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Behaviour of the motoneurone pool in a fatiguing
submaximal contraction

Chris J. McNeil, Sabine Giesebrecht, Simon C. Gandevia and Janet L. Taylor

Neuroscience Research Australia (formerly Prince of Wales Medical Research Institute) and University of New South Wales, Randwick, NSW, Australia

Non-technical summary During a sustained maximal contraction, motoneurones rapidly
become less responsive to input. This decrease is ameliorated by a high level of voluntary drive
from the cortex. Here, we tested whether the excitability of motor cortical neurones or spinal
motoneurones is suppressed during fatigue produced by a sustained submaximal contraction in
which only some of the motoneurones are active. We found that motoneurone responses were
gradually suppressed as fatigue developed. The results suggest that only the active motoneurones
were affected and the decreased responsiveness was less when voluntary drive was present. In
contrast, the excitability of the motor cortex appeared unaffected.

Abstract During fatigue caused by a sustained maximal voluntary contraction (MVC),
motoneurones become markedly less responsive when tested during the silent period following
transcranial magnetic stimulation (TMS). To determine whether this reduction depends on the
repetitive activation of the motoneurones, responses to TMS (motor evoked potentials, MEPs)
and to cervicomedullary stimulation (cervicomedullary motor evoked potentials, CMEPs) were
tested during a sustained submaximal contraction at a constant level of electromyographic activity
(EMG). In such a contraction, some motoneurones are repetitively activated whereas others are
not active. On four visits, eight subjects performed a 10 min maintained-EMG elbow flexor
contraction of 25% maximum. Test stimuli were delivered with and without conditioning
by TMS given 100 ms prior. Test responses were MEPs or CMEPs (two visits each, small
responses evoked by weak stimuli on one visit and large responses on the other). During the
sustained contraction, unconditioned CMEPs decreased ∼20% whereas conditioned CMEPs
decreased ∼75 and 30% with weak and strong stimuli, respectively. Conditioned MEPs were
reduced to the same extent as CMEPs of the same size. The data reveal a novel decrease in
motoneurone excitability during a submaximal contraction if EMG is maintained. Further, the
much greater reduction of conditioned than unconditioned CMEPs shows the critical influence
of voluntary drive on motoneurone responsiveness. Strong test stimuli attenuate the reduction of
conditioned CMEPs which indicates that low-threshold motoneurones active in the contraction
are most affected. The equivalent reduction of conditioned MEPs and CMEPs suggests that,
similar to findings with a sustained MVC, impaired motoneurone responsiveness rather than
intracortical inhibition is responsible for the fatigue-related impairment of the MEP during a
sustained submaximal contraction.
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Introduction

A significant portion of force loss during fatiguing exercise
is due to a failure within the central nervous system
(Gandevia 2001). Fatigue-related changes occur at both
motor cortical and motoneuronal levels. Changes at
a cortical level can be demonstrated with transcranial
magnetic stimulation (TMS) of the motor cortex. The
electrical response to TMS recorded at the muscle is
termed the motor evoked potential (MEP) and the size of
this response increases during sustained maximal or sub-
maximal contractions (e.g. Gandevia et al. 1996; Taylor
et al. 1996). If TMS is delivered during a voluntary
contraction, the MEP is followed by a period of silence
in surface electromyographic activity (EMG) recorded at
the muscle. The duration of this silent period increases
with the development of fatigue (e.g. Gandevia et al.
1996; McKay et al. 1996; Taylor et al. 1996; Benwell et al.
2007). Fatigue-related changes at the spinal motoneurones
can be demonstrated with subcortical stimulation of the
corticospinal tract at the level of the cervicomedullary
junction (e.g. Gandevia et al. 1999). This stimulus evokes
a single descending corticospinal volley (Berardelli et al.
1991; Ugawa et al. 1991) and an EMG response termed
the cervicomedullary motor evoked potential (CMEP).
Collision experiments have shown that MEPs and CMEPs
travel largely in the same corticospinal axons (Ugawa
et al. 1991; Gandevia et al. 1999; Taylor et al. 2002) and
so comparison of the responses can delineate cortical
versus spinal contributions to central fatigue. Changes at
a motoneuronal level during fatigue include a decrease of
CMEP size during the last quarter of a sustained 2 min
maximal voluntary contraction (MVC; Butler et al. 2003;
Martin et al. 2006b) and a gradual increase of CMEP size
during a sustained submaximal contraction (Levenez et al.
2008; Hoffman et al. 2009). If torque is maintained during
a sustained submaximal effort, voluntary EMG increases
progressively, which suggests descending drive increases
to counteract fatigue of the exercising muscle fibres (e.g.
Lippold et al. 1960; Bigland-Ritchie et al. 1986; Fuglevand
et al. 1993). It is likely that the increased excitatory drive to
the motoneurones accounts for the increase in the CMEP
in such contractions (Levenez et al. 2008).

We recently used single and paired motor cortical
stimuli (a test stimulus in isolation versus 100 ms after
a conditioning stimulus) to investigate the effect of fatigue
on a MEP recorded in the silent period (conditioned)
relative to an MEP recorded with voluntary drive intact
(unconditioned; McNeil et al. 2009). In unfatigued
muscle, the conditioned MEP is typically smaller than the
unconditioned MEP and this phenomenon is referred to
as long-interval intracortical inhibition (Valls-Sole et al.
1992). During a sustained 2 min MVC, the conditioned
MEP in the silent period is rapidly and completely
suppressed, whereas the unconditioned MEP in the pre-

sence of voluntary drive increases in size (McNeil et al.
2009). We first interpreted these results as evidence of a
profound fatigue-related increase in long-interval intra-
cortical inhibition. However, substitution of the second
motor cortical stimulus with a cervicomedullary stimulus
led to an equally rapid and profound suppression of the
conditioned CMEP. This equivalence indicates that the
marked decrease of the conditioned MEP was largely
mediated at the spinal cord. The rapidity and completeness
of the CMEP suppression during sustained maximal effort
precluded the observation of the hypothesised increase in
intracortical inhibition during fatigue (McNeil et al. 2009).

Thus, one aim of the present study was to assess
the effect of fatigue on conditioned MEPs and CMEPs
during a sustained submaximal contraction designed to
produce a gradual increase in long-interval inhibition. The
moderate intensity contraction also represented physio-
logical conditions which were closer than our previous
work to the fatigue produced by repeated submaximal
contractions during everyday activities. We hypothesised
that while spinal mechanisms would contribute to
a progressive reduction of the conditioned CMEP,
inhibitory mechanisms within the motor cortex would
cause a faster and greater suppression of the conditioned
MEP compared to CMEP. The other aim was to determine
the effect of fatigue on unconditioned CMEPs (i.e.
to assess motoneurone excitability) when EMG, rather
than torque, was held constant during a sustained sub-
maximal contraction. Under these conditions, in which
motoneurone output remains consistent, we hypothesised
that unconditioned CMEP size would gradually decrease
rather than increase.

Methods

Subjects

Eight healthy subjects (36 ± 11 years, mean ± SD;
2 female) participated in four protocols performed on
separate days in a pseudo-random order. All studies
were approved by the institutional ethics committee and
conformed to the Declaration of Helsinki. Written consent
was obtained from each of the participants.

Experimental set-up

Subjects were seated with their right arm positioned in
an isometric myograph and an angle of ∼90 deg flexion
at both the shoulder and elbow joints. The forearm was
supinated and a strap at the wrist firmly secured the arm to
the myograph. Elbow flexor torque was measured with a
linear strain gauge (Xtran, Melbourne, Australia). EMGs
of biceps brachii and brachioradialis were recorded via
adhesive Ag–AgCl electrodes (10 mm diameter) arranged
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in a monopolar fashion. The recording electrodes were
positioned on the belly of each muscle and the reference
electrode over the distal tendon for biceps and∼5 cm distal
to the recording electrode for brachioradialis.

In all experiments, torque and EMG data were recorded
to computer using a 12-bit A/D converter (CED 1401
Plus; Cambridge Electronic Design Ltd, Cambridge,
UK) in conjunction with Spike2 software (v. 6.06;
Cambridge Electronic Design). The torque and EMG
data were sampled at 1000 and 2000 Hz, respectively.
EMG data were amplified (×100) and bandpass filtered
(16–1000 Hz) using CED 1902 amplifiers (Cambridge
Electronic Design). EMG of the biceps was also rectified
and integrated using a 100 ms time constant (Neurolog
System NL124A module; Digitimer, Welwyn Garden City,
UK) and displayed on an oscilloscope for subject feedback.

Brachial plexus stimulation. A constant current
stimulator (DS7AH, Digitimer) was used to deliver single
electrical stimuli (100 μs pulse width; 400 V) to the
brachial plexus at Erb’s point to record the maximal
compound muscle action potential (Mmax) in biceps. The
cathode and anode were placed in the supraclavicular
fossa and over the acromion, respectively. Stimulus
intensity was set to 150% of the current required to
produce a maximal response (50–210 mA).

Transcranial magnetic stimulation. Stimulation of the
motor cortex was delivered over the vertex using a circular
coil (13.5 cm outside diameter) attached via a BiStim
unit to two Magstim 200 stimulators (Magstim, Dyfed,
UK). One stimulator delivered the conditioning stimulus
and the other delivered the test stimulus. Three different
patterns of stimulation were used: a single conditioning
stimulus, a single test stimulus (producing what is referred
to as the unconditioned response), and paired-stimuli
in which the conditioning stimulus preceded the test
stimulus by 100 ms (producing what is referred to as
the conditioned response). This interstimulus interval
was chosen because motoneurone excitability is fully
recovered 100 ms after conditioning TMS, i.e. the effect
of conditioning TMS at this time is a withdrawal of
voluntary drive rather than a spinal inhibition (Fuhr et
al. 1991; Roick et al. 1993; Uncini et al. 1993; Ziemann
et al. 1993). The intensity of the conditioning cortical
stimulus (85–100% stimulator output) was set to produce
a silent period of ∼200 ms during an effort to a target
EMG of 25% MVC. The test stimulus intensity (55–100%
stimulator output) was set to evoke a conditioned MEP of
either ∼15 or 50% Mmax during brief control contractions
at 25% MVC.

Cervicomedullary stimulation. In two of the four
protocols, the TMS test stimulus was replaced

by stimulation of the corticospinal tract at the
cervicomedullary level. A high-voltage electrical current
(100 μs duration, Digitimer DS7AH) was passed between
adhesive Ag–AgCl electrodes fixed to the skin over
the mastoid processes (Ugawa et al. 1991; Gandevia
et al. 1999). The stimulation intensity (195–325 mA)
was set to evoke a conditioned CMEP of either ∼15
or 50% Mmax during brief control contractions at
25% MVC.

Experimental procedures

Protocol A. MEPs were evoked by paired stimuli or a
single test stimulus during a sustained 10 min contraction
in which the level of EMG was maintained at that produced
by the fresh muscle at 25% MVC. Data collection began
with determination of Mmax in the relaxed biceps. Stimulus
current was increased incrementally for successive stimuli
until the amplitude of the compound muscle action
potential reached a plateau. Intensity was then increased to
150% of the current required to evoke Mmax and a further
three stimuli were delivered. Next, resting motor threshold
of biceps was determined using single magnetic stimuli.
Resting motor threshold was taken as the minimum
stimulator output required to yield MEPs of 50 μV in
5 of 10 stimuli delivered at 5 s intervals. Two or three brief
MVCs of the elbow flexors were performed to establish
peak torque. Strong verbal encouragement and visual feed-
back of elbow flexion torque were provided during each
effort. Peak torque was used to set a target torque of
25% MVC. Using visual feedback, subjects performed a
contraction of the elbow flexors to this target torque for
5–10 s. During this contraction, an investigator monitored
the biceps integrated EMG signal on an oscilloscope and
used a cursor to mark the level of EMG produced during
the 25% MVC effort. Subjects used this EMG-based target
on the oscilloscope for the remainder of the experiment.
This EMG target is subsequently referred to as 25% MVC.
Intensity of the conditioning stimulus was established as
described above.

Two Mmax responses were recorded during brief 25%
MVC contractions and the mean amplitude was used
to estimate the target size of the conditioned MEP,
i.e. 15% Mmax. To evoke this size of conditioned MEP,
paired stimuli were delivered during brief 25% MVC
efforts with varying test stimulus intensities. When the
desired conditioned MEP size was obtained (actual
amplitude of 17.8 ± 3.7% Mmax), this test stimulus
intensity (124.2 ± 24.5% resting motor threshold) was
used for the remainder of the experiment. Pre-fatigue
(control) values for unconditioned MEP, conditioned
MEP and Mmax responses were obtained during 25%
MVC efforts of ∼12 s. Subjects slowly increased biceps
EMG output to the target and a stimulation sequence was
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initiated ∼1 s after the target was attained. This sequence
involved a single test stimulus to the cortex (unconditioned
MEP), paired cortical stimuli (conditioned MEP) and
an Erb’s point stimulus (Mmax) delivered at 5 s inter-
vals (Fig. 1). Three of these ‘control’ contractions were
performed and at least 1 min of rest separated each
contraction.

The fatigue protocol was a sustained 10 min contraction
in which biceps EMG was held at the level produced at a
torque of 25% MVC. Visual feedback of biceps integrated
EMG was provided throughout the contraction and sub-
jects were routinely reminded to maintain their feedback
signal as near as possible to the target cursor. The same
stimulation sequence used during the control contractions
was delivered throughout the fatiguing contraction. It was
delivered twice in each of the first two minutes and then
once a minute thereafter (Fig. 1). About 10 s prior to
each stimulation sequence (except the first sequence of the
second minute), subjects were asked to provide a rating of
their perceived effort and their perceived pain in the elbow
flexors using an 11-point Borg scale (Borg 1990). A brief
MVC was performed 5 s after the fatiguing contraction to
quantify the impairment to maximal torque. Raw traces
showing the conditioned MEPs before and during the
10 min contraction are displayed for a single subject in
Fig. 2A (left panel).

Protocol B. To differentiate cortical and spinal contribu-
tions to the changes in MEPs observed in protocol A,
in protocol B electrical cervicomedullary stimulation
replaced TMS as the test stimulus. Subjects completed
control and fatigue procedures as in protocol A with
the exception that resting motor threshold for TMS
was not determined. Subjects were familiarised to

Figure 1. Schematic diagram of the experimental protocol
Three brief control contractions were performed at the level of EMG
produced at 25% MVC. During each control contraction, a
stimulation sequence was delivered (dotted arrow, open arrowhead)
which included a single test stimulus (continuous arrow, filled
arrowhead), paired conditioning–test stimuli (continuous arrow,
open arrowhead), and a brachial plexus stimulus (dotted arrow, filled
arrowhead). This stimulation sequence was also delivered during the
sustained 10 min contraction. Ratings of perceived effort and muscle
pain (R) were collected during the during the sustained contraction.
To assess the fatigue induced by the sustained contraction, a brief
MVC was performed ∼5 s afterward.

cervicomedullary stimulation with a small number of
stimuli in a relaxed muscle just prior to the attempt
to match conditioned CMEP amplitude to ∼15% Mmax

(actual amplitude of 17.1 ± 4.2% Mmax). The right
panel of Fig. 2A shows data from a single subject for
the conditioned CMEPs before and during the 10 min
contraction.

Protocols C and D. These experiments were conducted
to assess if the fatigue-related changes to the MEP and
CMEP observed in protocols A and B were affected by
the size of the conditioned potentials in the control
state. Procedures were identical to protocols A and B
except that the test stimulus intensities were increased
to evoke conditioned MEP and CMEPs with amplitudes
of ∼50% Mmax during control contractions. The test
stimulus intensity for the MEP was 155.8 ± 43.0% resting
motor threshold and actual amplitudes were 46.2 ± 4.7
and 46.8 ± 6.4% Mmax for the conditioned MEP and
CMEP, respectively. Raw traces showing the conditioned
MEPs (left panel) and CMEPs (right panel) before and
during the 10 min contraction are displayed for a single
subject in Fig. 2B. A conditioned CMEP of ∼50% Mmax

could not be obtained in one subject and thus protocol D
has only seven subjects.

Data analysis and statistics

During off-line analysis, Signal software (v. 3.05;
Cambridge Electronic Design) was used to determine
all measures. Mean torque and voluntary EMG were
calculated over 100 ms (in the interval 250 to 150 ms
prior to the test stimulus). Non-fatigued MVC torque
was calculated as the peak value of the brief contractions.
Duration of the silent period was taken as the time from
conditioning stimulus to the return of voluntary EMG (as
determined by visual inspection). The areas of Mmax, MEPs
and CMEPs were measured between cursors marking the
initial deflection from the baseline to the second crossing
of the horizontal axis (Martin et al. 2006a). Long-interval
inhibition was calculated as the ratio (expressed as a
percentage) between the area of a conditioned response
and the area of the preceding unconditioned response
(conditioned/unconditioned × 100). The control level
of inhibition was obtained using the mean values
of the conditioned and unconditioned responses. To
aid comparison with other studies, we also report
control values of Mmax, MEPs, CMEPs and long-interval
inhibition as amplitudes. However, because the area of
Mmax is preferred to amplitude for studies of fatigue, all
measures during fatigue are based on area.

Repeated measures ANOVAs were used to compare
non-fatigued MVC, post-fatigue MVC, Mmax and silent
period data across protocols A–D (SPSS version 17; SPSS
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Inc., Chicago, IL, USA). Separately for weak and strong
stimulus intensities, Student’s t test for paired-samples was
used to compare MEP and CMEP size and long-interval
inhibition during control contractions. Two-way repeated
measures ANOVAs, with time as one factor and protocol
as the other, were used to compare unconditioned and
conditioned responses and the inhibition ratio (each
normalised to the control value) across protocols of the
same sized conditioned potentials. When no differences
existed between protocols, data were pooled and results
of paired-samples t tests were compared to a two-tailed
Dunnett’s table to control for multiple comparisons
and determine time points which differed from the
control vaue. If the main effect for protocol or the
protocol × time interaction was significant, a one-way
repeated measures ANOVA was used for each protocol
to assess a main effect for time. If this main effect was
significant, paired-samples t tests and a Dunnett’s table
were used as above to determine which time points were
different from the control value. Perceived effort and
muscle pain were compared across all protocols using
two-way repeated measures ANOVAs. All data are reported
in the text as the mean ± SD. The significance level was
P < 0.05.

Results

During a 10 min sustained submaximal contraction of
maintained EMG (25% MVC), perceived effort increases
progressively despite a decline in torque. CMEP size
decreases moderately with fatigue and markedly so
when tested in the transient absence of voluntary
drive (silent period). There is an equivalent reduction
in the size of the CMEP and MEP during the
silent period throughout the sustained effort, which
argues against a fatigue-related increase in intracortical
inhibition. High-intensity stimulation greatly attenuates
the reduction of the CMEP (and MEP) in the silent
period, which suggests differential changes across the
motoneurone pool.

Control measures prior to fatigue

MVC torque (P = 0.539), Mmax area (P = 0.118), and
silent period duration (P = 0.667) were similar across
the four protocols. Group means were 70.4 ± 17.2 N m,
0.127 ± 0.027 mV s, and 199.3 ± 24.2 ms, respectively.
The amplitudes and areas of Mmax, MEPs and CMEPs,
as well as the control levels of long-interval inhibition
for MEPs and CMEPs are reported for each protocol

Figure 2. Individual traces of biceps EMG recorded from single subjects using weak (A) or strong (B)
test stimuli
Data in panels A and B were collected from different subjects. Responses obtained during the three brief control
contractions with paired conditioning–test stimulation are overlaid. The time course of stimulation during the
10 min contraction is indicated between the two sets of traces. The dashed box surrounds the conditioned test
MEPs (left) and CMEPs (right) evoked in the silent period following the conditioning TMS stimulus. The continuous
vertical lines indicate the timing of the conditioning and test stimuli. A, using weak test stimuli, conditioned
MEPs and CMEPs decreased in parallel. B, using strong test stimuli, the conditioned CMEPs decreased more than
conditioned MEPs but this did not occur in all subjects (see Fig. 5). The suppression of both conditioned MEPs and
CMEPs was less with strong than weak test stimuli.
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Table 1. Control potentials and long-interval inhibition during submaximal maintained-EMG contractions prior to fatigue

Mmax Conditioned potentials Unconditioned potentials Cond/Uncond ratio

Amplitude Area Amplitude Area Amplitude Area
(mV) (mV s) (mV) (mV s) (mV) (mV s) Amplitude (%) Area (%)

Weak
MEP 23.6 ± 5.5 0.123 ± 0.026 4.3 ± 1.4 0.019 ± 0.007 13.9 ± 5.0∗ 0.086 ± 0.029∗ 32.1 ± 11.3 22.4 ± 6.8
CMEP 24.3 ± 5.2 0.129 ± 0.027 4.2 ± 1.3 0.017 ± 0.006 7.8 ± 4.0 0.035 ± 0.020 68.4 ± 48.4 67.5 ± 57.1

P = 0.379 P = 0.093 P = 0.643 P = 0.227 P = 0.007 P = 0.001 P = 0.071 P = 0.051

Strong
MEP 24.3 ± 6.3 0.129 ± 0.030 11.2 ± 2.8 0.063 ± 0.020 15.8 ± 4.8 0.101 ± 0.029∗ 71.9 ± 8.5 62.8 ± 14.8
CMEP 24.6 ± 5.6 0.128 ± 0.031 11.4 ± 2.7 0.049 ± 0.015 15.2 ± 6.4 0.080 ± 0.040 81.1 ± 22.0 69.9 ± 26.2

P = 0.465 P = 0.182 P = 0.843 P = 0.061 P = 0.309 P = 0.014 P = 0.252 P = 0.586

Data are mean values (± SD) of the four protocols. Long-interval inhibition was calculated for each subject as the ratio (expressed as a
percentage) between the mean area of conditioned responses and the mean area of unconditioned responses. Asterisks (∗) denote a
difference between the weak MEP and CMEP or the strong MEP and CMEP (P values < 0.05 are indicated by bold text).

in Table 1. In brief, as intended, conditioned MEP and
CMEP amplitude was well matched at low (P = 0.643)
and high test stimulus intensities (P = 0.843). The
area of the potentials was less well matched than
amplitude but MEPs and CMEPs were still equivalent at
both low (P = 0.227) and high intensities (P = 0.061).
Unconditioned MEP area was significantly greater than
CMEP area at low (P = 0.001) and high test stimulus
intensity (P = 0.014). The control level of long-interval
inhibition was similar across protocols at high intensity
(P = 0.586) but nearly greater for the MEP than CMEP
at low intensity (P = 0.051). The large difference between
the MEP and CMEP ratios at low intensity (22.4 ± 6.8
and 67.5 ± 57.1, respectively) failed to achieve statistical
significance because of a large standard deviation in the
CMEP ratio caused by two subjects who had conditioned
potentials that were facilitated, rather than inhibited,
compared to unconditioned responses (192 and 113%).

Measures of fatigue across all protocols

Subjects successfully maintained the integrated EMG
target as biceps RMS EMG was unchanged by exercise
(P = 0.744) for all protocols (P = 0.825; Fig. 3A).
Brachioradialis RMS EMG was also unchanged by exercise
(P = 0.492) for all protocols (P = 0.711). Although EMG
output was maintained, torque decreased progressively
during the 10 min contraction (P < 0.001; Fig. 3A).
The decline in torque was similar across all protocols
(P = 0.503). Just prior to the end of exercise, mean
torque had declined to 60.4 ± 4.1% of the value at the
beginning of the contraction. MVC torque was impaired
by the fatigue protocol (P = 0.016) to a similar extent
(81.2 ± 13.0% of the pre-fatigue value) for all protocols

(P = 0.321). During exercise, ratings of effort and muscle
pain increased progressively (P < 0.001 for both) and to
a similar extent in each protocol (P = 0.119, P = 0.477,
respectively; Fig. 3B). Mmax area increased slightly during
exercise (P < 0.001) with no difference between protocols
(P = 0.740) and just prior to the end of exercise was
105.8 ± 1.9% of the control value.

Absolute areas of unconditioned and conditioned
potentials are displayed in Fig. 4A and 5A, respectively. To
enable comparison across protocols, values during exercise
were normalised to the control values (Figs. 4B and 5B).
Using these normalised values, the effect of exercise on the
area of the unconditioned potentials was similar for weak
and strong test stimuli (P = 0.908; Fig. 4B). In contrast,
the area of normalised conditioned potentials decreased
to a greater extent with weak compared to strong test
stimuli (P = 0.001; Fig. 5B). Consequently, the decrease
of the normalised conditioned to unconditioned ratio
was greater with weak than strong test stimuli (P = 0.001;
Fig. 6). The effects of stimulus type (MEP vs. CMEP) and
time are discussed below separately for weak and strong
test stimuli.

Weak test stimuli. Using weak test stimuli, normalised
MEPs and CMEPs behaved similarly. Specifically,
unconditioned and conditioned potentials as well as the
inhibition ratios were all equivalent during the fatiguing
exercise (P = 0.424, P = 0.470, P = 0.677, respectively;
Figs. 4–6). Thus, the statistical analyses for main effects
of time (exercise) are based on the combined MEP and
CMEP data. Unconditioned area decreased significantly
during exercise (P = 0.004) and was significantly smaller
than control from 7–9 min (Fig. 4B). As shown for
a single subject, both the conditioned MEP and the
conditioned CMEP decreased gradually during the
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fatiguing contraction (Fig. 2A). The group data show
that the area of the conditioned responses decreased
rapidly during the first 3 min of exercise and only
modestly thereafter (P < 0.001; Fig. 5B). After correction
for multiple comparisons, the conditioned responses first
became statistically less than control values at 1.5 min
of exercise. Because conditioned potentials were much
more affected by fatigue than unconditioned potentials,
the pattern of decrease for the ratios of the conditioned
to unconditioned responses (P < 0.001; Fig. 6) closely
resembled the decline of the conditioned potentials
(Fig. 5B). The ratios were first significantly less than
control at 2 min of exercise.

Figure 3. Elbow flexor torque and biceps RMS EMG (A) and
ratings of perceived effort and muscle pain (B) during a
submaximal maintained-EMG contraction
Data are mean values (± SEM) of the four protocols. A, elbow flexor
torque (•) and biceps RMS EMG (�) obtained over 100 ms just prior
to each unconditioned test stimulus. Both variables are expressed as
a percentage of their value during the pre-fatigue MVC with the
greatest peak torque. B, ratings of perceived effort (•) and muscle
pain (�) collected using an 11-point Borg scale.

Strong test stimuli. Some differences existed between
normalised MEPs and CMEPs in the comparison across
the strong test stimulus protocols. Unconditioned MEPs
were larger than CMEPs during exercise (P = 0.038;
Fig. 4B). MEP area did not change with exercise
(P = 0.381), whereas CMEP area decreased with exercise
(P < 0.001) and was statistically smaller than control
at 8 and 10 min of exercise. In contrast, conditioned
MEPs and CMEPs responded similarly during exercise
(P = 0.377) and were smaller than control at 6 min of
exercise (P < 0.001; Fig. 5B). MEP and CMEP ratios were
similar during exercise (P = 0.596) and although there
was a main effect of time (P < 0.001), no time points

Figure 4. Unconditioned test potentials during a submaximal
maintained-EMG contraction
Data are mean values (± SEM) for unconditioned MEPs (◦) and
CMEPs (�). Open and filled symbols show data from protocols with
weak and strong test stimuli, respectively. A, absolute area of
unconditioned MEPs and CMEPs. B, areas of unconditioned MEPs
and CMEPs are normalised to Mmax recorded 10 s later and then
expressed as a percentage of the mean normalised value obtained
during the control contractions.
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were statistically different from control after correction
for multiple comparisons (Fig. 6). Compared to the ratios
with weaker test stimuli, the decrease from control was
relatively small (minimum values of ∼80% control) when
test stimuli were strong (Fig. 6).

Discussion

In this study, subjects performed fatiguing submaximal
maintained-EMG contractions. Multiple measures were
tracked during the development of fatigue. Measures
included torque, perceived effort and muscle pain, MEPs
and CMEPs of two sizes, as well as MEPs and CMEPs
of two sizes recorded during a TMS-induced silent
period. In addition to the answer to our first aim,
comparisons among these measures provide several novel

Figure 5. Conditioned test potentials during a submaximal
maintained-EMG contraction
Data are mean values (± SEM) for conditioned MEPs (◦) and CMEPs
(�). Open and filled symbols show data from protocols with weak
and strong test stimuli, respectively. A, absolute area of conditioned
MEPs and CMEPs. B, area of conditioned MEPs and CMEPs are
expressed as a percentage of the mean value obtained during the
control contractions.

insights into motor cortical and motoneuronal behaviour
during muscle fatigue. As anticipated, a sustained sub-
maximal contraction slowed the fatigue-related decrease
of motoneuronal responsiveness during the silent period
compared to a sustained maximal effort (McNeil et al.
2009). However, contrary to the hypothesis of our first
aim, there was still no evidence of additional inhibition
within the motor cortex. Stronger test stimuli reduced
the magnitude of the fatigue-related suppression of
the conditioned MEP but did not alter the conclusion
that a spinal, rather than cortical, mechanism appears
responsible for the phenomenon. As indicated above,
there were novel insights beyond the site of long-interval
inhibition in a fatiguing submaximal contraction. First,
in support of the hypothesis to our second aim,
unconditioned CMEPs decreased with fatigue when EMG,
rather than torque, was maintained in a sustained
submaximal effort. Second, comparison of large and
small evoked responses, particularly CMEPs, suggests
that large (high-threshold) and small (low-threshold)
motoneurones are affected differentially in this form of
exercise. Third, comparison of the MEPs and CMEPs
evoked during ongoing voluntary EMG with those evoked
during the silent period emphasises the role of descending
drive in counterbalancing the profound reductions in
excitability of the motoneurones. Finally, comparison of
EMG, torque and perceived effort confirms the large
mismatch between effort and voluntary output that
has been reported previously for fatiguing submaximal
contractions in which torque was held constant (e.g.
Sogaard et al. 2006; Smith et al. 2007).

Control efforts

During submaximal contractions of unfatigued muscle,
comparison of the conditioned to unconditioned MEP
ratio and the conditioned to unconditioned CMEP ratio
for the weak stimuli indicates the presence of intra-
cortical inhibition. Conditioned MEPs were∼75% smaller
than unconditioned MEPs whereas conditioned CMEPs
averaged 30% smaller than unconditioned CMEPs. Thus,
the suppression of the conditioned MEP was greater
than that of the CMEP, which suggests that intracortical
inhibition causes suppression beyond the disfacilitation of
the motoneurones. In contrast, when strong stimuli were
used, the conditioned MEPs and CMEPs had an equivalent
suppression of ∼35% relative to their unconditioned
counterparts. This suggests that MEPs elicited by high
intensity TMS, unlike those elicited by weaker stimuli, are
not subject to long-interval intracortical inhibition (see
also McNeil et al. 2011a).

Fatiguing contraction

When compared with the reduction of the conditioned
MEP during a 2 min MVC (McNeil et al. 2009), a sustained
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10 min 25% MVC contraction caused a slower and smaller
reduction for MEPs that were initially of equivalent size in
the two studies. However, similar to the previous finding,
the conditioned CMEP evoked by stimulation of the
corticospinal tract was suppressed to the same degree as
the MEP, which suggests an absence of a measurable motor
cortical contribution to the fatigue-related reduction of
the MEP. Stronger test stimuli attenuated the reduction of
the conditioned MEP and CMEP but the two potentials
were still similarly affected by fatigue. Hence, a reduction
in motoneurone excitability rather than a cortical effect
seems likely to be responsible for the decrease in the size
of conditioned MEPs (and CMEPs) during a fatiguing
sustained contraction of 25–100% MVC.

Cervicomedullary stimulation and TMS evoke single
and multiple descending volleys, respectively, and so an
alternative, albeit more complex, interpretation of the
comparable effect of fatigue on MEPs and CMEPs could
allow for an intracortical component to the inhibition of
the MEP. It is possible that fatigue-related intracortical
inhibition reduces the size or number of the multiple
volleys contributing to the MEP but temporal summation
and facilitation of the volleys at the motoneurones
mitigate the reduction of the conditioned MEP (Lemon
& Mantel 1989). In this argument, suppression of
the conditioned CMEP would reflect a reduction in
motoneurone excitability which affects only a single
descending volley and hence would not strongly influence
the MEP. However, in our opinion, the similarity of
the suppression of MEPs and CMEPs with both weak
and strong stimuli (and in both maximal (McNeil
et al. 2009) and submaximal contractions) argues against

Figure 6. Ratio of conditioned to unconditioned test
potentials during a submaximal maintained-EMG contraction
Data are mean values (± SEM) for MEP (◦) and CMEP (�) inhibition
ratios. Open and filled symbols show data from protocols with weak
and strong test stimuli, respectively. The ratios of conditioned to
unconditioned potentials are expressed as a percentage of the mean
value obtained during the control contractions.

a fortuitous confluence of events at cortical and spinal
levels that matches the suppression of the two responses.
The proposal that there are precisely balanced effects
at cortical and spinal sites when multiple corticospinal
volleys are induced by cortical stimulation highlights that
surprisingly little is known about the transformation by
motoneurones of the complex high-frequency burst of
corticospinal input that constitutes the cortical output
produced by TMS (cf. Lemon & Mantel 1989).

The lack of a likely increase in the intracortical
component of the long-interval inhibition of the MEP
contrasts with the increase in silent period duration which
is often seen during sustained fatiguing contractions and
is taken as evidence of increased intracortical inhibition
(McKay et al. 1996; Taylor et al. 1996; Sacco et al. 1997).
The absence of fatigue-related inhibition within the cortex
during sustained maximal (McNeil et al. 2009) and now
submaximal contractions combined with the decrease
in long-interval intracortical inhibition observed during
relaxation between intermittent brief MVCs (Benwell
et al. 2007) suggests that the duration of the silent
period may not be a good marker of intracortical
inhibition.

Comparison of the changes in the smaller and
larger conditioned responses reveals the possibility of
a differential effect of fatigue produced by a sub-
maximal contraction on the excitability of small and large
motoneurones (see also Carpentier et al. 2001). Motor
unit recruitment features prominently in the increase of
force from biceps brachii motoneurone pool (Kukulka &
Clamann 1981) and the consequences for motoneuronal
output have been determined using CMEPs (Martin
et al., 2006a). In the current study, the responses to
weak stimuli (both CMEPs and MEPs) are more inhibited
than responses to strong stimuli. One interpretation of
the greater inhibition of responses to weak stimuli is
that motoneurones active during the submaximal task
get progressively more difficult to excite but that larger
motoneurones (i.e. those not used during the moderate
sustained voluntary contraction) are generally unaffected
by fatigue in the present task. As muscle afferent inputs
are widely distributed, albeit not homogeneously, across
the motoneurone pool (see Binder et al. 1996; Powers
& Binder 2001 for reviews), the differential response to
weak and strong stimuli does not support our earlier
suggestion that reduced spindle discharge contributes
strongly to the decreased motoneurone excitability in
the silent period (McNeil et al. 2009). Hence, an
additional suggested mechanism, changes to intrinsic
motoneuronal properties, may have a more influential
role than first proposed (McNeil et al. 2009). Evidence
for such intrinsic changes due to repetitive motoneurone
discharge include spike-frequency adaptation (e.g. Kernell
& Monster 1982; Spielmann et al. 1993; Sawczuk et al.
1997) and the increased excitatory drive needed to
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maintain motoneurone output in isolated preparations
(see Powers & Binder 2001 for review) and to maintain the
firing rate of low-threshold single motor units (Johnson
et al. 2004).

The comparatively modest decrease of unconditioned
relative to conditioned potentials (Fig. 4B vs. 5B)
demonstrates the efficiency with which descending
drive is able to overcome fatigue-related reductions
in motoneurone excitability (Rothwell 2009). This
facilitatory effect is more clearly seen with weak than
strong stimuli because the weak stimulus tests the
responsiveness of the small motoneurones which are
active in the fatiguing contraction. However, the most
convincing evidence for the potency of descending drive
comes from our previous study in which motoneurone
responsiveness during the silent period was absent ∼30 s
into a sustained maximal effort yet the unconditioned
CMEP was increased (relative to the unfatigued size) at
that time (McNeil et al. 2009). Given the importance
of voluntary drive, one might question the physio-
logical relevance of analysing fatigue mechanisms by
monitoring changes to CMEPs (or MEPs) during the
silent period. While important information on fatigue
mechanisms can be obtained from stimuli delivered
to relaxed muscle after the contraction, many fatigue
processes recover rapidly after the exercise is stopped.
Further, interrupting sustained contractions to perform
such tests will interfere with the development of fatigue.
Hence, tests of spinal and cortical excitability in the silent
period enable one to monitor the development of fatigue
mechanisms during ongoing contractions (McNeil et al.
2011b).

As noted in the Introduction, the increase in EMG
(drive) when torque is maintained is likely to explain the
increase in CMEP size reported during submaximal fatigue
(Levenez et al. 2008; Hoffman et al. 2009). Hence, in an
attempt to clamp motoneuronal output, we deliberately
used a sustained submaximal contraction in which EMG,
rather than torque, was held constant. Under these
conditions, any fatigue-related loss of torque is largely
the result of changes within the muscle fibres. It should be
noted that maintenance of biceps EMG does not guarantee
that this surface EMG will be made up of firing of the
same motor units at the same frequencies throughout the
contraction. Furthermore, maintenance of EMG does not
necessarily indicate maintenance of voluntary descending
drive as this should vary to compensate for any changes in
afferent input or intrinsic motoneurone properties. As it is
impossible to quantify descending drive in intact humans,
there is no direct way to ascertain whether voluntary drive
increased, decreased or remained unchanged during the
present fatigue task. Nevertheless, it is well established that
drive increases when a submaximal torque is maintained
and more motor units are recruited progressively and so
a submaximal contraction with maintained EMG was

better suited to our purpose. This was to attempt to
hold motoneurone output steady and thereby define two
levels of motoneurone activity (active throughout the
contraction or not active at all).

During the maintained EMG contraction, using weak
test stimuli, both the unconditioned MEPs and CMEPs
decreased ∼15–20%. This suggests that motoneurone
excitability decreased but the cortical elements activated
by weak TMS did not undergo a net change in excitability
even though voluntary cortical output presumably had
to increase to maintain output from the less excitable
motoneurones. The progressive increase in perceived
effort supports this latter suggestion of increased voluntary
output from the cortex. With strong test stimuli, the
unconditioned CMEP decreased ∼20% whereas the
unconditioned MEP was similar throughout exercise. This
suggests that strong cervicomedullary stimulation could
not overcome the reduction in motoneurone excitability
but that cortical elements activated by the strong TMS
may be facilitated. Alternatively, the MEP induced by
strong TMS could be limited in size during control contra-
ctions because it recruits all of the motoneurone pool
and it may thus be insensitive to changes in input to
the motoneurones with exercise. That is, the similarity
of MEP size throughout exercise could reflect an initially
supramaximal input to the motoneurones which simply
becomes less supramaximal when the motoneurones are
harder to drive.

Similar to results from submaximal contractions of
constant torque (Sogaard et al. 2006; Smith et al. 2007),
the rating of perceived effort increased steadily during
exercise which indicates a mismatch between sense of
effort and motor output, even when motoneurone output
is maintained. However, unlike contractions of constant
torque in which voluntary EMG increases, albeit to a
lesser extent than perceived effort (Sogaard et al. 2006;
Smith et al. 2007), torque actually decreased ∼40% in
the current exercise protocol while EMG was maintained
and perceived effort increased. Perhaps the most effective
demonstration of the mismatch between perceived effort
and actual capacity to generate torque is the comparison
between perceived effort at the end of the submaximal
contraction and the torque produced seconds later during
a brief MVC. Subjects reported that a ‘very large’ effort
(6.7 ± 1.4) was required to maintain the EMG target and
produce a torque of ∼15% of the initial MVC during
the last minute of the sustained contraction, yet the MVC
performed immediately afterward was 81.2 ± 13.0% of the
pre-fatigue value. Like perceived effort, the rating of pain
in the elbow flexors increased steadily during exercise.
Fatigue-sensitive small-diameter muscle afferents which
are responsible for the sensation of pain are unlikely to
contribute to the decrease in excitability in the elbow flexor
motoneurone pool (Taylor et al. 2000; Butler et al. 2003).
However, these afferents may influence the generation of
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motor cortical output and thus contribute to the increase
in perceived effort (Smith et al. 2007).

In conclusion, our data from a sustained submaximal
maintained-EMG contraction reveal several novel insights
into motoneurone behaviour during muscle fatigue.
When descending voluntary drive is present, CMEP
size decreases modestly with fatigue, which suggests a
reduction in motoneurone excitability. The reduction
in CMEP size is much greater in the silent period.
This contrast shows the potency of voluntary drive
in maintaining motoneurone excitability during muscle
fatigue. The equivalent reduction of MEPs and CMEPs
in the silent period indicates that, similar to a maximal
effort, cortical mechanisms do not contribute appreciably
to the fatigue-related increase in long-interval inhibition.
Stronger test stimuli attenuate much of the reduction of
the CMEP in the silent period, which suggests that large
(high-threshold) motoneurones are less affected by this
exercise.
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