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There is a great clinical and genetic heterogeneity in congenital myopathies. Myo-MRI with pattern recognition has become a first-line complementary tool in clinical practice for this group of diseases.

For diagnostic purposes, whole-body imaging techniques are preferred when involvement is axial or diffuse, as in most congenital myopathies, because of involvement of the tongue, masticator, neck or trunk muscles. Myo-MRI is widely used to identify abnormalities in muscle signal, volume or texture.

Recognizable profiles or patterns have been identified in many of these genetic myopathies.The role of the radiologist is crucial in order to adapt the Myo-MRI protocols to the age of the patient and several clinical situations. Myo-MRI in children with congenital myopathies is a very demanding technique with a balance between acceptable time of examination and sufficient spatial resolution in order to detect subtle changes. Technical evolutions combining qualitative and quantitative analysis are useful to follow disease progression over-time. Outcome measures are expected to play a role in natural history description as well as in future therapeutic trials. Genetic diagnosis and interpretion of next generation sequencing results could be greatly influenced by statistical analysis with tools such as algorithms as well as graphical representations using heatmaps .

Introduction

Identifying the accurate diagnosis for patients with genetic myopathies is difficult given clinical and genetic heterogeneity. The clinical evaluation, muscle enzymes (CK), electrodiagnostic testing and muscle biopsy often lack specificity to limit the diagnostic odyssey, in the quest for the definitive diagnosis [START_REF] Quijano-Roy | WB-MRI muscle study group. Whole body muscle MRI protocol: pattern recognition in early onset NM disorders[END_REF]. Muscle MRI, a non-invasive tool to assess skeletal muscle edema and fatty infiltration which can assist with diagnosis, monitor disease progression, and guide muscle biopsy is emerging as a useful tool in the follow-up of patients with muscle diseases [START_REF] Straub | TREAT-NMD workshop: pattern recognition in genetic muscle diseases using muscle MRI: 25-26 February 2011[END_REF][START_REF] Morrow | MRI biomarker assessment of neuromuscular disease progression: a prospective observational cohort study[END_REF][START_REF] Quijano-Roy | Muscle magnetic resonance imaging: a new diagnostic tool with promising avenues in therapeutic trials[END_REF]. Congenital Myopathies (CMs) usually manifest in infancy or early life with variable features and severity. In the most severe end of the spectrum, patients present with fetal akinesia, congenital joint contractures, severe floppy infant syndrome requiring respiratory and gastrointestinal support at birth, or poor or no acquisition of motor milestones during the first months. Less severe presentations are also observed, with motor delay or muscle weakness [START_REF] North | International Standard of Care Committee for Congenital Myopathies. Approach to the diagnosis of congenital myopathies[END_REF][START_REF] Quijano-Roy | Congenital Myopathies[END_REF][START_REF] Quijano-Roy | Muscle imaging in congenital myopathies[END_REF]. Although essentially considered paediatric conditions, some forms may also present late into adulthood.

CMs and clinical presentations

CMs are classified in three main groups with respect to their main structural or ultrastructural markers [START_REF] North | International Standard of Care Committee for Congenital Myopathies. Approach to the diagnosis of congenital myopathies[END_REF][START_REF] Mathis | History and current difficulties in classifying inherited myopathies and muscular dystrophies[END_REF][START_REF] Romero | Congenital myopathies[END_REF]: CMs with cores (Central Core Disease and Multi-Minicore Disease), CMs with protein aggregates (Nemaline myopathies, Cap Disease and Myosin Storage myopathies), and CMs with central nuclei (X-Linked Myotubular myopathy, Autosomal dominant(AD) Centronuclear myopathies, Autosomalrecessive(AR) Centronuclear myopathies, Necklace fibers myopathy, AR Centronuclear myopathy with myofibrillar disorganization). Overlapping subtypes have been described (Core-Rod Myopathy, Congenital fiber type disproportion myopathies) [START_REF] Romero | Congenital myopathies[END_REF] (Figure 1). Clinical spectrum of severity is very broad, with variable presentations: foetal inmobility (arthrogryposis or birth contractures), hypotonia (floppy baby syndrome), motor arrest or delay of milestones (absent or late head or trunk support, late or not sitting position, late or absent walking acquisition), muscle weakness (Gowers' sign, no running, difficulties to climb stairs), respiratory muscles dysfunction (restrictive respiratory insufficiency, diaphragmatic failure, thoracic hypoplasia or stiffness), gastrointestinal and oro-facial muscles dysfunction (facial diplegia, swallowing difficulties, dysphagia, gastroesophageal reflux, constipation), oculomotor dysfunction (ophthalmoparesis, strabismus). Severity of symptoms is not usually pointing at a genetic diagnosis, and almost all genes show a large spectrum from severe hypotonic phenotypes to mild late presentations. In contrast, topography of symptoms and signs may be very characteristic in certain entities [START_REF] Quijano-Roy | WB-MRI muscle study group. Whole body muscle MRI protocol: pattern recognition in early onset NM disorders[END_REF]. Clinical differential diagnosis may be difficult within CMs and with those presenting with congenital muscular dystrophies (CMD) without increased CK levels (Ullrich CMD, congenital laminopathies), in particular in early stages of the disease before joint contractures are developed [START_REF] Gómez-Andrés | Pediatric laminopathies: Whole-body magnetic resonance imaging fingerprint and comparison with Sepn1 myopathy[END_REF] Infants with congenital myotonic dystrophy (Steinert disease due to DMPK gene defect), may show similar pathology features to myotubular myopathy. Metabolic myopathies (mitochondrial, glycogen storage or lipid storage myopathies) may also mimic congenital myopathies and present with floppy infant syndrome, ophthalmoplegia, progressive weakness, or rigid spine syndrome (RSS) and respiratory failure [START_REF] Carlier | Whole-body muscle MRI in 20 patients suffering from late onset Pompe disease: Involvement patterns[END_REF] Basic Genetics of CMs Variable transmission (dominant or recessive) is possible, in particular in genes responsible for most CMs (RYR1, NEB, ACTA1, TPM2, TPM3, TTN). Moreover, the existence of one mutation behaving in a semi-recessive/dominant manner has been observed in several of these myopathies (TTN, RYR1, and TPM2). In this context, proper interpretation of the genetic results requires even more defined clinical, pathological and complementary findings and consistence of familial genetic results [START_REF] North | International Standard of Care Committee for Congenital Myopathies. Approach to the diagnosis of congenital myopathies[END_REF][START_REF] Mathis | History and current difficulties in classifying inherited myopathies and muscular dystrophies[END_REF][START_REF] Romero | Congenital myopathies[END_REF]. Muscle imaging may become in this context a major diagnostic tool if a recognizable pattern is identified for a genetic entity [START_REF] Quijano-Roy | Congenital Myopathies[END_REF][START_REF] Quijano-Roy | Muscle imaging in congenital myopathies[END_REF]. It may also be performed in relatives to search for similar findings.

Epidemiology -Demographics

The most frequent congenital myopathies are the 'core myopathies' in particular due to RYR1 mutations (prevalence of 0.4/ 100,000) followed by Nemaline myopathies (0.2/100,000). The generalized access of most specialized centers to new molecular techniques makes it likely that prevalence of TTN myopathies will increase in the foreseeable future, although interpretation remains complex (healthy individuals may carry one or more TTN changes) [START_REF] Hackman | Titinopathy Database Consortium. 219th ENMC International Workshop Titinopathies International database of titin mutations and phenotypes[END_REF].

Clinical scenario and Indications for imaging

Muscle imaging has been increasingly used to study patients and search for common patterns in most genetic non-dystrophic myopathies. Although most publications counted only a limited number of patients, recognisable patterns of abnormalities have been identified in many of these disorders (Table 1) [START_REF] Quijano-Roy | WB-MRI muscle study group. Whole body muscle MRI protocol: pattern recognition in early onset NM disorders[END_REF]. The Myo-imaging homogeneity in different gene-mutated myopathies contrasts with their enormous genetic heterogeneity and clinico-pathological overlap. While abnormalities may be very recognisable in lower limbs for some of the myopathies (MFM, RYR1…) [START_REF] Fischer | Distinct muscle imaging patterns in myofibrillar myopathies[END_REF][START_REF] Klein | Muscle magnetic resonance imaging in congenital myopathies due to ryanodine receptor type 1 gene mutations[END_REF][START_REF] Tasca | Muscle imaging findings in GNE myopathy[END_REF], others need scanning distant regions of the body (tongue, neck, axial, upper limb or pelvic muscles) to find more conclusive features and, therefore, whole-body scanning techniques will often be more contributive(figures 2 to 5). This is the case for most congenital myopathies, in particular those presenting with mutations in SEPN1 [START_REF] Hankiewicz | Whole-body muscle magnetic resonance imaging in SEPN1related myopathy shows a homogeneous and recognizable pattern[END_REF], DNM2 [START_REF] Susman | Expanding the clinical, pathological and MRI phenotype of DNM2-related centronuclear myopathy[END_REF], ACTA1 and NEB [18(figures 2 to 5). In patients with a clinical picture characterized by a rigid spine syndrome (RSS), diagnosis may include a number of dystrophic, non-dystrophic and metabolic myopathies [START_REF] Tordjman | Muscular MRI-based algorithm to differentiate inherited myopathies presenting with spinal rigidity[END_REF]. This is particularly true in late onset Pompe disease [START_REF] Carlier | Whole-body muscle MRI in 20 patients suffering from late onset Pompe disease: Involvement patterns[END_REF], myopathies due to mutations in SEPN1, RYR1 [START_REF] Klein | Muscle magnetic resonance imaging in congenital myopathies due to ryanodine receptor type 1 gene mutations[END_REF] , LMNA [START_REF] Gómez-Andrés | Pediatric laminopathies: Whole-body magnetic resonance imaging fingerprint and comparison with Sepn1 myopathy[END_REF] , MYH7 [START_REF] Dabaj | Clinical and imaging hallmarks of the MYH7-related myopathy with severe axial involvement[END_REF] , TTN (MERRF) and CMD due to LAMA2 and COL6 gene defects [START_REF] Quijano-Roy | WB-MRI muscle study group. Whole body muscle MRI protocol: pattern recognition in early onset NM disorders[END_REF]. It is relevant that certain of these genes have a very large size (NEB, TTN, RYR1), and present important difficulties to interpret results obtained by gene sequencing or even using new molecular techniques. Muscle imaging may then guide and/or complete the information obtained by other means, offering very useful and complementary information. For all these reasons, muscle imaging is becoming a first-line diagnostic tool. In addition to the exploration of muscles, whole-body techniques can detect non-muscular associated abnormalities, which may be diagnostically helpful in certain rare myopathies (STIM1-asplenia; TPRV4skelettal abnormalities, vertebral bodies, constitutional bone malformations) or reveal non-muscular diseases with pseudo-muscular symptoms (paraneoplasic muscle weakness, slipped capital femoral epiphysis in young overweight children) [START_REF] Noury | Tubular aggregate myopathy with features of Stormorken disease due to a new STIM1 mutation[END_REF][START_REF] Echaniz-Laguna | Phenotypic spectrum and incidence of TRPV4 mutations in patients with inherited axonal neuropathy[END_REF][START_REF] Carlier | Whole-body muscle MRI (Imagerie musculaire corps entier) (French)[END_REF].

Imaging technique and recommended protocol

The initial use of MRI dates back more than 20 years and permitted only limited and segmental studies with a slow rate of image acquisition. Even early studies demonstrated the superiority of MRI compared to CT for the detection of early intramuscular changes and the description of patterns of certain diseases [START_REF] Schedel | Imaging techniques in myotonic dystrophy. A comparative study of ultrasound, computed tomography and magnetic resonance imaging of skeletal muscles[END_REF][START_REF] Lamminen | Magnetic resonance imaging of primary skeletal muscle diseases: patterns of distribution and severity of involvement[END_REF][START_REF] Lamminen | Acute rhabdomyolysis: evaluation with magnetic resonance imaging compared with computed tomography and ultrasonography[END_REF]. Most MRI machines currently in use permit whole body MRI (WBMRI) imaging and provide a comprehensive analysis of muscle involvement via contiguous axial sections extending from head to toe and coronal sections from the anterior to the posterior surface of the body [START_REF] Quijano-Roy | WB-MRI muscle study group. Whole body muscle MRI protocol: pattern recognition in early onset NM disorders[END_REF][START_REF] Carlier | Whole-body muscle MRI in 20 patients suffering from late onset Pompe disease: Involvement patterns[END_REF] . As a general rule, WBMRI will be particularly useful in patients´diagnostics in Congenital Myopathies. Both 1.5T and 3T magnet systems can be used in order to perform clinical studies to detect patterns /pointing at one or a group of disease entities. To cover the entire body, a network of coils is used (head-neck, posterior coils of the table and surface coils positioned above the patient).

3T systems offer the opportunity to have increased signal to reduce the acquisition time or to increase the in-plane resolution. The smaller the anatomical structure, the higher resolution is required. For example, the distal leg of an affected child with myopathy requires a higher resolution than the thigh of an adult [START_REF] Quijano-Roy | WB-MRI muscle study group. Whole body muscle MRI protocol: pattern recognition in early onset NM disorders[END_REF][START_REF] Straub | TREAT-NMD workshop: pattern recognition in genetic muscle diseases using muscle MRI: 25-26 February 2011[END_REF][START_REF] Jarraya | Whole-Body muscle MRI in a series of patients with congenital myopathy related to TPM2 gene mutations[END_REF]. The challenge between acquisition time and quality of images is important and has to be protocolled by experienced musculosketetal radiologists and technicians. It is particularly important in young children with CMs. Examinations can be performed from first weeks of life with appropriate technical means. Some studies with insufficient spatial resolution are not able to properly distinguish thin muscles from the neighbouring muscles or to detect subtle fatty muscle infiltration in early stages of diseases and are not sensitive enough. A "normal" study with a technically poor resolution is not a normal study, but a technically poor study. The field of study should span from the temporalis muscle in the head to the small intrinsic muscles of the feet. The reference plane of assessment on MRI remains the axial plane for T1weighted or fat images as well as for T2 fat saturated images. It is difficult to accurately compare T1 and T2 weighted images acquired in different planes or with different thicknesses or locations. If the patient's condition and the machine time allow, a frontal plane study can be performed. This plane has the advantage of being able to detect the associated spinal deformities and to better assess certain muscle groups [START_REF] Quijano-Roy | WB-MRI muscle study group. Whole body muscle MRI protocol: pattern recognition in early onset NM disorders[END_REF][START_REF] Quijano-Roy | Muscle imaging in congenital myopathies[END_REF]. However, MRI patient positioning may require adjustment in patients with neuromuscular disease in order to obtain optimal images [START_REF] Carlier | Whole-body muscle MRI (Imagerie musculaire corps entier) (French)[END_REF].

The coronal examination can be achieved using 3D T1 weighted sequences, which supplies multiplanar reconstructions. Such reconstructions are useful in case of difficult patient positioning or deformities for recovering normal symmetry and anatomy which is important for analyzing muscles. The 3D study is also suitable for muscle volume measurements. Studies in the axial and in the coronal planes are divided into levels or "stacks" of exploration [START_REF] Carlier | Whole-body muscle MRI (Imagerie musculaire corps entier) (French)[END_REF]. These levels are grouped for continuous scrolling in the axial plane and for a full-body frontal reconstructed image in the coronal plane. For thoracic and abdominal levels, the acquisition will be divided into coordinated breathing and controlled apneas if tolerated by the patient. This makes it possible to obtain images free of artifacts of respiratory movements.

WBMRI acquisition must take into account 1) the duration of the sequences varying from one machine to the other and 2) the time required to install patients in the MRI, which increases with the severity of their deficit (i.e. degree of weakness, respiratory insufficiency requiring ventilation during the examination). Calming and persuading a child and managing premedication may also be timeconsuming [START_REF] Quijano-Roy | WB-MRI muscle study group. Whole body muscle MRI protocol: pattern recognition in early onset NM disorders[END_REF][START_REF] Carlier | Whole-body muscle MRI (Imagerie musculaire corps entier) (French)[END_REF]. However, use of an MRI core with a larger tunnel, allows a parent and a child to be placed for image acquisition ; the child can thus be reassured and sedation decreased/eliminated because the parent is present.

Protocols should be directed to obtain good quality of tissue contrast in order to explore the presence of fibroadipose infiltration and muscle water content abnormalities. For the past few years, Dixon techniques have been increasingly used. Interestingly, fat-only images obtained with Dixon are quite similar to T1 weighted images, offering equivalent qualitative information (diagnostic purposes), but allowing at the same time the possibility of measuring the fat content inside muscles. Fat content may increase in the course of these disorders and, therefore, be very relevant in follow-up studies or when therapies are proposed. STIR sequences are still the most generalized sequences used to detect increased intramuscular water content (edema, inflammation), which is a key diagnostic abnormality in certain non-dystrophic myopathies. Again, water-only images by Dixon techniques may offer similar information. Currently, it is possible to use a combination of equivalents of T1 weighthed and STIR sequences in a single sequence (IDEAL T2 sequence) [START_REF] Ren | MR imaging of the spine at 3.0T withT2-weighted IDEAL fast recovery fast spin-echo technique[END_REF][START_REF] Murakami | Postsurgical spinal magnetic resonance imaging with iterative decomposition of water and fat with echo asymmetry and least-squares estimation[END_REF][START_REF] Tomura | T2-weighted IDEAL fast spin echo imaging of the brachial plexus: comparison with STIR[END_REF](Figure 7). This allows a significant reduction of the acquisition time, since all the assessment is done in the same slice.

Interpretation, checklist and structured reporting

When addressing the image analysis , different aspects have to be considered by the radiologist in order to: 1) Explore the possibility of a myopathy 2) Assess systematically muscle and other organs 3) Perform a complete description of muscles and other organs included in the examination. To undertake this sequential procedure it is important to obtain from clinicians the main phenotypical informations and have some clues if possible about the suspected type of genetic myopathy to be considered. This will allow comparison of the most likely myopathy patterns and labortion preparation of a more meaningful report. Clinical discussion or standard forms are useful for this purpose [START_REF] Carlier | Whole-body muscle MRI (Imagerie musculaire corps entier) (French)[END_REF]. A systematic and standardized scoring of the different muscles and muscle groups is mandatory. Signal intensities, texture and volume abnormalities observed in the muscles should be identified and scored or described. Different semiquantitative visual rating scales have been established and are being used in clinical practice and for research purposes. With respect to the muscle signal intensities, T1w sequences (or equivalent Dixon fat-only images) may detect different degrees of fibroadipose infiltration (fatty degeneration) by showing abnormal hypersignal. We estimate a 4 point score to be a sufficient discriminant and easier to perform in the clinical practice of an expert center than the classic 5 point scale proposed in publications for research purposes. Assessing muscle volume is much more challenging than evaluating muscle signal intensities. As a general rule, atrophy seems more diagnostic than hypertrophy (compensatory phenomenon in preserved muscles), and one should be attentive to the presence of marked abnormalities of the muscle volumes in a given region or between different regions. Muscle atrophy or even loss may have a high diagnostic impact in a number of nondystrophic myopathies and may be even more indicative than signal abnormality in mildly affected patients (i.e. atrophy or absence of semimembranosus muscle in SEPN1-myopathy) [START_REF] Hankiewicz | Whole-body muscle magnetic resonance imaging in SEPN1related myopathy shows a homogeneous and recognizable pattern[END_REF]. A 4 point scoring system for atrophy seems to be an adequate discriminant (normal, mild, moderate, severe).

Texture may give also interesting information and can be described in the general report (bands, porcelain-like, punctuated and watercolor fatty infiltrations…..). Finally, assessment of the presence or absence of inflammation or edema is also possible if axial STIR or equivalent sequences (Dixon onlywater) have been included. All these scores may be collected in standardized forms [START_REF] Carlier | Whole-body muscle MRI (Imagerie musculaire corps entier) (French)[END_REF]. For the final report, a systematic order of sections is important, including indication, technique, results and conclusions [START_REF] Carlier | Whole-body muscle MRI (Imagerie musculaire corps entier) (French)[END_REF]. In addition to muscles other systems and organs (brain, spine, joints, bones) included in the scanning views should be systematically analyzed and reported [START_REF] Carlier | Whole-body muscle MRI (Imagerie musculaire corps entier) (French)[END_REF].

Pattern Recognition in CMs

Based in our experience in this group of myopathies, and in the previous published studies, muscle patterns on MRI seem to be more homogeneous and recognisable when considering a mutated gene than when considering a type of myopathy (clinical or histological phenotype). Therefore, pattern description will be described here taking into account the involved gene, after a brief description of the type of associated myopathies.

When addressing a pattern analysis in a patient with unknown clinical diagnosis, it is important to observe the degree of severity of the patient`s involvement in order to search for the most informative muscles. Early affected muscles will be more useful in mildly affected patients (positive pattern), while those better preserved will be more relevant in advanced disease (negative pattern) [START_REF] Carlier | Whole-body muscle MRI (Imagerie musculaire corps entier) (French)[END_REF]. In addition, it may be helpful to reduce the number of patterns to compare, by collecting clinical and histological information and identifying those genes that are more likely to be involved in the myopathy. Therefore, the clinical Myo-imaging approach and the inter-disciplinary collaboration between the clinician and musculo-skeletal or neuro radiologists may contribute to obtain a more optimal use of muscle imaging facilities [START_REF] Carlier | Whole-body muscle MRI (Imagerie musculaire corps entier) (French)[END_REF]. It is also useful to count on a database of images in the reference center or in a network of reference centers or from plublished cases, to search for similar features to compare [START_REF] Carlier | Whole-body muscle MRI (Imagerie musculaire corps entier) (French)[END_REF].In such data bases, various cases in various stages of the diseases are often available and comparisons could be easier. Some large databases are under construction (COST Action BM1304, MYO-MRI SCAN BANK). Myoimaging may also be used after acquisition of genetic results, when there are doubts on the pathogenicity of the molecular changes. In this case muscle MRI is performed to search for a consistent pattern with the mutated gene(s).

Up to now, most myopathy patterns have been described based on a limited number of cases. Better definition of myopathy patterns is possible by using serial analysis of semi-quantitative or automated muscle scorings, from large series of patients mutated in the same gene and at different stages of the disease. Identifying "imaging fingerprints" in different myopathies seems to be a major step in pattern recognition techniques. Recently, we have found that heatmaps representation using statistical softwares [START_REF] Hankiewicz | Whole-body muscle magnetic resonance imaging in SEPN1related myopathy shows a homogeneous and recognizable pattern[END_REF] provides a precise and global view of the MRI muscle semi-quantitative scoring in a series of patients. By this method, it is possible to compare different examinations at a glance. Results in a candidate patient can be compared with the heatmaps from a series of patients affected with the suspected myopathy. We have identified in our group the usefulness of at least 2 types of heatmap representations, the "regional" and the "hierarchical heatmaps" [START_REF] Gómez-Andrés | Pediatric laminopathies: Whole-body magnetic resonance imaging fingerprint and comparison with Sepn1 myopathy[END_REF] (Figure 6). In the 'regional heatmaps', muscles are listed through the different regions of the body (head, neck, shoulder, upper limbs, trunk, pelvis, thigh, and lower leg), so this approach is very intuitive and useful in clinical practice. It can be the way to represent a myopathy "fingerprint" and it is possible to compare visually different entities. The "hierarchical heatmaps" assess muscles according to similarities or dissimilarities. Although less evident and intuitive, this type of heatmap offers the possibility of considering the relationships between abnormalities in different muscles and may reveal and quantify therefore hidden relationships, tendencies, and profiles. The "hierarchical heatmaps" allow processing and classification of large numbers of muscles, which is critical for moving forward in defining and identifying patterns of muscle involvement in different myopathies [START_REF] Gómez-Andrés | Pediatric laminopathies: Whole-body magnetic resonance imaging fingerprint and comparison with Sepn1 myopathy[END_REF][START_REF] Hankiewicz | Whole-body muscle magnetic resonance imaging in SEPN1related myopathy shows a homogeneous and recognizable pattern[END_REF]. Furthermore, development of automated algorithms should be possible, based on the result of big data analysis including machine learning techniques, providing identification of key muscles pivotal to distinguishing a disease from others [START_REF] Gómez-Andrés | Pediatric laminopathies: Whole-body magnetic resonance imaging fingerprint and comparison with Sepn1 myopathy[END_REF][START_REF] Hankiewicz | Whole-body muscle magnetic resonance imaging in SEPN1related myopathy shows a homogeneous and recognizable pattern[END_REF][START_REF] Tordjman | Muscular MRI-based algorithm to differentiate inherited myopathies presenting with spinal rigidity[END_REF][START_REF] Dabaj | Clinical and imaging hallmarks of the MYH7-related myopathy with severe axial involvement[END_REF].

RYR1-related myopathies

The ryanodine receptor type 1 protein is responsible for the release of calcium from the sarcoplasmic reticulum required for excitation contraction coupling in skeletal and cardiac muscles. Mutations in RYR1 have been associated with a variety of CMs and also with malignant hyperthermia (MH). CMs related to RYR1 include central core disease (CCD), multi-minicore disease (MmD), centro-nuclear myopathy (CNM), congenital fiber type disproportion (CFTD) and core-rod myopathy. Autosomal dominant and recessive mutations have been described. Muscle biopsies of patients with RYR1 mutations vary widely even within families and in the same patient over time.

RYR1-muscle MRI PATTERN:

A lower limb pattern may be very recognisable, even in mildly affected patients [START_REF] Klein | Muscle magnetic resonance imaging in congenital myopathies due to ryanodine receptor type 1 gene mutations[END_REF] . In the thigh, there is diffuse involvement with sparing of the gracilis, adductor longus, rectus femoris (at least in relation to vasti), and semitendinosus muscles. The sartorius may be variably affected. In the legs, the soleus muscle is markedly and selectively affected. Using whole-body imaging techniques, RYR1mutated patients show often a wasting of the masticator muscles (temporal, lateral and medial pterygoid and masseter muscles), and a fatty infiltration of the neck extensors, biceps brachii, lumbar paravertebral muscles and gluteus maximus (Figures 2 A andB). Recessive RYR1mutated patients associated with ophthalmoplegia may not display this typical pattern. Clinical overlap is observed with other congenital myopathies and congenital muscular dystrophies [START_REF] Quijano-Roy | WB-MRI muscle study group. Whole body muscle MRI protocol: pattern recognition in early onset NM disorders[END_REF] , in particular, patients with mutations in SEPN1, DNM2, CACNA1S (see patterns below), LMNA and COL6 genes. Interestingly, mild type 3 spinal muscular atrophy patients may have a pseudo-myopathic phenotype and show similar findings on the thigh level as RYR1 pattern, although there is often a selective hypertrophy of the adductor longus muscle. Concerning the muscle biopsy, other conditions such as denervation diseases, malignant hyperthermia, MYH7-or TTN-myopathies may also show cores.

However, imaging features are different, pointing out the potential of Myo-MRI to distinguish them from RYR1 patterns (see patterns below).

SEPN1-related myopathies

Seleloprotein N is a glycoprotein localized in the endoplasmic reticulum and is involved in various antioxidant defense systems and several metabolic pathways, including redox-regulated calcium homeostasis. It has been suggested that selenoprotein N plays a role in embryogenesis and might be a key regulator of satellite cells function in skeletal muscle tissue. SEPN1 mutations were initially described in patients with congenital muscular dystrophy presenting with selective spinal rigidity (Rigid spine syndrome muscular dystrophy type 1, RSMD1). Later on, SEPN1 mutations were also reported in patients with identical clinical picture but different histological features (mini-cores, Mallory-body like, CFTD) SEPN1-muscle MRI PATTERN: An SEPN1 myopathy 'fingerprint' has been described using heatmaps [START_REF] Hankiewicz | Whole-body muscle magnetic resonance imaging in SEPN1related myopathy shows a homogeneous and recognizable pattern[END_REF]. It is characterized by a selective axial involvement and systematic analysis of a large series of patients identified by a striking involvement of semimembranosus muscle, which may be severely atrophic or even absent. There is fibroadipose infiltration of paraspinal, intercostal, abdominal, and gluteal muscles and reduced volume of the sternocleidomastoid muscle (neck). In the lower limbs, semimembranosus may be the only affected muscle in mildly involved patients, but often there is fatty infiltration of sartorius, biceps femoris and adductor magnus (Figures A andB, Table 1). Lower leg is only affected in later stages showing an infiltration of gastrocnemii. When the vastus lateralis is affected in later stages, SEPN1 pattern may resemble the RYR1 pattern in the thigh, but axial and lower limb features make the difference. Due to the risk of 'hidden' life-threatening respiratory complications, it is important always to consider this entity in the differential diagnosis of any patient with axial predominant weakness or spinal stiffness. This particular phenotype (RSS and respiratory failure in an ambulant patient) is also observed in Pompe disease due to acid maltase deficiency and in HMERF (TTN)). It may be also observed in nemaline myopathy patients with scoliosis and in early stages of congenital muscular dystrophies due to LMNA, LAMA2 or COL6 mutations, when phenotypes are moderate and children acquire walking. Neuromuscular imaging, particularly using whole-body techniques, shows distinct profiles of muscle involvement in all these entities and is therefore a very helpful tool to approach genetic diagnosis of RSS [START_REF] Tordjman | Muscular MRI-based algorithm to differentiate inherited myopathies presenting with spinal rigidity[END_REF].

MTM1 -related myopathies

Most patients are infant boys affected by the more severe X-linked form, but this may affect to a lesser severity males and carrier females with centronuclear myopathy and may show necklace fibres.

MTM1 -muscle MRI PATTERN:

There are no published imaging findings of the severe neonatal form in boys. Lower limbs CT imaging and MRI of patients with milder forms in males and females showed marked abnormalities in the gluteus, a diffuse involvement of the thigh and posterior leg (biceps femoris and semimembranosus), adductor magnus and vasti intermedius and medialis, with a relative sparing of the gracilis, sartorius, rectus femoris, and vastus lateralis. However, this pattern is still to be fully defined. In the lower leg, the soleus muscle seems to be the most affected muscle so that there is some overlap with the RYR1 pattern. Asymmetry is also common in women.

DNM2 myopathy

Mutations inDNM2 cause gene of the autosomal-dominant centronuclear myopathy. DNM2 is a

GTPase that interacts with actin and microtubule networks and is involved in endocytosis and intracellular membrane trafficking. DNM2 -myopathy may present, in severe early cases, identical histological features as MTM1-myopathy, so that imaging may help distinguishing, in particular if the affected subject is a boy.

DNM2-muscle MRI PATTERN:

Whole-body muscle MRI is useful because of selective involvement of masticator muscles (lateral pterygoid and temporal), axial (cervical and lumbar paraspinal) and distal limb muscles (deep forearm compartment and soleus, peroneus, and tibialis anterior muscles). Girdles and proximal muscles are much more spared, except for the gluteus minimus in the pelvic girdle and the semimembranosus muscle in the thigh [START_REF] Susman | Expanding the clinical, pathological and MRI phenotype of DNM2-related centronuclear myopathy[END_REF] (Figures 2A andB, Table 1).

ACTA1-related myopathies

Actin is a major part of the intracellular cytoskeleton. It forms the core of the thin filament, where it interacts with myosin (the major component of the thick filaments) and many other associated proteins to form the contractile apparatus. Muscle biopsies in patients with ACTA1 mutations may show a wide range of abnormalities (CFTD, nemaline myopathy, rod myopathy, core-like, cap disease).

ACTA1 muscle MRI PATTERN: there is limited data. WBMRI in an ambulatory patient showed diffuse involvement of head, axial proximal and distal regions of the body (Figure 4, Table 1). Selective and marked infiltration in several muscles marks the pattern: tongue, pectoral, latissimus dorsi, gluteus maximus, sartorius, and tibialis anterior muscles. Gastrocnemii tend to be spared in comparison to soleus. Sternocleidomastoid muscles may have severe volume reduction.

NEB-related myopathies

Nebulin is an actin-binding protein which is localized to the thin filament of the sarcomeres in skeletal muscle. It is a very large protein. It is believed that nebulin acts as a thin filament "ruler", regulating thin filament length during sarcomere assembly. Nebulin has also been shown to regulate actin-myosin interactions. Most Nebulin myopathy patients show nemaline rods in the muscle biopsy, but several cases of cores & rod and cap disease have been published [START_REF] Romero | Core-rod myopathy caused by mutations in the nebulin gene[END_REF].

NEB muscle MRI PATTERN: there is limited data. Considering the clinical heterogeneity that is observed and the few published descriptions, there may exist several imaging profiles. Most descriptions are available in lower limbs. WBMRI in a short series showed involvement of head and distal limb muscles [START_REF] Quijano-Roy | WB-MRI muscle study group. Whole body muscle MRI protocol: pattern recognition in early onset NM disorders[END_REF][START_REF] Romero | Core-rod myopathy caused by mutations in the nebulin gene[END_REF]. Selective and marked infiltration of tongue, lateral pterygoid muscle, gluteus maximus, and diffuse lower leg sparing gastrocnemii muscles was described. The pattern may mimic ACTA1myopathy, although in this case, a more diffuse and early fatty infiltration seems to appear and topography of abnormalities seems inversed in lower limbs, being predominantly proximal in patients with ACTA1 mutations, while distal involvement is more marked in NEB mutated cases (Figure 3, table 1).

TPM2 & TPM3-related myopathies

Tropomyosins are dimers of coiled-coil proteins that provide stability to actin filaments and regulate access of other actin-binding proteins. Mutations in TPM2 and TPM3 have been described in patients with very variable clinical presentations, from arthrogrypotic syndromes and retractile myopathies to floppy infant and pseudomyasthenic phenotypes. Muscle biopsy shows most often features of nemaline myopathy. Cap disease and CFTD have also been reported.

TPM2 & TPM3 muscle MRI PATTERN:

Data is limited, particularly in TPM3. In a series of TPM2-mutated patients , a recognizable pattern using whole-body MRI was not present, probably due to a great clinical heterogeneity, suggesting that there exist several MRI patterns [START_REF] Jarraya | Whole-Body muscle MRI in a series of patients with congenital myopathy related to TPM2 gene mutations[END_REF]. Nevertheless, masticator muscles (temporal and pterygoid) and distal lower leg muscles (soleus, flexor digitorum, and tibial anterior) were affected in most cases. Proximal muscles were more spared (except for sartorius, rectus femoris, vastus lateralis, and semimembranosus).

TTN-related myopathies

Titin is a giant protein, coded by the largest known gene (363 exons), and is responsible for the passive elasticity and stiffness of muscle. Titin is important in the contraction of striated muscle tissues and contributes to force transmission. Titin mutations are associated with almost any phenotype observed in early myopathies or dystrophies, including arthrogryposis and retractile phenotypes, (childhoodjuvenile onset Emery-Dreifuss-like phenotype without cardiomyopathy), distal weakness (Late-onset autosomal dominant tibial muscular dystrophy or TMD or Udd Distal myopathy), respiratory failure (HMERF), early cardiomyopathy (early onset multi-minicore disease with lethal cardiomyopathy, or MmDHD or Salih muscular dystrophy), severe limb girdle weakness (LGMD2J), and even isolated cardiac failure (dilated or hypertrophic cardiomyopathies). Histological findings are also very heterogeneous (myofibrillar myopathies (MFM), rods, minicores, central nuclei, fingerprint myopathy, cytoplasmic bodies).

TTN-muscle MRI PATTERN:

The genetic diagnosis of titinopathies has been very difficult until recently, and therefore there is rather limited data on MRI findings. T1W MRI acquisitions in the axial plane often show muscles with all-or-none texture (normal signal in non-affected muscles versus severe infiltration or homogeneous "porecelaine-like" hypersignal in affected muscles. Independently of the phenotype, the semitendinous muscle seems to be particularly affected in titinopathies. In HMERF, in addition, there is typically involvement of serratus anterior (trunk), gracilis and sartorius (thigh), gluteus minimus and medius and obturator (pelvic) and tibialis anterior and peroneus (leg) [START_REF] Klein | Muscle magnetic resonance imaging in congenital myopathies due to ryanodine receptor type 1 gene mutations[END_REF].

CACNA1S myopathy

This gene encodes one of the five subunits of the slowly inactivating L-type voltage-dependent calcium channel in skeletal muscle cells. Mutations in this gene have been associated with hypokalemic periodic paralysis, thyrotoxic periodic paralysis, malignant hyperthermia susceptibility and more recently with a centronuclear myopathy with ophthalmoplegia.

CACNA1S muscle MRI PATERN:

There is limited data obtained from a single publication. Patients showed mild signal abnormalities or preferential involvement of the peroneal muscles in the leg [START_REF] Maggi | Imaging alterations in skeletal muscle channelopathies: a study in 15 patients[END_REF].

MYH related myopathies

The MYH7 gene encodes slow/b-cardiac myosin heavy chain (MyHCI) expressed in slow muscle fibers (type 1) as well as in the heart ventricles. MyHCI is the molecular motor of muscle and forms the backbone of the sarcomere thick filaments. Myosin heavy chain 7 (MYH7)-related myopathies are emerging as an important group of muscle diseases of childhood and adulthood. Mutations in the head and neck domains are a well-established cause of hypertrophic cardiomyopathy whereas mutations in the distal regions have been associated with a range of skeletal myopathies with or without cardiac involvement, including Laing distal myopathy and Myosin storage myopathy. Muscle biopsy may show variable features (hyaline bodies, eccentric cores, MFM-or non-specific features). In addition to other distal myopathies and inherited neuropathies, MYH7-related myopathies may show axial involvement, and there are rigid spine syndrome phenotypes overlapping with SEPN1 and RYR1 mutations s [START_REF] Dabaj | Clinical and imaging hallmarks of the MYH7-related myopathy with severe axial involvement[END_REF] (Figure 5, Table 1).

MYH7 muscle MRI PATTERN:

Distal phenotypes typically affect the anterior compartment of the lower leg (tibialis anterior and extensor digitorum longus) and later on the soleus. In the arms, there is fatty infiltration of the anterior compartment of the forearm (finger extensors). In more diffusely affected patients, there are additional cervical and axial regions involved (tongue, neck and thoracic extensors, sternocleidomastoid muscles), pelvic (gluteus minimum and tensor fascia lateae), thigh (adductor longus, sartorius, gracilis and short head of biceps femoris muscles) (Figure 6). A striking band of fibroadipose infiltration within a relatively preserved tissue is observed in particular in soleus muscles as an "inverted collagen VI sign" [START_REF] Dabaj | Clinical and imaging hallmarks of the MYH7-related myopathy with severe axial involvement[END_REF]. Also, certain muscles show heterogeneous distribution of the fatty infiltration within the muscle, which seems partially preserved at the edge (adductor longus, gracilis).

Therapeutic Perspectives

Currently, there is no specific treatment available in CMs. Certain drugs which enhance the neuromuscular junction in genetic myasthenic syndromes such as salbutamol (albuterol, salbutamol) have shown positive effects in some CMs (RYR1, TMP2, TPM3, STAC3, DNM2-myopathies). Advancing our understanding of the physiopathologic mechanisms in myopathies and in the conception of animal models with abnormalities in different genes responsible for these disorders, may allow identifying molecules with therapeutic potential. Since quantified Myo-imaging in serial examinations may detect beneficial changes earlier than clinical tools in myopathies, intense research is undergoing in the field.

Conclusion:

Accurate technical acquisition of images managed by the radiologist and the imaging technicians is essential to obtain interpretable and reproducible results over time, which is important for obtaining accurate data for pattern recognition, natural history studies or trials assessing therapeutic response In head and neck (A ; I ; Q) the sterno-cleido-mastoidian muscle is very atrophic in SEPN1(A) and normal in RYR1 and DNM2. Selective involvement of the lateral pterygoid muscle is well detectable in DNM2 in coronal view(Q).In upper limbs (D, E, F ; L, M, N ; T, U, V ), biceps muscle is most affected in RYR1 and deep forearm muscles in DNM2-myopathy (white arrow in U). In lower limbs (G, H ; O, P; X, Y), involvement is similar in SEPN1-and RYR1-myopathy at the thigh (G and O), with diffuse involvement sparing RF, gracilis and ST, while DNM2-myopathy has only significant involvement of ST (X). Leg shows selective soleus hypersignal in RYR1-myopathy (P) and diffuse involvement in DNM2-myopathy with only gastrocnemii and popliteal muscles spared (Y). At the shoulder level severe selective hypersignal of dorsal paraspinal muscles is observed in SEPN1-(white arrow in C) and DNM2-(S), while RYR1myopathy has mild diffuse involvement(k). Lumbar and pelvic levels (E, F ; M, N ; U, V) show similar distribution of abnormalities in lumbar paraspinal and gluteal muscles, being less severe in DNM2myopathy (U, V). Concerning subcutanous fat, note the diffuse lipoatrophy in the SEPN1 patient (B to H and B'-B''). In head area, NEB myopathy shares infiltration of tongue, well visible on sagittal(B) and axial (D) views as well as lateral pterygoideus muscles (C).

LEGENDS OF FIGURES.

There is a huge and diffuse atrophy particularly typical in forms with early onset. Fatty infiltration is not visible in all muscle but atrophy is diffuse(see table 1).

Fatty infiltration except in head area is predominant in posterior compartment of the thighs (H) and in tibialis anterior and soleus (I) in lower legs. In head area, ACTA1 myopathy shares infiltration of tongue as well as lateral pterygoideus muscles (C, D). The fatty infiltration is less pronounced at the same age than in figure 3 in a case of NEB myopathy.

As in lot of CMs atrophy is more pronounced than fatty infiltration.

The fatty infiltration is particularly visible in soleus in lower legs(J). In the 'Regional heatmaps', muscles are listed from up to down in a predefined way following their anatomical position in the body from head to feet and are organized by body segments (head, neck, shoulder, upper limbs, trunk, pelvis, thigh, and lower leg). It is useful in clinical practice because anatomical and different entities may be compared. The "hierarchical heatmaps" arrange muscles in a graphic according to similarity of muscle involvement (close) or dissimilarity (far). This type of heatmap offers the possibility of considering the relationships between abnormalities in different muscles and may reveal and quantify therefore hidden relationships, tendencies, and profiles depending of the region of the heatmap inspected. (Courtesy of D. Gomez-Andrés) A network of head coil, surface coils and coils inserted into the MRI table allows covering the entire body from head to toes in six consecutives stacks without any repositioning of the patient. The spatial resolution and signal to noise are excellent. It is not necessary to perform brain examination in order to detect brain white matter abnormalities (useful in congenital muscular dystrophies such as dystroglycanopathies and merosinopathies). The duration time of the examination is 35 minutes for about 300, 5 mm thick images. Fat images, on the left (A to G), show the same features as T1 weighted images, and water images, on the right (H to N), show the same features as STIR for qualitative analysis; Fat content measurement is possible with the fat images. 
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Table 1
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	Gene	Head-Neck	Shoulder gridle	Arm	Lower arm	Trunk	Pelvic girdle	Thigh	Leg	Key Muscles
	SEPN1	SCM (atrophy)	NS	NS	NS	Paraspinal thoracic > Lumbar	Glu M	SM (atrophy, ABSENCE) Other : Sartorius, AM, BF	Gastroc (fat)	SCM (atrophy) Axial & Glu M (fat) SM (atrophy)
						Paraspinal				Soleus (fat)
	RYR1	NS	NS	Biceps> triceps	NS	Lumbar > thoracic	Glu M	Vastii and posterior thigh (fat) SPARED RF, AL and ST	Soleus (fat)	Diffuse thigh (fat) with SPARED RF, AL and ST
	DNM2	Pter .L. (fat) SCM (atrophy)	NS	NS	Inner muscles (fat)	Paraspinal thoracic > Lumbar	Glu Min	ST	Soleus, Per, TA (fat)	Pter L (fat) Glu Min. Soleus-Peroneal-TA (fat)
	MTM1	UK	UK	UK	UK	UK	Glu Med	Vastii and posterior thigh (fat) SPARED RF, AL and ST	Soleus (fat)	Similar to RYR1 in lower legs
	ACTA1	Pter .L. (fat) Tongue (fat) SCM (atrophy)	NS Diffuse	NS Diffuse	NS Diffuse	NS Diffuse	NS Diffuse	Sartorius, AM, posterior thigh	TA, Per.	Tongue, Pter L (fat) LL : proximal >distal Sartorius, TA (fat)
	NEB	Pter .L. (fat) Tongue (fat)	NS	NS	NS	NS	Glu M (atrophy)	Atrophy rather than fatty infiltration	TA, Per, Soleus (fat)	Tongue, Pter L (fat) LL : distal >proximal TA-Soleus-per (fat)
	TPM2 & TPM3	Temporal	Variable	Variable	Variable	Variable	Variable	Sartorius	Soleus Ext digitorium	Heterogeneous Temporal-distal leg (fat)
	MYH7	Tongue	NS	NS	Ext (fat)	Neck-Thoracic Paraspinals	NS	Sartorius SPARED AM, AL	TA Soleus (hypersignal within the muscle)	TA, Sartorius (fat) Soleus, "Inverted COL6 sign" Possible axial (fat)
	TIN	Neck Ext	Sarratus Ant.	Variable	Variable	Variable	Glu Min, Glu Med abdominal	ST, Sartorius (fat) Gracilis (atrophy)	TA, TP, Per	Posterior compartment of the thigh (ST) Glu Min, Glu Med Serratus Ant.

Table 1 : Muscle imaging in diagnosis of genetic congenital myopathies, Patterns with key muscles in whole body
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AL : adductor longus ; AM : adductor magnus ; Ant : anterior ; BF : biceps femoris ; Ext digitorum : extensor digitorum ; Gastroc : gastrocnemius ; Glu M : gluteus maximus ; Glu Med : gluteus medianus : Glu Min : Gluteus minimus ; L : Lateralis ; LL : lower limbs ; M : Medialis ; NS : non selective ; Per : peroneus muscles ; RF : rectus femoris ; SCM sterno-cleido-mastoid ; SM : semimembranosus ; ST semitendinosus ; TA : tibialis anterior; UK : Unknown.