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Abstract

Background: Charcot-Marie-Tooth disease type 1A (CMT1A) is known as a 
demyelinating hereditary neuropathy. Secondary axonal dysfunction is the most 
important determinant of disease severity. In adult patients, clinical progression may 
be due to further axonal deterioration as was shown with compound muscle action 
potential (CMAP) amplitude reductions over time. The motor unit number estimation 
(MUNE) technique may be more accurate to determine the number of axons as it is not 
disturbed by the effect of reinnervation. The purpose of this study was to investigate 
the number and size of motor units in relation to age in patients and controls. 
Methods: In a cross-sectional design, we assessed arm and hand strength and 
performed electrophysiological examinations, including CMAP amplitudes and 
MUNE of the thenar muscles using high-density surface EMG in 69 adult patients with 
CMT1A and 55 age-matched healthy controls. 
Results: In patients, lower CMAP amplitudes and MUNE values were related to 
hand weakness. The CMAP amplitude and MUNE value of the thenar muscles were 
significantly lower in patients than in controls. CMAP amplitudes declined with age 
in controls, but not in patients. MUNE values declined with age in both patients and 
controls. 
Conclusions: The age-dependent decrease of the number of motor units was not 
significantly different between CMT1A patients and controls, indicating that loss of 
motor units in adult patients is limited. 
 



75

Age-related MUNE changes in adult patients with CMT1A

5

Introduction

Charcot-Marie-Tooth disease type 1A (CMT1A), also known as hereditary motor 
and sensory neuropathy type Ia (HMSN Ia), belongs to the group of the hereditary 
demyelinating neuropathies. Histopathological studies show that the myelination 
process is affected already during development, indicating dysmyelination, with 
cycles of active de- and remyelination during the first years of life (Gabreëls-Festen 
et al., 1995; Robaglia-Schlupp et al., 2002). Symptoms and signs of predominantly 
distal loss of strength and sensation develop in the first two decades of life, which 
is associated with compound muscle action potential (CMAP) amplitude reductions 
over time (Berciano et al., 2000). Over the years, there has been debate whether 
and to which extent adult patients deteriorate. Recently, longitudinal studies with a 
follow-up of 2 to 3 years have shown clinical disease progression in adults (Padua et 
al., 2008, Shy et al., 2008). However, in a 5-year follow-up study patients and controls 
had a similar decline of strength and of CMAP amplitudes (Verhamme et al., 2009). 
This suggests that in CMT1A the decline in adulthood reflects to a considerable 
extent a process of normal ageing rather than ongoing active disease. In these 
studies, CMAP amplitudes were used to quantify non-invasively changes in axonal 
function. More accurate and precise non-invasive measures to identify changes in 
axonal function are needed to further support this suggestion, which may have 
major implications for the timing of treatment. Motor unit number estimation 
(MUNE) techniques may overcome some limitations of CMAP amplitudes as 
these techniques have the advantage of providing an estimate of the number of 
functioning axons, and are not disturbed by the effect of reinnervation. In a cross-
sectional study, lower MUNE values were associated with increased age in CMT1A 
(Lewis et al., 2003), but such alterations have also been reported in another cross-
sectional study in healthy individuals (Doherty et al., 1993). The aim of this study 
was to investigate the number and size of motor units in relation to age in CMT1A 
patients and controls with a recently introduced MUNE technique. 

Methods

Patients and controls

Adult patients ( > 18 years old) were recruited from the outpatient clinic of the 
Academic Medical Centre, Amsterdam and from the outpatient clinic of the Radboud 
University Nijmegen Medical Centre, Nijmegen. All patients were diagnosed as CMT1A 
with a duplication on chromosome 17p11.2-p12. Patients with diseases, medication, 
or alcohol abuse that may interfere with CMT1A were excluded. Age-matched healthy 
controls were recruited at both centres as well. They were free of any neurological 
complaints. All patients and healthy controls gave their written informed consent. 
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The study was approved by the local ethical committees of the Academic Medical 
Centre, Amsterdam and the Radboud University Nijmegen Medical Centre, Nijmegen. 

Muscle strength 

Muscle strength in the arms was graded according to the Medical Research Council 
(MRC) scale. Thenar pinch force and functional hand grip were tested using a Martin 
Vigori-meter (Merkies et al., 2000a). Strength data were obtained from both sides but 
only data from the non-dominant side were used for further analysis. All neurological 
examinations were performed by neurologists specialized in neuromuscular diseases. 

Electrophysiology

The number of motor units was estimated using a recently introduced high-density 
surface EMG technique (van Dijk et al., 2008). This non-invasive technique, which 
in principle is similar to the original incremental counting technique (McComas et 
al., 1971a), allows to acquire a large sample of single motor unit potentials (MUPs) 
using both temporal and spatial information. A flexible high-density electrode grid 
of 8x15 Ag-AgCl electrodes with an inter-electrode distance of 4 mm was placed 
over the thenar muscle of the non-dominant hand (Lapatki et al., 2004). A reference 
electrode was placed on the first metacarpophalangeal joint of the fifth digit. The 
grid was attached to a 130 channel amplifier (Active-one, Biosemi, Amsterdam, The 
Netherlands) for amplification and digitalization (band pass filtered 0.16-400 Hz, 
sample rate 2048 Hz). The median nerve was stimulated using an electrical constant 
current stimulator with square pulses of 100 or 200 μs. The MUNE technique has 
been described in detail previously (van Dijk et al., 2008). Briefly, electrical pulses 
were applied to the nerve at a rate of 1 per second with slowly increasing stimulus 
strength. Alternating MUPs were recognized and decomposed off-line using the 
spatio-temporal information. The stimulator electrodes were placed at multiple 
points along the nerve to increase the sample size of MUPs used in the MUNE. Three 
distal and three proximal CMAPs were obtained by supramaximally stimulating the 
median nerve. To obtain the maximal response it was often required to increase the 
pulse width to 500 μs. Finally, a mean MUP was obtained by averaging the MUPs on 
a sample-by-sample basis and the MUNE value was calculated by dividing this mean 
MUP into the distal supramaximal CMAP (again on a sample-by-sample basis) (van 
Dijk et al., 2008). The CMAP’s negative peak amplitude of a large single electrode 
equivalent (1 x 3 cm), determined from the high-density CMAP by averaging (3 x 
8 electrodes), was used as an individual variable (van Dijk et al., 2009). Likewise, for 
each single MUP the negative peak amplitude was calculated (at the position where 
the CMAP was maximal) and the mean MUP size (negative peak amplitude) per 
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subject was determined. Motor nerve conduction velocity (MNCV) was determined 
by dividing the distance between proximal and distal stimulation sites by the time 
delay between the elicited CMAPs. 

Statistics

Associations were expressed as Pearson’s correlation coefficient (r). Forward selection 
was used for multivariate regression. To determine whether the association between 
age and MUNE values differed between patients and controls, a general linear model 
was used. For all statistical analyses the Statistical Package for the Social Sciences 
software (SPSS Inc. version 16.02, Chicago, IL, USA) was used. 

Results

Patients and controls

Sixty-nine patients (31 males, 38 females) and 55 controls (30 males, 25 females) were 
initially included in the study. Patients came from 57 different families. Median age of 
the patients was 42 years (range 18-69) and median age of the controls was 48 years 
(range 22-79). In seven patients only CMAP, MUNE, and MNCV data were available, 
while the other patients (62) were studied more extensively. Of these 62 patients, 31 
(50%) reported that their neurological condition had worsened during the past year. 
Two patients (3%) had had surgery on the right hand (the left hand was examined for 
MUNE and CMAP in these cases). Thirty-three (53%) patients reported normal sensation 
in the hands, while 29 (47%) reported hypo- or anaesthesia or pins and needles. Hand 
muscle atrophy was severe in 14 (23%) patients, mild in 22 (35%), and 25 patients (40%) 
had no atrophy. Muscle weakness was more often found in distal muscles than in 
proximal muscles. Approximately 80% of the patients showed distal weakness. Thenar 
pinch force and functional hand grip were lower in patients than in controls (table 5-1). 
Thenar pinch force was abnormal in 35% of the patients while functional hand grip was 
abnormal in 23% (below 5th percentiles for healthy controls). 
In three of the 69 patients no CMAP amplitude could be obtained. These were 
included as zeros for both MUNE and CMAP. Furthermore, two patients were not 
able to relax the hand muscles hampering the MUNE. In three patients the number 
of obtained single MUPs was smaller than 10 despite still having a reasonable CMAP 
amplitude. Using this small MUP sample size the MUNE was always much larger than 
10 indicating a larger population of motor units had to be present. However, it is 
generally accepted that at least 10 single MUPs are required for a reliable MUNE, and 
as such the MUNE values of these patients were not used. This resulted in a total of 64 
valid MUNE values. In the healthy control group, MUNE analysis revealed one outlier 
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(MUNE = 919) (because of the inability to obtain a representative sample of MUPs) 
which was excluded from further analysis. MUNE values and CMAP amplitudes were 
lower in patients than in controls (table 5-1, figure 5-1). MUNE values correlated with 
CMAP amplitudes in patients (r = 0.61, P < 0.001) and in controls (r = 0.44, P = 0.001). 

Table 5-1. Strength and electrophysiological measurements of the non-dominant hand of patients and controls

CMT1A n Controls n P

Thenar pinch force (kPa) - mean (SD) 21.7 (14.4) 62 30.4 (10.3) 33    0.003*

Functional hand grip (kPa) - mean (SD) 81 (27.1) 62 105 (25.8) 33 < 0.001*

MUNE value - median (P25-P75) 118 (74-185) 64 282 (229-379) 54 < 0.001†

CMAP amplitude (mV) - mean (SD) 3.5 (1.9) 69 8.2 (3.0) 55 < 0.001*

MNCV (m/s) - mean (SD) 22 (5.9) 52 58 (3.1) ‡

*t-test,  †Mann-Whitney U, ‡from (Verhamme et al., 2004) MNCV data were not available in a subgroup of 17 pa-

tients (10 not done, 4 no proximal CMAP, 3 no CMAP).

CMAP amplitude =  compound muscle action potential amplitude as recorded over the thenar muscles;  MNCV = 

motor nerve conduction velocity of the median nerve; MUNE value = motor unit number estimation value over 

the thenar muscles

Figure  5-1.  Motor unit number estimate versus compound muscle action potential amplitude for patients with 

Charcot-Marie-Tooth type disease type 1A and controls. Dotted lines represent the 5% lower limit of normal 

taken from the healthy controls. 
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Strength, MUNE, CMAP amplitude, and age-related changes 

We found that a higher thenar pinch force was associated with higher CMAP 
amplitude, a higher MUNE value, and a higher MNCV (table 5-2). Females were weaker 
than males. Furthermore, the association between thenar pinch force and age was 
not significant. In multivariate analysis CMAP amplitude best explained the force data 
(table 5-2). 
A lower MUNE value was associated with older age in controls (r = -0.38, P = 0.04) 
and in patients (r = -0.25, P = 0.046) (table 5-3). This association between MUNE and 
age did not differ between patients and healthy controls (P = 0.27) (figure 5-2). Mean 
motor unit size was significantly related to age in patients (r = 0.33, P = 0.01) but this 
did not become significant in controls (r = 0.08, P = 0.57). In multivariate analysis, 
MUNE was related to age and MNCV as is shown in table 5-3. Note that, as MNCVs 
were not available for all patients, the multivariate analysis included fewer patients. 
MNCVs for controls were not available. 
A lower CMAP amplitude was associated with older age in controls (r = -0.36, P = 
0.008), but this did not become significant in patients (r = -0.1, P = 0.43) (figure 5-2). 
However, in patients, higher CMAP amplitudes were associated with higher MNCVs (r 
= 0.58, P < 0.001). In multivariate analysis, MNCV was the most important determinant 
for CMAP amplitude. It has to be noted that in patients, a higher MNCV was associated 
with older age (r = 0.35, P = 0.01).

Table 5-2. Associations and multivariate linear regression (forward selection) for thenar pinch force and elec-

trophysiological parameters in patients with CMT1A

Thenar pinch force Standardized 
regression coefficient

Adjusted R2

r P

CMAP amplitude 0.62 <0.001   0.61 38%

MUNE value 0.54 <0.001 - -

MNCV -0.30 0.044 - -

Gender -0.31 0.015 -0.28 7%

Age -0.22 0.081 - -

Total 45%

CMAP amplitude = compound muscle action potential amplitude as recorded over the thenar muscles;  MNCV = 

motor nerve conduction velocity; MUNE value = motor unit number estimation over the thenar muscles
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Table 5-3. (A) Associations (n = 64) and multivariate (n = 54) regression analysis (forward selection) for MUNE va-

lue. (B) Associations (n = 69) and multivariate (n = 54) regression analysis (forward selection) for CMAP amplitude

A
MUNE value Standardized 

regression coefficient
Adjusted R2

r P

Age -0.25 0.046 -0.54   9%

MNCV  0.25 0.08  0.49 18%

Gender -0.07 0.60 - -

Total 27%

B
CMAP amplitude Standardized 

regression coefficient
Adjusted R2

r P

MNCV  0.44 <0.001 0.44 18%

Gender -0.1   0.40 - -

Age -0.1   0.43 - -

Total 18%

CMAP amplitude = compound muscle action potential amplitude as recorded over the thenar muscles; MNCV = 

motor nerve conduction velocity of the median nerve; MUNE value = motor unit number estimation value over 

the thenar muscles

Figure 5-2. Motor unit number estimate and CMAP amplitude versus age for patients with Charcot-Marie-Tooth 

disease type 1A (CMT1A) and controls. (A) Motor unit number estimation (MUNE) versus age for patients with 

CMT1A and controls. The lines represent the association between age and MUNE for the control group (r = -0.38, 

P = 0.04) and for the patients with CMT1A (r = -0.25, P = 0.046). (B) CMAP amplitude versus age for controls and 

CMT1A patients. The dotted lines represent the association between age and CMAP amplitude for the healthy 

controls (r = -0.36, P < 0.001) and for the patients with CMT1A (r = -0.1, P = 0.43).

A B
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Discussion

In this large, cross-sectional study in adult patients with CMT1A and age-matched 
controls, we found that the decline of MUNE with age did not differ between 
patients and controls. This decline in axonal function in adulthood has been 
suggested to reflect to a considerable extent a process of normal ageing rather 
than ongoing active disease. This was based on CMAP amplitude reductions over 
time (Verhamme et al., 2009). MUNE has the advantage over CMAP amplitudes to 
provide an estimate of the number of functioning axons and corrects for the effect 
of reinnervation in both patients and controls. Thus, this study supports the above 
suggestion, but extends the findings from the overall axonal function as assessed 
with CMAP amplitudes to the estimated number of functioning axons.
CMAP amplitudes and MUNE values, recorded over the thenar muscles, were 
significantly lower in patients than in controls. In both patients and controls, lower 
MUNE values were associated with older age although correlations were not strong. 
The decrease in MUNE values did not differ between patients and controls. In controls, 
lower CMAP amplitudes were associated with older age, but not in patients. Both 
MUNE value and CMAP amplitude were found to be negatively related to age in 29 
patients in one study, not including healthy individuals (Lewis et al., 2003). CMAP 
amplitudes and MUNE values both correlated with strength, but the association 
with CMAP amplitude was stronger. This is in line with what would be expected as 
CMAP amplitudes provide information about excitable muscle mass, whilst MUNE 
value represents the preserved axons including those that are part of small motor 
units that might have a relatively small contribution to muscle strength. 
As addressed above, CMAP amplitudes might underestimate the amount of 
axonal loss due to collateral reinnervation. In this study, we found indications that 
in patients the number of motor units decreased with age whilst the mean MUP 
amplitude increased with age resulting in relatively stable CMAP amplitudes. Thus, 
MUNE may be more sensitive to determine the amount of axonal loss over time.
A large patient and control sample was chosen to allow the detection of a slow 
progression. We concentrated on the thenar hand muscles because CMAP 
amplitudes and MUNE can be obtained in most patients from these muscles, which 
is not the case for the more affected leg muscles (Krajewski et al., 2000). However, the 
cross-sectional design of this study has limitations. Firstly, there are indications for 
possible sampling bias. Although our patient sample seems representative for the 
CMT1A population with regard to weakness and mean MNCV, in our patient sample, 
we found unexpectedly that older patients had a higher MNCV. From previous 
studies it is known that in adult patients MNCVs are fairly stable over time (Shy et 
al., 2008; Verhamme et al., 2009) and that the severity of abnormal myelination is 
one of the determinants for the severity of axonal dysfunction later in life (Dyck et 
al., 1989; Hoogendijk et al., 1994; Verhamme et al., 2004). A possible explanation 
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could be that younger more affected patients might seek medical advice at an earlier 
age while older, more severe affected patients, might be less willing to participate. 
Although there are no other clear indicators, this association suggests that the older 
patients in our sample were relatively less affected, thus partially masking the effects 
of ageing on CMAP amplitude and MUNE values in patients. Secondly, because of the 
cross-sectional design the detection of disease progression is hampered by the large 
variability in disease severity, in which disability and neurological deficits may differ 
widely, even between siblings (Birouk et al., 1997). The wide range of CMAP and MUNE 
values in our study reflects the wide range of disease severity. 
In conclusion, our findings support the previously made suggestion that axonal 
loss in adulthood may be limited and in the same range as the loss found in healthy 
controls (Verhamme et al., 2009). However, conclusions must be made with care, as 
the correlations found are not strong. Furthermore, it is of note that the numbers of 
axons are already low in adult patients of all ages, so that additional loss of motor 
units may affect patients more than healthy controls. In adult patients, the reserves 
in the numbers of axons already seem to be limited so that small decreases may 
lead to relevant increases in disability. Moreover, disability may increase because of 
progression of skeletal deformities because of muscle weakness (Gallardo et al., 2006).  
The ability of patients to reinnervate effectively with increasing age might be affected 
as well. Collateral reinnervation could also be influenced by the already low number 
of motor units as reinnervation was found to be less effective when more than 50% of 
the initial motor units are lost (McComas et al., 1971b).
This study indicates that the largest amount of axonal loss occurs early in the disease 
(before adulthood), which is supported by several studies in children with CMT1A 
based on CMAP amplitudes (Burns et al., 2008; Yiu et al., 2008). Whether at any time 
during development and childhood normal numbers of axons and thus MUNE values 
are reached is unknown. Future studies focusing on progression in young patients 
with CMT1A using the MUNE technique would be of interest to delineate the number 
of intact axons and axonal loss early in the disease process more precisely. 




