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A quantitative electrophysiological study of motor
neurone disease
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S U M M AR Y Thirty-two patients with motor neurone disease were investigated using quanti-
tative electrophysiological techniques. Estimates of the number of surviving motor units in the
extensor digitorum brevis muscle and measurements of the electrophysiological parameters of
these units are presented along with the values for motor nerve conduction velocities. The results
indicate that reinnervation in motor neurone disease is sufficient to compensate completely for
the loss of up to 50% of the motor neurone pool supplying the muscle. The capacity for reinner-
vation is greater than we have found in a number of neuropathies but the efficiency of reinner-
vation decreases as the number of surviving motor units falls. Reinnervation appears to cease

when 5% or less of the motor units remain viable. There is no electrophysiological evidence of a

preferential loss of fast conducting axons, of pathological slowing of conduction nor of a dying-
back process affecting the motor axon. Comparison of the electrophysiological parameters in
progressive muscular atrophy and amyotrophic lateral sclerosis shows no significant differences.
The underlying pathophysiological mechanisms are discussed in terms of the results.

The conventional electromyographic signs of
motor neurone disease are well established. The
abundance of high amplitude, long duration, poly-
phasic motor unit potentials, the reduction in
maximum interference patterns, the spontaneous
fibrillation and fasciculation potentials (Richardson
and Barwick, 1974; Lenman and Ritchie, 1976),
the increase in motor unit muscle fibre densities
(Stalberg et al., 1975) and anatomical territories
(Erminio et al., 1959) are the electrophysiological
signs of a relentlessly progressive denervation of
the somatic musculature. Active reinnervation
from surviving motor units is evident but inade-
quate to prevent the clinical and electrophysio-
logical deterioration of the patient.
The electrophysiological literature provides

copious qualitative but little quantitative informa-
tion on the electrophysiological changes in motor
neurone disease. The purpose of the present paper
is to present the results of the application of our
computer assisted electrophysiological techniques
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for the quantitation of the number of motor units
in the extensor digitorum brevis (EDB) muscle
(Ballantyne and Hansen, 1974a) along with the
measurements of the parameters of the surviving
and electrically evoked motor unit potentials
(MUPs) in the same muscle by a computer sub-
traction method (Ballantyne and Hansen, 1974b).
Fastest motor nerve conduction velocities
(FMNCVs) and shortest distal motor latencies
(SDMLs) in the lateral popliteal nerves were also
measured. The values obtained and their correla-
tions are discussed in terms of the underlying
pathophysiology of the condition. Where appro-
priate, comparisons are drawn with the values that
we have previously reported in a number of
peripheral neuropathies.

Methods

The composition and placement of the surface
recording electrodes over the EDB muscle, the
properties of the stimulating electrodes over the
anterior tibial nerve at the ankle, and the details
of the rate and strength of stimulation used to
evoke motor unit potentials have been described
(Ballantyne and Hansen, 1974a). The amplifica-
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tion and display systems, the computer handling of
data for the estimation of motor unit numbers in
the EDB muscle, and the computer derivation of
the parameters of the electrically evoked motor
unit potentials have also been reported (Ballantyne
and Hansen, 1974a, b).

Briefly, motor unit potentials (MUPs), recorded
from surface electrodes over the EDB muscle, are
evoked sequentially by finely graded incremental
stimulation of the anterior tibial nerve at the ankle.
Recruitment of up to 15 motor units can be
recognised by a combination of visual and com-
puter analysis of the muscle action potential incre-
ments displayed on the oscilloscope screen. The
first MUP is displayed in isolation on the oscillo-
scope; the potential of the second is incorporated
in a compound muscle action potential containing
motor unit potentials 1 and 2. As each new
potential is added to the preceding one, the com-
pound muscle action potential so constituted is
stored in a computer memory (template). Template
1 contains MUP 1, template 2 contains the sum
of MUPs 1 and 2, template 3 contains the sum
of MUPs 1, 2, and 3, and so on. Up to 15 tem-
plates can be stored. The number of motor units in
the EDB muscle is calculated from the formula.

MUC= A (M)XN where A (M)=the area of the
A (N)

supramaximally evoked muscle action potential and
A (N)=the area of the compound muscle action
potential containing N MUPs.
By a process of template subtraction, the

computer also displays the first and sequentially
recruited MUPs in isolation. For example, sub-
traction of template 1 from template 2 will leave
MUP 2 in isolation, subtraction of template 2
from 3 will leave MUP 3 in isolation, and so on.
The latencies, durations, amplitudes, and areas of
individual MUPs are then measured. Amplitudes
and areas are provided by the computer while
latencies and durations are measured manually
from a computer printout (Ballantyne and Hansen,
1974b). All potential recordings are from surface
electrodes over the EDB muscle.

FASTEST MOTOR NERVE CONDUCTION VELOCITIES

The fastest motor nerve conduction velocities in
the lateral popliteal nerve (knee-to-ankle seg-
ment), and shortest distal motor latencies (anterior
tibial nerve at the ankle to EDB muscle) were
also measured from the same surface electrodes
over the EDB muscle. All investigations were
undertaken in a thermostatically controlled
room, and limb temperature was maintained at
33°C+1°OC.

PATIENTS AND CONTROL SUBJECTS
Thirty-two patients with motor neurone disease,
aged 51.8+: 11.0 years, were studied. All patients
had attended or were attending the Institute of
Neurological Sciences at the Southern General
Hospital in Glasgow. The diagnosis had been con-
firmed on the basis of clinical examination and
electromyography, in some cases supplemented
by muscle biopsy. None of the patients was found
to suffer from any additional pathology which
would give rise to a neuropathic or myopathic
lesion. At the time of study the duration of the
disease from the time of first symptoms was 24.3+4
22.4 months. Eight patients were female and 24
were male. No attempt was made to grade the
clinical severity of the disease.
There were 29 control subjects aged 51.4±4+13.3

years drawn from the staff and their relatives at
the Institute of Neurological Sciences. The older
control subjects were a group of ambulant
pensioners attending a local authority day centre.
All control subjects were free from neurological
disease.

Results

All results are expressed as the mean+±1 standard
deviation unless otherwise indicated. The statistical
significances of the results were evaluated using
the Student's t test.

SHORTEST DISTAL MOTOR LATENCIES
The mean shortest distal motor latency in the
motor neurone disease patients was significantly
increased over the control value (Table 1). The

Table 1 Electrophysiological parameters in patients
with motor neurone disease and control subjects

Parameter

Age (yr)

Duration (month)
Shortest distal
motor latency (ms)
Fastest motor
nerve conduction
velocity (ms)
Motor unit
numbers
MIJP latency (ms)

MUP duration (ms)

MUP amplitude
(AV)
MUP area
(arbitrary units)

n Mean SD

C
MND
MND
C
MND
C
MND

C 29
MND 32
C 168
MND 200
C 168
MND 200
C 168
MND 200
C 168
MND 200

29 51.4
32 51.8
27 24.3
18 3.71
32 4.89
18 49.0
31 43.2

184.9
71.9
4.71
5.84
9.52
9.58

65.6
152.2
18.4
42.2

13.3
11.0
22.4
0.51
1.48
5.17
5.78

65.6
68.0
1.38
1.69
1.92
1.68

36.2
141.1

9.4
43.0

p

NS

<0.001

< 0.0002

< 0.0001

< 0.0001

NS

< 0.0001

< 0.0001

C=control subjects; MND=patients with motor neurone disease;
NS=not significant.
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Table 2 Correlations referred to in text: patients with
motor neurone disease

Correlation between r P

SDML - FMNCV -0.713 <0.001
SDML - Motor unit number -0.664 < 0.001
FMNCV - Motor unit number +0.672 <0.001
SDML - Mean MUP latency +0.827 <0.001
FMNCV - Mean MUP latency -0.708 < 0.001
Motor unit number - Mean MUP latency -0.589 < 0.001
Duration of symptoms - Mean MUP duration +0.475 < 0.02
Motor unit number - Mean MUP amplitude -0.441 < 0.02
Motor unit number - Mean MUP area -0.461 < 0.01
Mean MUP latency - Mean MUP duration +0.415 < 0.02
Mean MUP duration - Mean MUP area +0.394 < 0.05
Mean MUP amplitude - Mean MUP area +0.964 < 0.001

SDML=shortest distal motor latency; FMNCV=fastest motor nerve
conduction velocity; MUP=motor unit potential.

SDML was negatively correlated to the FMNCV
and the number of motor units (Table 2).

FASTEST MOTOR NERVE CONDUCTION VELOCITIES
The mean fastest motor nerve conduction velocity
in motor neurone disease patients was significantly
less than the control value (Table 1). Fastest motor
nerve conduction velocity showed a positive cor-
relation with motor unit number and a negative
correlation with MUP latency (Table 2).

MOTOR UNIT NUMBERS
The mean number of motor units in patients with
motor neurone disease was significantly reduced
compared to control subjects (Table 1). Motor unit
number showed significant negative correlations
to MUP amplitude, MUP area, MUP latency, and
SDML and a positive correlation to FMNCV
(Table 2).

MOTOR UNIT POTENTIAL LATENCIES
The mean latency of surviving motor units in
patients with motor neurone disease was signifi-
cantly increased over control values (Table 1,
Fig. 1). Motor unit potential latency was cor-
related positively with MUP duration and SDML,
and negatively with FMNCV and motor unit
number (Table 2).

MOTOR UNIT POTENTIAL DURATIONS
Mean motor unit potential duration was not
significantly different from the control value
(Table 1, Fig. 1). Motor unit duration potential
was positively correlated with MUP latency and
also with the duration of the disease in individual
patients (Table 2).

MOTOR UNIT POTENTIAL AMPLITUDES
Mean motor unit potential amplitude in motor
neurone disease was significantly increased over

so-
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Fig. 1 Motor unit potential latencies and durations
expressed as the percentage occurring in each group:
control subjects and patients with motor neurone
disease.

the control value (Table 1, Fig. 2). Mean MUP
amplitude showed a positive correlation with mean
MUP area (Table 2).

MOTOR UNIT POTENTIAL AREAS
Mean motor unit potential area was significantly
increased over the control value in motor neurone
disease (Table 1, Fig. 2). Motor unit potential
area was positively correlated with MUP duration
and MUP amplitude but negatively correlated with
motor unit number (Table 2).

Discussion

The age-matched control subjects in this investiga-
tion have a higher mean age than control groups
we have used in the past (Ballantyne and Hansen,
1974a, b, c, 1975; Hansen and Ballantyne, 1977;
Martinez-Figueroa et al., 1977). In the present
control group we have noted minor changes in the
electrophysiological parameters compared with
our younger controls and the appearance of cor-
relations not present in the latter (Table 3). Since
these changes influence the interpretation of the
results in the patients with motor neurone disease,
a short consideration of the findings in the present
control group is necessary.
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Fig. 2 Motor unit potential amplitudes and areas
expressed as the percentage occurring in each group:
control subjects and patients with motor neurone
disease.

Table 3 Correlations referred to in text: control
subjects

Correlation between r P

FMNCV - Age -0.649 <0.005
Motor unit number - Age -0.629 < 0.001
Mean MUP area - Age +0.437 <0.05
Mean MUP latency - Motor unit number -0.507 < 0.02
Mean MUP latency - FMNCV -0.535 < 0.01
Mean MUP duration - Mean MUP latency +0.526 < 0.01

FMNCV=fastest motor nerve conduction velocity; MUP=motor
unit potential.

CONTROL SUBJECTS
Fastest motor nerve conduction velocity in the
lateral popliteal nerves is negatively correlated
with age in agreement with the studies of Norris
et al. (1953) and Mulder et al. (1961). Motor unit
number in the EDB muscle is correlated negatively
with age. The mean MUP area is correlated posi-
tively with age. The mean MUP latency is cor-
related negatively with motor unit number and
positively with FMNCV. Motor unit potential
duration is correlated positively with MUP latency
(Table 3). These correlations indicate that there is
a progressive loss of motor units in the human

EDB muscle with advancing years, and this is
accompanied by a lower maximum conduction
velocity in the remaining innervating motor nerve
fibres. Such correlations are not found in the
control subjects below the age of 60 years, but we
have reported similar correlations in our patients
with peripheral neuropathies (Martinez-Figueroa
et al., 1977; Hansen and Ballantyne, 1977, 1978).
The qualitative similarity of the findings in control
subjects with the results in the neuropathies sup-
ports the presence of a progressive neuropathic
process with advancing years in normal subjects,
particularly over the age of 60 years (Harriman
et al., 1970; Kaeser, 1970; Dyck et al., 1972; Camp-
bell et al., 1973). These age-dependent changes
will be superimposed upon the pathophysiological
lesion in the patients with motor neurone disease.

MOTOR UNIT POTENTIAL DURATIONS
In the normal individual the duration of the MUP
as measured from surface electrodes is determined
by the lengths of the muscle fibres of the motor
unit, the propagation velocities of the action
potentials of these muscle fibres, the degree of
dispersion of the endplate zone of the motor unit,
and the differences in conduction time in the
intramuscular nerve network of the unit
(Ballantyne and Hansen, 1975). In the normal
subject the differences in conduction time through
the intramuscular nerve twigs of the motor unit
make only a small contribution of the order of
0.5 ms, to the duration of the MUP (Buchthal
et al., 1955, 1957). In terms of our measurements
of MUP duration, the contribution from the neuro-
genic element-that is, conduction time in intra-
muscular nerve fibres-represents some 5% of the
total duration of the potential. We have, however,
drawn attention to the significant increases in the
MUP durations that can occur when conduction
velocity in the intramuscular nerve twigs is slowed
pathologically (Ballantyne and Hansen, 1975;
Hansen and Ballantyne, 1977; Martinez-Figueroa
et al., 1977).

In motor neurone disease we have noted that
mean MUP duration is not significantly different
from the control value (Table 1). In that circum-
stance, it would appear that the factors which
determine MUP duration in the control subjects
are not significantly altered in patients with motor
neurone disease. In particular, the average con-
duction time through the intramuscular nerve
network of the motor unit is not significantly pro-
longed. The intramuscular nerve twigs in patients
with motor neurone disease are conducting at
physiological rates. This contrasts with the situa-
tion in the demyelinating neuropathies of the
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Guillain-Barre syndrome (Martinez-Figueroa et al.,
1977) and diabetes mellitus (Hansen and Ballan-
tyne, 1977) in which there are significant pro-
longations of the durations of MUPs caused by
pathological slowing of conduction in the intra-
muscular nerve fibres of the motor unit. It is a

corollary of the observation that MUP durations
are normal in motor neurone disease that the
conduction velocities of the innervating axons
must also be physiological.

It is interesting to compare the MUP durations
in motor neurone disease with those we have noted
in the axonal neuropathy of uraemia. In the latter
the mean duration of the potentials was signifi-
cantly reduced compared to the control value and
the mean value in motor neurone disease, because
of the presence of a dying-back process affecting
the intramuscular nerve fibres of the unit (Hansen
and Ballantyne, 1978). The normal MUP duration
in motor neurone disease therefore indicates a

basic difference from the dying-back type of
neuropathy. If a dying-back process does occur in
motor neurone disease, it must be rapid, affecting
at any one time an insufficiently large number of
motor neurones for the change to be readily
detectable by our investigative technique.
While mean MUP duration is similar to the

control value, the group of patients with the
lowest number of motor units (mean 7.4) have
MUP durations which are significantly increased
over control values (Table 4). This we believe
may be a measure of long collateral sprouting that
occurs as the number of motor units becomes
markedly decreased.
Our observations on MUP duration using sur-

face recording electrodes would be incomplete
without some comment on the values obtained

with concentric needle electrodes. An increase in
the duration of MUPs so recorded has been widely
reported (Kugelberg, 1949; Pinelli and Buchthal,
1953; Desmedt and Borenstein, 1977). There is,
therefore, a discrepancy between the values ob-
tained by surface and the concentric needle
electrode recording. The duration of the MUP
from concentric needle electrodes is determined by
the degree of desynchronisation of the single
muscle fibre potentials of the unit, which in turn
is dependent on the degree of dispersion of the
endplate zones of the muscle fibres, the number of
single muscle fibre potentials of the same unit
"seen" by the concentric needle electrode, the
conduction velocities of the individual muscle fibre
action potentials, and a small component deter-
mined by the differences in conduction time in the
intramuscular nerve fibres (Buchthal et al., 1955,
1957; Ballantyne and Hansen, 1975). In motor
neurone disease an increase in muscle fibre density
occurs (Stalberg et al., 1975) and a greater num-
ber of muscle fibres of the unit lie within the
recording zone of the needle electrode. An in-
creased number of single muscle fibre potentials
contribute to the spike potential so recorded.
These are less well synchronised, leading to an
increase in the duration of the spike potential. The
durations of the early and late volume conducted
components of the MUPs are also increased be-
cause of the increase in number of distant muscle
fibre potentials detected by the electrode. These
factors give rise to an increase in the duration of
the MUP but are dependent on the presence of an
increased density of muscle fibres around the con-
centric needle electrode. Similar factors are
believed to be responsible for the increased dura-
tion of the MUP in elderly patients (Sacco et al.,

Table 4 Motor unit potential area and duration in control subjects and in groups of patients with motor
neurone disease

Number of Motor unit number Number of MUP area (arbitrary units)
subjects potentials

Mean Range Mean SD P

Control 29 184.9 71-304 168 18.4 9.4
MND 5 194.4 159-228 28 18.5 9.5 NS

5 113.8 86-154 36 30.0 20.8 < 0.005
6 80.2 70-84 39 32.4 31.1 < 0.01
5 39.6 18-63 37 47.1 34.1 < 0.0001
6 11.8 7-17 49 69.0 59.5 < 0.0001
5 2.2 1-3 11 41.3 64.1 NS

Number of Motor unit number Number of MUP duration (ms)
subjects potentials

Mean Range Mean SD P

Control 29 184.9 71-304 168 9.52 1.94
MND 10 154.1 86-228 64 9.64 1.36 NS

11 7.4 1-17 60 10.20 1.96 < 0.02

NS=not significant.
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1962). The MUP recorded from surface electrodes
provides an index of overall function in the motor
unit as a whole (Ballantyne and Hansen, 1975;
Gydikov, 1976), and the durations of the potentials
so recorded are relatively unaffected by muscle
fibre density.

MOTOR UNIT POTENTIAL AREAS
The mean area of the potentials of surviving
motor units in patients with motor neurone disease
is increased considerably (Table 1, Fig. 2), com-
patible with an increase in the muscle fibre con-
tent of surviving units, presumably by a process of
collateral reinnervation (Wohlfart, 1958; Butler
et al., 1977). The capacity for reinnervation by
surviving units in motor neurone disease appears
to be considerable and very much in excess of that
we have noted in diabetic, renal, or Guillain-
Barre neuropathies (Table 5). Motor unit potential
area is correlated negatively to motor unit num-
ber (Table 2). Mean MUP areas show a progressive
rise as the motor unit numbers fall, reaching
highest values when 7-17 units remain in the
muscle (Fig. 3), at which point MUP areas are
almost four times greater than the mean control
value.
The supramaximally evoked muscle action

potentials in the EDB are well maintained near
the control value until the motor unit number has
fallen to less than 50% of normal (Fig. 3)-that
is, in electrophysiological terms the loss of more
than half the motor unit population is com-
pensated for completely by the increase in the
potential area of surviving units. Further loss of
motor units, however, leads to a progressive fall
in the area of the supramaximal muscle action
potential. This phenomenon does not necessarily
indicate an acceleration of the disease process at
that stage but can be explained as follows. The
mean area of the MUPs in patients whose motor
unit numbers lie near the normal mean value is
18.5 area units which is similar to the control
value (Table 4). As the numbers of surviving
motor units fall progressively below 100, their
mean areas rise to 2, 3, and finally 4 times the

Table 5 Motor unit potential areas: comparison of
patients with motor neurone disease and patients with
diabetic, renal, and Guillain-Barre6 neuropathies

Diagnosis Number of MUP area (arbitrary units)
potentials

Mean SD P

Motor neurone disease 200 42.2 43.0 -

Diabetic neuropathy 78 29.3 18.2 < 0.0001
Renal neuropathy 192 22.2 21.4 < 0.0001
Guillain-Barr6 syndrome 117 24.6 22.0 < 0.0001

iMoan MUP area

0 Control

I X a MND
I "s-

+~~~~~~~~~"

3001 Max. MCAP area

2000

1000
I I

0 50 00 150 500

Number of motor units

Fig. 3 Mean motor unit potential area and area of
the maximally evoked muscle compound action
potential (MCAP) in groups of patients with motor
neurone disease as a function of the mean motor unit
number in each group (Mean + standard error of
mean). Broken lines represent theoretical values for
100% reinnervation.

control value. In that circumstance, a loss of X
units when some 20-50 motor units survive will
produce a reduction in supramaximal muscle
action potential area, some two and a half times
greater than the corresponding loss of X units
when 100 or more units remain viable in the
muscle. In that circumstance, even if the rate of
motor unit loss remains constant, the clinical
picture may show an accelerating deterioration.
When 50% or more of the motor units survive
in the muscle, reinnervation appears to be almost
100% efficient in terms of the ability to maintain
the area of the supramaximally evoked muscle
action potential. Since MUP areas can increase to
almost four times the mean control value we
might anticipate that only 25% of units need
survive to maintain the area of the supramaximal
muscle action potential near control values, but in
practice this does not occur. Reinnervation, there-
fore, appears to become less effective as motor
unit numbers fall progressively below 50% of
normal values. The explanation of this phenom-
enon may be as follows: the most efficient
collateral reinnervation occurs only within the
overlapping anatomical territories of motor units,
such that the majority of collateral sprouts are
comparable in length to the original intra-
muscular nerve twigs of the unit. A denervated
muscle fibre is more likely to be reinnervated by a
collateral sprout from the closest intramuscular
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nerve twig of a viable motor unit with an over-
lapping territory than by a collateral sprout from
a motor unit whose territory does not overlap the
denervated unit. As the number of motor units
starts to fall, collateral reinnervation leads to an
increase in the muscle fibre content of the remain-
ing units, largely achieved by an increase in muscle
fibre density by short collateral reinnervation with-
out significant increase in the anatomical territory
of the unit. The neurogenic contribution to the
MUP duration in that circumstance will not in-
crease, and the total duration of the MUP will
remain within the normal range as is the case in
our patients (Table 4). As the number of surviving
units falls progressively, however, the proportion
of each unit overlapped by other units becomes
progressively smaller. A point is reached when
parts of units do not share overlapping territories.
When such units become denervated, reinnerva-
tion of the non-overlapping parts can only occur
from long collateral sprouts. As more and more
units are lost, an increasing proportion of each
denervated unit can only be reinnervated from
long collateral sprouts which must extend outwith
the territory of the reinnervating unit. Further-
more, as the motor unit numbers fall in the EDB
muscle and the muscle fibre content of the sur-
viving units rises because of reinnervation, the
total mass of muscle fibres denervated as each
additional unit is lost will increase steadily, with
fewer and fewer viable units available to reinner-
vate. As the unit numbers fall, therefore, fewer
and fewer units are available to reinnervate. The
absolute number of muscle fibres denervated as
further units are lost becomes increasingly great
and greater, the degree of overlap of unit terri-
tories becomes smaller and smaller, and progress-
ively longer collateral sprouts become necessary
for reinnervation to occur. There is a pro-
gressive reduction in the reinnervation pick-up rate
for surviving units. The process of reinnervation
falls progressively behind that of denervation even
if the rate of unit loss remains constant and the
supramaximal action potential shows a progressive
and accelerating fall in amplitude. In this hy-
pothesis, the numbers of long collateral sprouts
would become greater as motor unit numbers fall.
This will lead to an increase in the conduction time
over the intramuscular nerve network of the unit
with an increase in the duration of the MUP of
that unit. We have found, indeed, that at low
motor unit numbers the MUP duration is signifi-
cantly increased (Table 4). Assuming physiological
conduction in the reinnervating intramuscular
nerve fibres, this rise in MUP duration is due to the
increase in conduction time through the expanded

intramuscular nerve network of the unit and is
compatible with an increase in unit territorial
areas in the region of 100%. This is in agreement
with the findings of the multiple electrode studies
of Erminio et al. (1959). Our investigation indi-
cates that motor units of such large territory only
become evident when a small number of motor
units survive in the muscle. A point may be
reached when none of the surviving motor units
share significant overlapping territories such that
further loss of units cannot be compensated by re-
innervation. Motor unit potential areas will then
remain stationary or decrease. In our patients this
point is reached when motor unit numbers in the
EDB muscle fall below 10-that is, 5% of the
mean control value (Fig. 3).
The efficiency of reinnervation by long collateral

sprouts is probably time dependent and related
to the time available for reinnervation before the
reinnervating unit itself becomes non-viable. It is
possible, for instance, that in the more slowly pro-
gressing spinal muscular atrophies, sufficient time
is available to allow more complete reinnervation
from long collateral sprouts. This would lead to
motor units of very much greater territorial areas
and MUP durations than we have found in motor
neurone disease. The greatly dispersed MUPs
noted by Desmedt and Borenstein (1977) in the
spinal muscular atrophies would be compatible
with this hypothesis.

FASTEST MOTOR NERVE CONDUCTION VELOCITIES
AND MOTOR UNIT NUMBERS
The motor unit number in the EDB muscles of
patients with motor neurone disease is correlated
positively with FMNCV and negatively with
SDML (Table 2). These correlations are open to
several interpretations:
1. The loss of motor units in the EDB muscle is
a consequence of a random process affecting fast,
medium, and slowly conducting axons, and is ac-
companied by a fall in the FMNCV and an in-
crease in the SDML because of the loss of the
fastest conducting axons.
2. The fall in motor unit numbers is a conse-
quence of a preferential loss of motor units with
fast conducting axons and a corresponding reduc-
tion in the FMNCV and a rise in the SDML.
3. The reduction in motor unit numbers as in
(1) or (2) above is accompanied by pathological
slowing of conduction in surviving motor axons,
and these changes are independent or interdepen-
dent indices of the disease state in these patients.

In our studies of the Guillain-Barre neuropathy
(Martinez-Figueroa et al., 1977) and diabetic
neuropathy (Hansen and Ballantyne, 1977) we

B

779

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.41.9.773 on 1 S
eptem

ber 1978. D
ow

nloaded from
 

http://jnnp.bmj.com/


780

have shown that pathological slowing of conduc-
tion in motor axons leads to significant prolonga-
tion of the durations of the potentials of surviving
motor units. If we compare the mean values for
motor unit numbers, FMNCVs and MUP dura-
tions in our patients with diabetic neuropathy and
those with motor neurone disease (Table 6), we
find that for a similar mean number of surviving
motor units, the mean FMNCV is significantly
reduced and the mean MUP duration significantly
increased in diabetic neuropathy. The normal
mean MUP duration in motor neurone disease
indicates that the intramuscular nerve twigs are
conducting at normal rates, and that the conduc-
tion velocities in the parent motor axons are not
pathologically depressed. The fall in conduction
velocity indicated by the correlation between
FMNCV and motor unit numbers is not, there-
fore, a consequence of pathological slowing of
conduction, but is caused by the loss of axons of
fastest conduction velocity, as in (1) or (2) above.
The surviving axons are conducting at physiologi-
cal rates.

Is there a preferential loss of motor units inner-
vated by fast conducting axons? Figure 4 shows
that despite the positive correlation between
FMNCV and motor unit number, conduction

Stig Hansen and John P. Ballantyne

velocity is well maintained, even when motor unit
numbers fall to low values. Of the 19 patients with
motor unit numbers below the lower limit of the
normal range, 14 had FMNCVs within the normal
range. While the lowest conduction velocities were
usually found in patients with a small number of
surviving motor units-that is, less than 20, never-
theless six patients in that group (Fig. 4), with
1, 2, 3, 9, 11, and 11 surviving motor units respect-
ively in the EDB muscle, had FMNCVs in the
normal range. The lowest conduction velocity
noted in the series was 30 m/s in a patient with
three surviving motor units in the EDB muscle.
In an individual patient followed sequentially
(Table 7), in whom there was a steady reduction in
motor unit numbers with time, there was no con-
sistent relationship between motor unit number
and FMNCV. These results are incompatible with
either a preferential loss of fastest conducting
axons or a pathological slowing of conduction.
The correlation between FMNCV and motor unit
numbers is due to the loss of fast conducting
motor axons as part of a process of random loss of
motor units as the disease progresses.

MOTOR UNIT NUMBERS

Of the 32 patients, 13 had motor unit numbers in

Table 6 Motor unit number, fastest motor nerve conduction velocity, and motor unit potential duration:
comparison between patients with motor neurone disease and those with diabetic neuropathy

Motor neurone disease Diabetic neuropathy

n Mean SD n Mean SD P

Motor unit number 32 71.9 68.00 13 73.5 43.7 NS
FMNCV (m/s) 31 43.2 5.78 13 37.5 5.32 < 0.005
MUP duration (ms) 200 9.58 1.68 78 10.40 2.07 < 0.005

FMNCV=fastest motor nerve conduction velocity; MUP =motor unit potential; NS =not significant.

m FMNCV
601

o Control, mean

* MND

o MND, grouped means

Fig. 4 Fastest motor nerve
conduction velocity as a
function of motor unit numbers
in patients with motor neurone
disease.
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Table 7 Motor unit number, shortest distal motor
latency, and fastest motor nerve conduction velocity
in patient (JD) with motor neurone disease:
sequential study

Time since Motor unit Shortest distal Fastest motor
first investigation number motor latency nerve conduction
(months) (ms) velocity (mls)

0 104 3.9 48
5 86 3.8 47
6 58 3.7 44
7.5 59 3.9 46
10 30 4.0 48

the normal range despite the presence of wasting
and weakness, accompanied by electrophysiological
signs of motor neurone diseases in other muscle
groups. This finding confirms that the disease
process does not affect the motor neurone pools of
all muscles equally.

AMYOTROPHIC LATERAL SCLEROSIS AND PROGRESSIVE
MUSCULAR ATROPHY
Progressive muscular atrophy (PMA) has been
shown to affect a younger age group and to be

Table 8 Electrophysiological parameters in patients
with progressive muscular atrophy and amyotrophic
lateral sclerosis

Parameter Diagnosis n Mean SD P

Age (yr) PMA 5 42.6 11.5 -

ALS 26 53.9 10.3 < 0.05
ALS* 11 58.1 10.1 < 0.02

Duration (month) PMA 4 43.5 33.0 -

ALS 23 21.0 19.1 NS
ALS* 10 23.1 24.5 NS

Shortest distal PMA 5 6.22 1.61 -
motor latency (ms) ALS 26 4.64 1.37 < 0.03

ALS* 11 5.52 1.66 NS
Fastest motor PMA 5 40.9 2.84 -
nerve conduction ALS 25 43.5 6.24 NS
velocity (m/s) ALS* 10 38.9 6.09 NS
Motor unit PMA 5 22.6 34.9 -

numbers ALS 26 79.0 69.5 NS
ALS* 11 17.1 15.6 NS

MUP latency (ms) PMA 24 6.38 1.99 -
ALS 170 5.70 1.52 NS
ALS* 71 6.33 1.63 NS

MUP duration (ms) PMA 24 10.11 1.48 -
ALS 170 9.52 1.69 NS
ALS* 71 9.90 1.82 NS

MUP amplitude PMA 24 240.9 240.7 -

(AV) ALS 170 143.0 118.3 NS
ALS* 71 183.5 127.8 NS

MUP area PMA 24 71.6 74.3 -

(arbitrary units) ALS 170 38.8 35.6 <0.05
ALS* 71 52.1 42.7 NS

PMA =patients with progressive muscular atrophy; ALS=patients
with amyotrophic lateral sclerosis; ALS*=as ALS except that only
patients with motor unit numbers <50 were included; NS=not
significant.

associated with a somewhat better prognosis than
amyotrophic lateral sclerosis (ALS). The clinical
signs are predominantly those of lower motor
neurone involvement (Liversedge and Campbell,
1974; Rose, 1977). We felt that it would be of
interest to separate our patients into these two
groups to attempt to uncover differences in patho-
physiology, and the results are summarised in
Table 8. Five of our 32 patients had PMA. These
patients were significantly younger than the ALS
patients. The duration of the illness was longer
and the mean number of surviving motor units
lower than in the ALS group. Mean MUP area,
the parameter which reflects collateral reinnerva-
tion, was significantly increased in PMA. This
result at first appears to indicate that collateral
reinnervation is more active in PMA. When,
however, we selected a group of ALS patients with
comparable numbers of surviving motor units, we
found that the difference in mean MUP areas
between the two groups was not significant (Table
8). The increase in mean MUP area in PMA
patients is, therefore, a reflection of the loss of
motor units with compensatory increase in the
MUP areas by collateral reinnervation. This
phenomenon is not, however, greater than that
present in ALS patients with a similar number of
surviving motor units. Thus, we have found no
electrophysiological evidence, to support the report
of Butler et al. (1977) that collateral reinnervation
is less evident in biopsies from patients with pro-
gressive muscular atrophy.

PATHOPHYSIOLOGICAL DISTURBANCE IN MOTOR
NEURONE DISEASE

The techniques used in this study provide quanti-
tative information on the numbers and electro-
physiological parameters of motor units. The
MUPs studied have been evoked electrically. When
motor axons can no longer be stimulated by that
technique we can obtain no information on the
muscle units supplied by those axons. However,
the motor units we evoked and studied have nor-
mal MUP durations and are innervated by axons
conducting at physiological rates. There is a
steady increase in the areas of the potentials of
surviving units, indicating a progressive reinnervat-
ing process. There is no evidence of a chronic
dying-back process affecting the surviving motor
units. The motor units we can evoke appear to be
healthy. Nevertheless, the disease process advances
steadily with progressive loss of units. If the loss
of anterior horn cells is a slow and chronic process
we should expect to find evidence of such in our
studies, either in the form of slowing of motor
conduction and corresponding changes in MUP
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durations, or of a dying-back process evolving in
the motor unit. We found no evidence of any such
disturbance in surviving units in these patients. In
that circumstance we suggest that dysfunction in
the motor unit is a rapid process, presumably
caused by the sudden death of the anterior horn
cell and rapid dissolution of function in the unit as
a whole, the process killing off single anterior horn
cells sequentially as the disease progresses. The
mechanism by which the individual anterior horn
cells become affected is, of course, speculative. We
are interested in the possibility that healthy motor
neurones may be at risk from collateral contacts
with diseased cells at the spinal cord level. The
rate of loss of motor units might then be related to
the total number of surviving anterior horn cells
in the motor neurone pool supplying the muscle,
with a decelerating loss of units as the number of
viable anterior horn cells falls. We hope to explore
this possibility further in sequential studies of
patients with motor neurone disease.

In conclusion, surviving motor units in motor
neurone disease show a considerable capacity for
reinnervation, greater than we have found in the
neuropathies of diabetes mellitus, uraemia, or the
Guillain-Barre syndrome, which is sufficient to
compensate completely for the loss of more than
half of the motor units in the EDB muscle. The
efficiency of collateral reinnervation steadily de-
creases as the number of surviving motor units
falls, and this is possibly related to a progressive
reduction in the degree of overlap of the anatomi-
cal territories of surviving units necessitating re-
innervation by long collateral sprouts. In the EDB
muscle, reinnervation appears to cease when fewer
than 5% of the motor units remain viable. Motor
axons innervating viable units in motor neurone
disease seem to be conducting impulses at physio-
logical rates, the fall in FMNCV noted in these
patients being caused by the loss of fast conduct-
ing axons in a process of random loss of motor
axons of varying conduction velocities. There is
no evidence of a preferential loss of faster con-
ducting axons, of pathological slowing of conduc-
tion, nor of a dying-back process affecting the
motor unit. There are no significant differences in
the electrophysiological parameters of the motor
unit in progressive muscular atrophy and amyo-
trophic lateral sclerosis.

We would like to thank Professor J. A. Simpson
for his help and encouragement and Mrs M.
McColl for secretarial assistance. This investiga-
tion was supported by a grant from the Wellcome
Trust (SH).
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