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SUMMARY The technique of the macro-EMG was used to estimate the number ofmotor units in the
tibialis anterior muscles of healthy subjects in a wide range of ages, and of patients with myasthenia
gravis and patients with amyotrophic lateral sclerosis or spinal muscular atrophy. The results
obtained suggest a decrease in the number of motor units in the tibialis anterior muscle with
increasing age in normal subjects. In myasthenic patients the motor unit count was within the
normal range for their age group. Patients with motor neuron disorders on the average had a very

low number of motor units.

Conventional electromyographic (EMG) inves-
tigations help to differentiate between neuropathic
and myopathic processes. However, they yield little
quantitative data on the amount of denervation and
reinnervation activity in muscles affected by neuro-
pathic processes. The introduction of single fibre-
EMG (SF) and macro-EMG has provided useful
quantitative information on the micro- and macro-
physiology of diseased muscle.' 4 An estimate of the
number of functional motor units (MU) in a muscle
would, however, augment our knowledge of the
balance between denervation and reinnervation.
The method described by McComas to estimate the

number of MUs in the human extensor digitorum
brevis muscle has several disadvantages that will be
listed below.58 The application of the method is
limited to muscles from which electrical activity can
be evoked without interference from other muscles;
furthermore the overlying skin has to be thin and no
recordings can be made from bulky muscles. These
requirements arise from the use of surface recording
electrodes. The use of such electrodes makes it
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difficult to record small motor unit potentials (MUPs)
that occur for instance in dystrophic disorders in
muscle. This insensitivity might partly explain the
observation by McComas that the total number of
MUs in Duchenne dystrophy is reduced, which is in
disagreement with the generally agreed interpretation
of concentric needle investigations. Another draw-
back of McComas' method is the use of amplitude
measurements for the recognition and quantitation of
additional recruited MUs on graded stimulation of
the anterior tibial nerve. Especially in neuromuscular
disorders the potential maxima of MUs might not
summate temporally owing to differences in their
latencies, durations and shapes. Ballantyne and
Hansen' have improved this method by using a
computer-aided system for the detection and esti-
mation of the number of MUs in human extensor
digitorum brevis. They calculated the difference in
potential area between successively recruited poten-
tials ("area of the difference potential") and stored
the previously evoked muscle action potentials. Any
difference in latency, duration, amplitude or shape
between recruited potentials influences this "area of
the difference potential", which allows more reliable
recognition of additional recruited MUs. Analysis of
successively recruited MUs with respect to amplitude
and area of their potentials gives an estimate of the
relative size of MUs.9 However, the disadvantage of
using the extensor digitorum brevis as a representa-

403

P
rotected by copyright.

 on M
ay 22, 2023 by guest.

http://jnnp.bm
j.com

/
J N

eurol N
eurosurg P

sychiatry: first published as 10.1136/jnnp.51.3.403 on 1 M
arch 1988. D

ow
nloaded from

 

http://jnnp.bmj.com/


De Koning, Wieneke, Van Der Most Van Spijk, Van Huffelen, Gispen, Jennekens
tive of all of the body's musculature remains. Histo-
logical investigations have shown that denervation is
present in extensor digitorum brevis in normal sub-
jects of all ages.10 Both the methods of McComas2
and Ballantyne and Hansen1 rely on gradual stimu-
lation of the muscle nerve for additional recruitment
of MUs. Milner-Brown and Brown8 have provided
evidence that this technique might result in an over-
estimation of the number of MUs due to the sponta-
neous changes in motor unit potential amplitudes on
repeated stimulation. Furthermore, gradual stimu-
lation resulted in recruitment of the smallest size MUs
which are not representative for the average MU size.
Voluntary contraction resulted in the recruitment of
MUs which were on the average twice the size of
those recruited on electrical stimulation of the
nerve. I 1
The purpose of this paper is to describe a method

for estimating the number of functional MUs in the
uptake area of a needle electrode, the macro-
electrode. The uptake area is defined as the muscle
area surrounding the electrode from which muscle
fibre action potentials contribute to the recorded
potential. In single-fibre EMG, fibre density is a mea-
sure of the local concentration of muscle fibres
belonging to one motor unit within the uptake area of
a single-fibre electrode. The mean value of recordings
at 20 different positions is called the fibre density. On
the analogy of the fibre density the calculation of
MUs in the uptake area of the intramuscular macro-
electrode is called the motor unit density (MUD).
Intramuscular recording overcomes the difficulties in
picking up small motor unit potentials and the
restricted uptake area of the macro-electrode allow
recordings in muscles that are not fully isolated from
surrounding muscle tissue like the tibialis anterior
muscle. On the basis of reports in the literature it can
be anticipated that the size of MUs recruited on vol-
untary contraction are more representative of the
average MU size than those recruited by means of
gradual stimulation." This method has been applied
to the tibialis anterior muscle of healthy volunteers in
a wide range of ages, three patients with myasthenia
gravis, four patients with amyotrophic lateral sclero-
sis and two patients with spinal muscular atrophy.

Methods

Subjects
Thirty-six healthy volunteers of both sexes aged between 21
and 76 years were investigated. In none of the subjects was
there evidence of neurological abnormality in the
investigated leg. The subjects rested comfortably in the
supine position on a couch. The investigated legs were not
warmed but the ambient temperature was regulated at
20-240C.
Three patients with myasthenia gravis (MG) aged 23, 35

and 45 years were studied, they were all symptomatic and
showed increased jitter in the tibialis anterior or a decremen-
ting response to tetanisation. Two of the patients had under-
gone thymectomy. While two of the patients reacted well to
Mestinon treatment, the third patient benefited only from
prednisone: 30mg every 48 h. Four patients with amy-
otrophic lateral sclerosis (ALS) and two with spinal mus-
cular atrophy (SMA) aged between 59 and 73 years were
studied. In one patient a diagnosis of familial ALS was
made. The history of symptoms was I to 2 years in the ALS
patients and 1 and 4 years in the two SMA patients.

Recording
A 4cm long, 0 55 mm diameter needle electrode was used for
recording (Medelec SFM 37-53114). This electrode con-
tained two recording surfaces: the macro-recording surface
is the uninsulated first 15mm of the shaft (the remainder of
the shaft is isolated); in the middle of the bared part of the
shaft a 25 pim diameter platinum electrode is exposed, which
is the SF electrode. This needle electrode will be referred to
as the macro-electrode.

Recordings were made on two channels. One channel
(filter settings: HP: 400 Hz, LP: 10 kHz) recorded a SF-EMG
signal between the platinum electrode and the uninsulated
part of the macro-electrode. The other channel (filter set-
tings: HP: 10 Hz. LP: 5 kHz) recorded the signal between the
uninsulated part of the macro-electrode and the tip of a
monopolar needle electrode, inserted subcutaneously just
above the medial ankle. The SF-EMG signal was used to
trigger a digital averager to which the signal recorded on the
uninsulated part of the macro-electrode was fed. Each time
the SF-signal triggered the averager, 65ms of the signal
recorded on the uninsulated part of the macro-electrode was
collected for averaging. Averaging was performed on line,
usually for 130-260 impulses. The SF-trigger was at 30ms
within the epoch of 65 ms. The potential resulting from this
averaging procedure is called the macro-motor unit poten-
tial (macro-MUP). From this macro-MUP the maximal
peak-to-peak amplitude and the area under the signal during
the middle 55 ms of the epoch of 65 ms were calculated. This
latter calculation was made by averaging the first and last
5 ms of the 65 ms epoch and using this as a relative zero
voltage line. The area enclosed by the signal and this zero
voltage line was then calculated. A macro-MUP represents
the temporal and spatial summation of muscle fibre action
potentials belonging to one MU.

In a healthy volunteer, the endplate zone of the tibialis
anterior muscle was mapped out by means of stimulation of
the deep peroneal nerve and simultaneously recording the
muscle action potential with a small surface electrode. The
endplate zone was located at one third of the distance
between the lower border of the patella and the upper border
of the ankle, with the leg in a straight position. In all record-
ings the macro-electrode was inserted 3 cm distal to the
endplate zone. ' 2

For recording a supramaximal evoked muscle action
potential (macro-SEMAP) the deep peroneal nerve was
stimulated supramaximally near the head of the fibula by
means of monopolar needle electrodes. Electrical stimuli
were delivered by a constant current stimulator and consis-
ted of rectangular pulses of 0 2ms duration. The supra-
maximal evoked muscle action potential (SEMAP) was
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recorded on the macro-electrode with the electrode in the
middle of an insertion channel. A ground electrode was
placed between stimulation and recording electrodes.

Calculation ofmotor unit density
The recording procedure on the basis of which the MUD is
calculated, will be outlined below. On one insertion of the
macro-electrode in the tibialis anterior, five macro-MUPs
were recorded at different depth during slight to moderate
voluntary contraction. Contraction strength was controlled
by applying counter-pressure to the foot. The five macro-
MUPs were taken as a representative for the collection of
MUs in the uptake area of the macro-electrode. The mean
amplitude and area of the five macro-MUPs was calculated.
Subsequently, with the macro-electrode in the same
insertion channel, the deep peroneal nerve was stimulated
supramaximally and the macro-SEMAP was recorded on
the macro-electrode. The number of MUs in each insertion
channel was calculated from the formula:

amplitude macro-SEMAP/mean amplitude macro-MUP
and

area macro-SEMAP/mean area macro-MUP

Amplitude and area macro-SEMAP is the amplitude and
area of the muscle action potential recorded on the macro-
electrode due to supramaximal stimulation of the deep pero-
neal nerve. Mean amplitude and area macro-MUP is the
mean amplitude and area of the five macro-MUPS recorded
in the same insertion channel on voluntary contraction. This
procedure was applied at four different insertions which
have about 5mm spacing and are situated on a line parallel
to the endplate zone of the tibialis anterior. The MUD for
the muscle is the mean MUD of the four insertions. A sche-
matic presentation is given in fig 1.
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Fig I Schematic presentation of the recording procedure
used to calculate the mean motor unit density (MUD) ofa
muscle.

Results

Age-related changes
The MUD based on amplitude measurements ranged
between 10 and 78 while the MUD based on area
measurements ranged between 14 and 95. The
relationship between the MUD and age in the tibialis
anterior muscle of 36 healthy subjects is shown in fig
2A and D. In general a weak decrease of the value of
the MUD with age was found, the Spearman cor-
relations between the MUD and age were -0-48
(p < 0-01) for the measurements based on the ampli-
tude and -0 32 (p < 0-03) for the measurements
based on area. The decrease of MUD with age was
particularly pronounced in older persons (over 60
years). Table I shows the mean MUD and standard
deviation for successive age groups of 20 years. In fig
2A and 2D regression lines indicating the decrease in
MUD with age are drawn (respectively Y = - 0-48 X
+ 58 and Y = -0 36 X + 56). The mean amplitude
of the macro-MUPs showed a small but significant
increase with age (fig 2B; Spearman correlation =
-0 53, p < 0 001) whereas the mean amplitude of the
supramaximal evoked muscle action potential
(SEMAP) showed no tendency to decrease with age
(fig 2C: Spearman correlation = -0-14, p < 0-2).
The same relations are found for the area mea-
surements, the mean area of the macro-MUP
increased with age (fig 2E; Spearman correlation =
-0 38, p < 0 01) and again the mean area of the
SEMAP showed no tendency to decrease with age (fig
2F; Spearman correlation = -0-23, p < 0 1). The
distribution of the MUD of males and females clearly
showed that there was no correlation between MUD
and sex. Care was taken to obtain recordings equally
representing all depths. No difference in size of
superficial and deep located MUs was observed.
(Students t test: t = 0-0097, p < 0-48).

Validity of the method
During recordings the subjects were asked to contract
their tibialis anterior muscle slightly to moderately. In
order to assess to what extent this recording pro-
cedure selected primarily small sized MUs, two
different recording procedures were compared. In the
first procedure (A), which is normally used during
MUD calculations, macro-MUPs were recorded at
slight to moderate contraction. While the subject
maintained a continuous contraction, the macro-
electrode was carefully positioned until a SF action
potential was recorded. Following procedure A the
macro-electrode was retracted a few millimeters and
procedure B was applied. In this second procedure (B)
the subject was asked to increase contraction strength
until a SF action potential was recorded with the
macro-electrode in that position. This latter pro-
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Fig 2 (a) Motor unit density values, based on amplitude measurements, ofthe tibialis anterior muscles of3J healthy
subjects ( 0 ), three patients with myasthenia gravis (*),four patients with amyotrophic lateral sclerosis (0 ) and two patients
with spinal muscular atrophy (A). (b) For each subject ofA the mean amplitude ofall recorded macro-MUPs is indicated.
(c) Mean amplitude of the supramaximal evoked muscle action potential (SEMAP) of the tibialis anterior muscle ofthe
subjects of A, as recorded with a macro-electrode. (d) Motor unit density, based on area measurements, ofthe tibialis anterior
muscles of the same subjects as in a. (e). For each subject ofA the mean area ofall recorded macro-MUPs is indicated.
(f) Mean area ofthe supramaximal evoked muscle action potential (SEMAP) ofthe tibialis anterior muscle of the subjects of
a, as recorded with a macro-electrode.
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Estimation of the number ofmotor units based on macro-EMG

Table I Motor unit density based on wmplitude or area
measurements for successive age groups of20 years.

Age (yr) (n) Amplitude Area

21-40(12) 43 + 17 45 + 20
41-60(15) 38 + 14 42 + 15
61-80 (9) 21 + 9 26 + 10

Indicated is the mean MUD and one standard deviation for each
age group. Number of subjects per age group between brackets.

cedure sometimes necessitated considerable con-
traction strengths. The results of the application of
these two procedures in 10 healthy subjects (five
young and five older) are shown in fig 3. In one of the
younger persons (subject 10) and in three of the older
persons (subjects 1, 3 and 5) more larger macro-
MUPs were recruited using procedure B than using
procedure A. This difference reached significance only
for subject 3 (Mann-Whitney U-test: U = 21, p <
0 05). Otherwise, with both procedures, higher con-
traction strengths resulted in the recruitment of larger
macro-MUPs.
Temporal dispersion of the MU potentials which

are summed in the SEMAP may result in an
underestimation of the MUD based on amplitude
measurements. An attempt was made to assess the
possible occurrence of temporal dispersion by com-
paring the mean duration of the macro-SEMAP and
the maximum duration of the macro-MUPs
(estimated by the mean value plus 2 times the stan-
dard deviation). However, the duration can only be
measured roughly owing to the extended shape of the
macro-MUP and the background noise. The ratio of
the SEMAP duration and maximum macro-MUP
duration was determined for 10 subjects (table 2). The
mean ratio appeared to be about 1 but there was a
tendency of this ratio to become larger in the older-
aged. It may be expected that if temporal dispersion is
important, it should influence the MUD which is
based on amplitude measurements to a greater extent
than the MUD which is based on area measurements.
To assess this possibility the ratio: MUD based on
area measurements/MUD based on amplitude mea-
surements was determined (fig 4). As can be seen, over
the age of 45 years calculation of the MUD on the
basis of area measurements resulted in a slightly
higher value than the calculation based on amplitude
measurements (mean ratio below 45 yr: 0-98; over 45
yr: 127, median test and chi square: x2 = 14-39,
p < 0-001).
Upon the assumption that the fibre distribution

within MUs and the distribution of MUs within a
muscle is homogenous, the variance of the MUD cal-
culation between different insertions in one subject
gives an estimate of the accuracy of the method. The

Sampling procedures

-1 0 +1

1 Female 65 years

2 Male 64 years

3 Male 59 years

4 Female 58 years

5 Male 44 years

6 Female 30 years

7 Female 27 years

8 Male 27 years

9 Female 26 years

10 Male 21 years
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B * S StW
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B
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"if"

A .: .:.

A .S *.

B **lS0

A *S -

A S
B *t

B .

A
B

0

* :
0 000

09
0
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Fig 3 Amplitudes ofmacro-MUPs recordedftom MUs that
were selected using two different procedures, A and B (see
text). Each dot represents an individual MU. Values are
given as the logarithm of the ratio of the recorded
amplitude/normal median amplitudefor age.

standard deviation of the calculation of the mean
MUD in one subject (within variance) appeared to be
about 25%. Therefore, an estimate of the relative
standard error of the MUD of a muscle (four
insertions) will be about 12%.
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Table 2 Ratio: Mean duration ofthe supramaximal evoked
muscle action potential (SEMAP)/maximum duration of
individual macro-MUPs in 10 healthy subjects

d21yr 0-88 d55yr 131
y21 yr 1-23 Y 58 yr 1-09
&26 yr 0-78 S 59 yr 0 93
Y 28 yr 0-86 S 76 yr 0-93
928yr 130 &76yr 144
Mean 097 + 028 Mean 1-14 + 0-26

The mean and one standard deviation of these ratios is given for
both the young and old-aged group of subjects.

The reproducibility of the method was evaluated by
investigating six persons on two different days. The
interval between the two investigations varied
between 1 week and 6 months. The difference between
the results of the two MUD calculations was
expressed as a percentage of the mean of these two
results. With respect to MUD calculations on the
basis of amplitude measurements this difference
amounted to a mean of 19 4%, for MUD calculations
on the basis of area measurements this difference was
98%.

Patients
The results of the MUD estimate in the three patients
with MG are indicated with an asterisk (*) in fig 2. As
can be seen the MUD was within the range for
subjects in their age group. Jitter was slightly to
moderately increased, fibre density and the median
amplitude of the macro-MUP were within the normal
limits for age.
The results of the MUD calculations in the four

patients with ALS (0) and the two patients with
SMA (A) are also incorporated in fig 2. All patients
except the one with familial ALS had a very low
MUD for their age. The ratio of the MUD based on
area measurements and MUD based on amplitude
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Fig 5 Repeated macro-EMG investigations over a period of
6 months in a 72year old ALSpatient. History ofsymptoms:
2years. Indicated are individual (X) and the mean (*) area
of the recorded macro-MUPs as well as the motor unit
density, based on area measurements.

measurements was 1 44. On repeated investigation of
the patient with familial ALS, the MUD decreased.
Jitter and fibre density were enhanced in all patients
and the median macro-MUP amplitude exceeded the
normal limit for age in all patients except the one with
familial ALS. The results of repeated investigations
in a 72 year old male ALS patient are shown in fig 5.
While the MUD remained unchanged at two succes-
sive investigations, the mean of the macro-MUPs
decreased.

Discussion

r * ;~' The motor unit density value represents an estimate
of the number of MUs within the uptake area of a
macro-electrode in a certain muscle.

0 It is apparent that there are two aspects in the cal-
culation of the MUD that need to be furtheraddressed. First, the randomness of selection of MUsAge from the total MU population that are used for

Fig 4 Each dot represents the ratio of the motor unit density recording a macro-MUP. The use of two different
(MUD) based on area measurements/MUD based on recording procedures indicated that at contraction
amplitude measurements,for one of the 36 healthy subjects of strength normally used for recording macro-MUPs,
fig 2A. samples are obtained predominantly from the popu-
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Estimation of the number of motor units based on macro-EMG
lation of small and medium-sized MUs. At higher
contraction strengths larger MUs were recruited. In
this respect it should be noted that recruitment of
MUs by means of gradual nerve stimulation also
resulted in the recruitment of small sized MUs.7 8 11
The population of small and medium sized MUs is
probably much larger than that of large-sized MUs
(see also ref 13). However, it can be anticipated that
on the basis of the recording procedure normally used
the mean size of the macro-MUP will be under-
estimated. This results in an over-estimation of the
number of MUs in the uptake area of the macro-
electrode. Stalberg and Fawcett"4 reported that the
amplitudes ofmacro-MUPs ofMUs recruited at 30%
of maximum force can be five times those recruited
below 10%. In our measurements we found a consid-
erable variation in the amplitude and area of the
macro-MUPs. The amplitude and area of the supra-
maximal evoked muscle action potential also varied
among the different insertions. These two variations
are reflected in the standard deviation of the MUD
for the whole muscle. It can be questioned whether
this variation is only due to sampling variation or
whether it also reflects a biological variation in the
distribution of MUs within a muscle.

Retrospectively, it became apparent that the young
aged subjects with a low MUD were very active
sportsmen. Their low MUD was caused by the fact
that their mean macro-MUP values were rather high
(slightly exceeding the maximum reference values)
whereas their macro-SEMAP although in the higher
range did not deviate from the mean population. This
combination of findings might have obscured their
MUD calculations, at the same time disturbing the
overall regression analysis ofMUD versus age. If the
three subjects should have been excluded from the
regression analysis, the Spearman correlation
between MUD based on amplitude measurements
and age would have increased from -0-48 to -0-63
whereas the Spearman correlation between MUD
based on area measurements and age would have
increased from -0-32 to -0 50.

The second aspect that needs to be elaborated is the
selection of either amplitude or area measurements
for calculation of the MUD. In general, temporal dis-
persion between MUs that contribute to the SEMAP
will result in lower MUDs. It can be expected that
amplitude measurements will be more influenced by
temporal dispersion than area measurements.
Although comparison of the duration of macro-
MUPs and macro-SEMAP did not suggest a large
temporal dispersion, for subjects aged over 45 years
MUD which is based on area measurements appeared
to be slightly but significantly larger than MUD
which is based on amplitude measurements. It is pos-
sible that the temporal dispersion among MUs

increases with age. Another possible explanation for
the fact that the difference became apparent only over
45 years of age, may be the fact that younger subjects
had generally smaller MUs. With smaller MUs, area
measurements are more influenced by the back-
ground noise and therefore the mean area of the
macro-MUP will be calculated erroneously high,
resulting in an underestimation of the MUD. There-
fore we suggest that amplitude measurements for
MUD calculations be used below 45 years of age and
that area measurements for MUD calculations be
used over 45 years of age in healthy persons. Patients
with neuromuscular disorders can be expected to
have more temporal dispersion of their motor unit
potentials than healthy persons. It is probably best to
calculate their MUD values on the basis of area mea-
surements. Another point which favours the use of
area measurements in the calculation of the MUD is
the fact that the calculation of the MUD on the basis
of area measurements showed less variation on
repeated investigation of the same subject.
The MUD estimates the number of MUs in the

restricted uptake area of the macro-electrode.
Although it is difficult to assess the exact size of this
uptake area, it is probably in the order of 6-8 mm
(diameter). The uptake area of an EMG-electrode is
the muscle area surrounding the electrode from which
muscle fibre action potentials contribute to the
recorded potential. In general the contribution of a
muscle fibre decreases rapidly with increasing dis-
tance from the electrode. The border of the uptake
area is usually defined as the distance at which the
amplitude of a muscle fibre action potential has
decreased to 5% of its maximum (a muscle fibre
action potential is recorded with maximum amplitude
when the muscle fibre lies against the electrode). In
this paper two different uptake areas have to be dis-
tinguished. First, the muscle fibre uptake area of the
macro-electrode, that is the area from which muscle
fibre action potentials belonging to one MU con-
tribute to a macro-MUP. Based on data reported by
Stalberg (ref 4, fig 4) the muscle fibre uptake area is
estimated to have a radius of 2mm (R). Therefore the
macro-MUP of a MU is constituted from those mus-
cle fibres of that MU, which lie in a cylinder with a
radius of about 2mm and a length of about 19mm
(uninsulated part of the shaft (15 mm) plus 2 x 2mm)
surrounding the macro-electrode. Second, the MU
uptake area of the macro-electrode, that is the area
from which MUs contribute to a macro-SEMAP.
This latter uptake area is directly dependent on the
radius of a MU territory (D). For as long as one mus-
cle fibre belonging to a certain MU lies within the
muscle fibre uptake area of the macro-electrode, this
MU contributes to the macro-SEMAP. The MU
uptake area of the macro-electrode therefore has a
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radius of about D + R. On the analogy of a muscle
fibre, the contribution of a MU to the macro-SEMAP
decreases rapidly to zero when the distance from the
macro-electrode to the centre of a MU increases from
D-R to D + R. The radius of the MU uptake area of
the macro-electrode will therefore be by approxi-
mation D. The mean cross-section of MU territories
in the tibialis anterior muscle is about 8 mm.15 16 The
MU uptake area of the macro-electrode in the tibialis
anterior muscle will therefore be a cylinder with a
radius of about 4mm and a length of about 23 mm. In
line with this suggestion is the fact that the MUD
ranges between 82 and 10, whereas estimates of the
total number of MUs within the tibialis anterior
muscle based on axon counts give a number of 370
MUs7 and 455.17
Estimation of the MUD is not restricted to a

muscle that is fully isolated from surrounding muscles
like the extensor digitorum brevis muscle. The record-
ing of muscle activity is triggered by an intramuscular
action potential generated by the muscle under
investigation. The uptake area of the macro-electrode
is confined to about 8 x 23 mm. Therefore on stimu-
lating the nerve innervating the muscle under
investigation, for example, the deep peroneal nerve,
activity will be predominantly recorded from muscle
fibres nearby the macro-electrode and the con-
tribution from other muscles innervated by the same
nerve will be small. The tibialis anterior muscle seems
more appropriate than the extensor digitorum brevis
to serve as a representative of all of the body's mus-
culature.'0 18 It was usually not difficult to record
from MUs for 40-60 s at sustained contraction.
Hannerz'9 observed that MUs recruited on voluntary
contraction below 30% of the maximum tonic tension
of the tibialis anterior muscle discharged con-
tinuously. At these contraction strengths recordings
will be made predominantly from slow type MUs
which are made up from type I muscle fibres. It has
been reported by Johnson et al20 that 73% of the
muscle fibres in the tibialis anterior muscle are type I
and 27% type II. The fibre types lie intermingled and
there is no significant difference in the distribution of
type I and type II fibres at different depths within the
muscle. In the present study no differences in size were
found between superficial and deep located MUs. The
macro-MUP is, amongst others, dependent on the
muscle fibre diameter and spatial and temporal dis-
persion of muscle fibres action potentials. Since the
macro-SEMAP is also dependent on the muscle fibre
diameter, though to a lesser degree, the division
should result in a reduced variation in MUD. We cal-
culated the variation of the MUD in the younger per-
sons and found it to be less than the variation which
could be expected if the variation of macro-SEMAP
and macro-MUP were independent. This implies that

taking the macro-SEMAP in the nominator of the
MUD calculations reduces the interindividual vari-
ation due to the differences in the morphology of
muscles, for example, muscle fibre diameter.
The results of this method as applied to the tibialis

anterior muscle of healthy subjects nonetheless show
that there is a considerable scatter in MUD values.
The differences in MUD values between subjects were
much larger than the standard error of the MUD
value of individual subjects which makes us believe
that the inter individual variation in MUD is true.
The MUD decreased with age, which may indicate

that there is a loss ofMUs with increasing age. This is
in line with the reports by McComas et al,7 Campbell
et al,2" and Hansen and Ballantyne5 who estimated
the total number of MUs within the extensor digi-
torum brevis muscle and Brown22 who estimated the
total number ofMUs in thenar muscles. In agreement
with these authors we also found that, despite a con-
siderable reduction in the number ofMUs in the older
persons, strength was maintained. Death of anterior
horn cells with age interferes with a process where
individual MUs are probably continuously losing and
gaining small numbers of muscle fibres within their
own territories and within the overlapping territories
of other units. These two processes result in a con-
tinuous reshuffling of MUs. Histologically, these pro-
cesses manifest themselves as a reduction in the
number of muscle fibres,23 an increased occurrence of
fibre type grouping24 and a reduction of the number
of anterior horn cells.25 On electrophysiological
investigation aging of the neuromuscular system
expresses itself, among other ways, in SF-EMG as an
increase in fibre density. In macro-EMG, as becomes
also apparent in the present study, the mean ampli-
tude and area of the macro-MUP increase (see also
ref 14). The fact that the macro-SEMAP just failed to
decrease significantly with age although there was a
marked decrease in macro-SEMAP over the age of 60
years, is probably caused by the large variation in
macro-SEMAP under the age of 60.

In the myasthenic patients we have examined, the
MUD in the tibialis anterior muscle was not
significantly different from that in control subjects.
The amplitudes of the macro-MUPs were within the
normal limits for age. This does not indicate that
degeneration was absent in these patients. In fact, in
two of the myasthenic patients, concomitant blocking
and jitter had been observed on previous SF
investigations, suggesting degeneration and regen-
eration.' This degeneration is apparently not accom-
panied by loss of motor neurons, neither is there an
increase in MU size which can-be picked up with the
macro-EMG. The results are in line with the reports
by Ballantyne and Hansen5 9 which indicate a normal
MU count in the EDB muscle as well as a normal
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amplitude and area of the recruited MUs in
myasthenic patients. The MUD in the tibialis anterior
muscle of patients with motor neuron disorders we
have investigated thus far, is very low except for one
patient with familial ALS. In all but this latter patient
the mean area of the macro-MUP was increased to
between two and five times the mean value of control
subjects of the same age. Hansen and Ballantyne26
argue that once the disease process affects an anterior
horn cell, this cell deteriorates very rapidly. However,
we believe that this process of deterioration of the
motor unit is a more slowly progressing process. On
repeated investigation of the same patient with ALS,
the MUD in the tibialis anterior muscle remained
unchanged, whereas the mean area of the macro-
MUPs decreased, indicating that individual MUs
became smaller. Another explanation for this obser-
vation is that there was a predominant loss of large
MUs, which resulted in a packing of small-size MUs.
We cannot differentiate definitely between these two
possibilities. However, the presented results as well as
other reports27 favour the idea that the deterioration
of individual MUs progresses slowly.

In conclusion, determination of the motor unit
density in a muscle can give additional quantitative
information on the balance between degeneration and
regeneration in disorders of the peripheral nervous
system. The fact that this method can easily be
combined with single-fibre and macro-EMG makes it
very useful, in our opinion.
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