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Abstract 

Muscle MRI has an increasing role in diagnosis of inherited neuromuscular diseases, but no 

features are known which reliably differentiate myopathic and neurogenic conditions.  Using 

patients presenting with early onset distal weakness, we aimed to identify an MRI signature to 

distinguish myopathic and neurogenic conditions.  We identified lower limb MRI scans from 
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patients with either genetically (n=24) or clinically (n=13) confirmed diagnoses of childhood onset 

distal myopathy or distal spinal muscular atrophy.  An initial exploratory phase reviewed 11 scans 

from genetically confirmed patients identifying a single potential discriminatory marker concerning 

the pattern of fat replacement within muscle, coined “islands”.  This pattern comprised small areas 

of muscle tissue with normal signal intensity completely surrounded by areas with similar intensity 

to subcutaneous fat.  In the subsequent validation phase, islands correctly classified scans from all 

12 remaining genetically confirmed patients, and 12/13 clinically classified patients. In the 

genetically confirmed patients MRI classification of neurogenic/myopathic aetiology had 100% 

accuracy (24/24) compared with 65% accuracy (15/23) for EMG, and 79% accuracy (15/19) for 

muscle biopsy.  Future studies are needed in other clinical contexts, however the presence of 

islands appears to highly suggestive of a neurogenic aetiology in patients presenting with early 

onset distal motor weakness. 
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Introduction 

In patients presenting with muscle weakness, initial localisation of pathology to the peripheral 

nervous system and subsequent classification as neurogenic or myopathic is generally possible on 

clinical grounds supported by neurophysiology and laboratory investigations such as creatine 

kinase [1].  In cases where these data are conflicting or uninformative, muscle biopsy may be 

helpful but is an invasive investigation and is prone to sampling bias. 

 

In patients with a pure motor distal presentation the distinction between neurogenic and myopathic 

aetiology can be particularly challenging .The distal myopathies are inherited disorders of muscle 

with initial or predominant distal limb weakness with mutations in at least 20 different genes 

identified to [2]. Distal spinal muscular atrophies (SMA), also called distal hereditary motor 

neuropathies, cover a spectrum of clinically and genetically heterogeneous neurogenic diseases 
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characterized by the selective involvement of motor neurons, and, in contrast to proximal SMA, 

involve initially and/or predominantly distal limb muscles suggesting a length-dependent disease 

mechanism.  There are at least 26 causative genes of distal motor neuropathies identified to date 

[3]. 

 

In the past decade there has been increasing evidence that muscle MRI may play an important 

role in the diagnosis of inherited neuromuscular diseases. Specific patterns of muscle involvement 

have been identified in series of patients with primary muscle diseases including congenital 

myopathies and muscular dystrophies [4]. Attention has also recently focused on a possible role of 

muscle MRI in describing patterns of muscle involvement in hereditary neuropathies [5,6].  To date 

publications of muscle MRI in distal SMA [7–9] and distal myopathies [2,10] have been limited to 

small case series with no studies to date systematically analysing a series including cases with 

genetically proven involvement of genes responsible for neurogenic or myopathic conditions.  In 

fact, whether differences on muscle MRI can distinguish myopathic from neurogenic muscle 

abnormalities has not been systematically assessed in any clinical context. 

 

The aim of this study is to address the diagnostic challenge of distinguishing myopathic from 

neurogenic diseases in patients with early onset distal weakness. We hypothesised that 

characteristic MR features could play a central role in accurate diagnostic classification.  In the first 

stage, we assessed multiple imaging features in an exploratory set of patients with genetic 

confirmation of the myopathic or neurogenic aetiology.  In the second stage, we assessed the 

diagnostic accuracy of a criterion identified in a second larger group of patients with distal onset 

weakness whilst blinded to genetic or clinical classification as myopathic or neurogenic, to 

determine the diagnostic accuracy in this separate validation series. 

 

2. Patients and Methods 
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We collated lower limb muscle MRI scans performed since 2003 at Great Ormond Street Hospital 

(London, UK), Hammersmith Hospital (London, UK) and the IRCCS Stella Maris (Pisa, Italy) 

obtained from paediatric patients or their affected parents with childhood onset and either the 

same genetic mutation or clinical phenotype. Scans were included from patients who met the 

following criteria: i) presentation with predominantly distal lower limb weakness; and ii) pathogenic 

mutation in known gene or sufficient clinical data to presumptively define aetiology as either 

neurogenic or myopathic.  Exclusion criteria were predominant proximal weakness; or 

electromyography compatible with myasthenia or myotonia.  All MRI scans were performed 

according to the protocol previously used by our groups using non-contrast axial T1 weighted spin 

echo images of the lower limbs [11].  All but two patients had both thigh and calf level scans 

available for assessment.  One genetically confirmed neurogenic patient had only thigh imaging, 

one genetically confirmed myopathic patient had only calf imaging. 

 

MRI scans from a total of 37 patients aged 3-42 years were identified with these inclusion criteria. 

Nine patients had a genetically confirmed neurogenic condition and 15 patients had a genetically 

confirmed myopathic disorder. The patients in which a causative gene had yet to be identified were 

assigned to the “clinically neurogenic” category if there was evidence of neurogenic abnormalities 

on electromyography and/or muscle biopsy and to the “clinically myopathic” category if there were 

myopathic abnormalities on electromyography and/or muscle biopsy.  By this means 9 patients 

were classified as clinically neurogenic and 4 patients as clinically myopathic. 

 

2.1. Image Analysis 

The study was divided into a first exploratory stage to identify potential MRI features which 

distinguished neurogenic and myopathic cases, and a second validation stage where any features 

identified were applied to a separate set of scans with observers blinded to clinical details 

including diagnosis.  During both phases, scans were reviewed by two neurologists (J.M., A.M.) 
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and two neuroradiologists (T.Y., R.G.), reviewing all available axial T1w slices at thigh and calf 

levels, with assessments performed by group consensus. 

 

In the exploratory first stage 11 scans from genetically confirmed cases with both thigh and calf 

images available (Table 1) were reviewed to determine any discriminatory features with assessors 

aware of myopathic or neurogenic classification.  Initially scans were reviewed for overall quality 

and presence of artefact precluding accurate assessment.  Then they were systematically 

analysed for features hypothesised to potentially distinguish myopathic and neurogenic aetiology: 

 Presence of selective muscle atrophy or hypertrophy 

 Presence of a gradient along the length of a muscle 

 Notable texture of intramuscular fat accumulation within a muscle [12] 

 Any non-muscle imaging features potentially useful diagnostically such as sciatic nerve size 

[13], and subcutaneous fat thickness 

 

The degree of intramuscular fat accumulation of 24 thigh muscles (left and right rectus femoris, 

vastus lateralis, vastus medialis, vastus intermedius, long and short heads of biceps femoris, 

semitendinosus, semimembranosus, adductor longus, adductor magnus, sartorius and gracilis) 

and 14 calf muscles (left and right tibialis anterior, extensor halluces/digitorum longus, peroneus 

longus, soleus, medial and lateral heads of gastrocnemius, tibialis posterior) was also assessed 

using the Mercuri score [14].  However, given the known heterogeneity of muscle involvement 

even for patients with different mutations in the same gene, detailed assessment of muscle pattern 

from these scores was not performed.  Instead, the Mercuri scores were analysed for features 

potentially able to distinguish neurogenic from myopathic aetiology were made, specifically:  

 Relative involvement of thigh and calf 

 Relative involvement of quadriceps and hamstrings 

 Relative involvement anterior and posterior lower leg compartments 

 Total range of Mercuri grades 
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In assessment of relative involvement the median Mercuri grade was determined for each muscle 

group (e.g. thigh and calf) with a difference of at least one grade being considered significant.  

Consensus data from each subject were collected in a score sheet and subsequently reviewed to 

identify markers which could reliably distinguish scans from patients with genetically confirmed 

myopathic and neurogenic aetiology. 

 

The exploratory first phase identified a single potential discriminatory marker between the 

neurogenic and myopathic patient scans.  In the second stage, the same group of examiners 

made a consensus assessment solely for this discriminatory feature in an additional 26 scans 

(table 3) blinded to clinical details including their disease classification.  This validation set 

comprised 5 genetically confirmed neurogenic, 8 genetically confirmed myopathic, 9 clinically 

neurogenic, 4 clinically myopathic patient scans. 

 

Finally, considering the entire cohort of patients with a genetically confirmed diagnosis, diagnostic 

accuracy was determined for EMG, biopsy and MRI determined classification according to the 

formula: accuracy = total cases correctly classified / total number of cases. 

 

 

3. Results 

All scans were of sufficient quality to be assessed and overall scan quality was good, with no 

scans unable to be assessed.  Consensus assessments were reached in all patients. 

 

3.1. First stage: analysis of exploratory set 

 

Eleven patient scans were analysed (median age 15y, range 6-42y) comprising four patients with 

genetically confirmed neurogenic and seven patients with genetically confirmed myopathic 
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aetiology. The clinical features are detailed in table 1a.  Most possible discriminators of myopathic 

versus neurogenic aetiology were not found to be helpful with overlap in the findings for the 

neurogenic and myopathic patients (Table 2).   

 

A previously not described distinctive pattern of intramuscular fat accumulation was observed in all 

patients with neurogenic aetiology but not in any patients with myopathic aetiology.  This pattern 

comprised small areas of muscle tissue with normal signal intensity completely surrounded by 

areas where the intensity was similar to subcutaneous fat (Figure 1). We coined the term “islands” 

to describe the muscle islands within the larger sea of fatty tissue.  This pattern was seen only in 

muscles Mercuri grade 3 or 4.  In the neurogenic group, this pattern was present in a variable 

number of muscles (range 2-24, Table 1) with higher frequency in patients with higher median 

Mercuri grades.  The islands pattern of intramuscular fat accumulation was not seen in any 

muscles from patients in the myopathic group (Figure 2) and although the overall median Mercuri 

grade was generally lower, 5 of 7 patients in the myopathic group had muscles of at least Mercuri 

grade 3. 
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3.2. Second stage: analysis of validation set 

As the presence of “islands” was the only feature which fully discriminated between the myopathic 

and neurogenic groups in the exploratory first stage, this was assessed in the validation set of 26 

scans.  The clinical details of the validation set are outlined in Table 3.  In the validation set, the 

absence or presence of islands correctly classified all genetically confirmed patients as myopathic 

(8 patients) or neurogenic (4 cases) respectively, matching the 100% accuracy in the exploratory 

set.  Considering the clinically defined cases, the presence or absence of islands was consistent 

with the clinical classification in 8 of 9 clinically neurogenic cases and all 4 clinically myopathic 

cases. 

Considering the patients with a genetically confirmed diagnosis from both the first and second 

stage, the diagnostic accuracy of EMG, biopsy and MRI to genetically confirmed neurogenic or 

myopathic aetiology is detailed in Table 4.  MRI by this assessment shows perfect concordance 

with genetic diagnosis, whereas misclassification is present with both EMG and biopsy. 

 

4. Discussion 

In this study we found the appearance of “islands” within moderately to severely fat-replaced 

muscle to be accurate at distinguishing neurogenic and myopathic genetic causes of early onset 

distal leg weakness.  This texture of fat replacement was identified in an exploratory set of patients 

and confirmed in an independent validation cohort in which the assessment was performed in a 

blinded fashion.  The presence or absence of “islands” on MRI correctly categorised all genetically 

confirmed patients, whereas both EMG and muscle biopsy assessment resulted in classifications 

discordant with the confirmed genetic result in 35% and 21% of cases respectively.  

 

The presence of islands has not previously been reported as an MRI feature which distinguished 

neurogenic and myopathic conditions; however its presence is evident in publications of early 

onset distal neurogenic conditions.   Small foci of normal muscle within fatty muscle tissue, what 

we have coined “islands”, were noted in 6 patients with BICD2 mutations who had MRI performed 
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from a larger series of 32 patients [15].  Islands were also apparent in images from 4 BICD2 

patients in a single German family [16].  In a series of 9 muscle MRI scans from 30 patients with 

SMA-LED and DYNH1C1 mutations islands were evident in the figures, but were not specifically 

noted by the authors [17].  For TRPV4, published MRI scans have shown islands including 2 

children [18] and in one patient who underwent MRI from a 4 generation TRPV4 family [19].  In the 

latter report, the authors commented on a “feathering” pattern on coronal images of medial 

gastrocnemius, which may be the appearance of “islands” in longitudinal section.  Interestingly, a 

single patient with a BICD2 mutation reported to be causing a pure myopathy, was not associated 

with islands on MRI, suggesting it is specific to the neurogenic pathophysiology [20].  Islands can 

also be seen in the images from published reports in SMN1 related SMA [9,21] and distal 

hereditary motor neuropathy [9]. Hence, although systematic evaluation in a larger cohort is 

needed to determine the necessary and sufficient conditions for their occurrence, islands seem a 

consistent feature of early onset motor-neuronopathy whether proximal or distal. 

 

It should be noted that patients presenting with hereditary motor and sensory neuropathies 

(Charcot-Marie-Tooth disease) were not included in the present study, as reduced sensory 

responses on nerve conduction studies easily discriminate this condition from distal myopathies.  

However, islands can be seen in published muscle MRI scans of patients Charcot-Marie-Tooth 

Disease 1A and 2A [6] and after childhood polio [28]. Thus islands appear to be a potential feature 

in patients with chronic neurogenic muscle damage due to a range of inherited and acquired 

causes with childhood onset. 

 

One hypothesis for the pathogenic mechanism resulting in the development of “islands” is that 

they represent the giant motor units, noted on EMG in these conditions [19].  In conditions where 

there is significant loss of motor axons, the remaining axons increase both the number and size of 

the myocytes they innervate by cross sprouting and compensatory hypertrophy, whereas 

myocytes without innervation degenerate completely and are replaced by fat, resulting in the 
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observed island appearance.  In 1955, Feinstein and colleagues published seminal data on motor 

unit number and size in human skeletal muscle, including tibialis anterior and medial 

gastrocnemius in the lower limbs.  The latter was reported as having 579 motor axons each 

supplying an average of 1600-1900 myocytes.  This resulted in an estimated cross sectional area 

of a motor unit of 3.4mm2 in healthy individuals [22].  In patients with SMA, the motor unit number 

is greatly reduced, to 1-5% of the control value in SMA2, whilst the motor unit size can be up to 

15x the control value [23].  The “islands” seen in this study, are of the general size and number 

expected extrapolating from these data.  This hypothesis could be tested by performing 

neurophysiological motor-unit number estimation and MRI in the same patients. 

 

We did not identify any patients with early onset distal myopathy exhibiting islands.  One 

explanation for this is that islands are only present in muscles at least Mercuri grade 3 and the 

degree of fat replacement was lower in the myopathic patients in this cohort.  However 5/7 of the 

genetically confirmed patients in the exploratory set had some muscles Mercuri grade 3 and 

reviewing published images in myopathic conditions, we were similarly unable to identify any 

islands in patients with myopathic conditions even with severely fat infiltrated muscles.  It is 

important however to distinguish blood vessels which can appear similar to islands in end-stage 

muscle tissue.  In myopathic conditions the T1 weighted MRI muscle changes appear more 

diffusely distributed, so the pattern is more “moth eaten”, as described in the original Mercuri scale 

[14].  Other patterns of muscle involvement have been described in genetic muscle diseases and 

found to be diagnostically helpful, for example the peripheral pattern of fat replacement seen in 

Bethlem myopathy [12], the semilunar fat replacement in quadriceps in myotonic dystrophy type 1 

[24], or a reticular texture with peripheral sparing in some muscles in LGMD2I [25].  However the 

vast majority of reports on muscle MRI in inherited myopathy, focus on the selective pattern of fat 

infiltration between muscles, rather than the texture within muscles, so the utility of muscle texture 

in distinguishing inherited myopathies is largely unknown. 
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In this study, we undertook qualitative assessment of the muscle MRI scans, but quantitative 

texture analysis of images is an area of increasing research, including muscle MRI [26].  Whilst 

one goal of quantitative texture analysis is to improve quantitative MRI outcome measure 

responsiveness, it has been recently applied to successfully distinguish MRI scans between 

children with Duchenne muscular dystrophy and congenital muscular dystrophy using artificial 

intelligence (convolutional neural networks) [27] further confirming texture analysis provides 

diagnostic information. 

 

There were other potentially discriminating factors including relative muscle hypertrophy seen in 

neurogenic conditions (adductor longus in 3/4 cases), but not myopathic disorders (Table 2); it is 

also possible that this finding relates to the specific gene defects considered in the exploratory 

setting therefore cannot be generalized; however in the literature relative hypertrophy of 

unaffected muscles has also been reported in spinal muscular atrophy due to SMN1 deletion [4]. 

However other factors including presence of a gradient of fat replacement within the muscle, or 

relative involvement of different compartments were not discriminatory.  Hypertrophy of muscles 

can also be difficult to assess as there are no normative data, especially in children. 

 

The major limitation of the present study is the relatively small numbers of genetically confirmed 

cases, and the result needs to be confirmed in larger studies, and also to define the necessary 

and sufficient conditions for islands to occur in neurogenic conditions, for example whether islands 

develop with adult onset neuropathies.  However the discriminatory value of islands was strong in 

both the genetically confirmed and clinically defined cohorts with the only non-concordant case in 

this study was one clinically neurogenic patient in the validation arm of the study where islands 

were not observed (patient 17).  Although this patient had a clinical diagnosis of spinal muscular 

atrophy with predominant lower limb involvement, and EMG suggestive of diffuse motor 

neuropathy, there were other features including pyramidal and cognitive involvement.  Further the 
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scan did not show any muscles with a high degree of fat replacement which is likely necessary for 

the development of the islands pattern. 

 

4.1. Conclusions 

In conclusion the appearance of “islands” on muscle MRI is a powerful predictor of neurogenic 

involvement in patients with early onset distal weakness. Further studies are needed to confirm 

this in broader clinical contexts and to consider the additional diagnostic information which might 

be obtained from other observed textures of fat replacement within muscles in inherited 

neuromuscular disorders. 
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Figure 1. Muscle MRI at thigh (left) and calf (right) level in genetically confirmed neurogenic 

conditions. Note the muscle islands (red arrows). A: TRPV4, B: BICD2, C: DYNC1H1, D-F: 

clinically neurogenic 

 

Figure 2. Muscle MRI at thigh (left) and calf (right) level in genetically confirmed myopathic 

conditions. No muscle islands are seen.  A: MYH7, B: DES, C: MYH2, D: NEB 

 

Table captions 
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Table 1: Clinical and MRI features of exploratory set of patient scans.  All patients were ambulant.  

EMG: electromyography; N: neurogenic; M: myopathic; NP: not performed; D: dystrophic 

Pt Age Gene EMG Biopsy Clinical findings Median Mercuri 
grade  

Number of 
Muscles 
"Islands" 
present 

Thigh Calf 

Genetically confirmed neurogenic 

1 38y DYNC1H1 N N Very mild distal 
weakness 

2a 2a 2/38 

2 15y DYNC1H1 N M Arthrogryposis, lower 
limb weakness, lower 

leg atrophy 

4 3/4 15/38 

3 10y3m DYNC1H1 M M Lower limb weakness 
with lower leg atrophy 

4 4 24/38 

4 11y2m DYNC1H1 M NP Marked distal 
muscular atrophy and 

weakness 

4 3 14/38 

Genetically confirmed myopathic 

5 15y6m MYH7 M M Pes cavus, mild distal 
weakness 

1 1 0/38 

6 8y6m MYH2 M M Mild scapulo-peroneal 
weakness 

2a 2a 0/38 

7 6y6m NEB M M Severe distal 
weaknes, bilateral 

foot drop 

2a 2b 0/38 

8 15y MYH7 M D Mild scapulo-peroneal 
weakness 

2a 1/2a 0/38 

9 16y9m MYH7 M NP Mild scapulo-peroneal 
weakness 

1 1 0/38 

10 42y MYH7 N M Mild scapulo-peroneal 
weakness 

1 2a/2b 0/38 

11 16y MYH7 N NP Lower limb weakness 
with lower leg atrophy 

1 2a 0/38 

 

Table 2: Assessment of possible discriminators between neurogenic and myopathic groups 

Feature Myopathic group Neurogenic group 

Selective muscle hypertrophy or 

atrophy 

Selective atrophy 6/7 

Not present 1/7 

Mixed atrophy/hypertrophy 3/4 

Not present 1/4 

Presence of a gradient of along 

the length of a muscle 

Distal 2/7 

None 5/7 

None 4/4 

Presence of “Islands” texture 

within any muscle 

Present 0/7 

Absent 7/7 

Present 4/4 

Absent 0/4 

Non-muscle features: nerve size, 

subcutaneous fat thickness 

None noted None noted 

Relative involvement of thigh and 

calf 

Thigh > Calf 0/7 

Thigh = Calf 4/7 

Thigh < Calf 3/7 

Thigh > Calf 1/4 

Thigh = Calf 3/4 

Thigh < Calf 0/4 
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Relative involvement of 

quadriceps and hamstrings 

Quadriceps > Hamstrings 0/7 

Quadriceps = Hamstrings 6/7 

Quadriceps < Hamstrings 1/7 

Quadriceps > Hamstrings 3/4 

Quadriceps = Hamstrings 1/4 

Quadriceps < Hamstrings 0/4 

Relative involvement anterior and 

posterior lower leg compartments 

Anterior > Posterior 6/7 

Anterior = Posterior 0/7 

Anterior < Posterior 1/7 

Anterior > Posterior 0/4 

Anterior = Posterior 2/4 

Anterior < Posterior 2/4 

Total range of Mercuri grades 3 grades: 3/7 

4 grades: 2/7 

5 grades:2/7 

4 grades: 1/4 

5 grades: 1/4 

6 grades 2/4 

 

Table 3: clinical and MRI data in validation set.  All patients were ambulant unless otherwise noted.  

EMG: electromyography; N: neurogenic; M: myopathic; NP: not performed 

Pts Age Gene EMG Biopsy Clinical findings Islands 

Genetically confirmed neurogenic 

12 10y6m TRPV4 N N Arthrogryposis, predominant lower limb 
weakness, non-ambulant 

Yes 

13 3y5m DYNC1H1 N N Arthrogryposis Yes 

14 5y8m BICD2 N NP Mild scapulo-peroneal weakness Yes 

15 8y9m BICD2 N M Arthrogryposis, distal lower limb atrophy, non-
ambulant 

Yes 

16 39y3m BICD2 M M Mild scapulo-peroneal weakness Yes 

Clinically Neurogenic 

17 7y5m  N N Distal lower limb atrophy and mild TA 
tightness 

No 

18 8y3m  N N Scapulo- peroneal and hip girdle weakness Yes 

19 10y9m  N N Distal weakness, congenital talipes 
equinovarus 

Yes 

20 17y2m  N Normal Arthrogryposis, lower limb atrophy Yes 

21 41y 2m  N NP Distal weakness with foot drop Yes 

22 2y6m  N NP Congenital talipes, muscle atrophy Yes 

23 11y3m  N NP Mild weakness in the lower limbs Yes 

24 9y8m  ND N Arthrogryposis, very severe distal limbs 
weakness 

Yes 

25 14y4m  N N Arthrogryp.mild weakness in the lower limbs Yes 

Genetically confirmed myopathic 

26 14y TTN M M Distal weakness with foot drop No 

27 4y6m NEB M M Distal weakness with  foot drop No 

28 23y NEB M M Distal weakness with foot drop No 

29 19y BAG3 M NP Severe weakness of lower limbs with foot-
drop 

No 

30 12y TPM3 Normal M Mild distal myopathy No 

31 12y2m BAG3 N M Lower limbs weakness with foot-drop No 

32 15y1m BAG3 N M Bilateral pes cavus and tiptoe walking, distal 
hand weakness 

No 

33 17y MYH7 N M Distal weakness with foot drop No 

Clinically myopathic 

34 36y5m  M M Marked distal weakness No 

35 13y4m  M M Scapulo-peroneal  weakness No 
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36 14y11m  M M Mild distal weakness No 

37 10y10m  M M Mild distal weakness No 

 

Table 4: Overall accuracy of classification by EMG, biopsy and MRI with reference to genetic 

classification.  Results where EMG or biopsy were not performed or were normal are excluded 

from analysis. 

 EMG classification 

Myopathic Neurogenic 

Genetic classification Myopathic 9 5 

Neurogenic 3 6 

Overall accuracy of EMG classification: 65% (15/23) 

 Biopsy classification 

Myopathic Neurogenic 

Genetic classification Myopathic 12 0 

Neurogenic 4 3 

Overall accuracy of biopsy classification: 79% (15/19) 

 MRI classification 

Myopathic Neurogenic 

Genetic classification Myopathic 15 0 

Neurogenic 0 9 

Overall accuracy of MRI classification: 100% (24/24) 

 

 

                  


