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Magnetic resonance imaging‑based 
lower limb muscle evaluation 
in Charcot‑Marie‑Tooth disease 
type 1A patients and its correlation 
with clinical data
Yeo Jin Kim1, Hyun Su Kim2*, Ji Hyun Lee2, Young Cheol Yoon2 & Byung‑Ok Choi3

We aimed to derive comprehensive MRI parameters that reflect intramuscular fat infiltration severity 
for designated lower extremity levels, based on semiquantitative analyses in Charcot‑Marie‑Tooth 
disease type 1A (CMT1A) patients. We reviewed lower extremity MRIs of 116 CMT1A patients. 
Intramuscular fat infiltration grading using the Mercuri scale was performed for the non‑dominant 
lower extremity at three levels (proximal, mid, and distal) for the thigh and at two levels (proximal and 
distal) for the lower leg. Based on MRI results, the following parameters were calculated for each level 
and for entire muscles: fat infiltration proportion (FIP), significant fat infiltration proportion (SigFIP), 
and severe fat infiltration proportion (SevFIP). The relationships between the MRI parameters and 
clinical data were evaluated using Spearman’s correlation analysis. FIP, SigFIP, and SevFIP measured 
for entire muscles significantly correlated with Charcot‑Marie‑Tooth Neuropathy Score (p < 0.001), 
functional disability scale (p < 0.001), 10‑m walk test time (p = 0.0003, 0.0010, and 0.0011), and 
disease duration (p < 0.001). Similar correlations were demonstrated for FIP, SigFIP, and SevFIP 
acquired from the lower leg. Our MRI parameters obtained through semiquantitative analyses of 
muscles significantly correlated with clinical parameters in CMT1A patients, suggesting their potential 
applicability as imaging markers for clinical severity.

Abbreviations
CMT  Charcot-Marie-Tooth disease
PMP  Peripheral myelin protein
FIP  Fat infiltration proportion
SigFIP  Significant fat infiltration proportion
SevFIP  Severe fat infiltration proportion
CMTNSv2  Charcot-Marie-Tooth Neuropathy Score version 2
10-MWT  10-M walk test
FDS  Functional disability scale

Charcot-Marie-Tooth disease (CMT), the most common hereditary neuromuscular disorder, comprises a 
group of genetically and clinically heterogeneous disorders characterized by symmetric distal muscle wasting, 
muscle weakness, and sensory  loss1,2. The most common type of CMT, CMT type 1A (CMT1A), results from 
a duplication of the peripheral myelin protein 22 (PMP22) gene on chromosome  171. There is a substantial 
variability in the clinical course of patients with CMT1A, and a significant age-dependent increase in neurologic 
deficits can  occur2,3; hence, these patients should be examined carefully. Although there is currently no cure 
for the disease, several recent clinical and preclinical studies using therapeutic agents have shown encouraging 
 results4–6. In this regard, it is necessary to develop and establish an objective and reproducible evaluation method 
for patients with CMT1A, including the evaluation of treatment response.
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The clinical assessment of patients with CMT1A has traditionally relied on physical examination and 
electrophysiological  studies1. Owing to the demand for additional clinical information and objective evaluation 
tools, various diagnostic imaging studies have been increasingly employed in clinical  practice3,7,8. Several studies 
have targeted a number of anatomical structures using different imaging techniques in patients with CMT1A 
and reported promising results relating to the use of potential imaging biomarkers for these  patients9–13. An MRI 
evaluation of fat infiltration in extremity muscles has been the most widely used of these techniques not only for 
patients with CMT1A, but also for those with other neuromuscular disorders, as extremity muscle fat infiltration 
is the central pathophysiological mechanism directly linked to the clinical manifestations of  CMT1A7,9,14–17. The 
evaluation of intramuscular fat infiltration using MRI can be accomplished via a semiquantitative or quantitative 
approach. The semiquantitative approach is performed by evaluating each muscle using a classification system 
such as the Mercuri or Goutallier scale, which grades a muscle based on the relative amount of fat tissue present 
within the  muscle7,16. The quantitative approach is performed by obtaining an additional imaging sequence 
containing a fat fraction map that enables a direct quantitative measurement of the fat percentage of each 
 muscle7,9. Both approaches focus on the evaluation of individual muscles, rather than providing comprehensive 
information on the overall severity of fat infiltration at the designated level. To our knowledge, few studies have 
evaluated imaging parameters that comprehensively reflect the degree of muscular fat infiltration based on 
semiquantitative MRI in patients with CMT.

In this study, we aimed to derive comprehensive MRI parameters that reflect the severity of intramuscular 
fat infiltration for designated levels of the lower extremity, based on semiquantitative analyses using the Mercuri 
scale in patients with CMT1A. We assessed the potential value of these MRI parameters as imaging biomarkers 
by correlating them with clinical parameters. In addition, we evaluated the degree and pattern of intramuscular 
fat infiltration at multiple levels of the lower extremity muscles.

Methods
Study participants. The institutional review board of our institution (Samsung Medical Center Institutional 
Review Board, file no. 2020–05-115–003) approved this retrospective study and waived the requirement for 
informed consent due to the retrospective nature of the study. The study was conducted in accordance with the 
declaration of Helsinki. Initially, we enrolled 223 patients diagnosed with CMT1A, who were confirmed to have 
PMP22 duplication by genetic analysis at our neurology department, and who underwent lower extremity MRI 
between September 2013 and March 2020. Although significant intrafamilial variability in clinical manifestations 
has been reported in patients with  CMT1A18, we chose the oldest member of each family for analysis, considering 
the potential similarity of muscular fat infiltration among family members (thereby excluding 65 subjects). We 
additionally excluded 42 patients who had missing clinical assessment data. Furthermore, we sought to exclude 
patients with previous lower extremity surgery or suboptimal MRI quality; however, no such patients were 
present.

MRI acquisition. Lower extremity MRI scans were obtained using a 1.5-T or 3.0-T MRI system (Avanto 
or Skyra, Siemens Healthcare, Frankfurt, Germany; Ingenia, Philips Healthcare, Best, Netherlands) with a 
16-channel anterior coil and a posterior built-in coil. Axial T1-weighted images encompassing the pelvic girdle, 
bilateral thighs, and lower legs were obtained at different levels from the anterior inferior iliac spine through 
the distal tibia. Imaging parameters were as follows: repetition time, 613.7 ms; echo time, 16.7 ms; flip angle, 
90 ◦ ; number of signal averaged, 1; reconstructed voxel size, 0.68 mm; matrix size, 320 × 320; field of view, 350 
× 350 mm; section thickness, 2 mm; and gap, 1 mm. Imaging times were 162 and 180 s for the thigh and lower 
leg, respectively.

Image analysis. Two radiologists (Y.C.Y and H.S.K with 18 and 9 years of experience in musculoskeletal 
radiology, respectively) performed a consensus-based analysis of the thigh and lower leg muscles using 
T1-weighted images. Intramuscular fat infiltration grading was performed using the Mercuri  scale8,19 as follows: 
stage 0, normal appearance; stage 1, scattered small areas of increased signal; stage 2a, numerous discrete areas 
of increased signal comprising less than 30% of the muscle; stage 2b, numerous discrete areas of increased signal 
comprising 30–60% of the muscle; stage 3, washed-out appearance due to confluent areas of increased intensity 
with muscle still present at the periphery; and stage 4, end-stage appearance, muscle entirely replaced by areas 
of increased signal.

Evaluations were performed for the non-dominant lower extremity at three levels (proximal, mid, and distal) 
for the thigh muscles and at two levels (proximal and distal) for the lower leg muscles. Levels were determined 
based on anatomical landmarks on axial T1-weighted images: gluteus maximus tendon insertion (proximal thigh, 
level 1); just inferior to the inferior margin of the gluteus maximus, where the muscle is no longer visualized 
(mid-thigh, level 2); just inferior to the inferior margin of the adductor longus, where the muscle is no longer 
visualized (distal thigh, level 3); just inferior to the inferior margin of the popliteus, where the muscle is no 
longer visualized (proximal lower leg, level 4); and the uppermost part of the gastrocnemius tendon, where the 
gastrocnemius muscle is no longer visualized (distal lower leg, level 5) (Fig. 1).

The following muscles were evaluated at each level: sartorius, rectus femoris, vastus lateralis, vastus medialis, 
vastus intermedius, adductor longus, adductor brevis, adductor magnus, gracilis, and semitendinosus (level 1, 
10 muscles); sartorius, rectus femoris, vastus lateralis, vastus medialis, vastus intermedius, adductor longus, 
adductor brevis, adductor magnus, gracilis, semitendinosus, semimembranosus, and biceps femoris (level 2, 12 
muscles); sartorius, rectus femoris, vastus lateralis, vastus medialis, vastus intermedius, gracilis, semitendinosus, 
semimembranosus, and biceps femoris (level 3, 9 muscles); tibialis anterior, extensor digitorum longus, peroneus 
longus, gastrocnemius medialis, gastrocnemius lateralis, soleus, and tibialis posterior (level 4, 7 muscles); tibialis 
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anterior, extensor digitorum longus, extensor hallucis longus, peroneus longus, soleus, tibialis posterior, flexor 
digitorum longus, and flexor hallucis longus (level 5, 8 muscles).

Based on the MRI results, we defined the following quantitative parameters to measure the degree of muscular 
fat infiltration at each level (Fig. 2).

• Fat infiltration proportion (FIP) = number of muscles with stage 1 or higher/total number of evaluated mus-
cles × 100 (%)

• Significant fat infiltration proportion (SigFIP) = number of muscles with stage 2a or higher/total number of 
evaluated muscles × 100 (%)

• Severe fat infiltration proportion (SevFIP) = number of muscles with stage 3 or higher/total number of evalu-
ated muscles × 100 (%)

Each parameter was also assessed for the entire muscles (46 muscles) of the lower extremity (total FIP, SigFIP, 
and SevFIP).

Clinical assessments. We assessed clinical data for patients with CMT1A, including age at onset, disease 
duration, CMT Neuropathy Score version 2 (CMTNSv2), 10  m walk test (10-MWT) time, and functional 
disability scale (FDS) score. The age at onset was determined by asking the patient when symptoms such as foot 
deformity, distal muscle weakness, and/or sensory changes initially appeared. The CMTNSv2 is a composite 
score consisting of neurological symptoms, clinical signs, and electrophysiological parameters. It ranges from 0 
(no deficit) to 36 (maximum deficit)20. A nine-point FDS was used to determine disease severity in terms of the 
ability to walk and run as follows: 0 = normal; 1 = normal, but with cramps and fatigability; 2 = inability to run; 
3 = walking difficult, but still possible unaided; 4 = able to walk with a cane; 5 = able to walk with crutches; 6 = able 
to walk with a walker; 7 = wheelchair-bound; and 8 =  bedridden18. For the 10-MWT, which was performed to 
evaluate locomotor ability, patients were asked to walk a 10-m distance, and the time taken was measured in 
seconds.

Statistical analysis. Relationships between MRI parameters (FIP, SigFIP, and SevFIP for each level and 
for entire extremity muscles) and clinical data (age at onset, disease duration, CMTNSv2, FDS score, and 

Figure 1.  Illustrations (A and E) and axial (B, C, D, F, and G) T1-weighted images of the left lower 
extremity showing the levels where analyses were performed. A and E depict the levels where analyses were 
performed. Axial T1-weighted images of the thigh (B, C, and D) and lower leg (F and G) where gradings of the 
intramuscular fat infiltration using the Mercuri scale were performed: gluteus maximus tendon insertion (B, 
level 1, proximal thigh); just inferior to the gluteus maximus inferior margin (C, level 2, mid thigh); just inferior 
to the adductor longus inferior margin (D, level 3, distal thigh); just inferior to the popliteus inferior margin (F, 
level 4, proximal lower leg); and the uppermost part of the gastrocnemius tendon (G, level 5, distal lower leg). 
Illustrations (A and E) were made using Adobe Photoshop software version 21.0 ( Adobe Systems, San Jose, 
CA).
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10-MWT time) were evaluated using Spearman’s correlation analysis in patients with CMT1A. Descriptive 
statistics for MRI parameters, clinical variables, and demographic variables are presented as mean ± standard 
deviation, median [interquartile range], and range. Statistical analyses were performed using SAS version 9.4 
(SAS Institute, Cary, NC, USA). A p value < 0.05 was considered statistically significant. Spearman’s correlation 
coefficients were interpreted as follows: r < 0.2, negligible correlation; 0.2 ≤ r < 0.4, weak correlation; 0.4 ≤ r < 0.6, 
moderate correlation; 0.6 ≤ r < 0.8, strong correlation; and r ≥ 0.8, very strong  correlation21.

Results
Patient characteristics. Clinical and demographic data of patients with CMT1A are shown in Table 1. 116 
patients with CMT1A (63 men, 53 women; age range, 8–78 years; mean age, 41.7 ± 17.1 years) were included in 
the study. The age at onset and disease duration ranged from 1 to 77 years (median, 16 [8–43] years) and 0 to 
66 years (median, 10 [4–26] years), respectively. The CMTNSv2 and FDS score ranged from 5 to 32 (median, 16 
[12.5–19.5]) and 0 to 7 (median, 2 [1–2.5]), respectively. The 10-MWT time ranged from 6.0 to 31.6 s (median, 
10.8 [8.2–14.8] s). The right and left lower extremities were dominant in 113 and 3 patients, respectively.

Imaging analyses results. The results of the imaging analyses, including measured FIP, SigFIP, and SevFIP 
at each level, are summarized in Supplementary Tables S1–S3. Figure 3 shows a schematic diagram depicting the 
median Mercuri stage for individual muscles at each level. The median Mercuri stage of the evaluated muscles 
was highest in the extensor hallucis longus and peroneus longus at level 5 (stage 2b), thereby suggesting that 
30–60% of the areas within the designated muscles were infiltrated with fat. Other anterior and superficial 
posterior compartment muscles at level 5, as well as the peroneus longus and gastrocnemius medialis at level 4, 
demonstrated a median stage of 2a, thereby suggesting that less than 30% of the areas within the muscles were 
infiltrated with fat. Among the thigh muscles, the highest median Mercuri stage was found in the semitendinosus 
muscle at level 2 (stage 2a).

Correlation between MRI and clinical parameters. The results of the correlation analysis between 
the MRI and clinical parameters are summarized in Table 2. MRI parameters measured for entire muscles (total 
FIP, SigFIP, and SevFIP) were significantly correlated with CMTNSv2, FDS score, 10-MWT time, and disease 
duration. Similarly, we observed correlations between MRI parameters acquired from the lower leg (levels 4 and 
5) and CMTNSv2, FDS score, 10-MWT time, and disease duration. Furthermore, MRI parameters acquired 
from the thigh level (level 1–3) were significantly correlated with clinical parameters, although these correlations 
were less consistent than those mentioned above. No significant correlation was found between age at onset and 
MRI parameters.

All three MRI parameters acquired from the entire muscles and those acquired from the lower leg level 
(levels 4 and 5) showed moderate correlations with FDS score. In addition, SigFIP at level 5 and total SigFIP were 

Figure 2.  Axial T1-weighted images of the proximal (A, level 4) and distal (B, level 5) lower leg in a 30-year-old 
man with Charcot-Marie-Tooth disease type 1A. Intramuscular fat infiltration was graded using the Mercuri 
scale at proximal lower leg (A) as follows: tibialis anterior, 1; extensor digitorum longus, 1; peroneus longus, 
2a; tibialis posterior, 1; soleus, 1; gastrocnemius medialis, 2a; and gastrocnemius lateralis, 1. Fat infiltration 
proportion (FIP), significant fat infiltration proportion (SigFIP), and severe fat infiltration proportion (SevFIP) 
were calculated using the following formulas: FIP = number of muscles with stage 1 or higher / number of all 
evaluated muscles x 100 (%); SigFIP = number of muscles with stage 2a or higher / number of all evaluated 
muscles x 100 (%); and SevFIP = number of muscles with stage 3 or higher / number of all evaluated muscles 
x 100 (%). Acquired parameters for this patient were: FIP = 100%, Sig FIP = 28.6%, and SevFIP = 0% at 
level 4. MRI obtained at the distal lower leg (B) shows preferential fat infiltration in the anterior and lateral 
compartment muscles.
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Table 1.   Clinical and demographic data of patients with Charcot-Marie-Tooth disease type 1A. *Data 
are expressed as the number of patients with percentages in parentheses. CMTNSv2 Charcot-Marie-Tooth 
Neuropathy Score version 2; FDS Functional Disability Scale; 10-WMT 10-m walk test; IQR interquartile 
range.

Parameters

Sex (person)
Male 63 (54.3%)*

Female 53 (45.7%)*

Age at exam (years) Median (IQR) 44 (26-55)

Age at onset (years)

Median (IQR) 16 (8-43)

≤10 years 40 (34.5%)*

>10 years 76 (65.5%)*

Disease duration (years)

Median (IQR) 10 (4-26)

≤10 years 62 (53.4%)*

>10 years 54 (46.6%)*

CMTNSv2 (0-36)

Median (IQR) 16 (12.5-19.5)

Mild (0-10) 16 (13.8%)*

Moderate (11-20) 76 (65.5%)*

Severe (21-36) 24 (20.7%)*

FDS score (0-8)

Median (IQR) 2 (1-2.5)

Mild (0-2) 89 (76.7%)*

Severe (3-8) 27 (23.3%)*

10-MWT time (sec) Median (IQR) 10.8 (8.2-14.8)

Figure 3.  Schematic diagram depicting median Mercuri stages for individual muscles at levels 1–5 (A–E). 
The median Mercuri stages of evaluated muscles were highest (stage 2b) in the extensor hallucis longus and 
peroneus longus at level 5 (E). Other anterior and superficial posterior compartment muscles at level 5, as well 
as the peroneus longus and gastrocnemius medialis at level 4, demonstrated a median Mercuri stage of 2a (D 
and E). Among thigh muscles, the highest median Mercuri stage was found in the semitendinosus muscle at 
level 2 (stage 2a) (B). Illustrations were made using Adobe Photoshop software version 21.0 (Adobe Systems, 
San Jose, CA).
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moderately correlated with CMTNSv2 and disease duration, respectively. FDS score and SigFIP at level 4 had 
the strongest correlation (r = 0.5292), followed by FDS score and SigFIP at level 5 (r = 0.5170). Degree of other 
significant correlations between MRI parameters and clinical parameters were weak or negligible correlation.

Discussion
In this study, we proposed MRI parameters that may comprehensively reflect intramuscular fat infiltration sever-
ity at designated levels; these parameters were obtained through semiquantitative analyses of lower extremity 
muscles using the Mercuri scale in patients with CMT1A. MRI parameters acquired from entire muscles and 
those acquired from the lower leg levels (levels 4 and 5) showed moderate positive correlations with clinical 
parameters; FDS score showed the strongest correlation with SigFIP at level 4.

Our proposed MRI parameters were calculated as proportions of muscles that showed fat infiltration among 
all individual muscles at designated levels. We devised three parameters—FIP, SigFIP, and SevFIP—to represent 
proportions of muscles showing fat infiltration (Mercuri stage 1 or higher), significant fat infiltration (Mercuri 
stage 2a or higher), and severe fat infiltration (Mercuri stage 3 or higher), respectively. We devised separate 
imaging parameters to verify if the proportion of muscles with significant (SigFIP) or severe fat infiltration 
(SevFIP) showed a more significant correlation with clinical parameters compared to the correlation between 
proportions of any individual muscles that display fat infiltration (FIP). All three parameters showed meaningful 
correlations with the clinical parameters, without significant differences among each other. In clinical practice, it 
may be challenging to determine whether mild intramuscular fat infiltration identified on MRI is related to the 
normal aging process or results from denervation in patients with neuromuscular  disorders22. Our result does 
not seem to imply that only the proportion of muscles with substantial or severe fat infiltration possess more 
grave clinical significance. It may be necessary conduct a large-scale study to evaluate which MRI parameter is 
more strongly correlated with clinical parameters and to assess the potential efficacies of these MRI parameters 
as imaging biomarkers in patients with CMT1A.

Our results showed moderate positive correlations between MRI parameters and FDS score as well as weak 
positive correlations between MRI parameters and 10-MWT time. Both the FDS score and 10-MWT time are 
used to assess disease severity in terms of the ability to walk and run. Our results may suggest a potential appli-
cability of MRI parameters in evaluating motor function in patients with CMT1A. In addition, our findings 
revealed that clinical parameters were more strongly correlated with MRI parameters obtained from the lower leg 
level than with those obtained from the thigh level. Distally predominant limb muscle wasting is a characteristic 
feature in patients with  CMT1A1,2, and therefore our findings may provide scope for further studies to enhance 
the application of MRI analyses at multiple levels in the lower leg level than in the thigh level.

MRI parameters were correlated with CMTNSv2, which is a composite scoring system comprising several 
factors including clinical signs and electrophysiological  parameters20. The intramuscular fat fraction of the lower 
extremity, obtained using quantitative analyses of MRI fat fraction maps, reportedly correlates with CMTNSv2 
in patients with  CMT1A23. Quantitative analyses require the acquisition of an imaging sequence containing a fat 

Table 2.   Correlation analysis between MRI and clinical parameters in patients with Charcot-Marie-Tooth 
disease type 1A. *Indicates statistical significance. r Spearman’s correlation coefficient; p p-value; FIP fat 
infiltration proportion; Sig FIP significant fat infiltration proportion; SevFIP severe fat infiltration proportion; 
CMTNSv2 Charcot-Marie-Tooth Neuropathy Score version 2; FDS Functional Disability Scale; 10-WMT 10-m 
walk test.

MRI parameters Level

CMTNSv2 FDS score 10-MWT time Disease duration Age at onset

r p r p r p r p r p

FIP

Total 0.3586 <.0001* 0.4267 <.0001* 0.3267 0.0003* 0.3084 0.0008* 0.0593 0.5271

1 0.2731 0.003* 0.3129 0.0007* 0.2570 0.0054* 0.2845 0.0020* 0.0599 0.5229

2 0.1692 0.0694 0.2409 0.0095* 0.1785 0.0553 0.1723 0.0643 0.0365 0.6974

3 0.2180 0.0188* 0.2691 0.0036* 0.1814 0.0513 0.1106 0.2373 -0.0035 0.9704

4 0.3761 <.0001* 0.4269 <.0001* 0.2650 0.0040* 0.3335 0.0003* 0.1695 0.0689

5 0.2722 0.0031* 0.3716 <.0001* 0.2234 0.0159* 0.2489 0.0071* 0.1393 0.1358

SigFIP

Total 0.3490 0.0001* 0.4328 <.0001* 0.3008 0.0010* 0.4057 <.0001* 0.0515 0.5832

1 0.1421 0.1281 0.1879 0.0443* 0.2059 0.0266* 0.2459 0.0078* -0.0181 0.8473

2 0.1527 0.1018 0.2187 0.0189* 0.1459 0.1182 0.3199 0.0005* -0.0030 0.9744

3 0.2102 0.0235* 0.2752 0.0029* 0.1613 0.0836 0.3315 0.0003* -0.0289 0.7581

4 0.3774 <.0001* 0.5292 <.0001* 0.2971 0.0012* 0.3767 <.0001* 0.0645 0.4918

5 0.4352 <.0001* 0.5170 <.0001* 0.3091 0.0007* 0.3862 <.0001* 0.1002 0.2846

SevFIP

Total 0.3793 <.0001* 0.4522 <.0001* 0.3004 0.0011* 0.3561 <.0001* 0.0627 0.5036

1 0.1605 0.0853 0.1514 0.1062 0.1295 0.1658 0.1491 0.1101 -0.1005 0.2831

2 0.2004 0.0310* 0.2236 0.0163* 0.1997 0.0317* 0.1814 0.0513 -0.1427 0.1264

3 0.1953 0.0357* 0.2127 0.0225* 0.1388 0.1372 0.1955 0.0354* -0.1460 0.1178

4 0.3917 <.0001* 0.4885 <.0001* 0.2531 0.0061* 0.3329 0.0003* -0.0633 0.4999

5 0.3257 0.0004* 0.4023 <.0001* 0.2484 0.0072* 0.3560 <.0001* 0.0986 0.2924
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fraction map that enables a direct quantitative measurement of the fat percentage of each muscle, which is not 
possible with conventional imaging sequences. Our proposed parameters obtained by a simple calculation of 
semiquantitative analyses result of muscles on conventional T1-weighted imaging sequence were also significantly 
correlated with CMTNSv2, which may imply a potential applicability of these parameters as imaging biomarkers. 
Studies with a larger number of participants are warranted to confirm our results.

We found positive correlations between MRI parameters measured for entire muscles and muscles at multiple 
levels and disease duration; nevertheless, these parameters were not significantly correlated with age at onset. 
These results may reflect the progressive nature of intramuscular fat infiltration in patients with  CMT1A2,3. 
Earlier age at onset is reportedly related to a more severe disease  course18, although we did not demonstrate any 
significant negative correlation between age at onset and MRI parameters.

The median Mercuri stage of the evaluated muscles was highest in the extensor hallucis longus and peroneus 
longus at level 5 (stage 2b). Other anterior and superficial posterior compartment muscles at level 5, as well as 
the peroneus longus and the gastrocnemius medialis at level 4, demonstrated a median stage of 2a. Price et al. 
divided the denervated muscles in the lower legs into ‘‘peroneal-type” and ‘‘tibial-type” muscles, based on the pre-
dominantly affected  muscles24. Generally, patients with CMT1A present a peroneal-type pattern of fat infiltration, 
although superficial posterior compartment muscles are also commonly  affected25,26. Our findings corroborate 
with previous study findings. Among the thigh muscles, the highest median Mercuri stage was found in the 
semitendinosus muscle at level 2 (stage 2a). Little has been reported on the pattern of thigh muscle denervation 
in patients with CMT1A. Hence, it would be interesting to investigate the tendency of muscle involvement based 
on disease severity in the future.

In addition to intrinsic limitations of retrospective studies, we acknowledge several limitations in our study. 
First, interobserver agreement was not evaluated due to the consensus-based analyses performed in this study. 
Second, imaging analyses were performed on non-dominant lower extremities. It may be more desirable to 
obtain imaging parameters that reflect comprehensive information on both lower extremity muscles. Third, 
the median FDS score of our cohort was 2 [1–2.5], indicating that the majority of patients could walk unaided. 
Thus, future studies should investigate whether our proposed MRI parameters are significantly correlated with 
clinical parameters in patients with more advanced disease stages. Fourth, it is not clear whether performing 
MRI analyses for individual muscles has clinical benefit over performing MRI analyses for individual muscle 
groups. Fifth, although our study results showed significant correlations between MRI parameters and clinical 
parameters, only mild to moderate correlations were demonstrated. It would be interesting to assess the relation-
ships of MRI parameters with other clinical parameters such as those acquired using CMT pediatric scale, CMT 
functional outcome measure, 6-min walk test, or dynamometry. Sixth, the age of onset which was determined 
by asking the patients may not have been accurate due to inaccurate recall of initial symptom. In addition, we 
intended to reflect the severity of fat infiltration involving entire muscles at a designated level, and the degree of 
contribution of individual muscle compartments to the clinical severity could not be determined. This could be an 
interesting subject for investigation in future studies. Moreover, it would be beneficial to examine these patients 
in the long term, to assess whether these MRI parameters have potential applications in prognosis estimation.

In conclusion, we proposed preliminary MRI parameters that may comprehensively reflect the severity of 
intramuscular fat infiltration at designated levels of the lower extremity; these parameters were obtained through 
semiquantitative analyses of muscles based on the Mercuri scale in patients with CMT1A. These parameters were 
positively correlated with clinical parameters, thereby indicating their potential applicability as imaging biomark-
ers that clinically reflect disease severity in these patients. Regarding the degree and pattern of intramuscular 
fat infiltration, median Mercuri stage assessment showed a preferential involvement of the anterior and lateral 
compartment muscles in the distal lower leg.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding 
author on reasonable request.

Received: 8 August 2022; Accepted: 22 September 2022

References
 1. Pareyson, D. & Marchesi, C. Diagnosis, natural history, and management of Charcot-Marie-Tooth disease. Lancet Neurol. 8, 

654–667. https:// doi. org/ 10. 1016/ S1474- 4422(09) 70110-3 (2009).
 2. Shy, M. E. et al. Neuropathy progression in Charcot-Marie-Tooth disease type 1A. Neurology 70, 378–383. https:// doi. org/ 10. 1212/ 

01. wnl. 00002 97553. 36441. ce (2008).
 3. Gallardo, E., Garcia, A., Combarros, O. & Berciano, J. Charcot-Marie-Tooth disease type 1A duplication: Spectrum of clinical and 

magnetic resonance imaging features in leg and foot muscles. Brain 129, 426–437. https:// doi. org/ 10. 1093/ brain/ awh693 (2006).
 4. Attarian, S. et al. A double-blind, placebo-controlled, randomized trial of PXT3003 for the treatment of Charcot-Marie-Tooth 

type 1A. Orphanet J. Rare Dis. 16, 433. https:// doi. org/ 10. 1186/ s13023- 021- 02040-8 (2021).
 5. Klein, D. et al. Targeting the colony stimulating factor 1 receptor alleviates two forms of Charcot-Marie-Tooth disease in mice. 

Brain 138, 3193–3205. https:// doi. org/ 10. 1093/ brain/ awv240 (2015).
 6. Sahenk, Z. et al. AAV1.NT-3 gene therapy for charcot-marie-tooth neuropathy. Mol. Ther. 22, 511–521. https:// doi. org/ 10. 1038/ 

mt. 2013. 250 (2014).
 7. Kim, H. S., Yoon, Y. C., Choi, B. O., Jin, W. & Cha, J. G. Muscle fat quantification using magnetic resonance imaging: Case-control 

study of Charcot-Marie-Tooth disease patients and volunteers. J. Cachexia Sarcopenia Muscle 10, 574–585. https:// doi. org/ 10. 1002/ 
jcsm. 12415 (2019).

 8. Mercuri, E. et al. Muscle MRI in inherited neuromuscular disorders: Past, present, and future. J. Magn. Reson. Imag. 25, 433–440. 
https:// doi. org/ 10. 1002/ jmri. 20804 (2007).

https://doi.org/10.1016/S1474-4422(09)70110-3
https://doi.org/10.1212/01.wnl.0000297553.36441.ce
https://doi.org/10.1212/01.wnl.0000297553.36441.ce
https://doi.org/10.1093/brain/awh693
https://doi.org/10.1186/s13023-021-02040-8
https://doi.org/10.1093/brain/awv240
https://doi.org/10.1038/mt.2013.250
https://doi.org/10.1038/mt.2013.250
https://doi.org/10.1002/jcsm.12415
https://doi.org/10.1002/jcsm.12415
https://doi.org/10.1002/jmri.20804


8

Vol:.(1234567890)

Scientific Reports |        (2022) 12:16622  | https://doi.org/10.1038/s41598-022-21112-8

www.nature.com/scientificreports/

 9. Morrow, J. M. et al. MRI biomarker assessment of neuromuscular disease progression: A prospective observational cohort study. 
Lancet Neurol. 15, 65–77. https:// doi. org/ 10. 1016/ S1474- 4422(15) 00242-2 (2016).

 10. Dortch, R. D., Dethrage, L. M., Gore, J. C., Smith, S. A. & Li, J. Proximal nerve magnetization transfer MRI relates to disability in 
Charcot-Marie-Tooth diseases. Neurology 83, 1545–1553. https:// doi. org/ 10. 1212/ WNL. 00000 00000 000919 (2014).

 11. Kim, H. S. et al. Intraepineurial fat quantification and cross-sectional area analysis of the sciatic nerve using MRI in Charcot-
Marie-Tooth disease type 1A patients. Sci. Rep. 11, 21535. https:// doi. org/ 10. 1038/ s41598- 021- 00819-0 (2021).

 12. Kitaoji, T. et al. Quantitative assessment of muscle echogenicity in Charcot-Marie-Tooth disease type 1A by automatic thresholding 
methods. Clin. Neurophysiol. 132, 2693–2701. https:// doi. org/ 10. 1016/j. clinph. 2021. 05. 030 (2021).

 13. Zanette, G. et al. Nerve size correlates with clinical severity in Charcot-Marie-Tooth disease 1A. Muscle Nerve 60, 744–748. https:// 
doi. org/ 10. 1002/ mus. 26688 (2019).

 14. Willis, T. A. et al. Quantitative muscle MRI as an assessment tool for monitoring disease progression in LGMD2I: A multicentre 
longitudinal study. PLoS ONE 8, e70993. https:// doi. org/ 10. 1371/ journ al. pone. 00709 93 (2013).

 15. Gaeta, M. et al. Muscle fat-fraction and mapping in Duchenne muscular dystrophy: Evaluation of disease distribution and 
correlation with clinical assessments. Preliminary experience. Skeletal Radiol. 41, 955–961. https:// doi. org/ 10. 1007/ s00256- 011- 
1301-5 (2012).

 16. Brogna, C. et al. Functional levels and MRI patterns of muscle involvement in upper limbs in Duchenne muscular dystrophy. PLoS 
ONE 13, e0199222. https:// doi. org/ 10. 1371/ journ al. pone. 01992 22 (2018).

 17. van de Velde, N. M. et al. Selection approach to identify the optimal biomarker using quantitative muscle MRI and functional 
assessments in becker muscular dystrophy. Neurology 97, e513–e522. https:// doi. org/ 10. 1212/ WNL. 00000 00000 012233 (2021).

 18. Birouk, N. et al. Charcot-Marie-Tooth disease type 1A with 17p11.2 duplication Clinical and electrophysiological phenotype study 
and factors influencing disease severity in 119 cases. Brain 120, 813–823. https:// doi. org/ 10. 1093/ brain/ 120.5. 813 (1997).

 19. Mercuri, E. et al. Muscle magnetic resonance imaging in patients with congenital muscular dystrophy and Ullrich phenotype. 
Neuromuscul. Disord. 13, 554–558. https:// doi. org/ 10. 1016/ s0960- 8966(03) 00091-9 (2003).

 20. Sadjadi, R. et al. Psychometrics evaluation of Charcot-Marie-Tooth Neuropathy Score (CMTNSv2) second version, using Rasch 
analysis. J. Peripher. Nerv. Syst. 19, 192–196. https:// doi. org/ 10. 1111/ jns. 12084 (2014).

 21. Levy, H. A. et al. The impact of case order and intraoperative staff changes on spine surgical efficiency. Spine J. 22, 1089–1099. 
https:// doi. org/ 10. 1016/j. spinee. 2022. 01. 015 (2022).

 22. Hogrel, J. Y. et al. NMR imaging estimates of muscle volume and intramuscular fat infiltration in the thigh: Variations with muscle, 
gender, and age. Age (Dordr) 37, 9798. https:// doi. org/ 10. 1007/ s11357- 015- 9798-5 (2015).

 23. Morrow, J. M. et al. Validation of MRC Centre MRI calf muscle fat fraction protocol as an outcome measure in CMT1A. Neurology 
91, e1125–e1129. https:// doi. org/ 10. 1212/ WNL. 00000 00000 006214 (2018).

 24. Price, A. E., Maisel, R. & Drennan, J. C. Computed tomographic analysis of pes cavus. J. Pediatr. Orthop. 13, 646–653 (1993).
 25. Bas, J. et al. Fat fraction distribution in lower limb muscles of patients with CMT1A: A quantitative MRI study. Neurology 94, 

e1480–e1487. https:// doi. org/ 10. 1212/ WNL. 00000 00000 009013 (2020).
 26. Chung, K. W. et al. Different clinical and magnetic resonance imaging features between Charcot-Marie-Tooth disease type 1A and 

2A. Neuromuscul. Disord. 18, 610–618. https:// doi. org/ 10. 1016/j. nmd. 2008. 05. 012 (2008).

Author contributions
Guarantor of study integrity: Y.C.Y. and H.S.K.; study concepts/study design, data acquisition, data analysis/
interpretation: all authors; manuscript drafting and revision for important intellectual content: all authors; 
manuscript final version approval: Y.C.Y. and H.S.K.; literature research: Y.J.K. and H.S.K.; statistical analysis: 
Y.J.K. and Y.C.Y.; manuscript editing: all authors.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 022- 21112-8.

Correspondence and requests for materials should be addressed to H.S.K.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2022

https://doi.org/10.1016/S1474-4422(15)00242-2
https://doi.org/10.1212/WNL.0000000000000919
https://doi.org/10.1038/s41598-021-00819-0
https://doi.org/10.1016/j.clinph.2021.05.030
https://doi.org/10.1002/mus.26688
https://doi.org/10.1002/mus.26688
https://doi.org/10.1371/journal.pone.0070993
https://doi.org/10.1007/s00256-011-1301-5
https://doi.org/10.1007/s00256-011-1301-5
https://doi.org/10.1371/journal.pone.0199222
https://doi.org/10.1212/WNL.0000000000012233
https://doi.org/10.1093/brain/120.5.813
https://doi.org/10.1016/s0960-8966(03)00091-9
https://doi.org/10.1111/jns.12084
https://doi.org/10.1016/j.spinee.2022.01.015
https://doi.org/10.1007/s11357-015-9798-5
https://doi.org/10.1212/WNL.0000000000006214
https://doi.org/10.1212/WNL.0000000000009013
https://doi.org/10.1016/j.nmd.2008.05.012
https://doi.org/10.1038/s41598-022-21112-8
https://doi.org/10.1038/s41598-022-21112-8
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Magnetic resonance imaging-based lower limb muscle evaluation in Charcot-Marie-Tooth disease type 1A patients and its correlation with clinical data
	Methods
	Study participants. 
	MRI acquisition. 
	Image analysis. 
	Clinical assessments. 
	Statistical analysis. 

	Results
	Patient characteristics. 
	Imaging analyses results. 
	Correlation between MRI and clinical parameters. 

	Discussion
	References


