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Abstract

Objective

To quantitatively describe the MRI fat infiltration pattern of muscle degeneration in Charcot-
Marie-Tooth (CMT) type 1A (CMTI1A) disease and to look for correlations with clinical
variables.

Methods

MRI fat fraction was assessed in lower-limb musculature of patients with CMT1A and healthy
controls. More particularly, 14 muscle compartments were selected at leg and thigh levels and
for proximal, distal, and medial slices. Muscle fat infiltration profile was determined quantita-
tively in each muscle compartment and along the entire volume of acquisition to determine
a length-dependent gradient of fat infiltration. Clinical impairment was evaluated with muscle
strength measurements and CMT Examination Scores (CMTESs).

Results

A total of 16 patients with CMT 1A were enrolled and compared to 11 healthy controls. Patients
with CMT1A showed a larger muscle fat fraction at leg and thigh levels with a proximal-to-distal
gradient. At the leg level, the largest fat infiltration was quantified in the anterior and lateral
compartments. CMTES was correlated with fat fraction, especially in the anterior compartment
of leg muscles. Strength of plantar flexion was also correlated with fat fraction of the posterior
compartments of leg muscles.

Conclusion

On the basis of quantitative MRI measurements combined with a dedicated segmentation
method, muscle fat infiltration quantified in patients with CMT1A disclosed a length-
dependent peroneal-type pattern of fat infiltration and was correlated to main clinical variables.
Quantification of fat fraction at different levels of the leg anterior compartment might be of
interest in future clinical trials.
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Glossary

CMT = Charcot-Marie-Tooth; CMTES = CMT Examination Score; CMTNSv2 = CMT Neuropathy Score Version 2;
CMT1A = CMT type 1; ONLS = Overall Neuropathy Limitations Scale; PDFF = proton-density fat fraction; PMP22 =

peripheral myelin protein 22; TIW = T1-weighted.

Charcot-Marie-Tooth type 1A (CMTI1A) is an autosomal
dominant demyelinating polyneuropathy" (prevalence of =1
in 5,000%) associated with a DNA duplication located on the
short arm of chromosome 17,® which contains the peripheral
myelin protein 22 (PMP22) gene. The dysmyelination and
abnormal interactions between myelin and axon occurring in
CMT eventually lead to axonal loss, disability,S length-
dependent motor deficits, and sensory symptoms.**> Muscle
atrophy and motor deficit arise in feet and legs and may follow
later in the hands.

From a clinical endpoint, both the CMT Neuropathy Score
Version 2 (CMTNSv2)° and the Overall Neuropathy Limi-
tations Scale (ONLS) score have been validated for patients
with CMT.” Given that CMT1A is a slowly progressive disease,
sensitive outcome measures have been identified as the main
issue for future clinical trials. Electrophysiologic studies have
shown diftuse slowed nerve conduction velocity <38 m/ s,8 and
Motor Unit Number Index has been reported as a potential
biomarker of interest.” Skeletal muscle MRI has been used in
CMT over the last 2 decades,'® and quantitative approaches
have been used only recently.'' "> The corresponding metrics
such as fat fraction have been quantified only in a single central
slice for the leg. A good correlation with clinical severity and
a high sensitivity to changes have been mported.ll’12

In the present study, we intended to combine an MRI quan-
titative approach and a dedicated segmentation method to
quantify fat fraction in 14 individual muscle compartments of
the leg and thigh. The corresponding metrics were quantified in
the whole set of MRI slices so that a potential proximal-to-distal
gradient could be assayed. Correlations with electrophysiologic
measurements and clinical scores were also analyzed.

Methods

Clinical assessment

Consecutive adult patients with CMT1A were included be-
tween March and November 2016 in the Reference Center
for Neuromuscular Disease and ALS (Marseille-France) after
informed consent was obtained. Clinical assessment included
demographic characteristics, medical history, and neurologic
examination. Muscle strength was assessed through manual
testing with the Medical Research Council scale, and the 10-m
walking test was performed.14 Patients were scored with the
CMT Examination Score (CMTES), a 12-point functional
rating scale that incorporates both patient symptoms and
examination findings.'> Disease severity was determined on
the basis of the CMTNSv2, a composite score comprising
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symptoms, signs, and neurophysiologic tests.® Limitations in
daily activities were assessed with the ONLS.'® Patients also
had electrophysiologic assessment, including compound
motor action potential and Motor Unit Number Index
measurements on abductor pollicis brevis, abductor digiti
minimi, and tibialis anterior nondominant muscles, as pre-
viously described.”

Genetic diagnosis was confirmed for all patients, and none of
them had any other causes of neuropathy associated with
CMT1A. The control group was composed of 11 individuals (5
female) with no medical history of neuromuscular disorder.

MRI studies

MRI was performed at 1.5T with a Siemens Avanto (Munich,
Germany) scanner. Patients lay supine in the scanner, and the
leg and thigh were imaged on the nondominant side with
a combination of flexible coils on the top and a spine coil
integrated into the scanner bed. After a localizer set of images,
T1-weighted (T1W) and 3D gradient recalled echo sequences
were recorded in the transverse plane over a 20-cm central area
in both the leg and thigh with bony landmarks used to position
the central slice. The corresponding parameters were repetition
time/echo time of 549/11 milliseconds, 20 slices, slice thick-
ness of S mm, and voxel size of 0.7 x 0.7 mm for the TIW
sequence and repetition time/echo time of 22/2.38 to 19.06
milliseconds with a 2.38-millisecond step, 36 slices, slice
thickness of 5 mm, and voxel size of 1.7 x 1.7 mm for the
gradient recalled echo sequence.

Fat-water separation

The fat-water separation has been performed as previously
described."” The proton-density fat fraction (PDFF) was cal-
culated for each voxel as the ratio between the fat proton
density and the sum of water and fat proton densities.

Supervised muscle segmentation

Regions of interest were manually drawn on T1W images (26)
by an experienced physician (J.B., with >$ years of experience)
using FSLView (FSL, FMRIB Software Library, Oxford,
UK)."® A total of 14 muscle groups were selected, 10 at the
thigh level (rectus femoris, vastus lateralis, vastus medialis,
vastus intermedius, sartorius, gracilis, semitendinosus, semi-
membranosus, biceps femoris, and adductor muscles) and 4 at
the leg level (anterior, lateral, posterior deep, and posterior
superficial). Regions of interest were manually segmented in
a few slices, and segmentation of the missing slices was per-
formed automatically along the longitudinal axis, as previously
described."” Segmentation results were double-checked by 2
experts (J.B. and ED.).
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Table 1 Clinical characteristics of patients

Age,y 36.8+15.0
Sex ratio, n 11
Disease duration, y 259+ 14
Functional scores
CMTNSv2 13.1+£3.6
CMTES 9.4+25
ONLS 3311
Plantar flexion strength (MRC scale) 3.7+13
Dorsiflexion strength (MRC scale) 3.8+04
Fingers abduction strength (MRC scale) 3.8+0.6
10 m walk test, s 7.0+£1.2

Abbreviations: CMTES = Charcot-Marie-Tooth Examination Score; CMTNSv2
= Charcot-Marie-Tooth Neuropathy Score Version 2; MRC = Medical Re-
search Council; ONLS = Overall Neuropathy Limitations Scale.

Data are expressed as mean + SD.

Quantitative data extraction

Regarding the extraction of quantitative data, PDFF maps
were linearly resliced to the resolution of the T1W image. For
each muscle, PDFF values were calculated as the average over
all the voxels from these quantitative maps within the whole
3D region of interest and within each slice. To assay the
gradient along the longitudinal axis, slices were gathered as
central (2-4 central slices, depending on the muscle length),
proximal (2-4 proximal slices), and distal (24 distal slices).

Statistical analysis

Statistical analyses were performed with Addinsoft Xlstat
(version 2018.7). Values are presented as mean + SD and were
compared with nonparametric Wilcoxon-Mann-Whitney tests
given the nongaussian distribution of the data. The Spearman
rank correlation was used to analyze the correlations between
metrics (r, Spearman p). Differences were considered signifi-
cantly different at p < 0.0S.

Data availability

All deidentified data and related documentation from this
study are available on request to qualified researchers with no
time limit, subject to a standard data-sharing agreement.

Standard protocol approvals, registrations,
and patient consents

This research protocol was approved by our local ethics com-
mittee (Institutional Review Board No. 2015-A00799-40).

Results

Demographics and clinical description

of patients

Among the 24 patients with CMT1A screened, 16 (8 female)
were included and 8 patients were excluded because of the
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presence of an orthopedic prosthesis at the level of lower limbs.
The selected patients had a typical clinical history with length-
dependent neuropathy, muscle atrophy, and foot deformities
predominantly in the distal extremities of the lower limbs. The
first signs mostly appeared during childhood or adolescence,
and similar cases were reported in most patients’ families. The
mean age (SD) was 36.8 (15.0) years, and the average duration
of the disease was 25.9 (14.0) years. In healthy controls, the
mean age was 42.6 (14.3) years, and the age and sex dis-
tributions were similar to those of controls (p > 0.05).

Clinical scores such as CMTNSv2, CMTES, and ONLS are
summarized in table 1, together with muscular testing and
results of the 10-m walk test.

MRI measurements

Visual analysis of TIW images illustrated a variable fatty in-
filtration at the leg level. The anterior and lateral compart-
ments were the most frequently affected (69% and 62%,
respectively), together with the gastrocnemius medialis
muscle (62%). The soleus (37%), gastrocnemius lateralis
(25%), and deep posterior compartment (17%) were less

Table 2 Proton-density fat fractions in individual muscles
of controls and patients

Controls Patients
Muscle (mean +SD),% (mean +SD), % pValue
Leg muscle
compartments
Anterior 48 +1.7 17.7 £9.1 6.7 x
107
Lateral 75+2.8 21.8 £ 14.1 1.2 %
1 -3
Posterior deep 50+23 11.2+3.5 8.5 x
107
Posterior 55+25 10.4+6.0 0.01
superficial
Thigh muscle
compartments
Rectus femoris 53+3.0 9.5+6.6 0.04
Vastus lateralis 58+27 7.9+4.0 0.10
Vastus medialis 39+1.8 6.5+3.8 0.03
Vastus intermedius 4.1 +£22 79+6.0 0.03
Sartorius 9.6+55 146+73 0.05
Gracilis 7.5+4.5 13.5+7.9 0.01
Semitendinosus 6.0+3.2 10.9+5.1 0.01
Semimembranosus 6.2+3.8 11.3+6.2 0.01
Biceps femoris 6.5+2.8 10.2+5.2 0.03
Adductor muscles 6.7+4.0 8.5+43 0.28

Data are expressed in percent of fat infiltration as mean + SD.
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Figure 1 (A-D) PDFF expressed in percent in patients with Charcot-Marie-Tooth type 1 and controls
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Values are presented as single measurements (each point) with mean values and SD as error bars. ACLL = anterior compartment of the lower leg; ADD =
adductor muscles; BF = biceps femoris; C = control; G = gracilis; GL = gastrocnemius lateralis; GM = gastrocnemius medialis; LCLL = lateral compartment of the
lower leg; OP = deep posterior compartment; P = patient; PDFF = proton density fat faction; RF = rectus femoris; SA = sartorius; SM = semimembranosus; SO =
soleus; ST = semitendinosus; VJ = vastus intermedius; VL = vastus lateralis; VM = vastus medialis.

frequently affected. Visual analysis of T1W images at the thigh
level showed minimal or no abnormalities. TIW images
appeared normal at the leg and thigh levels in controls.

As indicated in table 2, the quantitative analysis clearly dis-
closed that muscular fat fraction was largely and significantly
increased in patients with CMT1A compared to controls and
for most leg (figure 1) and thigh muscle compartments. At the
leg level, the largest fat fraction was quantified in the anterior
and lateral compartments (268.8% and 190.7%, respectively,
between patients and controls, vs 124.0% and 89.1% in the
deep posterior and superficial posterior compartments). In
patients, fat infiltration was significantly larger (p < 0.05) for the
anterior and lateral compartments compared to the posterior
ones (figure 1). At the thigh level, fat infiltration was milder and
ranged from 26.9% (adductor muscles) to 92.7% (rectus
femoris muscle). The detailed segmentation performed for the
whole set of slices disclosed a fat infiltration gradient between
the proximal and median slices (p < 0.05) and between the
median and distal slices (p < 0.05) for leg muscles. At the thigh
level, a proximal-to-distal fat infiltration was also observed
(figure 2).

Regarding individual muscle volumes, significant muscular
atrophy was observed in patients for most muscle compart-

ments at both the leg and thig levels (table 3).
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Correlations were studied between quantitative fat fraction,
clinical scores, and electrophysiology measurements. For the
leg muscle compartments and as indicated in table 4, fat

Figure 2 Length-dependent fat fraction gradient
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Muscle proton-density fat fraction (PDFF) increases from the proximal (Prox)
to distal (Dist) segments for both leg and thigh levels (p < 0.05), thereby
showing a length-dependent fat fraction gradient. Med = medial.
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Table 3 Individual muscle volumes for controls and

patients
Controls Patients
(mean + SD), (mean + SD),
Muscle cm?® cm?® p Value
Leg muscle
compartments
Anterior 85+43 6.7+ 4.0 0.28
Lateral 19.9+11.0 57120 1x107
Posterior deep 13.5+59 75+45 0.01
Posterior superficial 10.9+5.1 6.0+3.2 0.01
Thigh muscle
compartments
Rectus femoris 146+7.3 9.6 +5.5 0.05
Vastus lateralis 6.5+3.8 39+1.8 0.03
Vastus medialis 16.0+5.2 10.2+3.3 1.8 %
1073
Vastus intermedius 74+42 4.6+2.1 0.03
Sartorius 11.3+6.2 6.2+3.8 0.01
Gracilis 10.1+£10 6.0+2.9 0.14
Semitendinosus 79+6.0 4.1 +22 0.03
Semimembranosus 8.7+4.0 53+2.0 0.01
Biceps femoris 57.0+10.1 48.0+10.9 0.04
Adductor muscles 10.1+4.9 6.5 +3.1 0.03

Data are expressed in cubic centimeters as mean + SD.

fraction was significantly correlated with age and disease du-
ration, whereas for the thigh compartments, a similar significant
correlation was found only for disease duration. CMTES,
CMTNS,er timty and CMTNS g yer limb motor Were significantly
correlated with fat fraction computed in the medial leg muscle
compartment (table 4). Regarding the thigh muscle compart-
ments, a significant relationship was found between fat fraction
and both CMTES and CMTNS yer 1imb (except for the distal
compartment). Variables related to the 10-m walking test, that
is, time and distance, were not correlated to fat fraction
quantified in the leg muscle compartments. On the contrary,
distance was correlated to fat fraction in the distal and medial
thigh compartments (table 4). Dorsiflexion strength was not
significantly correlated to fat fraction regardless of the muscle
compartment. On the contrary, plantar flexion was significantly
correlated to fat fraction of the whole set of leg and thigh
compartments, that is, distal, proximal, and medial. Similarly,
the motor unit size index was also correlated to the fat fraction
computed for the whole set of leg and thigh compartments.

Discussion

In the present study, on the basis of quantitative MRI meas-
urements combined with a dedicated segmentation method,
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the fat fraction pattern regarding individual muscles was
reported in 16 patients with CMT1A at the thigh and leg
levels. Multiple correlations with several clinical metrics were
identified. These results further confirmed those from pre-
vious studies'"”"**° and confirmed the interest of outcome
measures provided by quantitative muscle MRI for future
CMT clinical trials. In addition, our results extended the
quantitative muscle MRI analysis to a larger volume of in-
terest, that is, multiples slices and entire individual muscle
volumes, thereby illustrating the pattern of muscle de-
generation in patients with CMT1A and the existence of
a proximal-to-distal gradient for multiple MRI variables.

Over the past 20 years, multiple MRI results have been
reported in patients with CMT. On the basis of a visual analysis
of TIW images, Stilwell et al."® illustrated the length-dependent
nature of these neuropathies, showing a larger muscle de-
generation in distal locations. Gallardo et al.*' reported a se-
lective involvement of intrinsic foot muscles and a distally
accentuated fatty infiltration of the lateral, anterior, and su-
perficial posterior leg muscle compartments and, to a lesser
degree, of the deep posterior compartment in patients with
CMT1A. More recently, a prevalent fatty infiltration in the
anterior and lateral compartments was also reported.”” These
studies were based on a semiquantitative Goutallier classifica-
tion,”® which has been stated to be poorly sensitive in follow-up
study.**

Based on a more quantitative approach and taking advantage of
a dedicated segmentation protocol, our results further sup-
ported such a pattern of muscle degeneration that was pre-
dominant in the anterior and lateral compartments of the leg
muscles with a length dependence. Indeed, the quantitative
analysis of fat fraction in individual muscles of patients with
CMT 1A showed significantly increased values especially in the
anterior and lateral leg muscle compartments compared to the
posterior compartments, whereas such a difference was not
observed in the control group. This quantitative analysis further
supports the commonly reported CMT phenotype corre-
sponding to a neuropathy affecting primarily peroneal mus-
*> The comparative analysis of muscle fat fraction at
different levels illustrated a length-dependent gradient with
a larger muscle degeneration quantified distally in both thigh
and leg muscles. Such a gradient was not observed in the
control group and tended to increase with disease severity.
When we consider moderately affected patients, that is, with
a CMTNSV2 score below the Sth percentile, the mean muscle
fat fraction at thigh level (i.e., proximally) was included in the
25th to 75th interquartile range of the control group. On the
contrary, for severely affected patients, that is, those with
a CMTNSv2 score above the 95th percentile, the fat fraction
was in the 75th to 95th interquartile range of the control group.
This proximal-to-distal gradient of muscle fatty infiltration has
previously been suggested on the basis of semiquantitative MRI
measurements'**" and further confirms the length-dependent
degeneration of motor axons leading to muscle denervation in
CMT1A.

cles.
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Table 4 Significant rvalues for the correlations between fat fraction and other variables for the total leg and thigh muscle

compa rtments
Leg muscle compartments Thigh muscle compartments
D M P D M P
Age 0.70 0.69 0.54
Disease duration 0.75 0.69 0.60 0.52 0.58 0.59
Clinical scores
CMTNSv2
CMTES 0.56 0.56 0.55 0.58
CMTNS lower limb 0.58 0.57 0.53
CMTNS lower limb motor 0.65 0.67
Walking capacity
Time
Distance 0.60 0.54
Force capacity
Plantar flexion -0.83 -0.87 -0.87 -0.57 -0.73 -0.68
Dorsiflexion
Electrophysiology
MUSIX tibialis anterior 0.66 0.57 0.58 0.58 0.62 0.64

MUNIX tibialis anterior

Abbreviations: CMTES = Charcot-Marie-Tooth Examination Score; CMTNSower imb = Charcot-Marie-Tooth Neurologic Score computed for the lower limb;
CMTNS)ower limb motor = Charcot-Marie-Tooth Neurologic Score computed for the lower limb and regarding the motor aspect; CMTNSv2 = Charcot-Marie-Tooth
Neuropathy Score Version 2; D = distal; M = medial; MUSIX = Motor Units Size Index; MUNIX = Motor Unit Number Index; P = proximal.

Other variables include clinical scores, electrophysiology measurements, and strength.

Outcome measures should be considered for their re-
sponsiveness but also with respect to potential correlations
with clinical, electrophysiologic, and functional parameters.
Quantitative MRI has been used more recently in patients
with CMT1A.""?*? Sinclair et al.'* reported a correlation
between a composite mean lower-leg magnetization transfer
ratio measure determined on a single central slice and the
strength of ankle plantar flexion and disease duration. More
recently, Morrow et al ' reported that the whole-muscle fat
fraction measured for a single slice located at the midcalf was
correlated with CMTES, disease duration, and the total
Medical Research Council lower limb score. The larger sen-
sitivity of this biomarker was underlined by the fact that
muscle fat fraction increased significantly over a 1-year period,
whereas clinical endpoints did not. These data were further
confirmed in other groups of adult®® and children”” with
CMTI1A. In our group, similar results were observed; fat
fraction was correlated to CMTES score and strength of
plantar flexion. However, our results are more than confir-
matory. Indeed, according to our multislice measurements,
correlation coefficients at the leg level were the largest for the
anterior compartment. In this anterior compartment, corre-
lations were also observed at all slice levels—proximal, me-
dial, and distal—and the whole set of slices, whereas the
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corresponding correlations were significant only at midcalf for
the whole set of muscles, thereby highlighting the selectivity
of muscle degeneration in CMT1A. The analysis of data from
a single slice at the thigh and calf levels with only small regions
of interest has been acknowledged as a limitation by Morrow
et al,'" given that these measures might not account for the
inhomogeneity of the disease. On the basis of an overall
segmentation of different muscles compartments, a pattern of
muscle degeneration has been characterized in CMT1A with
a peroneal-type and length-dependent profile. Coefficient
correlations with clinical metrics were high for the anterior
compartment of leg muscles, so attention could be paid to
these muscles in any future clinical trials.

In the present study, using quantitative MRI measurements
combined with a dedicated segmentation method, we de-
scribed the quantitative MRI pattern of muscle fatty de-
generation in individual muscles of patients with CMTI1A.
The length-dependent peroneal-type profile of fat in-
filtration was further illustrated. Significant correlations be-
tween these metrics and main clinical variables were
reported. Quantification of fat fraction at different levels of
the leg anterior compartment appears to be of interest in
future clinical trials.
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