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Background and purpose: Nerve tissue alterations have rarely been quantified in

Charcot–Marie–Tooth type 1A (CMT1A) patients. The aim of the present study

was to quantitatively assess the magnetic resonance imaging (MRI) anomalies of

the sciatic and tibial nerves in CMT1A disease using quantitative neurography

MRI. It was also intended to seek for correlations with clinical variables.

Methods: Quantitative neurography MRI was used in order to assess differ-

ences in nerve volume, proton density and magnetization transfer ratio in the

lower limbs of CMT1A patients and healthy controls. Disease severity was

evaluated using the Charcot–Marie–Tooth Neuropathy Score version 2, Char-

cot–Marie–Tooth examination scores and Overall Neuropathy Limitations

Scale scores. Electrophysiological measurements were performed in order to

assess the compound motor action potential and the Motor Unit Number

Index. Clinical impairment was evaluated using muscle strength measurements

and Charcot–Marie–Tooth examination scores.

Results: A total of 32 CMT1A patients were enrolled and compared to 13

healthy subjects. The 3D nerve volume, magnetization transfer ratio and pro-

ton density were significantly different in CMT1A patients for the whole sci-

atic and tibial nerve volume. The sciatic nerve volume was significantly

correlated with the whole set of clinical scores whereas no correlation was

found between the tibial nerve volume and the clinical scores.

Conclusion: Nerve injury could be quantified in vivo using quantitative neu-

rography MRI and the corresponding biomarkers were correlated with clinical

disability in CMT1A patients. The sensitivity of the selected metrics will have

to be assessed through repeated measurements over time during longitudinal

studies to evaluate structural nerve changes under treatment.

Introduction

Charcot–Marie–Tooth (CMT) disease represents a

heterogeneous group of inherited neuropathies [1].

CMT type 1A (CMT1A) is the most frequent

phenotype with an estimated prevalence of 1 in 5000

[2] and is characterized by a length-dependent sen-

sory–motor deficit with distal muscle weakness and

atrophy starting in childhood. This autosomal domi-

nant demyelinating neuropathy is due to a DNA

duplication in chromosome 17 containing the periph-

eral myelin protein 22 (PMP22) gene [3]. As a result,

myelin stability is primarily affected whilst axonal

degeneration occurs secondarily. No curative treat-

ment is currently available and an interventional
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strategy aimed at stopping or slowing the disease pro-

gression has proved inefficient. Accordingly, the thera-

peutic potential of various compounds such as

ascorbic acid [4–7] or a combination of ascorbic acid,

naltrexone and baclofene [8,9] has been described.

One of the major difficulties reported in these trials

was to detect a potential early therapeutic response

using the current clinical and electrophysiological tests

[10]. A clinical validated score in CMT1A patients

such as the CMT Neuropathy Score version 2

(CMTNSv2) [11] and the Overall Neuropathy Limita-

tions Scale (ONLS) [12] has proved to be poorly sensi-

tive to disease progression [13,14]. Nerve conduction

measurements are limited to distal nerves that are

often severely damaged and unexcitable at first evalu-

ation [15]. In that context, sensitive biomarkers are

warranted so that disease progression and the effi-

ciency of potential therapeutic strategies can be

assessed [16].

Quantitative magnetic resonance imaging (qMRI)

techniques have been used in CMT over the past few

years and structural abnormalities have been reported

in nerves and muscles of the lower limbs, both proxi-

mally and distally [17]. Skeletal muscle MRI of the

lower limbs showed a significantly increased fat frac-

tion with a length-dependent peroneal-type pattern

[18] and a high sensitivity to change over a 1-year per-

iod [19]. Regarding the nerve pathological involve-

ment, various metrics such as nerve volume [20],

proton density (PD) [21] and magnetization transfer

ratio (MTR) [22] have been quantified, but the proxi-

mal-to-distal pattern of the sciatic and tibial nerves

has not been specifically analyzed so that the most rel-

evant area for MR neurography remains unknown.

The objective of the present study was to quantify

the 3D nerve volume, MTR and PD using qMRI in

CMT1A patients and to assess the potential proximal-

to-distal gradient for the lower limb, i.e. thigh and

leg. Correlations with conventional scores were inves-

tigated in order to identify the biomarkers of interest

which could be used to monitor the natural progres-

sion of the disease and the efficiency of potential ther-

apeutic strategies.

Methods

Clinical assessment

Thirty-two consecutive genetically confirmed CMT1A

adult patients and 13 age and sex-matched controls

were enrolled in this study from March 2016 to March

2018 in the Reference Center for Neuromuscular Dis-

ease and ALS (Marseille, France). Clinical evaluation

included demographic data, neurological examination

and medical history. Muscle strength was evaluated

through the Medical Research Council (MRC) scale

[23]. Disease severity was assessed on the basis of the

CMTNSv2 score, a composite score combining symp-

toms, signs and electrophysiological evaluation [11].

Another clinical score, without electrophysiological

testing, referred to as the Charcot–Marie–Tooth exami-

nation score (CMTES) was also used together with the

motor items of the leg (CMTESL). Functional disability

in daily life was recorded using the ONLS and its lower

limb subpart (ONLSL) [12].

Patients also underwent an electrophysiological

examination, with compound motor action potential

and Motor Unit Number Index measurements on the

non-dominant muscles abductor pollicis brevis, abduc-

tor digiti minimi and tibialis anterior, as described in

a previous study [19].

No patient had any history of other conditions.

Standard biological tests were performed in order to

rule out any disease linked to peripheral neuropathies

such as diabetes or renal failure. The control group

showed no medical history of neuromuscular disease.

Informed consent was obtained from all participants

and approval from the local ethics committee was

obtained (IRB #2015-A00799-40).

Magnetic resonance neurography protocol

Magnetic resonance imaging was performed at 1.5 T

(Siemens Avanto scanner). Patients lay supine whilst

the leg and thigh of the non-dominant limb were

imaged using a combination of multi-channel flexible

coils (Siemens, Erlangen, Germany) on the top and

spine coils (Siemens) integrated in the scanner bed.

After a localizer, sets of images were recorded in the

axial plane in order to quantify the sciatic and tibial

nerve volumes [gradient recalled echo (GRE) sequence

with selective water excitation], the corresponding PD

(multi-echo turbo spin echo sequence) and the MTR

(GRE with and without a saturation pulse). The nerve

volume was quantified over pre-determined regions of

interest (ROIs) covering a 20 cm distance and centered

in the mid-thigh (presence of the short head of the

biceps femoris muscle) and mid-leg (largest cross-sec-

tional area) regions. From each MRI sequence

recorded, a quantitative map was generated which was

computed using various bias corrections. Details of the

corresponding sequences are provided in Table 1.

Data processing

Nerve segmentation

The sciatic and tibial nerve contours were manually

drawn in all 36 slices as the two ROIs on the 3D
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GRE dataset for both sciatic and tibial nerves [24] by

an experienced Medical Doctor (MD) (EF, with

greater than 5 years of experience) using FSLView

(FSL, FMRIB Software Library, Oxford, UK) [25].

The most proximal (35) and the most distal (0) slices

were excluded from the analysis given their poorer

homogeneity. As illustrated in Fig. 1, the nerve bor-

ders were readily visible using the 3D water-selective

GRE sequence. In the distal part of the thigh, the

ROI included both branches of the sciatic nerve (per-

oneal and tibial), as described in a previous study

[22]. Segmentation results were double checked by two

experts (EF and AO). Both the 3D volume and the

3D mean cross-sectional area (CSA) were calculated

for the two ROIs. The PD and MTR maps were lin-

early resized to the resolution of the 3D GRE dataset

using FreeSurfer [26] so that each metric could be

averaged over the whole set of segmented slices.

Proton density map

For each subject, the PD map was generated on a

voxel basis using the signal intensity measured at each

echo time on the turbo spin echo image. A multi-echo

sequence with 17 echoes and an 8.7 ms echo spacing

was employed. Using a monoexponential equation,

the corresponding intensities were fitted in order to

produce a T2 map for each slice. The corresponding

equation was used to extrapolate the signal intensity

for a zero echo time on a voxel basis and generate a

PD map for each slice.

Magnetization transfer ratio mapping

Magnetization transfer ratio quantification was per-

formed as previously described [20]. Briefly, MTRs

were computed on a voxel basis from the normal-

ized difference between the intensity on the MT-

weighted image (I1) acquired with a 3D fast low-an-

gle shot readout (Table 1), preceded by a 10-ms

Gaussian pulse with a nominal 500° flip angle and

a 1200 Hz offset frequency, and the corresponding

intensity on the image recorded without the satura-

tion pulse (I0):

MTR ¼ 100 � 1� I0� I1

I0

� �

A correction for the B1 inhomogeneities was per-

formed as previously described [25] taking into

account the B1 map.

Table 1 Parameters of the MRI sequences

TR (ms) TE (ms) Voxel size (mm2) Slice thickness Number of slices

3D GRE WE 16 6.97 0.5*0.5 5 36

2D TSE 2700 from 8.7 to 139.2 1.7*1.7 10 10

3D GRE with and without a saturation pulsea 36 3.5 1.7*1.7 5 36

GRE, gradient echo sequence; MRI, magnetic resonance imaging; TE, echo time; TR, repetition time; TSE, turbo spin echo; WE, water excita-

tion. aThe saturation pulse was a 10-ms Gaussian pulse with a nominal 500° flip angle and a 1200 Hz offset frequency.

(a) (b) (c) (d)

(e) (f) (g) (h)

Figure 1 Typical MR images from a control (a, c, e, g) and a CMT patient (b, d, f, h). Images have been recorded at the thigh (a, b,

e, f) and lower leg (c, d, g, h) levels. The lower panel illustrates an expanded region indicated as a white square.
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Statistical analyses

Statistical analyses were performed using Addinsoft

Xlstat (version 2018.7, Addinsoft, Bordeaux, France).

Given the non-Gaussian distribution of the data, val-

ues were compared using nonparametric Wilcoxon–
Mann–Whitney tests. The Spearman rank correlation

(r) was used to analyze the correlations between met-

rics. Differences were considered as statistically signifi-

cant for P values lower than 0.05. The results are

presented as mean � SD.

Data availability statement

All de-identified data and related documentation from

this study are available upon request to qualified

researchers without limit of time, subject to a stan-

dard data sharing agreement.

Standard protocol approvals, registrations, and patient

consents

This research protocol was approved by the French

ethics committee (IRB #2015-A00799-40).

Results

Demographics and clinical data

Thirty-two patients (mean age 37.5 � 13 years; 13

males) were included and compared to 13 controls

(mean age 41.6 � 13 years; seven males). There was

no significant difference in age (P = 0.53) or sex

(P = 0.41) between the two groups.

Charcot–Marie–Tooth type 1A patients displayed a

typical phenotype of chronic length-dependent sen-

sory–motor neuropathy with distal muscle weakness

and deformities predominant in the lower limbs.

Mean disease duration in patients was 25 years as first

signs mostly appeared in childhood. Duplication of

the PMP22 gene was confirmed in all patients.

Detailed clinical and demographic data with func-

tional scores and MRC testing are presented in

Table 2.

Magnetic resonance neurography measurements

The 3D nerve volume was significantly increased in

patients compared to controls for the sciatic

(13 002 � 4373 mm3; 4989 � 846 mm3; P < 0.0001)

and tibial (4290 � 1531 mm3; 1807 � 258 mm3;

P < 0.0001) nerves. The 3D mean CSA was also sig-

nificantly higher in patients for sciatic

(103.5 � 25.7 mm2; 27.5 � 5.0 mm2; P < 0.0001) and

tibial (38.9 � 9.0 mm2; 10.6 � 1.5 mm2; P < 0.0001)

nerves.

Proton density was also significantly increased in

patients for both nerve regions. Sciatic nerve PD

(556.8 � 88.9; 489.9 � 64.5; P = 0.0492) and tibial

nerve PD (550.7 � 72.5; 492.3 � 84.8; P = 0.0417)

were both increased in the patient group.

A statistically significant difference was also demon-

strated for the MTR with a reduction in the sciatic

(33.7 � 3.7; 39.5 � 3; P = 0.0025) and the tibial

nerves (41.5 � 4.2; 44.2 � 2.6; P = 0.0449) in

CMT1A patients.

Given that the whole set of slices were segmented,

the nerve volume proximal-to-distal gradient was ana-

lyzed. A physiological gradient was quantified in the

thigh of controls with a larger nerve volume in the

proximal area (R2 = 0.66; P < 0.0001). This gradient

was not found in patients with similar nerve volume

and CSA values in the proximal and distal areas of

the sciatic nerve (R2 = 0.03; P = 0.27). At the leg

level, no gradient was quantified in the control group

(R2 = 0.01; P = 0.47) whereas a slight and significant

increase was quantified distally in the patient group

(R2 = 0.55; P < 0.0001).

In order to investigate whether the nerve alterations

were more pronounced proximally or distally, the

proximal-to-distal ratio, defined as the ratio between

the proximal slices at the thigh level and the distal

slices at the leg level, was computed for each metric.

Table 2 Demographic and clinical parameters of CMT1A patients

Variables CMT1A patients

n (female/male) 32 (19/13)

Age (years) 37.5 � 12.9

Disease duration (years) 25 � 14

Functional scores

CMTNSv2 13.6 � 5.0

CMTES 9.7 � 4.1

CMTESL 3.4 � 1.8

ONLS (UL–LL) 3.4 � 1.3 (1.6/1.8)

MRC scores

Quadriceps L/R 4.8/4.8

Psoas L/R 4.5/4.50

Plantar flexion L/R 3.8/3.8

Dorsal flexion L/R 3.8/3.8

DI L/R 3.7/3.5

CAPB 3.8/3.7

Data are expressed as mean � SD. CAPB, abductor pollicis brevis

muscle; CMT1A, Charcot–Marie–Tooth type 1A; CMTES, Charcot

–Marie–Tooth examination score; CMTESL, Charcot–Marie–Tooth
examination score (motor lower limb subpart); CMTNSvs2, Charcot

–Marie–Tooth Neuropathy Score version 2; DI, first dorsal inteross-

eous muscle; MRC score, Medical Research Council score; ONLS

(UL–LL), Overall Neuropathy Limitations Scale (upper limb–lower
limb).
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Interestingly, there was no difference between CMT1A

patients and controls for the proximal-to-distal ratio

of volume [controls 3.34 � 0.7 (4.20–2.32); CMT1A

3.38 � 1.2 (5.35–1.46)] (P = 0.86), MTR [controls

0.83 � 0.1 (0.99–0.65); CMT1A 0.70 � 0.1 (0.88–
0.30)] (P = 0.07) and PD [controls 0.92 � 0.3 (1.68–
0.71); CMT1A 0.74 � 0.2 (1.13–0.52)] (P = 0.13).

The whole set of qMRI metrics are shown in

Table 3 and Fig. 2.

Clinical correlations

As illustrated in Fig. 3, the 3D sciatic nerve volume

was significantly correlated with the whole set of clini-

cal scores: CMTNSv2 (P = 0.018; rho = 0.436),

CMTES (P = 0.012; rho = 0.459), CMTESL
(P = 0.045; rho = 0.376), ONLS (P = 0.002;

rho = 0.552) and ONLSL (P = 0.022; rho = 0.423). In

contrast, no correlation was found between the tibial

nerve volume and the clinical scores: CMTNSv2

(P = 0.16), CMTES (P = 0.17), CMTESL (P = 0.30),

ONLS (P = 0.17) and ONLSL (P = 0.76).

Sciatic nerve PD was correlated with the ONLS

(P = 0.041; rho = 0.383) and the ONLSL (P = 0,005;

rho = 0,509) whilst the sciatic nerve MTR was corre-

lated with the quadriceps MRC score (P = 0.0032;

rho = 0.053). A significant relationship was also found

between the tibial nerve MTR and the ONLS

(P = 0.029; rho = �0.42).

DISCUSSION

The present results further demonstrate that qMRI is

able to provide sensitive quantitative biomarkers in

CMT1A patients. It is noteworthy that using the

GRE sequence combined with a water-selective excita-

tion scheme, high-quality images were obtained at 1.5

T. Based on original measurements at the thigh and

leg levels, significant differences between CMT1A

patients and controls were reported regarding 3D

nerve volume, MTR and PD for the whole sciatic and

tibial nerve volume. On the basis of a 3D multi-slice

analysis and the corresponding correlations with con-

ventional clinical scores, our results strongly suggest

that qMRI measurements at the thigh level might be

the most appropriate in order to assess both natural

disease progression and the potential efficiency of

therapeutic strategies.

The sciatic and tibial nerve volume hypertrophy

reported is in line with several previous studies

[20,22]. Nerve hypertrophy is a well-known feature of

CMT1A patients which has been linked to an increase

of endoneurial collagen and the demyelination and

remyelination processes giving the classic ‘onion bulb’

aspect in microscopy studies [24]. The nerve volume

quantified was more than twice as large in patients as

controls. Accordingly, the CSA of the sciatic nerve

reported by Sinclair et al. [20] in a single slice from

CMT1A patients was more than twice the size of

Table 3 Nerve metrics of CMT1A patients and healthy controls

Thigh Leg

CMT1A patients Healthy controls P value CMT1A patients Healthy controls P value

Total volume (mm3) 13 002 � 4373 4989 � 846 <0.0001 4290 � 1531 1807 � 258 <0.0001
Proton density 556.8 � 88.9 489.9 � 64.5 0.0492 550.7 � 72.5 492.3 � 84.8 0.0417

MTR 33.7 � 3.7 39.5 � 3 0.0025 41.5 � 4.2 44.2 � 2.6 0.0449

Data are expressed as mean � SD. CMT1A, Charcot–Marie–Tooth type 1A; MTR, magnetization transfer ratio.

Figure 2 Nerve volume (a), proton density (b) and MTR (c) in controls (grey box plots) and patients (black box plots). Values have

been quantified at the thigh and lower leg levels.

© 2020 European Academy of Neurology
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controls. Vaeggemose et al. [21] reported a similar

observation for a 4.8 cm nerve section. Considering

our 3D analysis, it was determined that this hypertro-

phy occurred both proximally and distally.

In addition to the morphometric changes, PD was

also significantly increased in the patient group. Such

an increase has been previously reported once [21] in

CMT1A patients at the thigh level and explained as a

possible disease process more pronounced proximally

than distally. Our results indicate that PD was

increased at both thigh and leg levels. PD has been

described as a sensitive microstructural biomarker of

nerve tissue integrity in the peripheral nervous system

which would reflect the macromolecular composition

of nerves and muscles [27,28]. A PD elevation in

peripheral nerves has already been reported in various

neuropathies such as diabetes [29] and familial amy-

loid polyneuropathy [30]. It might be linked to protein

deposits or inflammatory reactions in the extracellular

matrix [31]. In amyloidosis, the accretion of unfolded

transthyretin deposits in the endoneurium has been

suggested as a potential accounting factor of PD aug-

mentation. In the context of CMT1A, PD elevation

might be secondary to the above-normal thickness

sheaths of myelin. The exact interpretation of

structural changes leading to PD alterations would

have to be complemented by anatomo-pathological

evaluations.

The MTR, another metric related to the macro-

molecular content of the nerve, was also reduced in

patients for both sciatic and tibial nerves. According

to previous imaging studies, the nerve MTR could be

affected by myelin lipid composition and would there-

fore be sensitive to changes in myelin density [32].

MTR changes have been investigated in the peripheral

nervous system [33] and only a single study has

described pathological modifications in the sciatic

nerve of CMT1A patients [22]. The corresponding

33% MTR reduction in the patient group is consistent

with our results. The significant MTR reduction

reported in the tibial nerve of patients has never been

recorded before and probably reflects myelin density

alterations in both thigh and leg levels that are known

to disrupt axon–Schwann cell interactions causing

nerve dysfunction. Both results indicate the presence

of microstructural abnormalities along the whole

nerve.

In the present study, it was possible to assess the

proximal-to-distal gradient of the quantitative nerve

parameters in both thigh and leg compartments. In

CMT1A, the length-dependent pattern of the muscu-

lar impairment was well established since the first clin-

ical descriptions, with distal sensory–motor deficit and

atrophy. MRI studies have also illustrated this specific

feature with larger degeneration in intrinsic foot mus-

cles [33]. More recently, using a 3D analysis, a length-

dependent profile of the muscle fat infiltration has

been reported with a predominant involvement of the

leg compared to the thigh compartment [18]. This

length-dependent profile initially reported in the mus-

cle tissue was not observed in the sciatic and tibial

nerves whilst a global and major hypertrophy was

quantified in the whole limb of the patients. Interest-

ingly, the sciatic nerve volume was strongly correlated

with the whole set of clinical scores whereas tibial

nerve volume was not. This might result from the sec-

ondary axonal loss which is known to occur in nerve

extremities of CMT1A patients [34]. This additional

process would lead to a distal nerve volume diminu-

tion thereby affecting correlations at the leg level. In

CMT1A patients, the leg area is also problematic for

nerve conduction velocity measurements whilst non-

responsive distal sensory nerves account for the floor

effect in longitudinal studies [35]. Significant

Figure 3 Relationships between sciatic nerve volume (mm3) and clinical scores, i.e. CMTNSv2 (a), CMTES (b) and CMTESL (c). P

and rho values are indicated at the top. CMTNSv2, CMT Neurological Score version 2; CMTES, CMT examination score; CMTESL,

CMT examination score with the motor items of the leg.
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differences in MTR and PD were also identified at the

thigh level in our patient cohort. In addition, correla-

tions between sciatic nerve volume and CMTNSv2

scores were recorded in the thigh compartment. Alto-

gether, this would support the potential use of MRI

metrics in the proximal compartment as biomarkers

for further studies. This would overcome the problem

of distal nerve degeneration in CMT1A. From a

methodological point of view, the sciatic diameter

measurement is easier given its larger dimension and

one might expect a more accurate segmentation and a

lower sensitivity to potential subject motions during

the MRI scanning. Biological and nerve-related MRI

parameters have been previously correlated in diabetic

patients [36] and this type of correlation was not

found in our patients who did not suffer from dia-

betes.

Whilst the analyzed tridimensional region of interest

using MRI was large and the number of CMT1A

patients enrolled in this study was quite important, a

few limitations must be acknowledged. As diffusion

tensor imaging was not used, it was not possible to

assess the sciatic nerve’s fractional anisotropy [21]. T2

measurements using multi-echo spin echo methods

can suffer from stimulated echo artefacts and affect

the corresponding quantification [37]. As a mixture of

fat and water was not expected in the nerve region, a

bi-exponential fitting taking into account the fat frac-

tion was not used but only a single exponential fitting

method. The corresponding correlation coefficients

were always larger than 0.95 thereby illustrating a

minor stimulated echo effect which should at least be

similar for all the subjects.

It would be of interest to investigate the effects of

genetic mutations [38] and age [39]. The reproducibil-

ity of our segmentation approach has been demon-

strated previously [40] and a longitudinal study would

be required to analyze the relevance of the MRI met-

rics selected for the assessment of the natural progres-

sion of the disease and the potential efficiency of

therapeutic strategies.

In conclusion, qMRI combined with a 3D segmen-

tation approach can be used to characterize in vivo

nerve tissue using several sensitive morphometric and

structural parameters that correlate with disability in

CMT1A patients. The sensitivity of the selected met-

rics would have to be assessed through repeated mea-

surements over time during longitudinal studies to

evaluate structural nerve changes under treatment.
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