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Neuromuscular transmission in human single motor
units
H. A. KADRIE AND W. F. BROWN

From University Hospital, London, Ontario, Canada

SUM MARY A method, multiple point stimulation, has been reported to isolate 5-20 single
hypothenar or thenar motor units for investigation. This method is attractive for testing neuro-
muscular transmission because the required stimulus intensities are much less than for
supramaximal nerve stimulation, and movement artefact is less of a problem. In this investigation
of controls, the changes in hypothenar and thenar motor uniit surface voltage and latency of single
muscle fibre action potentials belonging to the motor unit have been measured in response to
trains of stimuli delivered to the motor nerve. In healthy motor units, increases in the surface
peak-to-peak voltage and corresponding reductions in the peak-to-peak duration occurred, the
changes being maximum at the shorter stimulus intervals and accompanied by increased
synchronisation of motor unit muscle fibre action potential discharges. The investigations of the
responses for healthy single motor units to repetitive stimulation provide the basis for investiga-
tions of neuromuscular transmission at the level of the motor unit in diseases of neuromuscular
transmission.

The most common electrophysiological test of
neuromuscular transmission in humans is to
measure the changes in force or voltage output
from muscle(s) evoked by trains of supramaximal
stimuli delivered to the motor nerve (Slomic et al.,
1968; Ozdemir and Young, 1971, 1976; Desmedt,
1973; Desmedt and Borenstein, 1976). Unfortun-
ately, this type of test can be uncomfortable and
distorted by movement artefact, and muscles like
the hand muscles, technically the best to test, are
not clinically the most commonly or severely in-
volved in myasthenia gravis (Simpson, 1974). At
the expense of more time and patient discomfort,
the diagnostic usefulness of supramaximal stimula-
tion tests can be increased by testing a number of
muscles including proximal limb and even facial
muscles (Ozdemir and Young, 1971, 1976;
Desmedt and Borenstein, 1970, 1976; Borenstein
and Desmedt, 1973; Krarup, 1977a, b). The limita-
tions of supramaximal stimulation led us to
question if neuromuscular transmission could be
tested practically in single motor units (MU).
Such a method would have the probable advan-
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tages of less movement artefact, and lower, and
therefore more comfortable, stimulus intensities,
and the theoretical advantage of testing the basic
unit of motor control, the MU.

Important landmarks in the testing of the
physiological properties of human single MUs and
axons in health and disease include the thorough
investigations by Bergmans (1970) and Desmedt
and Borenstein (1970). Indeed, the fact that post-
tetanic exhaustion and pathological decrements
in response to trains of presynaptic stimuli were
not present in all myasthenic MUs suggested to
Desmedt (1973) that certain types of MUs may be
more involved than others. Desmedt and Boren-
stein (1970), however, pointed to the difficulties
of isolating even one MU per test subject. As a
consequence, testing neuromuscular transmission
at the level of the individual MU did not look like
a practical test for most laboratories.
From this laboratory, a method has been re-

ported, using graded threshold electrical stimula-
tion to isolate four to 20 or more distinct MUs
per test nerve (Kadrie et al., 1976). In preference
to the needle stimulating electrodes that compli-
cated the technical procedure used by Desmedt
and Borenstein (1970), surface stimulation of
nerve has been preferred by us as the better
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method of stimulation; the result being a much
larger number of MUs isolated per test session.
It is our intention, in this communication, to
establish the normal observations for tests of
neuromuscular transmission in single MUs. In
later papers, we will report on our observations in
disorders of neuromuscular transmission including
myasthenia gravis and motor neurone disease.

Unfortunately, the force generated by individual
MUs isolated by stimulation of the motor nerve
could not be measured properly, nor could the
conduction velocities of single axons be measured
directly because MUs were isolated by stimulation
at single points that varied from MU to MU in
distance from the motor point. Therefore, to
establish the probable functional type and size of
MU, it was necessary to rely on the surface
voltage, a parameter known to be approximately
related to the MU force (Milner-Brown and Stein,
1975) and the latency (or conduction velocity) of
the MUs adjusted to a standard distance from the
motor point (Kadrie et al., 1976). The latter
represented an important second indicator of the
probable functional type and size of the MU
isolated by nerve stimulation because of the
established relationship between MU tension and
conduction velocity (Freund et al., 1975).
An attempt was made also to combine a look

at the overall action of the MU, reflected in the
surface voltage and the component single neuro-
muscular junctions, the latter recorded by means
of the single fibre (SF-EMG) electrode. Unfor-
tunately, single muscle fibre action potentials from
two or more fibres were recorded from only three
MUs in parallel to the surface voltage measure-
ment. Observations in the three MUs were con-
sistent, however, in pointing to increased syn-
chronisation as the probable most important
mechanism behind pseudofacilitation.

Subjects and methods

A total of 12 ulnar and two median nerves were
tested in 12 healthy subjects (age range 14-36
years). The median nerves were included in order
to establish if the range in MU p-pV and relation-
ship of MU adjusted latency to surface peak-peak
voltage (p-pV) were the same for median as for
ulnar control nerves.

ELECTROPHYSIOLOGICAL METHODS
The method for multiple point stimulation (Kadrie
et al., 1976) has been modified for this investiga-
tion. In the original method, signal averaging of
the "all" or "nothing" MU responses, and sub-
traction of the "nothing" from the "all" MU

potentials by means of the digital computer was
used to measure the p-pV, area and latencies of
the MUs. For this investigation, the computer
was not necessary because most of the MUs
tested were the first recruited; hence subtraction
was not required. Moreover, in the earlier investi-
gations, the changes in the surface p-pV for the
most part paralleled changes in area, making the
latter measurement unnecessary.

Signal averaging cannot be used to measure the
parameters of MUs with abnormal neuromuscular
transmission because of changes in the MU
evoked by presynaptic stimuli even at stimulus
intervals of less than one second. Moreover, ex-
perience has taught us that measurement of MU
latencies by "eye" is more accurate, particularly
for MUs that have a low signal to noise ratio-
precisely the situations in which the computer
occasionally made errors in the recognition of the
point of initial deflection. For the purpose of this
investigation, only MUs that had a clearly de-
fined initial deflection were included in the MU
sample for adjustment of the latency to the
standard 200 mm.
An intramuscular electrode was used to help

identify the point of initial deflection, exclude the
possible contribution of more than one MU to
the surface voltage, and investigate the changes at
one or more neuromuscular junctions belonging
to the presynaptically stimulated MU. For the
latter, a TECA single fibre EMG (SF-EMG)
electrode was used, the electrode being located
close to the endplate zone of the hypothenar or
thenar muscle complexes. In the SF-EMG re-
cordings, measurements were made of the varia-
tion in the distal latency to single spikes from the
stimulus artefact and changes in the interspike
intervals between single muscle fibres belonging
to the same MU.

Especially for the measurement of changes in
the parameters of the maximum compound poten-
tial, it was important to minimise movement arte-
fact by firmly binding the hand and arm, including
the first digit in the case of the median-thenar
muscle testing, to a test board.

METHOD OF STIMULATION
A DISA constant current type 15E07 stimulator
was used, the stimulus duration being 0.05-0.1
milliseconds (ms). This stimulator facilitated com-
parisons of the threshold of single MUs obtained
at different points with the intensities required to
stimulate the motor nerve in a supramaximal
manner. The ulnar and median nerves were
stimulated by means of a DISA surface 13K62
bipolar electrode held by hand.
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Attempts to obtain large numbers of MUs were
frustrated and delayed by trying to hold the stimu-
lating electrode in position mechanically by means
of straps or tape. Holding the electrode by hand
was a better method that made it possible to
stimulate, in isolation, single MUs for as long as
30 minutes. It was frequently possible to obtain
the identical MU at the same location half to one
hour later. Minor changes in position or pressure
were often all that was required to make the
difference between success and failure in isolating
single MUs, particularly in the upper arm. Once
learned, this method made it possible to obtain at
least four and frequently 20 or more single MUs
from the ulnar or median nerve in less than an
hour. In our hands, needle stimulating electrodes
(Desmedt and Borenstein, 1970) made it harder
to isolate single MUs and certainly added to the
discomfort of the procedure.

RECORDING AMPLIFIERS
The intramuscular and surface voltage changes
were recorded using DISA type 15CO0 EMG
amplifiers that have a peak-peak noise at 5k ampli-
fication of 0.003-0.004 mV. All the data were
recorded on magnetic tape and later photographed
for careful measurement and analysis.

PARAMETERS MEASURED
Maximum compound potential= maximum con-
duction velocity
For the maximum compound potential (MCP)
the p-pV, peak-to-peak duration (p-pD) and distal
latency from stimulus artefact to initial deflection
of the motor unit potential were measured. The
maximum conduction velocities (MCV) were
calculated for standard distances of 400 mm from
the motor point by:
MCV in m/s =

400
MCP latency projected to 400 mm-RL

Residual latency
To obtain the residual latency (RL) the motor
nerve was stimulated at three or more points dis-
tributed over the length of the nerve from the
proximal upper arm to the wrist; the latency
being plotted against distance from the motor
point to obtain the RL (Fig. 1). The RL was later
used to calculate the adjusted latencies of the
single MUs. In all controls, the correlation co-
efficients for the three to four stimulation points
used to obtain the residual latency were high
(>0.99).

10 0 .

80

.5
0

100
Distance (mm)

Fig. 1 In a representative healthy subject a plot of
the latencies in milliseconds from the points of
stimulation on the ulnar nerve to the initial deflection
of the maximum compound potential. Residual
latency was measured by projection of the line joining
the four stimulation points to the Y axis. The latency
at the intersect is the residual latency (RL)

Single MU parameters
For each MU, the distal latency, surface p-pV, and
current intensity to obtain a firing index more
than 50% were measured and recorded. At most
points only one MU could be obtained that fired
100% of the time in response to the nerve stimulus
in the absence of evidence of overlap in the
firing levels with other MUs (Brown and Milner-
Brown, 1976). This condition is obviously required
for testing neuromuscular transmission using
trains of stimuli. At a minority of points a
second, or sometimes a third, MU could be ob-
tained by increments in the stimulus intensity, the
critical firing level of each MU in turn being
clearly separate, so that the size and latency of
the MU isolated at higher stimulus intensities
could be measured. Motor units are recruited in
order from small to larger p-pV by increments in
the stimulus intensity (Kadrie et al., 1976). To
include more medium (0.05-0.149 mV p-pV) and
large (>0.150 mV p-pV) MUs an effort was made
to avoid the more readily obtainable small MUs
in order to find the occasional larger MU firing at
threshold in preference to recruitment second or
third in order (Fig. 2).

Criteria for a single unit
The criteria for a single unit response (Fig. 3)
were: (1) all or nothing response in the surface
and intramuscular records evoked by stimulus
shocks at threshold for the MU; (2) no evidence
of overlap in the firing levels of two or more MUs
evoked by trains of 25-100 stimuli (Brown and
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Fig. 2 Histogram of control hypothenar motor units
first excited. A deliberate attempt was made to find
points of stimulation where medium and large MUs
could be excited first. As a consequence, a higher
proportion of larger MUs are included in this MU
population compared to that where MUs obtained
from all points of stimulation were included (Kadrie
et al., 1976). Broken lines at 0.05 mV point to the
fact that the first two divisions on the abscissa are

0.025 mV, while subsequent divisions are 0.05 mV.

0.2 mV

5ms

A

Fig. 3 Recording of single motor unit discharge using

surface electrodes. Stimulation of a single motor fibre

at stimulus intervals of 1.0 s. The train begins at the

bottom. Note the all or nothing character of the MU

discharge and the occurrence of the identical MU in

the F recurrent discharge. A sensory prepotential with

a latency of 3.4 ins. is just visible preceding the M

MU potential.

Milner-Brown, 1976); and (3) if an F recurrent
discharge occurred, the size and configuration of
the F unit was identical to the M unit.

Single MU latency (conduction velocity)
Measurement of MU terminal conduction times
can be difficult, especially if the MU signal to
noise ratio is low or the stimulus artefact hard to
identify, or in situations where artefact contribu-
tions to the surface voltage are present. Such
artefacts can be caused by antidromic sensory
nerve action potentials or volume conduction and
movement from excitation and contraction of
proximal, usually forearm muscles, evoked by
motor nerve stimulation at points close to or proxi-
mal to the elbow. For these reasons, only MUs in
which the latency could be measured accurately
were included.

In less than 5% of MUs, the identical MU could
be excited at two or more points at least 20 mm
apart. The conduction velocities of other MUs
could not be measured directly. Therefore, the
terminal conduction times of MUs excited at
different distances from the motor point were
adjusted to a standard distance (200 mm) from the
motor unit point (Kadrie et al., 1976) using the
following equation where d is the distance from
point of stimulation of the MU to motor point and
RL=residual latency.

/Terminal motor 200
tconduction time RL X d +RL

The distance 200 mm was chosen because it was,
for most subjects, the approximate midpoint of
the lengths of the ulnar and median nerves open
to surface stimulation. The inclusion of the RL
in the calculation of adjusted latency is important
because the RL is a much larger fraction of
the terminal motor conduction times for MUs
excited near the wrist than those excited near
the elbow or in the upper arm. The fact that the
residual latencies for single motor fibres cannot
be measured is a problem because it is difficult to
know how representative the RL for the maxi-
mum compound potential is for all MUs. The
residual latency is likely to be less for faster than
slower conducting fibres. Therefore, because the
residual latency was obtained from supramaximal
stimulation, the approximations inherent in the
adjusted latencies and calculations of single MU
conduction velocities are likely to be most accurate
for the fast conduction velocity fibres.

Calculation of the respective impulse velocities
in single motor units was made by:

Conduction velocity (metres per second)=
200

adjusted latency-RL

rs ,Al I
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NEUROMUSCULAR TRANSMISSION TESTS

The tests were carried out at room temperature
(24-260C). Because of the large number of MUs
to be tested, and limitations in the abilities of
test subjects to maintain relaxation in the test
muscles, the intervals between test trains were re-
duced from the period of two minutes suggested
by Slomic et al. (1968) to 0.5 minute. Trains of
10 or more stimulus pulses at time intervals of 1.0,
0.3, and 0.1 second were used to test for changes
in the parameters of single MUs and the MCP, the
latter in response to supramaximal stimuli.
Stimulus trains using interpulse intervals of more
than one second were occasionally used if changes
were obvious in the surface voltage at intervals of
one second.

Tetanic stimulation at pulse intervals of 0.2
second for 30 seconds was used to test for post-
tetanic potentiation (Desmedt, 1973) in representa-
tive small, medium, and large MUs. At intervals
of one minute, for 10 minutes after the tetanus,
short test trains of stimulus intervals of 0.3 second
were applied.

Results

MAXIMUM COMPOUND POTENTIAL (MCP)-
SUPRAMAXIMAL NERVE STIMULATION
Observations in the median thenar and ulnar
hypothenar groups were nearly identical. There-
fore, except in situations where a significant dif-
ference between observations in the ulnar and
median groups occurred, observations reported
below are specifically on the larger ulnar group.
In Table 1 the residual latencies and the number
of MUs for each of the 12 ulnar and two median
nerves are listed.

In response to supramaximal trains of stimuli
delivered at the level of the wrist, the p-pV in-
creased and the p-pV decreased, in an approxi-
mately proportional way (Figs. 4 and 5). The
percentage change in p-pV and p-pD increased as
the stimulus interval was reduced. The percentage
change in p-pV and p-pD at any particular stimulus
interval was usually maximum in the fifth com-
pared with the first evoked maximum compound
potentials in the train, significant changes being
evident even at 1.0 second intervals. In certain
cases it was evident that the changes in the MCP
voltage lasted for as long as 10 minutes after
a test train. For this reason, supramaximal stimula-
tion was usually carried out at the end of the
experiment to avoid producing long-term changes
in MUs yet to be tested. This step was particularly
important in pathological cases (Kadrie et al.,
1976).

Table 1 Residual latencies and number of motor
units for 12 ulnar and two median nerves

Nerve Residual Maximum Motor
latency conduction unit
(vIns) velocity numnber

(400mm)
(m/s)*

Hypothenar-ulnar
1 2.5 60.1 18
2 1.9 62.5 10
3 1.8 65.6 10
4 2.6 46.5 8
5 2.3 50.6 4
6 2.7 50.6 6
7 2.1 61.5 7
8 2.4 69.0 4
9 2.6 62.5 4
10 2.2 60.2 4
1 1 2.1 70.1 6
12 2.2 62.5 5

MU
total = 86

X-ISD 2.3 0.3 60.1 17.4
Thenar-median

1 2.4 53.7 21
2 3.1 62.5 18

*See text
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Fig. 4 Changes in the p-pV (in mV) and p-p duration
(in ms) of a control hypothenar maximum compound
potential in response to supramaximal stimulation of
the ulnar nerve at stimulus intervals of 1.0, 0.3, and
0.1 second. Note increase in the p-pV and reciprocal
reduction in p-pD at stimulus intervals of 0.1 .second.

SINGLE MOTOR UNITS
Motor unit potentials have been classified into
small (less than 0.05 mV p-p), medium (0.05-
0.149 mV p-p), and large (0.150 mV p-p). In the
previous communication MUs were reported to
be recruited in order from small to large by in-
crements in the stimulus intensity (Kadrie et al.,
1976). In this investigation, also, most MUs re-
cruited first at points of stimulation were small,
larger MUs being recruited second. The surface
p-pV histogram for hypothenar MUs (total 58
MUs) from two control subjects is illustrated in
Fig. 6, both the first and second MUs recruited;
all stimulation points being included. In this in-
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Fig. 6 Histogram of all motor units recruited first
and second at all points of stimulation; there was no

attempt to exclude small MUs or include more large
MUs.

TT
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1-50 I.
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p-pV WPOTHNAR MAXIMUM COMPOUND POTENTIAL

Fig. 5 Illustration of percentage changes in p-pV and
p-pD at stimulus intervals of 1.0, 0.3, and 0.1 second
for the maximum hypothenar compound potentials
evoked by supramaximal ulnar nerve stimulation in
12 control subjects. The vertical bars connect
corresponding p-pV and p-pD measurements for each
nerve. Note that the percentage changes are maximum
at stimulus intervals of 0.1 second in all but one of the
control nerves.

vestigation, however, a deliberate attempt was
made to include more of the medium and large
MUs, and this is reflected in the histogram of MU
sizes used for test trains of stimuli (total 64 MU)
(Fig. 2). Persistent moving about of the stimulating
electrode along the length of the nerve, frequently
rejecting points where small MUs are obtained
first, is rewarded by the isolation of more large
and medium MUs as the first MU recruited; the
range and distribution being more like that ob-
tained by isometric contraction (Kadrie et al.,
1976). In later communications the range and
distribution of MU surface voltages in pathological
states is to be compared with the range and dis-
tribution of MUs obtained by random selection of
stimulation points and not the biased sampling
method used in this particular investigation.
Motor units are recruited in order from small

to large surface p-pV and long to shorter latency
by increments in the stimulus intensity. The first

evidence for this was based on the finding of a
significant correlation between the recruitment
order of MUs at single points of stimulation and
the respective MU surface p-pVs, areas, and
latencies. The evidence was supported in this in-
vestigation by the highly significant correlation
observed between, in this case, the surface p-pV
and the latencies of MUs adjusted to 200 mm, for
each subject (Table 2). Plotting the latencies ad-
justed to a standard 200 mm from the motor
point against the corresponding MU p-pV for all
hypothenar MUs illustrates the fact that there is
considerable overlap in the adjusted latencies of
hypothenar MUs (Fig. 7). In general, however,
the larger units tend to have short latencies and
the longest latency MUs are usually small in p-pV.
Perhaps more obviously meaningful is the con-
version of the adjusted latencies (median and ulnar
combined) to conduction velocities (Fig. 8). This
histogram, constructed from the 78 hypothenar
and thenar MUs in which the latency could be
measured accurately, demonstrates the fact that
only a minority of MUs actually determine the
maximum motor conduction velocity and that
there is a considerable range in the conduction
velocities of individual MUs. The relationship
between conduction velocity (or adjusted latency)

Table 2 Correlation between surface p-pv and
latencies of motor units adjusted to 200 mm

Decreasing adjusted latency
Total number ofpairs 92

+ - ties

Increasing p-pV
number of pairs 67 23 2
Percentage 73 25 2

For statistical methods see Kendall (1962) and Kadrie et al. (1976).
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The stimulus intensities required to excite single
MUs were usually half or less of the current
required to stimulate the motor nerve at the same
point just maximally. The stimulus currents re-
quired to excite single MUs were not usually un-
comfortable even at high tetanic stimulus fre-
quencies. In response to single MU stimulation
movement was only occasionally observed in the
corresponding hypothenar or thenar muscles.
Therefore, movement artefact was probably
negligible in this type of test. One minor draw-
back was that it was sometimes difficult to
stimulate at shorter stimulus intervals (0.1 second
or less) in the upper arm because of displacement

0-4 05 {8 1-0 of the stimulating electrode by contraction of
underlying muscles evoked by direct spread of the

zypothenar motor stimulus current.
?ncies to be Single MU responses to repetitive stimulation
been excited at paralleled the corresponding changes in the maxi-

mum compound potentials. Increases in the p-pV
linked to reductions in the p-pD of the surface
MU potentials occurred at stimulus pulse intervals

cv of 1.0, 0.3, and 0.1 second; the maximum percent-
<H age changes being observed at stimulus intervals

of 0.1 second (Fig. 9). The maximum percentage
changes at stimulus intervals of 1.0, 0.3, and 0.1

Control n= 100 second were usually observed in the fifth MU
potential in the train although occasionally the
maximum changes were observed in the fourth or
sixth potential. No significant differences in the
percentage changes in p-pV or p-pD were observed
comparing small, medium, and large MUs. The
larger scatter noted in the observations in small
MUs was probably the result of the much lower

ZL...., signal to noise ratios. In all hypothenar MUs,
100' however, irrespective of size, the maximum decre-

ment in p-pV was less than 10%. Therefore, in
?n velocities of all disease states to be reported in later communica-
for which the tions, decrements in the p-pV of more than 10%
tely. The means have been considered abnormal.
nduction velocities The mechanism underlying the increments inotor point-see p-pV and corresponding reductions in the p-pD

was probably, in part, the result of a progressive
reduction in the time intervals between MU com-
ponent spikes (Fig. 10). In only three examples was

t, because it illus- it possible to record two or more distinct single
rrelates closely to fibre spikes that together fired in an all or nothing
ameter that itsell manner in response to threshold peripheral nerve
lated to the MU stimulation. For most stimulus points the SF-
73; Freund et al., EMG electrode, located close to the endplate
1975). Therefore, zone, at the start of the experiment, recorded an

If single MUs to intramuscular MU potential corresponding to the
tasonable to con- surface MU potential, the two potentials always
iseful index of the occurring together in an all or nothing manner.
,dium, or large of Only in a minority of MUs, however, could single

muscle fibre spikes be obtained. In such single

B
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fibre spikes, an invariable progressive reduction in
latency from stimulus to spike was observed in
response to trains of stimuli, the reduction being
maximum at the shorter stimulus intervals. In the
three examples in which two spikes could be
obtained the progressive reduction in latency,
usually maximum at the time of th'e fifth MU
potential in the train, was invariably more in the
longer latency spike compared to the first spike.
The result was a progressive reduction of the
interspike interval (Fig. 10). This increase in the
synchronisation in firing times of MU component
muscle fibres could account for the increase in
p-pV and reduction in p-pD observed in single
MUs and in the maximum compound potentials
evoked by trains of stimuli and to which the term
pseudofacilitation has been applied by Desmedt
(1973). The number of single and double spike
recordings could have been increased by adjust-
ment of the SF-EMG electrode but this proved
time-consuming and uncomfortable to the test
subjects and was, therefore, abandoned.

Tetanic stimulation at stimulus intervals of 0.02
second evoked still larger increases in the p-pV
and reductions in the p-pD compared to intervals
of 0.1 second. After the tetanus, especially in the
larger MUs, increases in MU p-pV lasting for as
long as 10 minutes (Fig. 11) were observed, prob-
ably also the result of increased synchronisation
of MU muscle fibre action potentials (Desmedt,
1973).
The relation between surface p-pV and the cor-

responding adjusted latency (or, conversely, con-
duction velocity) reported before for hypothenar
MUs (Fig. 7) did not hold in thenar-median MUs
(Fig. 12). No significant differences were noted in
the range and distribution of the surface p-pV of
the thenar MUs compared to hypothenar MUs
but in thenar MUs no systematic relationship of
MU p-pV to adjusted latency was obvious. The
range in adjusted latencies or MU conduction
velocities was not as wide in the two median
nerves tested as in the four ulnar nerve in which
the measurements and calculations were made.

Fig. 9 Illustration of the percentage changes in p-pV
and p-pD of the fifth compared to the first motor unit
potential evoked by stimulus pulses at intervals of (a)
1.0, (b) 0.3, and (c) 0.1 second. These changes are
plotted against the corresponding p-p voltage in mV
for all the corresponding MU on the X axis. The
vertical bars illustrate the reciprocal nature of the
percentage changes in p-pV and p-pD for three MUs.
Note (1) no more than a 10% decrement p-pV was
observed for any single MU, and (2) the larger range
in percentage change of p-pD and p-pV observed in
MU<0.2 mV p-pV.

c

a =

a

-a

0

C]

QL C

a,

a
0

5 Q~

.2_

IC

_ L

a
.c
u .Q

Cl
CL

F

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.41.3.193 on 1 M
arch 1978. D

ow
nloaded from

 

http://jnnp.bmj.com/


Neuromuscular transmission in human single motor units
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Fig. 11 Changes in p-p voltage of the fifth compared
to the first motor unit potential evoked by stimuli
at 0.3 second intervals, pretetanus, and at various times
after tetanu3. The tetanus was delivered at 0.02 second
intervals. For the tetanus, only every third potential
in the train is plotted. Three representative MU
responses are plotted. The increases in p-p voltage in
the tetanus were paralleled by reciprocal changes in
the p-p duration. Note particularly in the largest of
the three MUs that, for up to two minutes after
tetanus, the first and fifth motor unit potentials evoked
were larger than the corresponding pretetanus values.

15 r

Fig. 10 Recording of the surface MU potential
(upper) and the corresponding intramuscular recording
(lower) of two single fibre spikes. Successive traces
evoked by a stimulus train at 0.1 second intervals are
superimposed in the upper surface motor unit potential
recording and in raster display, the two intramuscular
spikes in the lower illustration. The train sequence is
from bottom to top and illustrates a progressive
reduction in the interspike interval of 0.19 ms. In the
surface motor unit potential, a progressive increase
in the p-pV and reduction in the p-pD occurred. Both
recordings are delayed for display on an expanded
horizontal sweep.

The reasons for this lack of correlation between
conduction velocity and surface voltage in thenar
MUs is not known.

Discussion

From experience in this investigation it is obvious
that neuromuscular transmission can be succes-
sively tested in five or more individual MUs from
thenar or hypothenar muscles in man. The tech-
nique has the advantage that stimulation, even at
high frequencies, is usually not uncomfortable to
patients because of the lower stimulus currents
required, unlike supramaximal nerve stimulation.

a&
o

0 01 0-2
p-pV mV thenar motor units

03 0-4 05 10

E10

U,
._

Fig. 12 Plot of the p-pV in mV of thenar motor units
against the corresponding latencies to be expected if
the motor axons had all been excited at 200 mm
from the motor point.

Moreover, there is no significant contribution
from movement artefact, a major problem using
supramaximal stimulation (Slomic et al., 1968;
Ozdemir and Young, 1971, 1976; Desmedt and
Borenstein, 1976). From a physiological viewpoint,
the method is of value and interest because it tests
the functional unit of the motor system, the motor
unit. The method, as a consequence, could be
potentially much more sensitive if abnormalities in
neuromuscular transmission were present in a
limited proportion of MUs only, perhaps selec-
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tively involving specific functional types of motor
units. Abnormalities in MUs would not, therefore,
be obscured by inclusion of more normal MUs as

in the case of supramaximal stimulation.
The method also makes it possible to combine a

look at the overall action of the MU that is re-

flected in the surface summation voltage and at
the component single neuromuscular junctions by
recording in parallel from the surface and single,
fibre EMG electrodes. The latter permits measure-

ment of the variations in firing time of single
muscle fibre spikes and the recognition in patho-
logical states of the failure of spike generation at
single junctions (Stalberg and Ekstedt, 1973;
Stalberg et al., 1974; Schwartz and Stalberg, 1975).
In this sense, the surface voltage provides an

index of the approximate total size of the unit
(Milner-Brown and Stein, 1975; Kadrie et al.,
1976) representing the summation of the voltages
from all the muscle fibres in the MU, factors
such as the particular geographic position of the
MU with respect to the surface electrode and the
degree of synchronisation of muscle fibre action
potentials being incorporated into that sum. The
single fibre electrode provides an index in much
more detail of one to three individual junctions
in the MU. This combination of intramuscular and
surface recording has proved to be helpful in
pathological states.

Disadvantages of testing neuromuscular trans-
mission in single MUs are that the methods are

not easy, requiring considerable experience to hold
the stimulating electrode properly to maintain an

MU in isolation for periods as long as 10 to 30
minutes. The low signal to noise ratios in small
MUs moreover, make accurate measurements of
changes in the p-pV, p-pD, and latency more

difficult. In controls this latter problem can be
partially compensated for by signal averaging.
Averaging methods, however, increase the time
required to investigate a motor unit, thus limiting
the total number of MUs obtained per subject.
Averaging, moreover, cannot be used in pathologi-
cal states where the responses to successive trains
of stimuli frequently differ. Despite the technical
problems in all control subjects and pathological
cases investigated to date, it has been possible to
isolate and investigate at least four single units,
and frequently more than 10 per subject. Desmedt
and Borenstein (1970) had reported that only one

MU can be isolated per nerve and moreover, that
even one MU cannot be obtained in some subjects.
The changes in the maximum compound

potential p-pV and p-pD observed in hypothenar
and thenar muscles are in approximate agreement
with earlier investigations (Slomic et al., 1968;

Desmedt and Borenstein, 1970; Desmedt, 1973).
In the investigation by Slomic et al., the percentage
increases in p-pV at pulse intervals of 1 to 0.1
second were similar to those observed in this in-
vestigation. Decrements of more than 7% in the
negative peak voltage when stimulated at 3 per
second have not been observed in controls. (Des-
medt and Borenstein, 1970). All previous investi-
gations using supramaximal stimulation are in
fundamental agreement with the present observa-
tions in that maximum changes in p-pV or negative
peak voltage and corresponding maximum reduc-
tions in p-pD occur at stimulus intervals of 0.1,
more than 0.3, more than 1.0 second.
No comparable observations to this communica-

tion on large numbers of control single MUs have
been reported. In general the changes in MU p-pV
and p-pD paralleled the changes in the maximum
compound potentials. There were no significant
differences in the changes in small, medium, and
large MUs. The larger variations in the percentage
changes of the small MUs were probably the re-
sult of larger measurement errors inherent in
such low signal to noise MUs.

In the hypothenar-ulnar group of MUs there
was an approximate relationship between the
voltage of the MUs recorded on the skin surface
and the latency adjusted to 200 mm or the cor-
responding conduction velocity. There was clearly
a lot of overlap but, nonetheless, the larger MUs
in general had short latencies and correspondingly
faster conduction velocities, the longest latency
and slowest conduction velocity MUs invariably
having a lower surface p-pV. This relationship did
not hold in the thenar median nerve group. In the
latter, even though the ranges in latencies and
surface p-pV of thenar MUs were comparable to
the corresponding hypothenar-ulnar nerve ranges,
there was no significant coupling of latency or
velocity to surface voltage. This observation was
not expected. It is worth pointing out in this re-
gard that the relationships between tensions and
conduction velocity (Freund et al., 1975) and be-
tween surface voltage and force (Milner-Brown
and Stein, 1975) were established for the ulnar
innervated first dorsal interosseous and hypothenar
muscles (Kadrie et al., 1976) even though in the
last investigations at single points of stimulation
there was a significant ranking of thenar MU sur-
face voltage and latency to order of recruitment.
The lack of correlation between adjusted latency

(or conduction velocity) and surface voltage in the
thenar muscle group must make us, therefore,
even more cautious about using the surface p-pV
as an index to the probable functional size of
thenar MU. For this reason, most of the patho-
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logical investigations have been concentrated in a
hypothenar-ulnar nerve group. Even in those cases,
however, surface p-pV as a guide to probable MU
size must be used cautiously. In our view, it is
probably valid, however, to classify MUs into three
surface voltage ranges, small, medium, and large;
ranges that probably can be accepted as approxi-
mate guides to a probable MU size. Unfortunately,
it was not possible to measure the force generated
by electrically excited single motor axons because
of the complex factors involved.
The calculation of the adjusted latencies and the

corresponding conduction velocities must be in-
cluded because these values provide indices in
addition to the surface voltage to characterise the
probable size and functional type of MU. There
are a series of potential technical and theoretical
errors inherent in such calculations. The first, of
course, is the error in measurement of the ter-
minal latency itself. The measures taken to recog-
nise and limit this error have been discussed in
the methods. A second, theoretical, error is that
the residual latency obtained using supramaximal
stimulation at three or more points along the
length of the nerve probably best reflects the
residual latency in the faster conducting fibres-
lower conduction velocity fibres are likely to have
correspondingly longer residual latencies.

Unfortunately, there is no way to measure the
residual latencies of single fibres in man because
the measurement requires stimulation of the
identical fibre at two or more points along the
length of the nerve, an occurrence that did not
happen once in the control median and ulnar
nerves although occurring more often in patho-
logical nerves. The residual latency correction is
particularly important for fibres stimulated close
to the motor point because the residual latency
represents such a large fraction of the terminal
latency. Errors, therefore, in the adjusted latency
are likely to be the largest for fibres excited close
to the motor point and for slower conduction
velocity fibres excited at any level.
Whatever the error in these calculations, it is

interesting how much agreement there is in the
range in conduction velocities over all the controls.
The maximum conduction velocity obtained by
supramaximal stimulation clearly corresponds to
the conduction velocities of the faster conducting
fibres although an occasional few fibres have
faster calculated velocities. The range in MU con-
duction velocities is wider than expected from
other methods (Gilliatt et al., 1976). This method
is useful, however, because it provides another in-
dex to the probable MU size.
The investigation has established that "pseudo-

facilitation" is observed not only in the maximum
compound potential in response to supramaximal
stimulation, but in component single MUs of all
sizes. Pseudofacilitation is likely to be the result
of better synchronisation in the summation of
single muscle fibre spikes in the MUs (Desmedt,
1973) but the exact mechanism cannot be con-
sidered established. Repetitive stimulation of single
muscle fibres has been observed to increase their
conduction velocity (Stalberg, 1966) but that
factor, if equally distributed in all muscle fibres,
would not necessarily result in more synchronous
summation of muscle fibre spikes. Such an in-
crease in the degree of synchronisation must de-
pend on interaction between muscle fibres, most
likely between fibres that are immediate membrane
neighbours in the muscle in order to permit a
significant change in the excitability of muscle
fibre membranes to be changed by nearby propa-
gated action potentials of muscle fibres as in the
case of nerve fibres (Katz and Schmidt, 1940).
Only a low proportion of muscle fibres in

healthy single MUs, however, are placed back to
back (Brandstater and Lambert, 1973; Kugelberg,
1973). Theoretically, therefore, synchronisation of
muscle fibres spikes could only occur in that frac-
tion of muscle fibres in the MU that are grouped
in pairs or triplets but not in isolated single fibres.
Synchronisation could be expected to be higher
in situations where the proportion of muscle fibres
grouped together is higher, as in certain peripheral
neuropathies, a point to be discussed in more detail
in later communications using this method.
For the present, it has simply been observed in

this investigation that in situations where two
single fibre spikes could be clearly recorded, in an
all or nothing manner corresponding to the re-
sponse of a single MU, repetitive stimulation, par-
ticularly at stimulus intervals of 0.3 and 0.1
second resulted in significant reductions in the in-
terspike interval corresponding to an increase in
the p-pV and reduction in the p-pD of the surface
voltage of the MU. This observation is in accord-
ance with that of Schwartz and Stalberg (1975)
who also observed a progressive reduction in the
latency of MU spikes in response to the first few
stimuli of a train although they did not comment
specifically on the interspike interval which is,
after all, the critical parameter reflecting the
degree of synchronisation in firing of MU muscle
fibre potentials.

We wish to thank the subjects who served as
controls, Mrs T. Stewart for typing the manu-
script, Mr G. Moogk for the illustrations, and Mr
S. Yates for technical help.
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