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The relationship between the size of a muscle afferent
volley and the cerebral potential it produces
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SUMMARY This study examined the relationship between the size of an afferent neural input
produced by electrical stimulation of the posterior tibial nerve at the ankle and the size of the
early components of the evoked cerebral potential. For five of six subjects the first peak of the
afferent neural volley recorded in the popliteal fossa was uncontaminated by either motor effer-
ents or cutaneous afferents. This was established by measuring the conduction times of motor
fibres in the posterior tibial nerve and cutaneous fibres in the sural and posterior tibial nerves
over the ankle to popliteal fossa segment. It is likely therefore that the first peak of the afferent
volley contained predominantly, if not exclusively, activity in rapidly conducting afferents from
the small muscles of the foot. The size of the two earliest components of the cerebral potential did
not increase in direct proportion to the size of the afferent volley which produced it. The early
components of the cerebral potential reached a maximum when the responsible muscle afferent

volley was less than 50% of its maximum.

Recordings of short-latency cerebral potentials to
peripheral nerve stimulation are used routinely to
assess the integrity of central somatosensory path-
ways in man (see, for example, references 1-7). The
size of the early components of these potentials
depends, in part, on the intensity of stimulation of
the peripheral nerve and thus, presumably, on the
size of the afferent volley. An increase in stimulus
intensity results in an increase in size of the cerebral
potential in animals®~'° and in man’ "'~ but the
potential reaches a plateau, saturation occurring at
submaximal stimulus levels. This may indicate either
that all the peripheral afferent fibres contributing to
the cerebral potential have been recruited, or that
there is a non-linear relationship between the input
from the peripheral nerve and the potential it pro-
duces at cerebral levels. Peripheral nerve recordings
suggest that the latter mechanism probably occurs,
at least for the cutaneous input from digital nerves
(see fig 5 of reference 5).

Recent studies on human subjects have shown
that activity in muscle afferents, produced by muscle
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stretch, tendon percussion or electrical stimulation
of the posterior tibial nerve, can evoke a reproduc-
ible cerebral potential.'"!” This demonstration is
consistent with the view that afferents from muscle
contribute to proprioception'®*~2° (for review see
ref 21). Such a projection is also a prerequisite for
the postulated proprioceptive  transcortical
reflex.??”2* However, no data exist on the input-
output relationship of the muscle afferent projection
to the cortex in man. Electrical stimulation of the
posterior tibial nerve at the ankle produces syn-
chronous activation of muscle and cutaneous affer-
ents. The cerebral potential evoked by this stimulus
is derived predominantly, if not exclusively, from
rapidly conducting muscle afferents.!s !¢ There may
be little or no cutaneous contribution to the earliest
components because of active inhibition of the
cutaneous volley by the more rapidly conducting
muscle afferents,'® though cutaneous afferents may
contribute to later components of the cerebral
potential. The present study was undertaken to
determine the relationship between the size of the
muscle afferent input to the central nervous system
and the short-latency cortical potential it produces.

Methods

Experiments were performed on six healthy adult subjects,
who lay prone on a bed and remained passive, but awake,
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throughout the experimental procedures. Informed con-
sent was obtained. Constant voltage stimuli of 0-2 ms dura-
tion were delivered to the posterior tibial and sural nerves
at equivalent sites on either side of the ankle using bipolar
surface electrodes. The stimulus repetition rate was about
2 Hz. Cerebral evoked potentials were recorded using
stainless steel needle electrodes inserted subcutaneously at
the vertex (active) and at the forehead (reference). The
vertex site was chosen for the active electrode because
previous studies have shown that at this site potentials
from the lower limb are maximal.” 7262’ A cranial refer-
ence was chosen to minimise contributions from extracra-
nial and subcortical midline structures as may be seen with
a truly indifferent electrode. After amplification (gain
100 000-200 000) and filtering (1-6 Hz-1-6 kHz) the
neural activity was averaged for a 100 ms period after the
peripheral nerve stimulus using a fixed-programme aver-
ager with automatic artefact rejection. The sampling rate
was 5 kHz. Usually 256 or 512 sweeps were averaged,
although longer averaging runs (to 2048 sweeps) were

sometimes necessary to define the onset of cerebral activ-

ity, particularly at low levels of peripheral nerve stimula-
tion (see below). Duplicate averages were run routinely to
ensure reproducibility of the onset and of the early peaks
of each potential. Latency measurements were made with
the aid of a cursor. The amplitudes measured were from
the onset of detectable activity to the peak of the first
positive wave (onset—P1) and from the peak of the first
positive wave to the peak of the first negative wave (P1—
N1). Measurements were also made of the area of positiv-
ity of P1 using the baseline activity as reference zero.
Unless otherwise specified the term cerebral potential is
used throughout this paper to refer to the first positive
wave, in particular, the onset—P1 and P1—N1 deflections.
Peripheral nerve potentials were recorded in the popliteal
fossa with bipolar electrodes (interelectrode distance 40
mm). The recording electrodes were positioned at the site
of lowest threshold for stimulation of the tibial nerve.
Amplification and averaging techniques were similar to
those used for the cerebral potental.

In each subject, before recording the cerebral evoked
potential, the following conduction velocities were meas-
ured: (1) the motor conduction velocity to abductor hal-
lucis for the popliteal fossa to ankle segment, (2) the con-
duction velocity of the posterior tibial mixed nerve action
potential for the ankle to popliteal fossa segment, (3) the
sural nerve conduction velocity for the ankle to popliteal
fossa segment. The sural value provided a measurement of
the conduction time of the fastest cutaneous fibres from
ankle to popliteal fossa, and hence an indirect estimate of
the latency of the cutaneous component of the mixed nerve
potential.'* ' The validity of this assumption has been
established previously'*'® and was confirmed in three of
the present subjects by the demonstration that, in the ankle
to popliteal fossa segment, the most rapidly conducting
afferents in the sural nerve have the same conduction vel-
ocity as posterior tibial cutaneous afferents from the hal-
lux. The peripheral nerve and cerebral potentials were
recorded in response to different intensities of stimulation
of the posterior tibial nerve at the ankle. The first run used
a strong level of stimulation which produced the maximum
size of the first peak of the peripheral nerve potential. This
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level was just below pain threshold. Weaker levels of
stimuli were then presented in random order.

Results

CONTRIBUTIONS TO THE MIXED NERVE
POTENTIAL
Table 1 shows the conduction velocities of the
fastest motor fibres in the posterior tibial nerve, the
fastest fibres in the mixed nerve action potential and
the fastest cutaneous fibres in the sural nerve, all
measured for the ankle-popliteal fossa segment. In
each subject the conduction velocity was greater for
the mixed nerve potential (mean 56-7 m/s, range
50-6-63-6 m/s) than for either motor fibres to
abductor hallucis (mean 48-4 m/s, range 42-1-53-6
m/s) or cutaneous fibres of the sural nerve (mean
48:3 m/s, range 45-:2-53-6). The results from a typi-
cal subject are shown in fig 1. In addition, in three
subjects the cutaneous posterior tibial volley elicited
by stimulation of the digital nerves of the hallux was
found to have the same conduction velocity in the
ankle to popliteal fossa segment as the sural volley.
These results are consistent with previous findings
which demonstrated that the fastest conducting
group of fibres in the posterior tibial nerve are affer-
ents not of cutaneous origin.!s '¢

In all subjects the mixed nerve action potential
contained two peaks, the second of which was smal-
ler. It occurred at the same latency as the peak of the
sural nerve action potential (fig 1, see also fig 4 in ref
15). Presumably this second peak resulted from
activity in cutaneous afferents, slowly conducting
muscle afferents and antidromically conducting
efferents. The onset of the cutaneous afferent con-
tribution to the bipeaked mixed nerve action poten-
tial was estimated from the latency of onset of the
sural sensory action potential. For five of the six
subjects the latency of onset of the sural potential
was longer than the latency to the peak of the initial
component of the mixed nerve potential. In addi-
tion, in all subjects, the latency to peak of the initial
component was shorter than the conduction time for
the fastest motor fibres. In one subject (table 1, sub-
ject 4) the conduction velocity of the fastest affer-
ents in the posterior tibial nerve (50-6 m/s) was only

Table 1 Conduction velocities (m/s)

Subject Mixed CV Motor CV Sural CV
1 572 50-0 49-1
2 57-3 486 46:6
3 63-6 53-6 53:6
4 50-6 42-1 47-1
5 57-5 52-0 45-2
6 53-8 44-6 479
average 56-7 48-4 48-3
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Fig 1 The upper trace shows the compound muscle action
potential of abductor hallucis after stimulation of the
posterior tibial nerve at the ankle and at the popliteal fossa.
The middle trace shows the mixed nerve action potential
recorded in the popliteal fossa after stimulating the posterior
tibial nerve at the ankle. The lower trace shows the sensory
action potential recorded in the popliteal fossa evoked by
stimulating the sural nerve at the ankle. The lower two
potentials have been aligned (left vertical line) with the onset
of the electromyogram produced by a posterior tibial nerve
stimulus at the ankle. A second vertical line (right) is drawn
to show that the peak of the mixed nerve action potential has
a conduction time which is shorter than that of either the
cutaneous fibres in the sural nerve, or of motor fibres in the
posterior tibial nerve over the ankle to popliteal fossa
segment. These results are from subject 3 in tables 1 and 2.
Calibrations: horizontal, 5 ms; vertical, upper trace 7-5 mV,
lower trace 3 uV. In this and subsequent figures a negative
potential is shown as an upward deflection.

slightly greater than that of sural cutaneous fibres
(47-1 m/s), such that a cutaneous contribution to the
first peak of the mixed nerve action potential was
likely. The cerebral evoked potentials recorded in
this subject was not noticeably different from those
recorded in the other subjects.

It is concluded that the initial peak of the mixed
nerve action potential represents a pure afferent vol-
ley and that for five of the six subjects the peak was
predominantly if not exclusively a muscle afferent
volley. The size of the muscle afferent input was
quantitated in two ways, by measurement of the
area under the rising phase to the first peak of the
mixed nerve potential and by measurement of the
amplitude of the potential. Both methods gave simi-
lar results; only the latter measurements are illus-
trated in the figures.
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CORTICAL EVOKED POTENTIALS

Latencies from individual subjects for the onset, P1
and N1 of the cerebral evoked potential are shown
in table 2. For each subject the mean values in table
2 are based on 4-8 potentials. There was little alter-

- ation in latency throughout the experiment in an

individual subject even with low intensities of stimu-
lation. The prominent feature of the potentials
evoked in all subjects was that the amplitude of their
components did not increase in parallel with the size
of the muscle afferent volley. At low stimulus levels
the amplitude of the cerebral potential (onset—P1
and P1—N1) increased with increasing size of the
input to the central nervous system when only a
small proportion of muscle afferents were activated,
but not at higher stimulus intensities when the
majority of muscle afferents were activated (figs 2,
3). The size of these components reached a plateau
when the muscle afferent volley was about half its
maximal value. Results from all subjects are shown
in fig 4 (at left: for onset—P1; at right: for P1—N1).
Both early components of the cerebral evoked
potential showed a comparable negative accelera-
tion with increasing afferent input.

For the group of subjects, at a stimulus intensity
which produced an afferent input of 10% of maxi-
mum, the P1—N1 component had reached an aver-
age 49-5% of its maximum value and at a stimulus
intensity which produced an afferent input of 50%
of maximum, the P1—N1 component had reached
an average of 93% of its maximum. Comparable
results were obtained when the afferent input and
cerebral response were measured using areas rather
than amplitudes. )

In all subjects, low stimulus levels produced a
nerve volley of low amplitude with only a single
peak, occurring at the same latency as the first peak
produced by strong stimuli (fig 2, left). The cerebral
potentials evoked by these low stimuli had the same
latencies as those evoked by stronger stimuli (fig 2,
right; table 2), a finding which confirms that the
cerebral potential resulted from activity in rapidly
conducting muscle afferents. Indeed, in four of the
present subjects it has been established that selec-
tive stimulation of muscle afferents using a micro-
electrode inserted into appropriate fascicles of the

Table 2 Latencies of cerebral potential (mean, SD in ms)

Subject Onset PI N1

1 31-9 (0-6 37-3 (0-6 46-5 (2-1
2 32-7 (01 36-9 (0-4 44-9 (1-4
3 31-7 (0-6 37-6 (1-0 44-3 (1-3
4 36-9 (0-8 422 (0-5 49-2 (0-9
5 32-1 (04 375 (0-8 44-2 (0-6
6 32-9 (05 37-8 (0-6 50-2 (0-7
average 33.0 382 46-6
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Fig 2 The results in subject 3 of three levels of stimulation
of the posterior tibial nerve at the ankle. The mixed nerve
action potential recorded in the popliteal fossa is on the left
and the corresponding cerebral potential on the right. While
there is a marked increase in the first peak of afferent activity
there is only a modest increase in size of the early
components of the cerebral potential and no change in their
latencies. There is little alteration in the cerebral evoked
potential when the level of stimulation was such that a
second peak appeared in the mixed nerve potential.
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Fig 3 The amplitude of the early components of the
cerebral potential evoked by stimulation of the posterior
tibial nerve at the ankle is plotted against the size of the first
peak of afferent activity in the mixed nerve potential in
subject 3 (see text). Open circles represent the onset—P1
amplitude and filled circles represent the P1—N1 amplitude.
The amplitudes of the cerebral potentials saturated for a
submaximal neural input.
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Fig4 The results from six subjects are shown. Onset—P1 amplitudes of the cerebral potential are plotted at left and
P1—N1 amplitudes are plotted at right, against the amplitude of the mixed nerve action potential evoked by

stimulation of the posterior tibial nerve at the ankle.

posterior tibial nerve produces a cerebral potential
of similar waveform and latency to that produced by
surface stimulation.'s '¢

It was noted consistently that, when the early
components of the cerebral evoked potential were
almost maximal (>90%), further increases in
stimulus intensity produced significant augmenta-
tion of the second peak of the peripheral nerve
potential but little change in the early components
of the cerebral potential. This is additional evidence
that the early component of the cerebral potential
evoked by stimulation of the mixed posterior tibial

nerve does not contain a significant cutaneous com-
ponent.'s'¢

Discussion

This study describes a complex input-output rela-
tionship for the most rapidly conducting afferents in
the posterior tibial nerve and the cerebral potential
they produce. The afferents recruited at a low inten-
sity of stimulation produce a short-latency potential
which fails to increase proportionately as more
afferents are recruited. Saturation of the early com-
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ponents of the cerebral potential can occur at inten-
sities of stimulation which have activated as few as
half the afferent fibres which produce the potential.
This is so whether peak or areal measurements of
the size of the afferent input are made. The conduc-
tion velocity of the afferent volley which produces
the cerebral potential excedes that of motor axons
and cutaneous afferents: the relevant afferent volley
is therefore likely to be largely a group I muscle
afferent volley. As the afferents from primary mus-
cle spindle endings and from Golgi tendon organs
have a similar diameter they would presumably be
recruited in parallel with increasing intensity of
stimulation. A recent study in man has shown that
group Ia and group Ib afferents have similar conduc-
tion velocities and electrical thresholds.?® Thus the
afferent input recorded in the popliteal fossa is
almost certainly a heterogeneous one. However this
afferent heterogeneity cannot be responsible for the
observed saturation of the cerebral potential
because electrical stimulation recruits group Ia and
Ib afferents in parallel rather than in sequence.

Saturation of the early components of the cerebral
evoked potential with increasing neural input has
been described previously for cutaneous nerves in
animals®® and man (see fig 5 of reference 12). It may
also occur for the potentials evoked by stimulation
of the human median nerve at the wrist.? However,
in this latter study?® no attempt was made to deter-
mine the relative afferent and efferent contributions
to the mixed nerve potential or whether the afferent
contribution was of predominantly cutaneous or
muscle origin. The present results indicate that the
muscle -afferent projection also shares the
phenomenon of ‘“‘saturation” but they do not indi-
cate whether the saturation involves the group Ia, Ib
or both afferent projections. Whether or not this
phenomenon has important perceptual or motor
consequences is not revealed by the experiments
reported here.

The neural mechanisms underlying the saturation
phenomenon are obscure and have not been sys-
tematically studied. Possible factors include the fol-
lowing: first, the afferent fibres of largest diameter
within a modality may traverse a pathway to cortex
with greater convergence and synaptic efficiency.
This would ensure relatively greater activation of
higher order neurons. Second, within the
somatosensory pathway, the volley from the most
rapidly conducting afferents may inhibit or induce
refractoriness to the input from less rapidly conduct-
ing afferents. That such a mechanism can occur is
suggested by a recent study which demonstrated that
the early components of cerebral potentials may be
abolished by conditioning activity'in nerves from the
same limb.'® Third, a more complex combination of
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convergence and *‘surround inhibition”” may operate
to channel the earliest activity along the somatosen-
sory pathway. Whichever of these neural mechan-
isms operate, the somatosensory pathway seems
capable of “amplifying” signals set up in only a few
afferent fibres. It is interesting in this regard that
cortical potentials can occasionally be recorded in
response to stimuli too low to produce a detectable
peripheral nerve potential in surface recordings,
even after averaging many sweeps. As a conse-
quence, cortical evoked potentials have been used to
assess peripheral conduction in some hereditary
neuropathies in which it is difficult to record
peripheral nerve potentials.®

The results presented here have implications for
diagnostic studies using evoked potentials. It should
not be assumed that the early components of the
cerebral potential evoked by stimulation of a mixed
peripheral nerve have a cutaneous component or
that the size of its early components necessarily
reflects the size of the afferent volley which reaches
the spinal cord. The use of intense stimuli in the
belief that they are required to evoke the largest
cerebral potential is unnecessary. Furthermore,
stimulus strengths which produce maximal cerebral
potentials are inappropriate for studying processing
mechanisms in the somatosensory pathway. Both
facilitatory and inhibitory interactions will be more
easily detected if stimuli are such that they produce
cerebral potentials which are clearly submaximal. In
this respect, the apparent resistance of the early
components of the cerebral evoked potential to
modification by changes in stimulus rate, attention
and anticipation could, in part, result from the use of
relatively strong stimuli which produce a maximal
cerebral potential that is difficult to modify.

With understanding of these principles and con-
sideration of the relationship between the size of
afferent input and the massed cerebral activity it
produces, stimulation of the posterior tibial nerve
may be useful for studying properties of the muscle
afferent projection to cortex in man.

This study was supported by a grant from the
National Health and Medical Research Council of
Australia. The authors are grateful to Drs JW Lance
and AK Lethlean for their support and comments
on the manuscript.
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