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Abstract

Background: Charcot-Marie-Tooth disease type 1A (CMT1A) is known as a primarily 
demyelinating peripheral nerve disease. Evidence is accumulating that axonal 
involvement determines the course of the disease process. 
Methods: Fifty-one patients were investigated. Physical disability and impairments 
were scored. Nerve conduction velocities (NCVs) were used as indirect measures for 
myelination status and compound muscle / sensory nerve action potential (CMAP / 
SNAP) amplitudes served as indirect measures for axonal function. 
Results: Median age was 39 years (range 6-69). Muscle weakness and sensory 
dysfunction were more severe in the legs than in the arms and distally more than 
proximally. However, more than 40% of the patients had proximal muscle weakness in 
the legs. Three-point grip was used as representative for combined distal arm muscle 
groups. CMAP amplitude was the most important independent variable in a multiple 
linear regression model (forward selection) to explain the relation between three-
point grip strength and four different features, i.e., CMAP amplitude of the abductor 
pollicis brevis, median nerve MNCV, gender and duration of signs and symptoms. The 
severity of axonal dysfunction was nerve length-dependent and was related to the 
myelination status. The mild physical disability due to both muscle weakness and 
sensory dysfunction was also related to axonal dysfunction. 
Conclusions: In CMT1A, clinical disease severity at the impairment and at the disability 
level is related to the severity of axonal dysfunction. Our data support the hypothesis 
that the myelination status is one of the factors that determine the extent of axonal 
dysfunction later in life. Proximal weakness of the legs is encountered in a considerable 
proportion of our patients. 
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Introduction

Charcot-Marie-Tooth disease type 1A (CMT1A) or hereditary motor and sensory 
neuropathy type Ia (HMSN Ia) is most frequently caused by a 1.5 Mb duplication 
in the short arm of chromosome 17, giving rise to three copies of the peripheral 
myelin protein 22 gene (Lupski et al., 1991; Raeymaekers et al., 1991). CMT1A is 
known as a primarily demyelinating peripheral nerve disease. In CMT1 and in animal 
models for dys/demyelinating neuropathies, there is histological, functional and 
electrophysiological evidence for axonal involvement in the disease process (Dyck et 
al., 1989; Roy et al., 1989; de Waegh and Brady, 1990; de Waegh et al., 1992; Gabreëls-
Festen et al., 1992; Sahenk et al., 1999; Berciano et al., 2000; Krajewski et al., 2000; 
Hattori et al., 2003). In this study we investigated the extent of axonal dysfunction 
and whether it determines clinical disease severity at the impairment and physical 
disability levels in a group of 51 CMT1A patients.

Methods

Patients

Patients were recruited from the outpatient neurology clinic of the Academic Medical 
Centre, University of Amsterdam, and from the Dutch patients’ association (“Vereniging 
Spierziekten Nederland”). All patients had a duplication on chromosome 17p11-p12. 
In order to minimize selection on the basis of disease severity, we investigated as many 
individuals as possible within one family. The same investigator (C.V.) performed the 
examinations during a one-day visit. Measurements were carried out between April 
and December 2000. Twenty-six healthy controls (median age: 40 years, range 25-64, 
11 males and 15 females) participated in the electrophysiological examinations. All 
patients and healthy controls gave informed consent to participation in the study, 
which was approved by the medical ethics committee of the Academic Medical 
Centre, University of Amsterdam.

Neurological history and examination

A detailed history was taken. Muscle strength was assessed manually with the 
standard Medical Research Council (MRC) scale and with hand-held dynamometry 
(van der Ploeg et al., 1991; Beenakker et al., 2001). The data of the MRC grading system 
were pooled in 3 categories: normal strength (MRC grade 5), moderate paresis (MRC 
grades 4-, 4 and 4+) and severe paresis (MRC grades 0-3). A hand-held dynamometer 
type CT3001 (C.I.T. Technics, Groningen, The Netherlands) was used. Positions of 
the tested muscle groups were as described by Van der Ploeg (van der Ploeg et al., 
1991). Normal values for adults were used after 16 years of age and 250 Newton was 
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used as the upper value in muscle groups with a median value in normal individuals 
higher than 250 Newton. The mean of at least two proper measurements per muscle 
group was taken for analysis. Sensory modalities were assessed using the INCAT 
sensory sum score (ISS) and the Semmes-Weinstein monofilaments (Kets et al., 1996; 
Merkies et al., 2000b). The ISS has been validated in patients with immune-mediated 
polyneuropathies and ranges from 0 (normal sensation) to 20 (maximal sensory 
deficit) (Merkies et al., 2000b). With Semmes-Weinstein monofilaments (SWM) (Smith 
& Nephew, Hoofddorp, The Netherlands) touch-pressure sensation was assessed on 
the volar surface of the distal phalanx of the index finger and on the plantar surface 
of the distal phalanx of the fifth toe. Threshold levels were used as described by Kets 
et al. for hands and feet (Kets et al., 1996).

Electrophysiological examination 

Electrophysiological measurements were carried out using a Viking IV EMG 
machine (Nicolet, Madison, Wisconsin). During the measurements temperature was 
maintained between 32 and 34 oC at the distal recording sites. Recordings were 
done on the right side of the body. The compound muscle action potential (CMAP) 
amplitudes were recorded with large surface recording electrodes (2.0 x 2.6 cm) 
at standardized sites defined by anatomical landmarks from the abductor pollicis 
brevis (APB), abductor digiti quinti (ADQ), abductor hallucis brevis (AHB), anterior 
tibial (AT) and extensor digitorum brevis (EDB) muscles (van Dijk et al., 1994; Tjon-
A-Tsien et al., 1996). Motor nerve conduction velocities were calculated after distal 
and proximal stimulation of the median, ulnar, tibial and peroneal nerves (van 
Dijk et al., 1994; Tjon-A-Tsien et al., 1996). Antidromic sensory nerve conduction 
velocities were calculated for the sural nerve, and for the median and ulnar nerves 
after distal (wrist) and proximal (elbow) stimulation while recording at the index 
and little finger, respectively. If necessary, signals were averaged (maximum 30 
times). Amplitudes of CMAPs and SNAPs were taken from the baseline to the peak 
of the negative deflection. In order to document spontaneous muscle activity and 
reinnervation, the AT, the ADQ, the rectus femoris and the biceps brachii muscles 
on the right side were examined with needle electrodes using standard methods 
(Kimura 1993).

Physical disability

Physical disability was evaluated by the physical dimension score of the Sickness 
Impact Profile (SIP) (Bergner et al., 1981; Jacobs et al., 1990), and the arm and leg 
subsets of the Guy’s neurological disability scale (Sharrack and Hughes, 1999; 
Merkies et al., 2002b). The physical dimension of the SIP consists of the domains 
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ambulation, mobility and body care. Scores are presented as a percentage of 
maximal dysfunction ranging from 0 to 100%. For the Dutch population, the mean 
score is below 3%, but this mean score increases with age from 0.5% (18-30 years) 
to 5.2% (61-75 years) (Jacobs et al., 1990). 

Statistical analysis

Neurological history, clinical examination, electrophysiological examination and 
physical disability were analysed using descriptive statistics. Possible differences 
between male and female patients and between patients and healthy controls were 
evaluated with parametric (t-test) and non-parametric statistics (Mann-Whitney 
U-test) depending on the distribution of the data. Clinically relevant associations 
between clinical examination, electrophysiological examination and physical 
disability were explored with univariate analyses. Pearson’s product moment 
correlation coefficients (r) and Spearman’s rank correlation coefficients (rs) were 
calculated depending on the distribution of the data. For gender differences, point 
biserial correlation coefficients were calculated. The significance of all univariate 
correlations was evaluated with P < 0.05. In view of the explorative nature of this 
study we did not correct the level of significance to reduce the probability of type 
I error due to multiple comparisons (Rothman, 1990). To assess the independent 
impact of the explored variables on muscle strength and physical disability we used 
multivariate linear regression models with a forward stepwise inclusion strategy, 
using the F-statistics with P = 0.05 on the criterion level for inclusion. Square root 
transformation of the physical dimension of the SIP was performed to improve 
normality. All analyses were done with the Statistical Package for the Social Sciences 
10.0 for Windows (SPSS Inc. Chicago, IL, USA). 

Results 

Patients

Fifty-one patients, 27 males (53%) and 24 females (47%) with a median age of 39 
years (range 6-69) from 28 families were investigated. In 44 patients (86%) the age 
at onset of signs and symptoms was in the first two decades of life. There was no 
relevant co-morbidity, no relevant medication use or alcohol abuse. Thirty-five 
patients (69%) stated that their neurological condition had worsened during the last 
decade. Ten patients (20%) had undergone surgery in foot or ankle or for Achilles 
tendon lengthening, 3 (6%) patients had undergone surgery for hip dysplasia. 
Thirteen (25%) wore orthopaedic shoes, 6 (12%) used a walking aid and 3 (6%) used 
a wheelchair.
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Neurological examination 

Muscle weakness (table 2-1) and sensory dysfunction were more severe in the legs 
than in the arms and distally more than proximally. More than 40% had proximal 
muscle weakness in the legs, and more than 20% in the arms. Vibration sensation was 
abnormal in 80% of the patients in the legs and in 14% of the patients in the arms, 
pinprick sensation in 72% and in 10%, and SWM touch-pressure sensation in 50% and 
in 6%, respectively. The INCAT sensory sum score had a median of 3 (range 0 to 13). 

Table 2-1. Distribution of paresis in 51 CMT1A patients 

Muscle group Manual assessment a  n (%) Dynamometry b  n (%)

Moderate paresis Severe paresis Paresis

Arms

Shoulder abduction 6 (12%) 0 (0%) 8 (16%)

Elbow flexion 3 (6%) 0 (0%) 16 (31%)

Elbow extension 5 (10%) 0 (0%) 10 (20%)

Wrist extension 7 (14%) 0 (0%) 12 (24%)

Finger flexion 2 (4%) 0 (0%)            *

Digit quinti abduction 24 (47%) 2 (4%)            *

Three-point grip 25 (49%)

Legs

Hip flexion 8 (16%) 0 (0%) 15 (29%)

Hip abduction 7 (14%) 0 (0%) 14 (28%)

Knee extension 14 (28%) 0 (0%) 21 (41%)

Foot dorsiflexion 40 (78%) 5 (10%) 46 (90%)

Foot plantarflexion 4 (8%) 1 (2%) 5 (11%) d

Big toe extension c 39 (85%) 4 (9%)            *

a Manual assessment (right side): Moderate paresis = MRC grade 4-, 4, 4+; Severe paresis = MRC grade 0-3 
b  Dynamometry (right side): Paresis: below the 5th percentile for adults (van der Ploeg, et al., 1991) and below the 

2.5th percentile for children (Beenakker et al., 2001) of normal strength values
c Five patients excluded because of hammertoe surgery
d Five children excluded, because for children there are no normal values for dynamometry 

* No normal values for dynamometry 

Electrophysiological examination 

CMAP and SNAP amplitudes were almost always decreased in arms and legs while they 
were often not obtainable distally in the legs. Motor and sensory nerve conduction 
velocities were slow over all the measured nerve segments (table 2-2). 
When comparing CMAPs of the APB muscle stimulated at the wrist and at the elbow, there 
was a significant difference between CMT1A patients and controls in reduction of CMAP 
amplitude (13.8 versus 2.2%, P < 0.001), but there was no significant difference between 
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CMT1A patients and controls in increase of CMAP duration (7.3 versus 4.5%) or reduction 
of CMAP area (3.4 versus 0.2%). 
CMAP amplitude of the APB muscle correlated significantly with median nerve MNCV (46 
patients, r = 0.51, P < 0.001). Recordable SNAP amplitudes of the second digit correlated 
significantly with median SNCVs in the arms (33 patients, rs = 0.42, P = 0.016). 
Spontaneous muscle activity was found in the anterior tibial muscle (11% of 
patients). Reinnervation was found in all examined muscles (AT muscle 76%, ADQ 
muscle 80%, rectus femoris muscle 75% and biceps brachii muscle 43%).

Table 2-2. Electroneurographic findings

Table 2-2a. Distal compound muscle action potentials and motor nerve conduction velocities in patients with CMT1A

Nerve n
Recordable 
distal CMAPs

Mean distal CMAP 
amplitude ± SD (mV) 

Recordable 
proximal CMAPs

Mean MNCV ± SD (m/s)

 Patients Controls Patients Controls

Median - APB 46 46 (100%) 4.4 ± 1.9* 7.9 ± 2.0 46 (100%) 23 ± 5.3* 58 ± 3.1

Ulnar - ADQ 48 48 (100%) 4.2 ± 1.5* 9.5 ± 2.3 48 (100%) 21 ± 5.6* 59 ± 3.8

Tibial - AHB 46 39 (85%) 1.0 ± 1.1* 10.8 ± 4.6 34 (74%) 21 ± 3.8* 46 ± 3.5

Peroneal - AT 47 47 (100%) 2.5 ± 1.4* 3.4 ± 0.9 46 (98%) 22 ± 4.7* 55 ± 6.1

Peroneal - EDB 48 29 (60%) 0.4 ± 0.6* 5.3 ± 2.0 24 (50%) 21 ± 5.2* 47 ± 3.1

CMAP = Compound muscle action potential; MNCV = Motor nerve conduction velocity; ABP = Abductor pollicis 

brevis muscle; ADQ = Abductor digiti quinti muscle; AHB = Abductor hallucis brevis muscle; EDB = Extensor 

digitorum brevis muscle; AT = Anterior tibial muscle 

* Statistically significant difference between patients and controls (t-test P < 0.01)

Table 2-2b. Distal sensory nerve action potentials and sensory nerve conduction velocities in patients with CMT1A

Nerve n
Recordable 
distal SNAPs

Mean distal SNAP
amplitude ± SD (�V)

Recordable 
proximal SNAPs

Mean SNCV ± SD (m/s)

 Patients Controls Patients Controls

Median - dig II 46 40 (87%) 2.9 ± 2.4* 37.9 ± 16.9 33 (72%) 29 ± 4.9* 59 ± 3.0

Ulnar - dig V 48 41 (85%) 2.6 ± 1.4* 28.4 ± 15.1 36 (75%) 27 ± 6.6* 61 ± 4.4

Sural - malleolus 47 20 (43%) 1.9 ± 1.0* 9.2 ± 3.9 20 (43%) 15 ± 5.5* 40 ± 3.1

SNAP = Sensory nerve action potential; SNCV = Sensory nerve conduction velocity; dig II =  second digit; dig V = 

fifth digit; malleolus = lateral malleolus

* Statistically significant difference between patients and controls (t-test P < 0.01)

Physical disability 

The physical dimension of the SIP had a median of 6.2% and ranged from 0 to 56.4%. 
Females had a significantly higher score on the physical dimension of the SIP (median 
males: 3.3%, median females 10.0%, Mann-Whitney U-test P < 0.05). In 94% of patients 
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walking abilities were affected (Guy’s leg disability scale, median score 2, range 0-6), 
whereas in 63% arm abilities were affected (Guy’s arm disability scale, median score 
2, range 0-3). 

Relation between electrophysiological examination and impairments 

Three-point grip was used as representative for combined distal arm muscle groups. 
Dynamometric strength data of three-point grip were analysed in the 46 adult 
patients with univariate analyses and subsequently with a multiple linear regression 
analysis (forward selection) (table 2-3). A decreased CMAP amplitude was the most 
important independent factor to explain decreased three-point grip strength. For the 
feet SWM touch-pressure sensation correlated with recordable sural SNAP amplitudes 
(17 patients, rs = -0.72, P = 0.001), but for the hands there was no correlation. SWM 
touch-pressure sensation did not correlate with SNCVs. 

Table 2-3. Association between dynamometric strength data and electrophysiological measurements, gender, 

and duration of signs and symptoms, and multivariate linear regression model (forward selection) explaining 

the independent impact of electrophysiological measurements, gender and duration of signs and symptoms on 

dynamometric strength data in 46 adult CMT1A patients

Three-point grip Standardized 
regression coefficient

Adjusted R2

r P

CMAP amplitude a  0.70 <0.001 0.64 47%

Median MNCV  0.43   0.003 - - 

Gender -0.43 b   0.003 -0.39 16%

Duration of signs and symptoms -0.35   0.017 -0.22 4%

Total 67%

a Distal CMAP amplitude of the abductor pollicis brevis muscle
b  Gender: point biserial correlation coefficient

CMAP = Compound muscle action potential amplitude; MNCV = Motor nerve conduction velocity; r = Pearson’s 

product moment correlation coefficient

Relation between electrophysiological examination, impairments, and physical 

disability

The physical dimension of the SIP was analysed with univariate analyses and 
subsequently with multiple linear regression analysis (forward selection) (table 2-4). 
Physical disability correlated with sensory dysfunction and correlated inversely with 
strength of three-point grip. Strength was the most important independent factor to 
explain physical disability. 
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Physical disability correlated inversely with both CMAP amplitude of the APB muscle 
and median nerve MNCV (table 2-4). In the multiple linear regression analysis (forward 
selection), CMAP amplitude and duration of signs and symptoms both contributed. 

Table 2-4. Association between the physical dimension of the Sickness Impact Profile (SIP) and (a) strength, 

sensory dysfunction, and duration of signs and symptoms and (b) electrophysiological measurements, gender, 

and duration of signs and symptoms with the respective multivariate linear regression models (forward selec-

tion) explaining the independent impact of these parameters on the physical dimension of the SIP in 46 adult 

CMT1A patients

Table 2-4a

Physical  dimension of SIP Standardized 
regression coefficient

Adjusted R2

rs P

Strength three-point grip -0.70 <0.001 0.70 48%

ISS  0.43   0.002 - -

Gender  0.26 b   0.082 - -

Duration of signs and symptoms  0.42   0.004 - -

Total 48%

Table 2-4b

Physical  dimension of SIP Standardized 
regression coefficient

Adjusted R2

rs P

CMAP amplitude a -0.48 0.001 -0.39 19%

Median nerve MNCV -0.37 0.012 - - 

Gender  0.26 b 0.082 - -

Duration of signs and symptoms  0.42 0.004  0.37 12%

31%

a Distal CMAP amplitude of the abductor pollicis brevis muscle
b Gender: point biserial correlation coefficient

CMAP = Compound muscle action potential; ISS = INCAT sensory sum score; MNCV = Motor nerve conduction 

velocity; rs  = Spearman’s rank correlation coefficient

Discussion

Our data strongly support the hypothesis that clinical disease severity in CMT1A is 
determined by the extent of axonal dysfunction. Muscle weakness, sensory dysfunction 
and forthcoming physical disability were more pronounced in patients with more 
severe axonal dysfunction. This relationship has recently gained acceptance in the 
literature for CMT1 (Reilly and Hanna, 2002; Shy et al., 2002), but to our knowledge 
the role of axonal dysfunction has been investigated thoroughly only in two studies 



34

Ch
ap

te
r

2

with adult patients with CMT1A (Krajewski et al., 2000; Hattori et al., 2003; Lewis et 
al., 2003). In those cross-sectional studies CMAP amplitudes correlated with manually 
tested distal muscle strength. In a selection of the patient group of Krajewski et al., 
motor unit number estimation correlated with manually tested distal muscle strength 
(Krajewski et al., 2000; Lewis et al., 2003). The relation between electrophysiological 
parameters and disability were not investigated in these studies. Birouk et al. reported 
a significantly lower median nerve MNCV in CMT1A patients with more severe 
disability, but the relation with CMAP amplitude was not studied (Birouk et al., 1997). 
In univariate analysis, we also found a correlation between median nerve MNCV and 
physical disability, but multivariate analysis showed that axonal dysfunction, i.e., 
CMAP amplitude, was the most important contributor to physical disability.
As in other studies, we used CMAP amplitudes as indirect measurement for axonal 
dysfunction (Kimura et al., 1986; Krajewski et al., 2000; Hattori et al., 2003). CMAP 
amplitude can be influenced by temporal dispersion and interpotential phase 
cancellation, but these phenomena only had a minor role in our patients as there was 
no significant influence on CMAP area and CMAP duration between distal and proximal 
stimulation of the median nerve. The possible increase in size of individual motor units 
due to collateral sprouting may even underestimate the extent of axonal loss.
Although CMT1A is considered to be a disease with prominent distal muscle 
involvement (Hoogendijk et al., 1994; Birouk et al., 1997; Thomas et al., 1997; Krajewski 
et al., 2000; Hattori et al., 2003), we found a substantial number of patients with 
proximal muscle involvement: more than 40% had weakness of thigh and hip muscles 
and more than 20% of proximal arm muscles. In other studies, proximal weakness 
was found to a much lesser extent (0 up to 11%) (Hoogendijk et al., 1994; Birouk et al., 
1997; Thomas et al., 1997; Krajewski et al., 2000). In particular strength measurements 
by means of dynamometry will probably be responsible for the higher percentage 
in our study. This stresses the importance of this tool to obtain a more precise 
assessment of muscle strength in CMT1A (Hoogerwaard et al., 1999).
In our patient group, impairments and physical disability were significantly more 
severe in females than in males. Previously, using a composite score, more severe 
muscle weakness was found in male patients with CMT1 (Harding and Thomas, 
1980). Others did not observe gender differences in disability (Birouk et al., 1997). 
The gender difference in our group may have occurred by chance. Alternatively, a 
genetic, gender related, modifying factor might be considered. To our knowledge, 
no indications for gender or hormonal influences in CMT1A have been found, except 
for pregnancy-related deterioration (Rudnik-Schoneborn et al., 1993).
CMT1A is associated with a process of demyelination and remyelination (Gabreëls-
Festen et al., 1992), but there are also indications for a primary dysmyelination 
process, i.e., abnormal initial myelin formation. Primary dysmyelination in PMP22 
duplication cases is supported by the results obtained in an experimental 
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transgenic mouse model with PMP22 over-expression (Robaglia-Schlupp et al., 
2002). The initial dysmyelination and the subsequent cycles of demyelination and 
remyelination lead to a kind of balance in myelination in the first decade of life. 
This is supported by human longitudinal electrophysiological studies showing that 
motor nerve conduction velocity, an electrophysiological marker of myelination, 
is already abnormal at 2 years of age (Gutmann et al., 1983; Garcia et al., 1998), and 
remains stable from the age of 5 years onwards (Roy et al., 1989; Killian et al., 1996).
How axonal dysfunction is related to the uniformly abnormal myelination is an 
important but as yet unresolved question. We postulate that the severity of initially 
abnormal myelination during early childhood is one of the factors that eventually 
determines the extent of axonal dysfunction. We observed that CMAP amplitudes 
correlated with nerve conduction velocities in the median nerve. These results might 
implicate that a more severe initial disturbance of the myelination process which 
is followed by a rather stable myelination status in early adulthood, causes more 
severe axonal dysfunction and axonal loss later in life. This is in agreement with 
Dyck et al. who stated that the severity of conduction velocity abnormality might 
predict the severity of CMAP amplitude abnormality (Dyck et al., 1989). In addition 
to the myelination status, other factors may as well influence the extent of axonal 
involvement. We and others (Krajewski et al., 2000; Lewis et al., 2003) found that 
the severity of axonal dysfunction was nerve length-dependent. Since the longest, 
and metabolically most demanding nerves are predominantly involved, decreasing 
compensation mechanisms in adulthood or other superimposed, e.g. immunological 
factors might well be contributory (Dyck et al., 1982; Ritz et al., 2000; Schmid et al., 
2000; Gabriel et al., 2002; Vital et al., 2003; Ginsberg et al., 2004).
Although this study has the limitation of being a cross sectional analysis, disease 
progression in adulthood is suggested by the correlation between the severity of 
the neurological condition of patients and the duration of signs and symptoms, 
which is in concordance with perceived deterioration by approximately two-thirds 
of the patients. There is controversy about the natural course of CMT1A in adulthood 
in the literature. Previous studies noted clinical deterioration (Birouk et al., 1997; 
Dyck et al., 1989; Harding and Thomas, 1980; Roy et al., 1989; Thomas et al., 1997), 
whereas this was not found in other studies (Hoogendijk et al., 1994; Killian et al., 
1996). In CMT1A, CMAP amplitude reduction and disease progression have been 
shown in childhood (Berciano et al., 2000). Two longitudinal studies demonstrated 
CMAP amplitude reductions over time during life in a mixed population of patients 
with CMT1 (Dyck et al., 1989; Roy et al., 1989). Together with the results of our study, 
these data suggest that disease progression in CMT1A is related to increasing axonal 
dysfunction.




