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ABSTRACT: Background: When H-reflexes are recorded during movement in human subjects, the
stimulator current output is not a good indicator of sensory stimulation efficacy because of unavoidable
nerve movement relative to the stimulus electrodes. Therefore, the M-wave amplitude has been used by
researchers as an indicator of the efficacy of the stimulus. In this study we have examined the general
validity of the hypothesis that the M-wave amplitude is directly proportional to the group I sensory
afferent volley evoked by the stimulus. Methods: A nerve recording cuff, stimulating electrodes, and
EMG recording electrodes were implanted in cats. Nerve cuff recordings of centrally propagating vol-
leys evoked by electrical stimuli were directly compared to M-waves produced by the same stimuli.
Compound action potentials (CAPs) recorded in the sciatic nerve were compared with soleus M-waves
during either tibial nerve or soleus muscle nerve stimulation. CAPs in the uinar nerve were correlated
with flexor carpi ulnaris M-waves during ulnar nerve stimulation. Results and Conclusions: Our find-
ings indicate that for mixed nerve stimulation (e.g., tibial or ulnar nerve) the M-wave can be a reliable
indicator of the centrally propagating sensory volley. Due to the high correlation between CAP and M-
wave amplitude in these nerves, a small number of M-waves can give a good estimate of the size of the
group I sensory volley. On the other hand, when nerves with only partially overlaping fibre diameter popu-
lations are stimulated (e.g., the soleus muscle nerve), the M-wave is not well correlated with the group I
sensory volley and thus may not be used as a measure of the size of the input volley for H-reflex studies.

RESUME: Mesure de Pefficacité de la stimulation d’un nerf périphérique applicable 4 I'étude du réflexe H.
Introduction: Pendant 1'enregistrement du réflexe H chez I'humain en mouvement, les données de 1’électrode stimula-
trice ne fournissent pas des renseignements précis sur I’efficacité du stimulus, a cause des mouvements inévitables du
nerf par rapport & I’électrode. C’est pourquoi des chercheurs ont utilisé I’amplitude de ’onde M comme indicateur de
Pefficacité du stimulus. Nous avons examiné I’hypothése suivante: I’amplitude de I'onde M est directement proportion-
nelle A la volée afférente sensitive du groupe I évoquée par le stimulus. Méthodes: Une manchette d’enregistrement, des
électrodes de stimulation ainsi que des électrodes d’enregistrement EMG ont été implantées chez des chats. Les enreg-
istrements générés par le stimulus électrique ont été comparés directement a 1’amplitude de ’onde M produite par le
méme stimulus. Les potentiels d’action composés (CAPs) enregistrés dans le nerf sciatique ont été€ comparés aux ondes
M du muscle soléaire pendant la stimulation du nerf tibial ou du nerf du muscle soléaire. Les CAPs dans la région proxi-
male du nerf cubital ont aussi été comparés a I’amplitude des ondes M du muscle cubital antérieur pendant la stimulation
du nerf cubital. Résultats et Conclusions: Nos données montrent que pendant la stimulation d’un nerf mixte (sciatique
poplité interne ou cubital) 'amplitude de I'onde M peut étre un indicateur fiable de la volée sensitive A propagation cen-
trale. La forte corrélation entre le CAP et I’amplitude de 1'onde M observée dans I’étude de ces nerfs montre qu’un petit
nombre d’ondes M est suffisant pour donner une bonne appréciation de 1’ampleur de la volée sensitive du groupe I.
Cependant, dans le cas ol le nerf stimulé a des populations de fibres dont les diamétres se chevauchent partiellement
comme le nerf du muscle soléaire, 1'amplitude de 1’onde M n’est pas bien comrélée 2 la volée sensitive du groupe 1. Ainsi,
I'amplitude de ’onde M ne peut pas étre utilisée pour mesurer 1’ampleur du stimulus dans I'étude du réflexe H.
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In order to better understand spinal cord function, researchers
have examined reflexes, including the H-reflex, during natural
movement.'? Although H-reflex studies are potentially a valu-
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stimulus field preclude meaningful estimates of the extent of
nerve fibre recruitment from records of stimulator output. In
order to validate the results of such studies, it is necessary to
demonstrate that changes in reflex amplitude are caused by
physiological mechanisms, rather than simply reflecting
changes in the stimulus field/nerve geometry.

Several studies that examined H-reflexes during movement
used the direct motor response recorded from a muscle (the M-
wave) as a simple accessible measure of stimulus strength. Their
assumption was that during electrical stimulation of a mixed
nerve, the number of afferent fibres with centrally propagating
action potentials would be directly proportional to the number of
motor fibres with distally propagating action potentials. Thus,
stimuli that elicited M-waves of a given amplitude were assumed
to also elicit afferent volleys of matched amplitude.

Although generally accepted by investigators, the validity
of the M-wave as a measure of peripheral nerve stimulus effi-
cacy has remained largely unproven. Poor correlations
between the size of the M-wave and the size of the sensory
afferent volley could occur for at least three reasons. First, the
smoothness of the recruitment curves for sensory and motor
fibres will depend on both the spectra of fibre diameters and
the relative intrafascicular locations. Second, the recruitment
curves may change unpredictably if the stimulation electrodes
move with respect to the nerve. Third, even at matched motor
axon recruitment levels, the M-wave shape and amplitude may
vary markedly as muscle fibre lengths and orientations change
during movement.

At present, there is no available way to examine these ques-
tions in human experiments. However, direct recordings in mov-
ing animals are possible using implanted nerve cuffs.” In this
study we examined the validity of using the M-wave as a mea-
sure of peripheral nerve stimulus efficacy, by recording simulta-
neously the nerve compound action potentials (CAPs) and the
M-waves in response to peripheral nerve stimulation using
implanted electrodes in cats.

Our findings indicate that the validity of using the M-wave as
a direct indicator of the size of the centrally propagating group I
afferent volley depends on the specific nerve, muscle and reflex
pathway studied. For some systems and if appropriate precau-
tions are taken the use of the M-wave is valid, but for other sys-
tems this approach may not be appropriate.

METHODS

Six large male adult cats, selected for their ease of handling
and trainability, were individually housed in large cages and
cared for according to guidelines of the Canadian Council for
Animal Care. Research protocols were approved by The
University of Calgary Animal Care Committee prior to com-
mencement of this work. Cats were deeply anaesthetized with
Halothane mixed in oxygen. Aseptic surgical techniques were
used as described by Hoffer.” During post-surgical treatment,
analgesics (Atravet followed by morphine) were administered to
minimize any post-operative discomfort. The cats walked with-
out impairment by about four days post surgery.

All electrodes were made from multistranded stainless steel
wire coated with Teflon (Cooner AS-631). The following elec-
trodes were implanted in the left hindlimb in five of the six cats
(see Figure 1). Bipolar EMG electrodes were implanted in the
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soleus muscle and a stimulating patch electrode was implanted
over the entry point of the soleus nerve.” The soleus nerve stimu-
lating electrodes consisted of a superficially placed wire embed-
ded in a silicone patch and another wire implanted in the soleus
muscle deep with respect to the nerve entry point. A bipolar
nerve stimulating cuff made from silicone tubing was placed
around the tibial nerve proximal to the popliteal fossa. A tripolar
nerve recording cuff was placed around the sciatic nerve distal to
the branching of the hamstring nerves. A thermistor was implant-
ed in the popliteal fossa and used to monitor limb temperature.”

In the sixth cat, two cuffs on the ulnar nerve (used for stimula-
tion or recording), EMG recording electrodes in flexor carpi
ulnaris (FCU) and a thermistor were implanted in the left fore-
limb. In all the cats, electrode leads coursed subcutaneously to the
dorsal lumbar region, emerged percutaneously and were soldered
to a 40 pin external connector that was attached with sutures.”

Electrical stimulation

The interplay between stimulus pulse shape (i.e., width, rise
and fall times) and pulse amplitude for nerve fibre recruitment
during nerve stimulation is complex.®? Most human H-reflex
studies have used simple monophasic rectangular pulses. In the
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Figure 1: Medial aspect of the left hindlimb. CAPs were recorded with a
tripolar recording cuff implanted around the whole sciatic nerve. Soleus
EMG (M-wave) was recorded with indwelling wire leads. A bipolar
stimulating cuff was implanted on the nerve between the two recording
sites. In some hindlimb experiments, additionally a stimulating patch
was sewn on the muscle at the nerve entry point to selectively stimulate
the soleus muscle nerve.
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present study, monophasic rectangular pulses 0.1 ms in duration,
negative polarity were used, and each stimulus pulse was imme-
diately followed with a second pulse of opposite polarity, 1 ms
in duration and 1/10 the amplitude of the stimulus pulse. This
approach had the desirable quality of balancing total “charge
injection”,'? thus reducing the risks of tissue toxicity as well as
etching of the electrodes.

Recording protocols

During recording sessions the cats were quietly sitting, stand-
ing, or walking at constant speeds on a motorized treadmill. Food
and affection rewards were given for appropriate behaviors.
Negative reinforcement was not used. The amplitude of stimula-
tion was systematically varied up to a value supramaximal for M-
wave amplitude (approximately twice the threshold for alpha
motoneuron stimulation). The interval between consecutive stim-
uli was three seconds. None of the animals showed any sign of
discomfort during these stimulation protocols. Analog signals
from the various devices were recorded on magnetic tape (10
kHz/channel), digitally sampled at 20 kHz (12 bit resolution) and
stored in a microcomputer for later analysis. The evoked nerve
CAP and muscle M-wave signals were sorted on the basis of
stimulation intensity. Several trials were digitally averaged for
each stimulus level and peak-to-peak amplitudes were computed.

RESULTS

Ulnar nerve stimulation

In the animal that had a bipolar stimulating cuff and a tripolar
recording cuff on the ulnar nerve and indwelling EMG electrodes
in the FCU muscle, a full range of stimulation amplitudes, from
below threshold to supramaximal for M-wave, was evaluated
with the limb resting in a fixed position. The ulnar nerve CAP
threshold was slightly lower than the FCU M-wave threshold, but
once the M-wave was recruited the two waveforms grew propor-
tionately. Examples of averaged sweeps recorded at progressive-
ly increasing stimulation levels are displayed in Figure 2. The
triphasic shape (+, —, +) of the ulnar nerve CAP waveform repre-
sents the summation of the temporally overlapping potentials
contributed by all the individual nerve fibres recruited by the
stimulus. Single nerve fibre action potentials are usually triphasic
when recorded with tripolar nerve cuffs.!!

With increasing stimulus intensity, the peak-to-peak ampli-
tude of both the muscle M-wave and the nerve CAP demonstrat-
ed a sigmoidal dependence on the stimulus level. This is seen in
Figures 3A and 3B. Both the nerve CAP and muscle M-wave
data sets were fit with the following four-parameter rational
function:

7
bxed) a1
l+c(x—d)

The scatter about the curves was examined using the least
squares method. Both the muscle M-wave and nerve CAP data
sets were fit very well by the sigmoidal curves (r values of .95
and .94, respectively). Exponent values less than seven gave
poorer fits. The close similarity in shape of these curves sug-
gests that the nerve CAPs and M-waves had a similar depen-
dence on stimulus intensity. A large fraction of the ulnar nerve
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Figure 2: M-waves (left column) recorded in flexor carpi ulnaris (FCU)
and nerve compound action potentials (right column) simultaneously
recorded in the ulnar nerve during proximal ulnar nerve stimulation.
The upper traces are at the lowest stimulation intensities; stimulus inten-
sity increases as the traces proceed downward. All sweeps are averages
(N between 18 and 141).

fibres was recruited over a narrow middle range of stimulus
intensities. In this intermediate region, which is of particular
interest in the present study, the relationship between the muscle
M-wave and the nerve CAP was well described by a straight line
(r=.99, n = 53; see Figure. 3C).

Tibial nerve stimulation

Examples of sciatic nerve CAPs evoked with stimulation
through the implanted tibial nerve cuff, and the corresponding
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M-waves recorded by the soleus muscle electrodes, are seen in
Figure 4. As was seen for the ulnar nerve, the sciatic CAP wave-
forms (right column, Figure 4) are approximately triphasic (+, -,
+) and represent the summation of triphasic action potentials
from single fibres.”!" The latencies of the peaks of the triphasic
sciatic CAP were approximately the same at the highest and
lowest stimulation intensities (see Figure 4). This suggests that
only group | axons were recruited in the tibial nerve throughout
the range of stimulation intensities used.

The indwelling soleus EMG electrodes recorded complex
waveforms during tibial nerve stimulation which included M-
and H-waves. In humans there is a large separation between
the M-wave and the H-wave in the soleus EMG recorded dur-
ing tibial nerve stimulation. However, because of the faster
axonal conduction velocities and shorter distances in cat
hindlimb nerves, there was no clear separation between the
end of the M-wave and the start of the H-wave, which had
onset latency between 6 and 8 ms. The soleus M-wave ampli-
tude measurements were done within a time window that
excluded possible contributions by the early portion of the H-
wave.

In Figure 5, measurements from the same experiment as in
Figure 4 are displayed. It can be seen that, except for the very
early portion of the relationship, the correlation between soleus
M-wave amplitude and sciatic CAP amplitude is well described
by a straight line (r = .98, n = 93).

In one experiment, stimulation/recordings were made first
during a period when the cat was standing quietly and repeated
during an immediately subsequent period with the cat walking
slowly on a treadmill. The r value for the soleus M-wave/sciatic
CAP regression was .94 (n = 151) during standing, and .91 (n =
216) during walking.

Soleus muscle nerve stimulation

Selective stimulation of the soleus muscle nerve through the
implanted patch electrodes gave rise to a markedly different
waveform in the sciatic nerve cuff recordings than that seen dur-
ing tibial nerve stimulation. The right column in Figure 6 dis-
plays the recorded sciatic nerve cuff signals and the left column
in Figure 6 shows corresponding EMG signals recorded with
wire electrodes implanted in the belly of the soleus muscle. Two
main negative going events, labeled A and B, were recognized
in the sciatic compound action potential. Event A was recruited
first and saturated at very low stimulation intensities, before
there was a detectable M-wave. As stimulation intensity was
further increased, event B was progressively recruited in the
sciatic compound action potential.

In the animal from which the data in Figure 6 were recorded,
in postmortem measurements the soleus muscle patch and scia-
tic nerve cuff were separated by 9.5 cm. This indicated that peak
A, which began .86 ms poststimulus, contained fibres with con-
duction velocities up to 110m/s. Peak B, which began 1.22 ms
poststimulus, represented fibres with conduction velocities up to
79 my/s. Therefore, it was assumed that peak A represented the
CAP produced by only large group I sensory afferent fibres,
while peak B included the recruitment of alpha-motoneuron
fibres, which in the cat soleus are known to be of smaller diame-
tre than group I sensory afferents.'?

During soleus nerve stimulation, the amplitude of event B was
positively correlated with soleus M-wave amplitude (r = 0.92,
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Figure 3. A and B, peak-to-peak measurements of ulnar nerve CAPs
and FCU M-waves, versus nerve cuff stimulus intensity, respectively. In
each, the peak-to-peak measurements (values on the y-axis) have been
normalized to the highest value attained. The curve shown in both is a
four-parameter rational function (Eq. 1) fit to the data by the least
squares method. C, Ulnar nerve CAPs plotted as a function of FCU M-
waves in the sensitive middle region of stimulation intensity. Units in
both axes are normalized peak-to-peak measurements.
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Figure 4: M-waves (left column) recorded in soleus muscle and nerve
compound action potentials (right column) recorded in the sciatic nerve
during tibial nerve stimulation. The upper traces are at the lowest stimu-
lation intensities, and stimulus intensity increases as the traces proceed
downward. All sweeps are averages (N between 3 and 46).

n = 151; see Figure 7B). Interestingly, the amplitude of event
A was negatively correlated with soleus M-wave amplitude (r =
-0.62, n = 151; see Figure 7A). the latter result was considered to
be artifactual and simply caused by a phase cancellation effect;
i.e., the first positive phase of event B overlapped with the main
negative phase of event A, and partially cancelled it as event B
grew. If the recording cuff had been farther away from the stim-
ulation site, this overlap would not have occurred. However, an
additional possibility is that there may also have been a reduc-
tion in the number of recruited group I afferents at higher stimu-
lation intensities due to formation of a virtual anode!” proximal
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Figure 5: Peak-to-peak measurements of sciatic CAPs plotted as a func-
tion of soleus M-wave amplitude. Data were recorded during tibial
nerve stimulation through a range of stimuli intensities from below M-
wave threshold until above that required to attain a maximal M-wave.

to the cathode wire of the nerve cuff. In fact, adjustment of the
blocking effect of the virtual anode has been used to generate
unidirectionally propagating action potentials with a monopolar
cuff.'?

DIScussION

This study has shown a generally very stable relationship
between the centrally propagated nerve compound action
potential (CAP) and the compound muscle potential (M-wave)
evoked in a distal limb muscle by electrical stimuli. For the
ulnar and tibial nerves, which have largely overlapping spectra
of alpha motoneuron and group I sensory fibre diametres,'? the
M-wave amplitude was closely correlated with the size of the
centrally propagating CAP over a wide range of stimulation
intensities. This can be taken to indicate that for these mixed
nerves, the centripetal sensory nerve volley size is directly
related to the efferent volley size. Although it is not possible to
characterize the mixture of inputs recruited by increasing stim-
uli, this study has shown that the composite CAP volley is
reproducible by controlling the M-wave amplitude and it fol-
lows that, in particular, the number of group la afferents
recruited (of prime interest in H-reflex studies) can also be
controiled.

In addition, the small scatter found in the M-wave/nerve
CAP relationship for these nerves suggests that a fairly small
number of matched M-waves is sufficient to give a good esti-
mate of the size of the centrally propagating afferent volley.
Thus, for studies involving comparable nerves, the M-wave can
provide an accurate measure of the stability of group I afferent
fibre stimulation, a property that is particularly useful in human
H-reflex experiments.

On the other hand, in experiments in which the cat soleus
muscle nerve was stimulated, the M-wave and the group I senso-
ry nerve CAP were not well correlated. During soleus muscle
nerve stimulation, two separate peaks were distinguished and
could be independently measured in the sciatic nerve cuff
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Figure 6: M-waves (left column) recorded in soleus muscle and nerve
compound action potentials (right column) recorded in the sciatic nerve
during soleus muscle nerve stimulation. The distinct negative peaks in
the sciatic CAP are denoted as A and B. The upper traces are at the low-
est stimulation intensities, and stimulus intensity increases as the traces
proceed downward. All sweeps are averages (N between 4 and 38).

record. The soleus muscle in the cat is composed of a nearly
homogeneous population of slow muscle fibres!> innervated by
type S motoneurons's and the alpha-motoneuron fibres are dis-
tinctly smaller than the large diameter group la afferents.'? The
present results (Figures 6 and 7) indicate that during soleus
nerve stimulation, most of the group 1 sensory afferents were
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Figure 7: A, peak-to-peak measurements of the early event in the sciatic
CAP (peak A in Figure 6) as a function of soleus M-wave amplitude dur-
ing soleus nerve stimulation. B, peak-to-peak measurements of the later
event in the sciatic CAP (peak B in Figure 6) as a function of soleus M-
wave amplitude during soleus nerve stimulation. The stimuli intensities
ranged from subthreshold for M-wave to above that required for the
maximal M-wave amplitude.

recruited before any M-wave was recorded in the soleus muscle.
It is concluded, therefore, that in studies involving this type of
nerve fibre size distribution the M-wave cannot be used to esti-
mate the amplitude of the group I sensory volley evoked by
electrical stimuli.

Given that the soleus nerve is a branch of the tibial nerve, the
apparent contradiction in the results obtained with soleus vs. tib-
ial nerve stimulation require further comment. Three points are
relevant: 1) Compared to the soleus nerve, the tibial nerve con-
tains wider ranges of group I sensory afferent axions (of Ia, Ib,
cutaneous, and joint capsule origin) and alpha motor axons
(innervating triceps surae, plantaris, other calf and foot mus-
cles). The tibial nerve stimulation that resulted in roughly
triphasic sciatic nerve CAPs reflected the graded recruitment of
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a continuum of group | axon sizes, with dominant contributions
from the largest fibres.'8 2) The tibial nerve stimulating cuff loca-
tion, approximately mid-way between the soleus nerve stimulat-
ing electrodes and the sciatic nerve recording cuff (see Figure 1),
represented a shorter conduction distance to the sciatic cuff and
this blurred the separation between afferent and motor fibre vol-
leys that was so clearly seen when the soleus nerve was stimulat-
ed more distally (Figure 6). The possibility of resolving A and B
events in Figure 4 was further eroded by the recruitment of many
other axons of intermediate diametres with tibial nerve stimula-
tion. 3) Finally, the soleus muscle M-wave provided a good pre-
diction of afferent stimulation with tibial nerve stimulation, but
not with soleus nerve stimulation, for the following reasons.
When the tibial nerve was stimulated, the M-wave recorded by
the soleus muscle EMG electrodes no longer reflected exclusive
recruitment of soleus motor units. It was contaminated with elec-
trical activity evoked in motor units of other muscles, in particu-
lar the gastrocnemii and plantaris muscles which include large
motor units with low thresholds to electrical stimulation of the
tibial nerve. Cross-talk of potentials generated by motor units
resident in one muscle can be clearly recorded by electrodes
implanted in another muscle.!® In Figure 4, the first discernible
change in M-wave occurred less than 2 ms after tibial nerve stim-
ulation, whereas in Figure 6 the onset occurred about 2 ms after
soleus nerve stimulation even though the soleus stimulation point
was much closer to the EMG recording electrodes (see Figure 1).
Thus, the early M-wave components in Figure 4 reflect the
recuitment of motor units in muscles other than soleus. Cross-
talk from motor units recruited in other muscles also produced
larger M-wave amplitudes: the largest positive peak amplitude
with tibial nerve stimulation was about 1.8 mV (Figure 4) and
less than 0.9 mV with soleus nerve stimulation (Figure 6). Peak-
to-peak M-wave values reached 2 mV in Figure 5, but did not
reach 1.5 mV in Figure 7.

On a separate note, this study showed that the relationship
between the electrically evoked M-wave and the nerve CAP
amplitude was largely independent of whether the animals sat
quietly, stood or walked during stimulation. Moment to moment
changes in muscle state are no doubt responsible for some vari-
ability in individual M-wave measurements obtained for closely
matched sciatic CAP amplitudes. The EMG signal is strongly
dependent on muscle geometry and changes in alignment of the
electrodes relative to muscle fibres and in the shape of the mus-
cle during movement may affect the EMG signal in complex
ways.'? As well, M-waves may be potentiated during muscular
contraction.' In spite of these concerns, only modest differences
in the variability of the soleus M-wave/sciatic CAP relationship
were found for resting and walking conditions.

The relevance for human H-reflex experiments of the present
findings is straighforward. For typical mixed nerves (e.g., tibial or
ulnar nerves) the M-waves can provide a good measure of the
centripetal stimulus stability. However, the present findings sug-
gest that attempts at isolated stimulation of the human soleus
muscle nerve, if successful, would preclude using the M-wave as
a measure of group la afferent recruitment efficacy. Therefore,
although good theoretical reasons exist for attempting isolated
stimulation of the human soleus muscle nerve during H-reflex
testing, the standard approach of stimulating the triceps surae
afferents in the tibial nerve higher in the popliteal fossa, remains a
better option and the resulting triceps surae M-wave can be used
as a valuable measure of stimulus efficacy.
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