Manera
Jordi.diaz-manera@newcastle.ac.uk

Neurology Department, Hospital Clinic de Barcelona,
Universitat de Barcelona, Barcelona, Spain

John Walton Muscular Dystrophy Research Centre,
Newcastle University Translational and Clinical
Research Institute and Newcastle Hospitals NHS
Foundation Trust, Center for Life, Central Parkway,
Newcastle Upon Tyne NE13BZ, United Kingdom

APHP, Centre de Référence des Maladies Neuromusculaires,
Institut de Myologie, Centre de Recherche en Myologie,
Sorbonne Université, APHP, Hopital Pitié-Salpétriere, Paris,
France

Department of Radiology, Assistance Publique-Hopitaux
de Paris (AP-HP), DMU Start Imaging, Raymond Poincaré
Teaching Hospital, Garches, France

Département de Neurologie Hopital Raymond-Poincaré
Garches France Inserm U1179, Garches, France

Servicio de Neurologia. Hospital Virgen de la Candelaria,
Tenerife, Spain

Neuromuscular Diseases Unit, Neurology Department,
Institut d’Investigacié Biomeédica Sant Pau (IIB SANT PAU),
Hospital de la Santa Creu i Sant Pau, Barcelona, Spain

Center for Biomedical Network Research on Rare Diseases
(CIBERER), Instituto de Salud Carlos III, Madrid, Spain

@ Springer

20

2,78

Unidad de Enfermedades Neuromusculares, Servicio de
Neurologia, Instituto de Investigacion imas12, Hospital 12 de
Octubre, Madrid, Spain

Unidad de Enfermedades Neuromusculares, Servicio de
Neurologia, Hospital Virgen del Rocio, Seville, Spain

Centro de Investigacién Biomédica en Red en Enfermedades
Neurodegenerativas (CIBERNED), Barcelona, Spain

Department of Neurology, Medical University of Warsaw,
ERN EURO NMD, Warsaw, Poland

UOC di Neurologia e Malattie Neuromuscolari, AOU
Policlinico “G. Martino”, Rome, Italy

Neurologie, Neuromusculair Referentiecentrum,
Universitaire Ziekenhuizen, Leuven, Belgium

Neurology Department, University of Pécs, Pécs, Hungary

Université Paris Est, U955 INSERM, Centre de Référence de
Pathologie Neuromusculaire Nord-Est-Ile-de-France, Henri
Mondor Hospital, EURO-NMD, 94010 Creteil, France

Neurology Department, Universitary Hospital Antwerpen,
Edegem, Belgium

Department of Neurology, Eginition Hospital, Medical
School, NKUA, ERN, EURO NMD, Athens, Greece

Neurology Department, Huashan Hospital, Fudan University,
Shangai, China

Neuromuscular Diseases Unit, Neurology Department,
Hospital Universitari I Politecnic La Fe, Valencia, Spain


http://orcid.org/0000-0003-2941-7988

Journal of Neurology (2023) 270:5849-5865

5865

21 Neuromuscular Reference Centre, ERN-EURO-NMD,
‘Warsaw, Poland

22 Neuromuscular and Ataxias Research Group, Instituto de

Investigacion Sanitaria La Fe, Valencia, Spain

2 Department of Medicine, Universitat de Valéncia, Valencia,

Spain

24 Unitat de Malalties Neuromusculars, Servei de Neurologia,

Hospital Germans Tries I Pujol, Badalona, Spain

% yoC di Neurologia, Fondazione Policlinico Universitario

A. Gemelli IRCCS, Rome, Italy

26 Tampere Neuromuscular Center, Tampere University

Hospital, Tampere, Finland

27" Folkhalsan Genetic Institute, Helsinki University, Helsinki,

Finland

28 Sree Chitra Tirunal Insitute for Medical Sciences

and Technology, Thiruvananthapuram, India

2 Department of Neurology, Friedrich-Baur-Institute, LMU

Clinics, Munich, Germany

30 Neurology Department, Biodonostia Health Research

Institute, Donostia, Spain

3l Department of Neurosciences, University of Padova, Padua,

Italy

32 Department of Neurology, Institute of Neurological Sciences,

Queen Elizabeth University Hospital, Glasgow, Scotland, UK

3 Heimer Institut for Muscle Research, Klinikum

Bergmannsheil Ruhr, University Bochum, Bochum, Germany

34

35

36

37

38

39

40

41

42

43

44

45

University of Minnesota, Minneapolis, USA

Centre de Référence des Maladies Neuromusculaires
Nord/Est/Ile-de-France and ERN-EURO-NMD, Neurology
Department, Hopitaux Universitaires de Strasbourg,
Strasbourg, France

Neurology Department, Medical University of Vienna,
Vienna, Austria

Leiden University Medical Center, Leiden, The Netherlands

Department of Medicine (Neurology), The Ottawa Hospital,
Ottawa, Canada

Departamento de Neurologia y Neurocirugia, Hospital
Clinico Universidad de Chile, Santiago de Chile, Chile

Department of Neurology, Johns Hopkins University School
of Medicine, Baltimore, USA

Department of Neuromuscular Research, National Institute
of Neuroscience, National Center of Neurology, Tokyo,
Japan

Department of Neurology, National Center Hospital, NCNP,
Tokyo, Japan

Department of Neurology, Kagawa Prefectural Central
Hospital, Kagawa, Japan

Department of Neurology, Kinki Central Hospital, Hyogo,
Japan

Department of Neurology, Graduate School of Medicine,
Dentistry and Pharmaceutical Sciences, Okayama University,
Okayama, Japan

@ Springer



	Analysis of muscle magnetic resonance imaging of a large cohort of patient with VCP-mediated disease reveals characteristic features useful for diagnosis
	Abstract
	Background 
	Methods 
	Results 
	Conclusions 

	Introduction
	Methods
	Study setup and subjects
	Clinical and genetic data
	MRI acquisition and analysis
	Modeling the data to identify characteristics for diagnosis
	Statistics

	Results
	Patients
	MRI analysis: general features
	Pattern of fat replacement: Head, scapula and arm muscles
	Pattern of fat replacement: trunk and pelvic muscles
	Pattern of fat replacement: thigh muscles
	Pattern of fat replacement: leg muscles
	Analysis of STIR sequence
	MRI rules for the diagnosis of VCP-MSP disease myopathy
	Identification of signs of Paget’s disease of bone on the MRI
	Influence of demographic, clinical and genetic features on muscle involvement
	Influence of disease progression on skeletal muscle involvement

	Discussion
	Anchor 27
	Acknowledgements 
	References




