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Abstract

Background Limb girdle muscular dystrophy type R1/2A (LGMDRI1/LGMD?2A) is a progressive myopathy caused by
deficiency of calpain 3, a calcium-dependent cysteine protease of skeletal muscle, and it represents the most frequent type
of LGMD worldwide. In the last few years, muscle magnetic resonance imaging (MRI) has been proposed as a tool for
identifying patterns of muscular involvement in genetic disorders and as a biomarker of disease progression in muscle dis-
eases. In this study, 57 molecularly confirmed LGMDRI1 patients from a European cohort (age range 7-78 years) underwent
muscle MRI and a global evaluation of functional status (Gardner-Medwin and Walton score and ability to raise the arms).
Results We confirmed a specific pattern of fatty substitution involving predominantly the hip adductors and hamstrings in
lower limbs. Spine extensors were more severely affected than spine rotators, in agreement with higher incidence of lordosis
than scoliosis in LGMDRI1. Hierarchical clustering of lower limb MRI scores showed that involvement of anterior thigh
muscles discriminates between classes of disease progression. Severity of muscle fatty substitution was significantly cor-
related with CAPN3 mutations: in particular, patients with no or one “null” alleles showed a milder involvement, compared
to patients with two null alleles (i.e., predicting absence of calpain-3 protein). Expectedly, fat infiltration scores strongly
correlated with functional measures. The “pseudocollagen” sign (central areas of sparing in some muscle) was associated
with longer and more severe disease course.

Conclusions We conclude that skeletal muscle MRI represents a useful tool in the diagnostic workup and clinical manage-
ment of LGMDRI.

Keywords LGMDR1/LGMD?2A - Muscle MRI - Mercuri score - CAPN3 mutations

Background

Calpainopathy, or limb—girdle muscular dystrophy type
R1/2A (LGMDR1/LGMD?2A), caused by mutations in the
calpain-3 gene (CAPN3) [1], is one of the most common
forms of LGMD, especially in Southern Europe, with a
reported frequency ranging from 9 to 40% of LGMDs. In
2017 the ENMC International Workshop revised the for-
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mer classifications of LGMDs, renaming “LGMD2A” as
“LGMD R1 Calpain-3 related” [2]. The main clinical find-
ing in calpainopathy is a progressive, proximal, and bilat-
eral muscular weakness, but some patients may present just
with high CK levels at onset [3]. Pelvi-femoral muscles are
most commonly affected (“Leyden-Mobius” phenotype),
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primarily hip adductors and extensors, followed by hip and
knee flexors. A minority of patients present with a primar-
ily scapulohumeral (“Erb”) phenotype, usually associated
with milder progression. As the disease progresses, weak-
ness and atrophy also involve the quadriceps and tibialis
anterior in the lower extremities, and the triceps brachii and
forearm muscles in the upper extremities [3, 4]. Paraspinal
and abdominal muscles are also weak, causing a hyperlor-
dotic posture. Facial, ocular, tongue, and neck muscles are
usually spared [4-6]. The onset of symptoms usually occurs
during adolescence, but varies between 2 and 50 years, and
loss of independent ambulation ensues after 15-25 years,
with a faster progression observed in patients with a juvenile
onset [6].

To date, 496 unique pathogenic CAPN3 variants have
been reported, in addition to a smaller number of apparently
neutral or unclassified variants. CAPN3 mutations can be
nonsense, splice site, frameshift, or missense; deep intronic
or promoter mutations or large rearrangements are more
rarely found [7-10]. Around 45% of identified mutations
lead to the absence of the protein, indicating (together with
the recessive pattern of inheritance) that LGMDRI is due
to a deficiency of calpain-3 function [7]. On the other hand,
analysis of muscle biopsies shows that around 20-30% of
patients have normal calpain-3 expression on Western blot
[11]. These patients usually carry missense alleles leading
to impaired autolytic activity, indicating a perturbation of
calpain-3 function, and suggesting that LGMDRI1 patho-
genesis is associated with the loss of proteolytic activity
[12]. On the other hand, the clinical outcome of missense
mutations is hardly predictable, as they are associated with
variable disease severity and protein amount. However,
carrying two null mutations is considered a negative prog-
nostic factor, while compound heterozygous and carriers of
missense mutations seem to develop milder phenotypes [7,
13]. Recently, a dominant form of calpainopathy has been
described in association with a heterozygous deletion of 21
base pairs in the CAPN3 gene [14].

In the last decade, several studies have reported the value
of MRI scans in identifying patterns of muscle involvement
in genetically distinct muscle disorders [15-19]. In a previ-
ous study [3], seven patients affected by a particular clinical
variant of LGMDRI1 (with calf hypertrophy, rigidity of the
spine and early contractures affecting multiple joints) were
studied with muscle MRI of the lower limbs. The results
showed a selective sparing of sartorius, gracilis, vastus lat-
eralis, and gastrocnemius lateral head, opposed to a selective
involvement of the medial head. This pattern may help in
distinguishing LGMDRI1 from other myopathies character-
ized by early contractures, such as Bethlem myopathy and
Emery-Dreifuss dystrophy. Moreover, in a recent interna-
tional study [13], 30 patients with calpainopathy underwent
a CT scan of the lower limbs. The authors found significant
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hypodensity in hip adductors, followed by the hamstrings
and medial head of the gastrocnemius, concordant with the
manual muscle testing (MMT) scores. Another recent Chi-
nese MRI study [20] proposed a diagnostic pattern consist-
ing of severe substitution of biceps femoris together with
sparing of extensor digitorum longus, with sensitivity of
76% and specificity of 90.48%.

We aimed to describe the pattern of fatty substitution in
a cohort of European LGMDRI1 patients featuring a wider
mutational spectrum than in previously described cohorts.

Methods
Ethics statement

All evaluations were performed in the setting of “standard
of care”, and all the retrospective data analyzed were main-
tained completely anonymous.

Patient selection

This study included patients diagnosed with LGMDRI,
recruited from ten European neuromuscular centers: Barce-
lona, Bern, Prague, Copenhagen, Munich, Newcastle Upon
Tyne, Padova, Rome, Paris, and La Réunion. The inclusion
criterion was a genetically proven LGMDRI1 diagnosis, i.e.,
pathogenic CAPN3 mutations on both alleles. We searched
the Leiden Database [https://www.dmd.nl, curated by Johan
den Dunnen and Jacqui Beckmann], for previous reports of
each mutation. For splice site mutations, if experimental
data about the assessment of RNA product were not avail-
able, we predicted the effects on splicing with the Human
Splicing Finder [21] version 3.0. Novel missense mutations
were evaluated with in silico predictors of pathogenicity
(SIFT, PolyPhen-2, and Mutation Taster). The number of
“null” alleles, i.e., predicting a loss of CAPN3 open reading
frame (frameshift, nonsense, etc.) and subsequent absence
of calpain protein, was counted for each patient (0, 1, or 2).

MRI assessment

Patients underwent MRI (1.5 T or 3 T) with T1-weighted
axial scans. Acquisition parameters are available on request.
Images were acquired with a body coil and a simultaneous
scan of both sides. Forty-eight skeletal muscles listed in Sup-
plementary Table I were scored from 1 (normal) to 4 (end
stage disease) according to the modified Mercuri scale [22]:
normal (score 1), mildly/moderately moth-eaten appearance
with occasional/numerous scattered hyperintense areas (<
30% of the muscle—score 2); severely moth-eaten appear-
ance with confluent hyperintense areas (> 30% and < 60%
of the muscle—score 3); confluent hyperintense areas (>
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Table 1 Demographic and genetic features of the studied cohort

Gender Male Female Total

No. of patients 20 37 57

Percentage 35 65 100

Gardner-Medwin and Walton =~ Asymptomatic or minimal symp- Moderate symptoms/walk with assis- Severe symptoms/unable to Total
score (WGS) toms (GMW <3) tance (4 <GMW <£6) walk (GMW >7)

No. of patients 17 30 10 57
Percentage 29.2 52.6 18.2 100
Genetic groups 0 null alleles 1 null allele 2 null allele Total
No. of patients 22 27 8 57
Percentage (%) 39 47 14 100

60% of the muscle—score 4). The scans were assessed by
one single observer.

Clinical assessments and clinic-radiological
correlations

We cross-sectionally evaluated the ability to climb stairs,
walk, to rise from floor, and raise arms above 90 degrees
of abduction against gravity. We also assigned a global
functional activity score, the Gardner-Medwin and Walton
(GMW) score (0, normal; 1, unable to run; 2, altered gait;
3, climbs stairs with hand support; 4, cannot climb stairs;
5, cannot rise from chair; 6, walk only with aids; 7, cannot
walk; 8, unable to move in a manual wheelchair; 9, unable
to sit unsupported; 10, bedridden). Age at patient-reported
onset of first symptoms was collected. We correlated Mer-
curi scores of each lower limb muscle with the GMW score,
and Mercuri scores for each upper limb muscle with the
ability/inability to raise arms.

Statistical analyses

MRI scores were by and large symmetrical (see “Results”),
so data relative to right-side muscles were used for analy-
ses. Age between groups was compared by Student’s ¢ test.
Distribution of categorical variables between groups was
compared by y* or Fisher’s exact test as appropriate. The
effect of null mutation load on age at symptom onset was
tested by Cox regression. Correlations between MRI scores
and functional measures were evaluated with the Spearman
method. Statistical significance was set at p < 0.05. Statisti-
cal analyses were performed with R version 3.4.3. Hierarchi-
cal clustering was used to identify group of participants with
similar radiological features, and corresponding heatmaps
were drawn with the “Pretty Heatmap” package for R, ver-
sion 1.0.8.

Results
Participants

We recruited 57 LGMDRI1 patients aged 7-78 years (mean
38.4 + standard deviation 15.8), from 56 unrelated fami-

lies. Distribution by gender, mutation and functional score
(GMW) are reported in Table 1.

Mutational spectrum

Fifty-six unique CAPN3 variants (summarized in Sup-
plementary Table) were identified: 2 exon deletions (4%),
11 nonsense or frameshift mutations (19%), 4 splice site
mutations (7%), 39 (70%) missense mutations. All patients
were sporadic cases, except two siblings. Homozygosity
for a pathogenic variant was found in 19 cases (33%). The
frameshifting variant c.550delA was the most frequent (9
cases), followed by the missense mutation c.1468C>T,
p-Arg490Trp in six cases. Both of these mutations have a
founder effect in north-eastern Italy, especially in the city
of Chioggia and in the Friuli-Venezia-Giulia region [2].
Also, as previously reported, ¢.550delA appears frequent
in populations of Slavic ancestry [23-25]. Three muta-
tions had not been previously reported (“private muta-
tions”): ¢.776delG,c.2305C>T, p.Arg769Trp; c.2442G>C,
p-Trp814Cys. The missense mutation p.Trp814Cys is not
reported in gnomAD (gnomad.broadinstitute.org), while
the ¢.2305C>T, p.Arg769Trp mutation was reported only
three times (estimated allele frequency 0.0000122). This
extreme rarity makes their pathogenicity very likely in the
presence of a second mutation and a phenotype compatible
with LGMDRI1. Furthermore, both mutations were pre-
dicted in silico as very likely damaging/disease causing.
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Symmetric muscle involvement

Lower limb images were available for 52 patients (89.5%),
while upper limb, trunk, neck, and head districts were avail-
able for 28 (49.1%). Minor asymmetry (1-point difference
between contralateral muscles) was observed in two patients,
while conspicuous asymmetry (2-point difference) was
observed in six patients with asymmetric muscular involve-
ment of the subscapularis, tibialis posterior, soleus, biceps
femoris long head, gastrocnemius lateralis, tractus ilioti-
bialis, pectineus, and rectus femoris. Despite being rather
unusual, asymmetric muscle involvement has already been
described in LGMDRI1 [26].

Grading of fatty replacement

As shown in Fig. 1a, upper body muscles can be subdivided
into three subgroups: the “severely affected”, including
the latissimus dorsi, serratus anterior, and subscapularis
(median T1 score: 3); “intermediately affected”, including
trapezius, pectoralis major, pectoralis minor, supraspina-
tus, and anterior arm compartment (median score: 2); and
“mildly affected”, including deltoid, posterior arm compart-
ment, levator scapulae, neck extensor, sternocleidomastoid,
tongue, longus colli, temporalis, masseter, and pterygoidei
(median score: 1). T1w signal was normal in the temporalis,
masseter, and pterygoidei muscles.

Similarly (Fig. 1b), pelvic and lower limb muscles can
be subdivided into “severely affected”, including adductors,
glutei, posterior thigh muscles with the exception of biceps
femoris short head, and vastus intermedius (median score:
3-4); “intermediately affected”, including the iliopsoas,
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Mercuri score

Mercuri score

biceps femoris short head, and other thigh muscles except
the sartorius (median score: 2); and “mildly affected”,
including sartorius and leg muscles (including anterior and
posterior compartment) (median score: 1). Scans from a rep-
resentative patient in whom the “typical” LGMDRI1 pattern
may be recognized are shown in Fig. 3.

Hierarchical clustering of lower limb T1 scores

Detailed distribution and severity of fatty substitution for
each patient are shown as a hierarchically clustered heatmap
in Fig. 2. Scans from a representative patient, in whom the
“typical” LGMDRI pattern may be recognized, are shown in
Fig. 3. Only one patient showed a normal MRI (age 12 years,
1 null and 1 missense allele). Hierarchical clustering of Mer-
curi scores (Fig. 2) showed that the studied cohort may be
divided into three main clusters according to lower limb fatty
replacement: severe (22 upper rows in the heatmap), inter-
mediate (14 middle rows), and mild (16 bottom rows). The
main differentiating factor in the three clusters appeared to
be the involvement of the anterior compartment of the thigh.
Looking at demographic, genetic, and clinical annotations
of the heatmap, it appeared clearly that patients in the severe
cluster were more frequently non-ambulant (9/22, 41%) than
patients in the intermediate (2/14, 14%) and mild (0/16, 0%)
clusters (p =0.005). The load of null mutations in the severe
cluster (17/44, 39%) was similar to that observed in the
intermediate cluster (12/28, 42%), but somewhat higher than
in the mild cluster (9/32, 28%; p =n.s.). Surprisingly, for a
progressive disorder such as LGMDRI1, age did not different
significantly between clusters: in fact, average age was high-
est in the mild cluster (43.7 +18.9 years, vs. 39.9+15.2 in
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Fig.2 Hierarchically clustered heatmap of fatty substitution Mercuri
scores in 25 right lower limb muscles, in MRIs from 52 LGMDRI1
individuals. Rows, each corresponding to one individual, are hierar-
chically clustered (dendogram on the left) based solely on MRI data
(Mercuri scores). Each column in the heatmap corresponds to one

the intermediate and 39.8 +9.8 in the severe cluster). Distri-
bution by sex (F/M) was 15/7 in the severe, 6/8 in the inter-
mediate, and 12/4 in the mild cluster (p =n.s.), not indicative
of any significant sex-related difference in this population.

Clinical-radiological correlations

A panel of correlations between lower limb muscle fatty sub-
stitution and GMW scores is shown in Supplementary Fig. 1.
As expected, a negative correlation between T1 scores and
functional status was observed for all muscles. The strong-
est correlation was observed in the iliacus muscle with a p
coefficient of 0.81 and an infinitesimal p value. Correlation
was very strong in almost all pelvic and thigh muscles, but
weaker (p <0.5) for the gluteus medius and minimus, and
the peroneus. Correlations were weaker, although still sta-
tistically significant, in leg muscles, but notably higher in
the peronei (p=0.74, p<0.0001). In upper limbs (Supple-
mentary Fig. 2), stronger correlations between T1 scores and
ability to raise arms were observed for the levator scapulae
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muscle, ordered left to right from cranial to caudal. A green—yellow—
red gradient in the heatmap indicates increasing fatty substitution
(legend to the right). The three columns on the left of the heatmap
annotate individual clinical features (not used in the hierarchical clus-
tering algorithm): sex, age, and mutation group

(p=0.52, p=0.009), trapezius (p =0.45, p=0.03), and del-
toid (p=0.39, p=0.042).

Symptomatic onset and CAPN3 mutations

Cumulative incidence plots (Fig. 4) comparing age at onset
between groups with 0 (n=21), 1 (n=27), or 2 null alleles
(n=9), showed earlier onset (median 10 years) in patients
carrying two null alleles, as opposed to one or zero (median
14 and 20 years, respectively; p=n.s.).

Other MRI findings

In this cohort, 29/57 patients displayed a “pseudocollagen
sign” characterized by a central area of high signal, previ-
ously described as ‘central shadow’ [3], due to a relative
sparing of the central part of the muscle. This finding was
already observed in collagen VI-related disorders, such as
Bethlem myopathy [3, 17]. This sign was mostly present
in moderately affected muscles of the lower limbs (Fig. 5).
We correlated the presence or absence of “pseudocollagen

@ Springer
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Fig.3 Representative T1w MRI scan images. Upper and lower limb
MRI scan (T1w sequence) of one LGMDRI patient in his fifties with
a moderate phenotype. a Arm and b forearm MRI scan showed mod-
erate signs of fatty replacement of muscles belonging of the anterior
compartment of arm and forearm respectively (Mercuri score 2). ¢
Pelvis MRI scan showed advanced fatty replacement of gluteus mini-
mus and medius (Mercuri score 3) and intermediate replacement of
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Fig.4 Cumulative incidence plots of LGMDRI1 symptom onset by
genotypes. A trend toward an earlier onset in patients with two null
alleles is observed
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gluteus maximus (Mercuri score 2), along with a relative sparing of
iliopsoas. d Thigh MRI scan showed a severe involvement of ham-
strings and adductors (with a mild asymmetry, Mercuri score 3—4),
along with a selective sparing of gracilis and quadriceps. e Leg MRI
scan showed initial fatty replacement of soleus and gastrocnemius
(Merecuri score 2) with a relative sparing of muscles belonging to the
anterior compartment of the leg

sign” with disease duration and GMW score, and we found
that patients with a “pseudocollagen sign” had longer dis-
ease duration and worse disability (Supplementary Fig. 3).
Moreover, when looking at scans of muscles of the posterior
trunk, most patients showed a predominant involvement of
extensor muscles (iliocostalis, longissimus dorsi, and spi-
nalis dorsi), with a relative sparing of rotator muscles such
as multifidus (Fig. 6). This finding agrees with the low inci-
dence of scoliosis, and conversely high incidence of hyper-
lordosis in LGMDRI.

Discussion

A total of 57 genetically defined LMGDRI1 patients were
included in this international cohort from ten participating
centers, nine belonging to the European continent and one
overseas. The population studied here has several features
that make it distinct from the few similar previous studies.
First, two-thirds of the cohort consisted of female patients
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Fig.5 Tlw MRI scan images representative of the “pseudocollagen
sign” in three T1-weighted axial views of a patient with LGMDRI1
in his thirties. Scapular girdle (a), distal section of the arms (b) and
midsection of the thighs (¢) with zooms on the right side. Deltoid (a),
like in collagen VI muscular dystrophy, shows a “fan”-like appear-
ance (white arrows). In the triceps brachialis (b) the central part of

(65%), while only one-third was male (35%). As calpain-
opathy is an autosomal disease, this situation is probably
due to chance, but it may influence the characteristics of
the population, as gender has been reported to influence
the expressivity of LGMDs and especially calpainopathy
[27]. Furthermore, the allelic composition of this multi-
center cohort, collecting patients from different parts of
Europe as well as from the genetic isolate of the La Reun-
ion Island, is varied and peculiar. The percentage of null
alleles (61%) was higher than previously reported [13],
possibly contributing to the severity of clinical presenta-
tion and muscular involvement in our cohort. The most fre-
quent mutation identified in our cohort was the frameshift
mutation c.550delA, p.Thr184Argfs*36 in exon 4, which,
as demonstrated previously [28-30], represents one of the
most common CAPN3 mutations in the European continent
(in particular, in north-eastern Italy and Croatia) [2, 31];
the second most frequent mutation is the missense mutation
c.1468C>T, p.Argd90Trp in exon 11. The latter mutation is
situated in the calpain-3 domain III, and seems to impair its

the muscle is more “preserved” with a “band”-like appearance that
has been described in collagen VI (white arrow). In the quadriceps
(c) a band surrounded by fat at the central part of the muscle is vis-
ible in the vastus lateralis and rectus femoris, forming a “U” shape
(“U-sign”, white arrows)

autolytic activity, possibly because of the charge variation
in the residues involved in internal salt bridges, resulting in
a reduced sensitivity to Ca>* ions [27]. Homozygosity for a
pathogenic variant was found in 19 cases (33%), 3 of these
belonging to the “genetic isolate” of La Réunion, as typical
of inbred populations.

Previous studies had demonstrated that the implementa-
tion of muscle MRI in the workup of patients affected by
LGMDRI1 shows several advantages compared to clini-
cal evaluation alone [3]. Indeed, it can be used to address
genetic testing in the presence of a compatible phenotype,
and it can also identify a specific pattern of affected and
non-affected muscles. We confirmed a predominant involve-
ment of thigh muscles in the lower limbs, and mainly of
the adductors (adductor magnus), hamstrings (semitendino-
sus, semimembranosus and biceps long head), and gluteus
minimus, along with a relative sparing of sartorius, graci-
lis, quadriceps, biceps short head and iliopsoas. In the leg,
we confirmed a predominant involvement of gastrocnemius
medialis [14] with a lesser involvement of the lateral head,
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Fig.6 Representative TIw MRI scan images of muscles of the back
in T1 weighted axial and coronal views of patient with LGMDRI in
his 30s. Involvement of muscles of the back is more pronounced in
extensors muscles (iliocostalis, longissimus dorsi and spinalis dorsi—
thick arrows) than in rotators muscles (multifidus—thin arrows).
Views in thoracic (right top), thoraco-lumbar junction (right mid-

and a relative sparing of the muscles belonging to the ante-
rolateral compartment of the leg (such as tibialis anterior
and extensor digitorum longus), confirming findings from
previous studies by the French and Chinese groups [13, 20].
A novel feature of this study was the MRI evaluation of
the upper body districts (upper limbs, scapular girdle, neck
and head), available for a number of patients of our cohort.
As expected, absent or very mild muscular involvement was
detected in the muscles of the head and neck. A significant
involvement of the flexor muscles of the arm (biceps brachii)
was also detected, with a relative sparing of the arm abduc-
tors such as deltoid and supraspinatus. Although some of
these radiological findings had been already hinted at in the
literature [13, 20], we confirmed this pattern in a relatively
large and genetically varied LGMDRI1 population, while
being aware that the different MRI scanners used (1.5 T or
3 T) could have changed the sensitivity of the technique.
The recent advent of next-generation sequencing tech-
nique (NGS) has simplify the diagnostic workup of muscular
dystrophies, however the recognition of this specific pattern

@ Springer

dle) and lumbar (right bottom, zoom in left bottom). Involvement of
muscles of the back is more pronounced in extensors muscles (ili-
ocostalis, longissimus dorsi and spinalis dorsi) than in rotators mus-
cles (multifidus). In the coronal scout view (left top) the symmetrical
preservation of the multifidus muscles is associated with an absence
of scoliosis

of muscular involvement of the upper limbs could be helpful
for differential diagnosis with other muscular dystrophies
such as in facioscapulohumeral muscular dystrophy (FSHD)
where there is a main involvement of trapezius, teres major
and serratus magnus muscles [32] or in dysferlinopathy
(LGMDR2/B2) which shows a predominant involvement of
scapular muscles (subscapularis and latissimus dorsi) with
a relative sparing of rhomboideus and levator scapulae [33].
Instead for the lower limbs the pattern of muscular involve-
ment is rather similar with other LGMDs such sarcoglycano-
pathies (LGMD2C/R3-2F/R6) in which adductor and glutei
muscles seem to be primarily affected (with a relative spar-
ing of iliopsoas and muscles belonging to lower leg [19], or
in LGMD2I/R9 where biceps femoris and internal adductor
muscles are the first hamstring muscles involved, with a rela-
tive sparing of vastus intermedius and lateralis muscles [34].

Fatty substitution scores in lower limb muscles, which
were available for the majority of this cohort, allowed an
analytic approach based on hierarchical clustering, as shown
in the heatmap in Fig. 2. The main observation was that
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involvement of the anterior compartment of the thigh dis-
criminated between severe vs. milder subphenotypes, and/
or late vs. earlier stages of disease progression, adding to
the clinical relevance of muscle MRI for staging, prognosis,
and cohort stratification. When looking for causal factors
driving this clustering, no obvious and major determinant
emerged. Not even age, which would be naturally expected
to be strongly correlated with fatty substitution severity in a
progressive LGMD, differed significantly between clusters,
suggesting the presence of other factors dictating pheno-
type. Null mutations, as previously suggested [4, 13, 27],
appeared to be enriched in severely affected patients. This
was confirmed by the time-to-event analysis of age at first
clinical symptoms. However, the complex combinations of
compound heterozygous alleles in our cohort impeded clear-
cut conclusions, and several exceptions were observed which
could partially justify the lack of significant correlation of
number of null alleles with clinical severity and age of onset
of symptoms. For instance, a group of missense mutations
close to the catalytic domain (e.g., p.F8OL, p P82L) seemed
to be strongly associated with severe phenotypes, and more
distal frameshifting or nonsense mutations (leading to a
truncated, partially functional enzyme?) seemed to less
consistently associate with severe disease, than proximal
truncating variants. Additionally, due to a founder effect
in the Venetian area, our population is characterized by a
high incidence of the p.Arg490Trp mutation, associated
with an upper limb-predominant “Erb” phenotype, with
relative sparing of the pelvic girdle and lower limbs. These
patients may complicate the interpretation of the heatmap
represented in Fig. 2, which is solely based on lower limb
data. Unfortunately, the score results for upper limb mus-
cles were insufficient to perform a meaningful hierarchical
clustering analysis. We plan to collect more whole-body
MRI data to clarify this point. Finally, there might also be
unknown environmental factors, as well as genetic modifiers
(i.e., trans-acting polymorphisms in other genes), at play in
determining the phenotype.

GMW scores showed a minimal disability in about one-
third of patients (29.2%), moderate symptoms in about half
the cohort (52.6%), and severe symptoms (wheelchair-bound
patients) in a minority of patients (18.2%). T1 scores showed
strong positive correlations with GMW scores. Vastus medi-
alis, iliacus and psoas showed the strongest correlations with
this score of global functionality of the lower limbs, proba-
bly due to the crucial role of these muscles in flexing the hip
and blocking the knee during ambulation. Conversely, these
correlations seemed to be weaker, albeit still significant,
with muscles of the leg (except for gastrocnemius lateralis)
and with muscles of the posteromedial compartment of the
thigh (except for adductor brevis). Our findings suggest the
possibility of application of the GMW score as a supportive

criterion for cohort stratification not just in metabolic myo-
pathies (such as Pompe disease) but also in LGMDRI1 [35].
Usually, involvement of the upper limbs is not as early and
frequent as that of lower limbs in LGMDR 1. However, anal-
ysis of the motor function “raise arms” correlated to Mercuri
scores of the upper limbs showed a strong correlation with
some muscles, such as levator scapulae, latissimus dorsi, tra-
pezius, deltoid, infraspinatus, and pectoralis major. While a
tight correlation of muscle MRI with functional performance
is anything but surprising [36], the most strongly correlated
muscles may be taken as initial candidates for longitudinal
studies based on quantitative MRI techniques.

Conclusion

We confirmed patterns of MRI muscle involvement in a
large LGMDRI1 cohort with a different allelic composi-
tion and geographic origin than previously described. We
identified a crucial role of anterior thigh involvement in
progression to severe disease stages in LGMDRI, and
described a complex interaction of mutation type, gender,
and age in dictating LGMDRI1 phenotype. Peculiar radio-
logical findings, such as pseudocollagen sign in severely
affected individuals and multifidus sparing, shed light on
some specific phenotypic features of calpainopathy in the
LGMD scenario. As a follow-up of this study and as our
future perspective, we plan to monitor the progression of
muscle fatty substitution by quantitative MRI sequences
such as three-point Dixon sequences, and to correlate these
findings with longitudinal clinical data.
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