
Journal ofNeurology, Neurosurgery, and Psychiatry, 1979, 42, 42-51

Changes in motor unit populations in motor neurone
disease
S. A. CARLETON AND W. F. BROWN

From the University Hospital, London, Ontario, Canada

SUMMARY In motor neurone disease changes in the functional properties of motor units,
including the surface voltage, latency, conduction velocity, and response to repetitive stimulation,
were investigated. Progression was marked by motor unit loss, increase in the proportion of
larger motor unit potentials, and inclusion of motor unit potentials larger than normal in the
remaining motor unit population. Even late in the disease, motor unit potentials with a low
surface voltage persisted. The relationship between motor unit potentials, surface voltage, and
latency, present in control subjects, broke down in motor neurone disease, large motor unit
potentials having abnormally long latencies and small motor unit potentials unexpectedly short
latencies. Amplitude decrements were more frequent and severe in motor unit potentials at
later stages in the disease, particularly in those units with lower surface voltages. In one surviving
motor unit potential there was evidence suggestive of functional recovery. The observations
point to complex changes in the functional properties of motor units in motor neurone disease.

In myasthenia gravis, neuromuscular transmission
abnormalities were most frequent and severe in
hand motor unit potentials (MUPs) with the lowest
voltages measured on the skin surface over the
muscle(s) tested (Kadrie and Brown, 1978b). In the
uncommon peripheral neuropathies with abnormal
neuromuscular transmission, and much more com-
monly in motor neurone disease (MND), this
observation was repeated. The fact that the above
observation was present in three unrelated
disorders prompted a new hypothesis.
Could the margin for safe neuromuscular trans-

mission, even in health, be less for those motor
units with MUPs of lower rather than higher sur-
face voltages? If true, failures in neuromuscular
transmission might be expected to occur earliest,
more commonly, and in a more severe form at
neuromuscular junctions belonging to those motor
units that had the lowest voltage potentials
measured over the muscle surface. This hypothesis
and other questions lead us to present for critical
review, our observations from MND patients on
the behaviour of MUPs of low to high surface
voltage in tests of neuromuscular transmission.
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Abnormal decrements in MUP voltage, evoked
by trains of stimuli have been reported frequently
in MND (Simpson, 1966; Lambert, 1969; Brown
and Jaatoul, 1974; Norris, 1975). Nothing has been
learned, however, about whether the relative fre-
quency or severity of abnormalities in neuro-
muscular transmission was related to the latencies
or surface voltages of the MUPs tested. We hoped,
moreover, to learn from comparison of the surface
voltage distributions, latencies, and responses to
neuromuscular transmission tests, what changes
took place in the functional properties of motor
units that parallel the severity and stage of the
MND involvement of the test muscles. To look at
the above question, the Multiple Point Stimulation
method (Kadrie et al., 1976) was chosen, permit-
ting the isolation and investigation of 2-20 hypo-
thenar or thenar MUPs per patient including the
chance to test neuromuscular transmission at the
level of the individual motor unit.

Methods

For this investigation, 13 patients with motor
neurone disease, all less than 60 years of age, were
tested (Table 1). Patients over the age of 60 years
were excluded because of previous evidence of sig-
nificant motor unit loss over that age (Brown,
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Changes in motor unit populations in motor neurone disease

1972; Campbell et al., 1973; McComas, 1977).
Disease duration at the time of initial testing
ranged from 0.5 to 12 years. Disease duration is
important because in MND, 50% of patients live
for less than three years, up to 20% living longer
than 20 years (Mulder and Howard, 1976). In this
investigation close to 50% of patients had lived
longer than three years from the onset of
complaints.

Disease duration, however, may not reflect the
rate of progression or state of involvement of a
muscle being tested. Therefore, as an index of the
total number of innervated muscle fibres, though
not the number of motor units, the hypothenar or
thenar maximum compound potential (MCP) sur-
face peak-to-peak voltage (p-pV) was chosen. The
control MCP two standard deviation (SD) lower
limit was used to divide patients into two groups:
group 1 represented earlier less involved and group
2 later more advanced stages, all muscles from the
latter having obvious muscle wasting.
The hypothenar and thenar muscle groups and

the respective motor nerves were tested using
methods previously reported (Kadrie et al., 1976;
Kadrie and Brown, 1978a). In control subjects
there is a significant correlation between motor
unit tension and the voltage recorded on the sur-
face of the muscle for the first dorsal interosseous
(Milner-Brown and Stein, 1975), hypothenar
(Kadrie et al., 1976), and the thenar muscles
(Brown, unpublished), MUPs with higher surface
voltages being associated with larger tensions than
lower surface voltage MUPs. There is also a sig-
nificant relation between motor unit tension and
latency (Freund et al., 1975). Because of the above
evidence the surface voltage and latency of MUPs
were measured for each motor fibre excited at or
just above motor threshold by means of the
Multiple Point Stimulation method (Kadrie et al.,
1976). The fact that the motor fibres were not all
stimulated at equal distances from the motor point
required the latencies to be adjusted to a standard
distance from the motor point in order to facilitate
comparison of latencies from different MUPs. The
surface electrode types and arrangements have
been described previously (Brown and Jaatoul,
1974; Kadrie et al., 1976).
Conventional methods were used to measure the

maximum motor conduction velocity (MCV) and
terminal motor latencies. The residual latencies
were measured by methods previously described
(Kadrie and Brown, 1978a).
Neuromuscular transmission was tested by

measuring the changes in the p-pV and peak-to-
peak duration (p-pD) of the individual hypothenar
or thenar MUPs and the respective maximum com-

pound potentials evoked by nerve stimulation at
different stimulus intervals using methods reported
in detail elsewhere (Kadrie and Brown, 1978a).
Motor unit estimates (MUEs) from the hypo-

thenar or thenar muscles were made by methods
that corrected for overlap in the critical thresholds
of the first two to five motor nerve fibres excited
above motor thresholds (Milner-Brown and Brown,
1976).
The motor conduction velocities of single MUPs

could be measured directly in cases where only
single MUPs remained.

Results

The observations from all MND patients tested
are summarised in Table 1. The maximum con-
duction velocities from the ulnar and median nerve
and the ulnar residual latency measurements were
in the normal range, and there was no significant
difference between MND and control subjects. The
residual latencies in the median nerve from MND
patients were, however, significantly longer com-
pared to controls.

RELATIONSHIP OF THE MAXIMUM COMPOUND
POTENTIAL IN MND TO THE MOTOR UNIT ESTIMATE
On the basis of the initial test results, 10 out of 15
hypothenar and five out of six thenar maximum
compound potentials (Fig. 1) were less than the
two standard deviation lower limit for controls and
were, therefore, classified in group 2. In group 2,
motor unit loss was severe, all motor unit estimates
being less than 30. Muscle atrophy was severe in
nine and moderate in five of the 16 muscle groups
tested in this group.
In group 1, however, more motor units were

present (range 43-225, mean 120+4=70), and muscle
atrophy was less frequent and severe; being just
noticeable in half and not evident at all in one
third of the patients. It was obvious that, at least
for some subjects, muscle bulk and the maximum
compound potential could be maintained at or
close to the normal range despite large losses of
motor units. At late stages, however, when motor
unit loss was much more advanced (motor unit
estimates less than 30), muscle wasting, usually
severe, was invariably present.

DISTRIBUTION OF SURFACE VOLTAGES OF MOTOR
UNIT POTENTIALS IN MND
Motor unit potentials isolated by means of
threshold or near threshold nerve stimulation have
been classified into small (<0.049 mV), medium
(0.05-0.149 mV), and large (>0.150 mV), the ranges
being arbitrary divisions chosen to facilitate the
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Table 1 Summary of observations on patients with motor neurone disease

Patient Age Disease MCP Mean MUE MC V RL Muscle
(yr) duration (m V p-p V) MUP (m/s) (ms) wasting

(yr) (m V p-p V)

Hypothenar-ulnar nerve
KMcL 55 1.50 20.000 0.300 67 68.4 1.9 0
PP 50 1.50 18.100 0.100 181 53.3 2.0 0
WW 52 1.25 16.500 0.134 123 56.0 2.2 +

13.300 0.161 82 63.0 3.0
RV 38 4 13.900 0.318 43 65.0 2.9 +

RG 49 9 [11.500 0.567 20 51.0 3.1 +
PN 49 1 11.000 0.399 29 67.6 1.8 +
BK 50 1 [7.600 0.278 27 55.0 3.0 + -

L2.300 0.360 6 49.4 3.0 + + +
WM 31 1 5.500 0.196 28 64.5 2.8 + +

3.800J 0.729 5 54.7 2.0 d- +
3.700 0.149 25 54.0 1.8 + +

AA 55 12.00 3.150 3.150 1 60.6 2.8 -t- + +
RH 37 1.20 1.400 0.257 5 55.0 2.9 + ± +
PM 56 1.80 0.243 0.116 3 - - +
MND

xt 9.000* 0.288*t 40* 58.6 2.6 + +
±1 SD ±7.100 ±0.188 ±50 ±6.6 ±0.6

Control
x 20.200 0.040 300 60.1 2.5 0
±1 SD ±3.600 ±0.052 ±125 ±7.4 ±0.3

Thenar-median nerve

JA 47 2.20 15.400 0.061 225 63.5 2.6 +
BK 50 1.00 8.400 0.598 14 53.5 3.8 ++
PR 36 3.00 6.200 6.200 1 55.6 3.2 + ± +
WM 31 1.00 2.000 2.000 1 63.5 3.3 + + +
RH 37 1.20 1.900 0.161 12 51.0 6.9 + + +
DW 48 5.00 1.400 0.581 3 43.5 3.0 + + +
MND

xt 5.300* 0.366*+ 37* 55.1 3.8
±1 SD ±5.200 ±0.242 ±83 ±7.2 ±1.5

Control
x 18.200 0.047 261 56.0 2.7
±1 SD ±4.400 ±0.063 ±116 ±4.9 ±0.8

Vertical bars connect right and left nerves for the same subject.
Interrupted horizontal lines divide patient ht or t MCPs above or below the corresponding control 2 SD lower limit.
MCP=Maximum compound potential.
MUE=Motor unit estimate.
MCV=Maximum conduction velocity in metres per second.
RL=Residual latency in milliseconds.
Muscle wasting. 0 none, + mild, + + moderate, + + + severe.
*Statistically significantly different from controls P < 0.01.
tSingle motor units not included.
lExamples where only one motor unit remained excluded from this calculation.

comparison of the relative numbers of low to high
surface voltage MUPs. Moreover, even though
motor unit force cannot be measured by these
methods there is evidence for a significant relation-
ship of surface voltage latency and tension (Milner-
Brown and Stein, 1975; Kadrie et al., 1976; Brown,
unpublished). In control subjects the relative per-
centages of small, medium, and large hypothenar
MUPs recruited by threshold stimulation were
60, 25, and 15% respectively.

In MND, the distribution of MUP surface vol-
tages was dramatically changed such that there
was an increase (three to four times) in the relative
contribution from large MUPs; only one-third the

relative numbers of small MUPs were present
(Fig. 2). Motor unit potential surface voltages over
1.0 mV, not present in controls, contributed up to
20% of the surviving MUP population in group 2.
Even to the late stages in MND, however, the
lower surface voltage MUPs were present.

CHANGES IN RESPONSE TO REPETITIVE STIMULATION
(TABLE 2)
Maximum compound potential
In control subjects increments are observed in the
surface voltage of the fifth compared to the first
maximum compound potential evoked by stimuli
delivered at 1.0, 0.3, and 0.1 second intervals
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Fig. 1 Plot of the hypothenar (upper) and thenar
(lower) maximum compound potential (MCP) surface
peak-to-peak voltages (p-pV) in millivolts (mV) against
the corresponding motor unit estimates (MUE). The
solid circles represent single remaining motor units,
open circles represent cases where more than one

motor unit potential was present. The control mean
and -I SD for the MCP p-pV and the MUEs are

illustrated.

(Kadrie and Brown, 1978a). In group 1 the incre-
ments in the maximum compound potential sur-
face voltage were, by comparison, less but the
differences compared to control subjects were

significant only at 1.0 second stimulus intervals. In
group 2, compared to control subjects, decrements
in the maximum compound potential surface vol-
tage were observed at 1.0 second stimulus intervals
and even at 0.1 second stimulus intervals, little or

no increment was observed. Overall, in MND
decrement in the maximum compound potential
voltage was never more than 10%.

CONTROL
n a 101

GROUP I
n =24

.r, nT1r- nr

I GROUP 2
n =38

1 f-n fl_ rk
0 0.5 10 100

MOTOR UNIT SURFACE p-pV mV

Fig. 2 The size distribution of motor unit potential
surface voltages for the hypothenar muscles from
controls, (upper), group I (middle) and group 2 (lower)
MND patients. Note that no motor unit potentials
over 0.6 millivolts p-pV were observed in the control
hypothenar motor unit potential population (first
motor unit potentials recruited only). Note the change
in scale factor indicated by the interrupted vertical
line. Mean motor unit potential surface voltage:
hypothenar control=0.185 mV p-pV±0.235 I SD;
hypothenar group I MND=0.264 mV p-pV±0.286
I SD (not significantly different from controls);
hypothenar group 2 MND=0.508 mV p-pV±0.771
I SD (P<0.01 compared with controls and group 1).

Table 2 Changes in the maximum compound
potentials in response to repetitive stimulation

Y. change p-p V offifth compared tofirst
MCP evoked by stimuli delivered at stimulus
intervals of

l.Os 0.3s 0.1 s

Control-hypothenar 2.9±2.0 4.0± 4.1 13.5± 9.3
(n= 12)
MND-hypothenar
MCP> 13.0mV 0.7±2.7* 1.6± 1.2 10.0±13.0
(n= 5)
MCP< 13.0 mV -1.3±6.5* -1.1 ±10.3 1.5± 7.2*
(n= 10)

Values chosen include ± 1 SD.
*Statistically significant compared to controls P < 0.05.
Abbreviations as in Table 1.
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Single motor units
For healthy hypothenar motor units the maximum
decrement in the surface voltage of the fifth com-
pared to the first MUP evoked by stimuli at 0.3
second intervals was 7%. Therefore, for the pur-
pose of this investigation, decrements were con-
sidered abnormal only if they exceeded 10%. In
MND group 1 patients, only one out of 24 (4%)
MUPs tested had a decrement that exceeded 10%
(Fig. 3b) compared to a much higher proportion,
12 out of 38 (32%), of group 2 MUPs tested. It is
important, moreover, to note that the surface vol-
tage decrements were much larger and more fre-
quent for MUPs at the low end of the surface
voltage range of the MUPs.

(I

(a)

Fig. 3 The above plots illustrate the inter-relationships
between motor unit potential surface peak-to-peak
voltage (p-pV), change in surface p-pV evoked by
stimulus trains at 0.3 second intervals, and the
adjusted latencies for (a) the hypothenar control motor
unit potentials (b) group 1 motor unit potentials, and
(c) group 2 motor unit potentials. Note the change in
scale factors at 1.0 millivolts for the surface p-pV and
at 30% for changes in the surface voltage evoked by
stimulus trains. Mean changes in motor unit potentials
p-pV evoked by stimulus trains at 0.3 second intervals:
control=5.1%+5.0 I SD; group 1=0.7%±6.8 1 SD
(P<0.01 compared with controls); group 2=7.1%+
11.2 1 SD (P<0.01 compared with group 1). Motor
unit potential adjusted latencies: control=5.3 ms+
2.6 1 SD; group 1=5.9 ms+0.9 I SD (not significantly
different from controls); group 2=7.3 ms±l1.5 1 SD
(P<0.01 compared with controls).

For example, only two out of 16 (31%) of MUPs
over 0.250 mV had surface voltage decrements
over 10%, the mean reduction being 2.4%. How-
ever, for MUPs less than 0.250 mV p-pV the mean
decrement was significantly larger (10.4%), and a
much higher proportion, 10 out of 22 (45%), had
decrements over 10%. Hence at the later stages of
MND the percentage of MUPs with abnormal
decrements in surface voltage in response to re-
petitive stimuli was larger and the extent of the
decrements much more abnormal. The decrements
in surface voltage for individual MUPs were
frequently much larger than for the corresponding
maximum compound potentials evoked by supra-
maximal stimuli. Observations in the more limited

(f)

(c)
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numbers of control and MND thenar motor units
tested were the same.

RELATIONSHIP BETWEEN MOTOR UNIT POTENTIAL
SURFACE VOLTAGE, ADJUSTED LATENCY, RESPONSES
TO REPETITIVE STIMULATION, AND THE RESPECTIVE
MAXIMUM COMPOUND POTENTIAL VOLTAGE
To help illustrate the inter-relationships of MUP
adjusted latency, surface voltage, and changes in
the latter in response to stimulus trains, three-
dimensional plots have been constructed (Fig. 3).
The control hypothenar motor unit pool, isolated
by the multiple point stimulation method, was
characterised by relatively large numbers of low
surface voltage MUPs, rarity of decrements in the
surface voltage in response to repetitive stimuli,
and a relation between surface voltage and ad-
justed latency such that the longest adjusted
latency MUPs had the lowest surface voltages,
larger surface voltage MUPs having shorter
latencies.

In MND group 1 patients, no significant change
in the mean adjusted latency, compared to control
subjects was observed but unlike the latter a
relationship between MUP surface voltage and
adjusted latency and the very long latency MUPs
was not observed. In the more advanced group 2
patients, motor unit losses were much more severe
(motor unit estimates less than 30) and significant
(P<0.01) increases in the mean MUP surface
voltage and adjusted latency were observed. Decre-
ments in MUP surface voltage at stimulus intervals
of 0.3 seconds were also more abnormal and
frequent in group 2.

Single surviving motor units
The changes in the MUP surface voltage, residual
latency, conduction velocity, and response to
stimulus trains in the last surviving motor units in
MND subjects are listed in Table 3. At these ter-

minal stages three of the four MUPs were much
larger in surface voltage (2.0, 6.2, 3.2 mV) than in
any control MUPs. Furthermore, the MUP surface
voltage did not correlate with the corresponding
MUP conduction velocity; the highest conduction
velocity MUPs actually had the lowest surface
voltages. Three of the four MUP conduction
velocities were within one standard deviation of
the control mean for the maximum motor
conduction velocity (60 m/s).

In two of the four MUPs, repeat testing revealed
reductions in conduction velocity, larger decre-
ments in surface voltage, an increase in residual
latency and, in one of the two MUPs, a 53%
reduction in the MUP surface voltage (Fig. 4a).
Interestingly, however, one MUP over a five
month interval increased in surface voltage and
conduction velocity, losing at the same time a
previously evident abnormal decrement (Fig. 4b).
The latter changes suggested possible recovery in
this motor unit which was recorded from the
patient with the longest MND duration (12 years).
In one of the four MUPs no significant change in
the measurement parameters was observed except
for a reduction in residual latency.

Discussion

In motor neurone disease, motor unit loss, in-
creases in the voltage of surviving MUPs, normal
or close to normal maximum conduction velocities,
and normal sensory fibre function are characteristic
though not specific (Erminio et al., 1959; Mulder
et al., 1959; Willison, 1962; Lambert, 1969;
McComas et al., 1971; Hausmanowa-Petrusewicz
and Kopec, 1973; Brown and Jaatoul, 1974; Milner-
Brown et al., 1974; Norris, 1975; Stalberg et al.,
1975). Our observations agreed with the above but
provided new information on the relationship of
the muscle maximum compound potential to motor

Table 3 Changes in the functional properties of the last surviving motor units

Patient Time Motor unit % change ofp-p V offifth compared to the RL CV
interval potential first MUP evoked by stimuli delivered at (ms) (m/s)
(months) (p-p Vm V) stimulus intervals of

l.Os 0.3s O.ls

WM 0 2.000 - 1.2 -12.5 -15.9 3.2 63.5
4 2.420 -14.7 -17.5 - 7.4 3.5 60.2
5 3.250 - 9.8 -12.6 - 5.6 3.8 76.9

PR
MUP-Fig. 4a 0 6.200 - 4.4 - 7.9 - 4.1 3.2 55.6

5 1.300 - 8.2 -36.0 - 6.3 3.3 47.1
MUP-Fig. 4b 0 0.114 -18.1 -19.2 - 3.9 68.3

5 0.253 -13.8 2.1 6.9 4.0 76.2
AA 0 3.150 0.9 3.5 8.8 2.8 58.4

2 3.750 2.2 8.9 30.8 3.4 56.7

Abbreviations as in Table 1.
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mV

5 ms
(a)

Fig. 4 Examples of changes in single
remaining motor unit potentials in
response to repetitive stimulation.
Successively evoked motor unit potentials
in response to stimuli delivered at 0.3
second intervals begin at the bottom. (a)
This motor unit potential represents the
largest of the four single surviving motor
unit potentials. At the first test, (left) a
7.9% decrement in the surface p-pV was
observed. At the second test, (right) six
to seven months later, not only was the
p-pV decrement larger (36%) but the
surface p-pV of the motor unit potential
was only 47% of that at the first
examination. (b) This motor unit
potential, at the first test, (left), had a
surface p-pV decrement of over 19%.
Repetitive motor unit potential
discharges in response to single stimuli
delivered to the nerve were observed at
the same examination. Five months later
(right), not only was the surface p-pV
over two times larger and the conduction
velocity increased but the p-pV decrement
was no longer evident. Note the
antidromic sensory nerve action potential
preceding the motor unit potential, most
obviously at the time of the first
examination.

0.05 mV

5 ms
(b)

unit numbers, the distribution of MUP voltages,
and the relationship between MUP surface voltage
and the changes in MUP surface voltage evoked
by trains of stimuli. The observations lead to new
questions for other investigations.
The maximum compound potential surface

voltage is likely to be closely related to the total
number of active muscle fibres present, though
other factors including muscle fibre diameter, the
degree of synchronisation in the summation of
muscle fibre action potentials, and the general
distribution and distance of the muscle fibre

population from the surface recording electrode
are also important factors. It is not unreasonable
to infer that maintenance of a normal or near
normal maximum compound potential voltage
probably means that surviving motor units have
reinnervation capacities sufficient to keep up with
the rate of muscle fibre denervation. Only when
the reinnervation capacity falls below the denerva-
tion rate, as when too few numbers of healthy
motor units remain, the distances required for
axonal sprouting, or connective tissue barriers
force a limit to the reinnervation, would reduction
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in the maximum compound potential voltage be
expected.
Our observations on the changes in the relation-

ship between the surface voltage of the maximum
compound potential and the corresponding motor
unit estimates that parallel the advance of MND
supported the above speculations. Further support
came from earlier evidence that muscle strength,
judged clinically, or the maximum twitch tension
could be maintained in the normal range by as few
as 10-20% of the normal estimated number of
motor units (McComas et al., 1971; Brown, 1973).
Hence, in MND, it was only when motor unit
losses became severe (less than one-third of the
control lower limit) that the surface voltages for
the muscle maximum compound potential were
observed to fall below the two standard deviation
lower limit for control subjects.

Progression in MND was characterised by an
increase in the average MUP surface voltage,
relative increase in the numbers of larger surface
voltage MUPs, and the recognition of MUPs much
larger than the largest known control MUPs. These
observations were the likely consequence of motor
unit loss and the enlargement through reinnerva-
tion of the surviving motor units. Even at late
stages in MND, however, the lower surface voltage
MUPs were present. The latter low surface voltage
MUPs could represent motor units that had some-
how survived with little change in voltage, or they
could represent the late stage degeneration of
units with previously larger voltage MUPs.
The MUP voltage measured on the surface over

the muscle is related to the motor unit force
(Appleberg and Emonet-Denaud, 1967; Kernell et
al., 1975; Milner-Brown and Stein, 1975; Kadrie
et al., 1976). Unfortunately the methods in this in-
vestigation precluded proper measurement of the
force of the motor units. In MND, however,
the surface voltage may be a better indicator of the
total number of muscle fibres innervated per motor
unit force because electromechanical uncoupling
could result in a lower force per motor unit than
expected (Milner-Brown et al., 1974). In this in-
vestigation the largest MUP surface voltage was
6 mV, over fifty times larger than the average
control MUP surface voltage and six times the
largest surface voltage for a healthy MUP. The
presence of electromechanical uncoupling was sug-
gested by the observation that this very large
voltage MUP was accompanied by twitch that was
only just recognisable.

Abnormalities of neuromuscular transmission
have been reported frequently in MND (Lambert
and Mulder, 1957; Mulder et al., 1959; Simpson
and Lenman, 1959; Simpson, 1966; Lamb_rt, 1969;

Miglietta, 1971; Desmedt, 1973; Brown and
Jaatoul, 1974; Stalberg et al., 1975; Schwartz et al.,
1976). In this investigation decrements in the
surface voltage of MUPs or the maximum com-
pound potential were infrequent at early stages in
MND, particularly if no muscle fibre wasting was
evident or the maximum compound potential was
above the control two standard deviation lower
limit. Overall, surface voltage decrements were
more common and abnormal in the lower surface
voltage MUPs, and the decrements became parti-
cularly frequent and severe at the later stages in
MND. Even the larger surface voltage MUPs had
decrements in response to trains of stimuli at late
stages in MND.
What factors could account for the decrements

in voltage evoked by nerve stimulation? Synaptic
transmission failure at neuromuscular junctions
undergoing degeneration was probably the single
most important factor. Neuromuscular trans-
mission failures at immature regeneration
junctions were an unlikely explanation for the
much larger voltage decrements observed at the
later stages in MND. Impulse block at axon
branches or axon terminals was unlikely to explain
voltage decrements at stimulus intervals as long as
0.3 or 1.0 seconds (Desmedt, 1973).
The degree of synchronisation in the summation

of muscle fibre action potentials was an important
factor to consider. Theoretically, such synchronisa-
tion should be increased in conditions where the
chance for interaction between muscle fibres was
higher (Katz and Schmitt, 1940), for example
where fibre grouping occurs as the consequence of
reinnervation. More synchronisation has not, how-
ever, been observed in MUPs after peripheral
nerve section and resuture (Brown, unpublished).
Therefore, the most important factor in determin-
ing the decrements in surface voltage for MUPs as
well as the maximum compound potential was
probably abnormal synaptic transmission at neuro-
muscular junctions developing degenerative
changes.
The observation that MUPs at the lower end of

the surface voltage range in MND had the largest
voltage decrements could mean that their motor
units were attacked selectively in this disease.
There is no evidence for preferential abnor-
malities in one or other type of motor unit in
MND (Dubowitz and Brooke, 1973). The MND
observations, together with the previous evidence
on myasthenia gravis (Kadrie and Brown, 1978b),
prompted us, instead, to suggest the hypothesis
that the margin for safe neuromuscular trans-
mission was normally less for motor units with
lower rather than larger surface voltage MUPs
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(Kadrie and Brown, 1978b). This hypothesis has
received a measure of experimental support
(Gertler and Robbins, 1978).
The observation that surface voltage decrements

were less for the maximum compound potential
than for individual MUPs, particularly the lower
surface voltage units, was probably the result of
the biased selection of the latter MUPs by the
threshold or near threshold motor nerve stimuli
(Kadrie et al., 1976; Kadrie and Brown, 1978b).
Thus the maximum compound potential represents
the summation of larger surface voltage MUPs
that have relatively less voltage decrements and
larger decremental responses from lower surface
voltage MUPs.
There was evidence for a breakdown in the

orderly relationship between MUP surface voltage
and latency in MND. In control subjects there was
an approximate relationship between MUP surface
voltage and the corresponding adjusted latency
(Freund et al., 1975; Kadrie et al., 1976; Kadrie
anid Brown, 1978a) such that the lowest surface
voltage MUPs have the longest latencies. In MND,
no correlation between MUP surface voltage and
adjusted latency was observed despite significant
increases in the average MUP adjusted latency at
later stages. Contrary to what could happen
theoretically if larger demands were placed on the
motoneurone by reinnervation resulting in an in-
crease in the axon diameter, the largest MUPs
(over 2 mV) did not have very high conduction
velocities. Conversely, lower conduction velocities
were not necessarily observed in the lower surface
voltage MUPs. There were, for example, low sur-
face voltage MUPs with quite high conduction
velocities and very large surface voltage MUPs
with normal or lower than normal conduction
velocities.
At any stage in MND, the motor unit population

must be quite complex. Firstly, superimposed on
the normal range for MUP surface voltage and
latency are motor unit losses, presumably involv-
ing all motor units irrespective of the functional
type of unit. Secondly, denervation and consequent
reinnervation result in abnormal increases in the
numbers of muscle fibres innervated per motor
unit, this in part accounting for the larger surface
voltage of the MUPs. Thirdly, further advances in
the disease probably result in dysfunctional changes
and death of motor units that by reinnervation had
supported larger than normal numbers of muscle
fibres. Especially at later stages, therefore, there is
probably a mixture of healthy normal, healthy
but enlarged motor units, and dysfunctional motor
units undergoing degeneration. It is also impossible
to tell the previous history of a motor unit from

the surface voltage or latency of its MUP.
Abnormal decrements in surface voltage evoked
by repetitive stimuli, however, probably indicate
degenerative changes in that motor unit.
One aspect requiring further investigation was

that of single surviving motor units in MND. The
MUPs of two such surviving units were observed
to undergo changes, including reductions in surface
voltage and conduction velocity accompanied by
an increase in the residual latency that probably
indicated progressive degenerative changes in those
motor units. The fact that two such units were
still present at the end of five months is itself
remarkable in view of the extraordinarily rapid
rates of loss of motor units calculated for the
early stages of MND (Brown and Jaatoul, 1974).
Most interesting was the single MUP that under-
went an increase in surface voltage and conduction
velocity, changes that suggested a possible
recovery. Perhaps in certain cases of MND there
are motor unit survivors, particularly in patients
having a longer than usual history as in this
example (12 years).
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