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Abstract

The purpose of this research was to determine whether motor cortex excitability assessed using
transcranial magnetic stimulation (TMS) is less variable when subjects maintain a visually
controlled low-level contraction of the muscle of interest. We also examined the dependence of
single motor evoked potential (MEP) amplitude on stimulation intensity and pre-stimulus muscle
activation level using linear and non-linear multiple regression analysis. Eight healthy adult
subjects received single pulse TMS over the left motor cortex at a point where minimal
stimulation intensity was required to produce MEPs in extensor digitorum communis (EDC).
Voluntary activation of the muscle was controlled by visual display of a target force (indicated by
a stable line on an oscilloscope) and the isometric force produced as the subject attempted to
extend the fingers (indicated by a line on the oscilloscope representing the finger extension force)
while subjects were instructed to: exert zero extension force (0%) and produce forces equal to 5
and 10% of maximum voluntary finger extension under separate conditions. Relative variability
(coefficient of variation) of single MEPs at a constant stimulus intensity and of pre-stimulus
muscle EMG was lower during maintained 5 and 10% contractions than at 0% contraction levels.
Therefore, maintaining a stable low intensity contraction helps stabilize cortical and spinal
excitability. Multiple regression analyses showed that a linear dependence of single MEPs on
stimulation intensity and pre-stimulus muscle activation level produced similar fits to those for a
non-linear dependence on stimulus intensity and a linear dependence on pre-stimulus EMG. Thus,
a simple linear method can be used to assess dependence of single MEP amplitudes on both
stimulus intensity (to characterize slope of the recruitment curve) and low intensity background
muscle activation level.

Introduction

Transcranial magnetic stimulation (TMS) has gained considerable acceptance as a method to
non-invasively study adaptive changes in motor cortex as a consequence of repeated practice
or learning in able-bodied individuals (e.g., Tinazzi and Zanette 1998) and as a consequence
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of injury in individuals who have suffered strokes, limb amputation and spinal cord injury
(e.g., Turton et al. 1996; Liepert et al. 1998; Capaday et al. 2000; Park et al. 2004). For
example, effects of some rehabilitation techniques following brain injury have been
evaluated by estimating the motor cortical area that is responsive to suprathreshold
stimulation of a muscle of interest (e.g., Liepert et al. 1998). However, motor evoked
potentials (MEPs) recorded by EMG in response to the same stimulation intensity at a
particular motor cortex site can be highly variable because of independent fluctuations in
excitability of motor cortex neurons and of spinal interneurons and motor neurons at the
time of stimulation (Kiers et al. 1993; Thickbroom et al. 1999). Excitability of motor cortex
and spinal neurons can fluctuate due to time-dependent variations in excitatory
(subthreshold and suprathreshold) and inhibitory inputs from within the CNS and from
peripheral sensory receptors (Magistris et al. 1998). Study of MEP variability under
different experimental conditions is needed to improve understanding of the underlying
mechanisms and to test whether such variability can be reduced to improve sensitivity of
tests for adaptive changes in motor cortex excitability.

Many studies using TMS to assess motor cortex excitability have subjects attempt to
maintain a relaxed state of minimal activation in the muscle of interest, although a few
investigations have studied MEPs under varied levels of muscle activation (e.g., Kiers et al.
1993; Devanne et al. 1997). However, subliminal activations of motor cortex neurons due to
assorted brain activities involving attention (Kiers et al. 1993), sleepiness/wakefulness and
variations in sensory inputs (proprioceptive, visual, auditory, tactile, etc.) or mental imagery
(Abbruzzese et al. 1996; Ikai et al. 1996) may influence excitability of these neurons and
their response to a TMS stimulus. One method that may stabilize variations in excitability of
neurons at cortical and segmental levels is to have subjects maintain a stable, low-level
voluntary contraction controlled by visual input with a target and the limb of interest in a
fixed position. This technique should minimize variations of attention and somatosensory
inputs.

Most previous work has shown that the coefficient of variation of MEPs for a range of TMS
stimulation intensities and levels of muscle activation is inversely related to the mean MEP
amplitude (Kiers et al. 1993; Devanne et al. 1997; Carroll et al. 2001). In contrast, (Kamen
2004) reported lower coefficients of variation (and higher reliability) of TMS evoked MEPs
in biceps brachii under resting conditions than when the muscle was actively contracted at
25, 50, 75 and 100% of maximum voluntary effort. However, none of those investigations
assessed the dependence of individual MEP amplitudes on both stimulus intensity and
muscle activation. Activation level of the muscle of interest under both relaxed and
submaximal contraction conditions can vary considerably, especially in individuals who
have suffered strokes or other brain injuries. A greater understanding of the dependence of
individual MEP amplitudes on both stimulus intensity and muscle activation might be used
to improve methodology of studies of cortical excitability by permitting estimates of
recruitment curve slope based on data from all MEPs rather than average MEP amplitude at
each stimulus intensity. We hypothesized: (1) that maintaining a low-level contraction equal
to 10% of maximum would result in lower MEP variability (and better fits of the motor
cortex recruitment curve) than under relaxed conditions and when producing 5% of
maximum contraction and (2) that individual MEP amplitudes depend on both stimulus
intensity and muscle activation level over a short interval preceding the TMS stimulus. The
first hypothesis follows from previous findings of lower MEP variability with stronger pre-
stimulus muscle contractions while the second is based on previous work showing that
stronger stimuli and greater neuronal excitability (associated with voluntary activation of the
muscle) should evoke greater amplitude MEPs.
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Eight able-bodied volunteers (five males) with no history of neuromuscular pathology
participated in this experiment. Ages ranged from 20-60 years. All subjects gave informed
consent in accord with the local institutional review board.

Magnetic stimulation of the left motor cortex was accomplished using a Magstim 200
(Magstim Company Ltd., Whitland, Dyfed, UK) with a 9 cm diameter figure-8 coil at 0.2
Hz. The coil was oriented with the handle facing backward so the induced current in the
brain was in the posterior—anterior direction during the rising phase of the monophasic
pulse.

Bipolar electromyographic signals (EMGs) were recorded from the extensor digitorum
communis (EDC) of the right forearm using disposable surface electrodes (Medtronic, Inc.,
Minneapolis, MN) placed 2 cm apart with a recording surface of 4 x 7 mm. The EMG
signals were amplified (x 1,000) using a James Long Isolated Bioelectric Amplifier (SA
Instrumentation Company, Encinitas, CA) and band-pass filtered (10-1,000 Hz) before
digitizing at 1,000 Hz for 100 ms prior to and following each stimulus (i.e., 200 ms total
recording time). We examined whether sampling at 1,000 Hz was sufficient by recording
MEPs in one subject at 5,000 Hz. Regression analysis of peak-to-peak amplitudes (PPamp)
of MEPs in the 5,000 Hz sampled data on PPamp from the same data down-sampled to
1,000 Hz (i.e., every 5th point) was used. Correlation coefficients exceeded 0.99 and
regression slopes were near 1.0, showing that the 1,000 Hz sampling rate was sufficient to
obtain PPamp of EDC MEPs.

Isometric force exerted while attempting to extend the fingers of the right hand was recorded
using a load cell (Kistler® Model 9312A) rigidly connected to a platform and to a padded
metal cuff into which subjects placed their fingers. The forearm was comfortably supported
in full pronation with the wrist and hand (held in place by Velcro straps) in a neutral position
on a wooden platform above the load cell. The finger extension force was displayed on an
oscilloscope along with a target line such that subjects could visually match the exerted
force to the target during magnetic stimulation of the left motor cortex.

Subjects were comfortably seated in an adjustable chair and wearing a firm-fitting cap
(Elector-cap International Inc. Eaton, OH) with imprinted 1 cm? grids to serve as a reference
for reproducible coil placement and orientation. The skin overlying the EDC muscle was
located and prepared for EMG recording by abrading the skin using LemonPrep® (Mavidon
Medical Products, Lake Worth, FL) until an erythemic response appeared. Skin impedance
was maintained below 2 k2 between the active electrodes and below 20 k2 between each
active electrode and the reference electrode. With the subject relaxed (audio EMG feedback
from EDC was provided), the TMS hotspot for EDC was determined by moving the
stimulating coil to various positions to find the grid location where the motor threshold was
lowest. The hotspot was defined as the grid location where the motor threshold was the
lowest while evoking the largest response (Wassermann 2002). Resting motor threshold
(RMT) was defined as the stimulation intensity which elicited MEPs = 50 nV in 5 of 10
consecutive trials (Butler et al. 2005).

After finding the EDC hotspot and RMT stimulation intensity, the subject’s fingers were
inserted into the cuff attached to the load cell, and maximum finger extension force was
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recorded while the subject viewed the force signal on the oscilloscope and was verbally
encouraged to maximize force output. The maximum finger extension force was the mean of
the maximum forces from three trials as volunteers extended their fingers at the MCP joint
as strongly as possible against the cuff. Recruitment curves were then generated by
stimulation over the hotspot with five trials each at stimulation intensities of 0.9, 1, 1.1, 1.2,
1.3,1.4,1.5,1.6 x RMT (and greater stimulation intensities within the output range of the
Magstim 200 in subjects with low resting motor threshold stimulus intensities) with
preactivation of the muscle at 0% (i.e., relaxed), 5 and 10% of maximum voluntary
contraction force. Subjects could hear an auditory signal of the EDC EMG and viewed the
force output and target line on the oscilloscope during elicitation of each recruitment curve.
Thus, even under relaxed conditions subjects had a visual display of force, which actually
represented a small downward force due to gravitational effects on the fingers in the cuff, as
well as an auditory signal representing the level of EDC muscle contraction. Subjects
maintained the contraction for approximately 20 s while five TMS stimuli were applied at
the same stimulation level and then had a short rest (about 10 s) before another set of five
TMS stimuli was delivered while the subject again maintained the contraction.

Data analysis

The peak-to-peak MEP amplitude was calculated following data collection by finding the
maximum and minimum EMG potential occurring between the minimum latency of MEP
onset after the stimulus and 50 ms after the stimulus (Fig. 1). The minimum latency of MEP
onset after 100% intensity magnetic stimulus was determined in each subject under relaxed
conditions. These latencies varied between 15-20 ms according to height of the subject. We
also computed the area under the rectified MEP over the time interval from MEP onset to 50
ms after the stimulus, but report peak-to-peak MEP amplitude because the two methods
produced very similar findings. Mean, standard deviation (SD) and coefficient of variation
(CV =100 x SD/mean) values of PPamp of MEPs were computed for the five trials at each
stimulus intensity (from 0.9RMT to 1.6RMT) and contraction level. In addition, average
pre-stimulus EMG level was measured over a 95 ms interval during the 100 ms prior to
stimulation. All MEPs and pre-stimulus EMGs in each subject were normalized to that
subject’s largest MEP. We chose this normalization method instead of maximum voluntary
isometric contraction (MVIC) EMG level because previous work has shown that maximum
MEPs with preactivation contractions of 10, 20 and 40% of maximum are similar (Devanne
et al. 1997). Thus, the largest MEP observed at 5 and 10% contraction level probably
represents maximal or near-maximal muscle activation. In contrast, MVICs can be quite
variable, especially in sedentary subjects, because of the requirement for a maximal
voluntary effort.

We statistically compared the SDs and CVs of MEP amplitudes at different contraction
levels and stimulus intensities using separate two-factor repeated measures analysis of
variance (ANOVA) to assess whether variability of MEPs differed across stimulation
intensities (0.9-1.6RMT) and contraction levels (0, 5, 10%). We also compared subjects’
abilities to maintain the three different contraction EDC EMG levels by comparing SDs and
CVs of average pre-stimulus EMGs at different stimulus intensities and pre-contraction
levels using a separate two-factor repeated measures ANOVA. Greenhouse-Geisser
corrections were applied to ensure that the assumption of sphericity was met, resulting in
adjusted AP-values based on adjusted degrees of freedom. Adjusted ~-values are given in the
Results section.

We assessed the relationship between average MEP amplitude (dependent variable) and
stimulus intensity (independent variable) at each contraction level using the Boltzmann
equation (Devanne et al. 1997), except in a few cases where linear fits between these
variables were better. We also assessed the dependence of single trial MEP amplitudes
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(dependent variable) on stimulus intensity and average muscle activity levels over the 95 ms
prior to the stimulus (independent variables) using multiple linear regression and nonlinear
regression. For multiple linear regression, we tested whether a linear combination of
stimulus intensity and muscle activation level accurately predicted single trial MEP
amplitudes (eq. 1) for the entire range of stimulus intensities and for the range from 0.9 to
1.4 x RMT, over which the relationship is nearly linear (Lewis et al. 2004). For non-linear
regression, we examined whether single trial MEP amplitudes over the entire range of
stimulus intensities could be accurately predicted using the Boltzmann equation to assess the
effects of stimulus intensity on MEP amplitude and included a linear dependence on muscle
activation level (eg. 2).

MEPamp=a x S +b x PreEMG+c (1)

MEPamp=MEP,, /(1+exp(S 50—S )/K)+b X PreEMG+c (2)

Dependent variable;: MEPamp = normalized single trial peak-to-peak MEP amplitude

Independent variables: S= stimulus intensity, Pre- EMG = average rectified EMG amplitude
over 95 ms prior to TMS stimulus

Variables estimated by fitting the model: MEP 1,5 = maximum MEP amplitude, Ssg =
stimulus intensity that produces a half maximum MEP, K= slope parameter, a = coefficient
for S in linear equation, b = coefficient for PreEMG in linear and nonlinear equations, ¢ =
constant

TMS evoked MEPs generally increased in amplitude with increases in both stimulation
intensity (Fg 42 = 22.9, £<0.001) and contraction level (/14 = 41.3, < 0.001) as expected
(Figs. 1, 2). Large increases in MEP amplitude from 0 to 5% activation levels and from
RMT to 1.2 RMT usually occurred, with only small further increases with higher stimulus
intensities and activation level to 10% of maximum voluntary force (Fig. 1, S5; Fig. 2),
although there was some intersubject variability (Fig. 1, compare MEPs of S5 and S4).
Notably, there was often little difference in EDC muscle EMG level prior to the stimulus for
5% versus 10% of maximum contraction (e.g., Fig. 1). Analysis of the pre-stimulus average
rectified EMG levels for all subjects showed that there was a significant increase (2= 0.004)
from 5 to 10% contraction level, but only from 1.3 to 1.8% of maximum peak-to-peak MEP
amplitude. Moreover, trial-to-trial variations in the pre-stimulus EDC EMG levels appeared
high at both 5 and 10% of maximum MEP amplitude, indicating that production of these
low forces is not associated with stable pre-stimulus muscle activation in EDC (Fig. 1).
However, relative variability of pre-stimulus EMG clearly decreased with increasing
contraction level from 0 to 5% (Fig. 3¢, A< 0.001), but not from 5 to 10% contraction levels
(Fig. 3c, P=10.403).

Relative variability of MEP amplitudes decreased with increases in muscle activation and
stimulus intensity. Clear variations in minima and maxima of individual MEPs at all three
stimulation intensities and contraction levels can be seen in the records from both subjects
shown in Fig. 1. Also notable are the more complex and longer duration MEP waveforms at
higher stimulus intensities and contraction levels. In general, the first minimum and
maximum in the MEP waveforms were largest in absolute size, although there were some
exceptions (e.g, S4 in Fig. 1 for 1.2 and 1.5RMT stimulus intensities at 10% contraction
level). Analysis of group data showed that the coefficients of variation of peak-to-peak MEP
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amplitudes were lower at higher contraction levels (Fig. 3a, / 14 = 10.32, = 0.011). Post-
hoc testing showed that the CVs were significantly lower at 5 and 10% activation than at 0%
(P<0.05), but there was no difference in CVs between 5 and 10% activation levels. CVs of
MEP amplitudes were highest at RMT and generally decreased with higher stimulus
intensities up to 1.4 x RMT, except at 0% contraction level (Fig. 3a, /7 49 = 8.86, P<
0.001). Taken together, these results suggest that the relative variability of MEP amplitudes
decreases with increasing average MEP amplitudes. Examination of this relationship in
individual subjects showed that each subject had significant (P < 0.05) negative correlation
coefficients (ranging from —0.4 to —0.91) for the relationship between coefficient of
variation and average MEP amplitude across all stimulus intensities and pre-stimulus EMG
levels.

Absolute variability of MEPs increased with contraction level but did not show consistent
changes with increasing stimulus intensity (Fig. 3b). Higher absolute variability was
observed at 5 and 10% contraction levels than at 0% (Fig. 3b, /14 = 19.6, £<0.001; P<
0.001 for post-hoc comparisons of 0% with 5 and 10% contraction levels) but did not differ
between 5 and 10% contraction levels (£ = 0.85). Although stimulus intensity significantly
affected absolute variability of MEPs (Fig. 3b, /7 49 = 2.43, P=0.032), post-hoc tests
showed that variability differed only for 0.9, 1.0 and 1.1 x RMT stimulus intensities (P=
0.018) with no differences among all other stimulus intensities (£ > 0.35).

Recruitment curves varied in shape for different subjects (Fig. 4, compare a, b, ¢) and, in
some cases, exhibited quite different shapes for different muscle activation levels within the
same subject (e.g., Fig. 4, compare b, c). The Boltzmann equation produced excellent fits to
the average MEP amplitude at each stimulus intensity in most cases as coefficients of
determination were usually above 0.8. However, in a few cases the fit was nearly linear
(e.g., Fig. 4b, 5% activation level, Fig. 4c, 10% activation level). Mean coefficients of
determination were slightly higher for recruitment curves recorded under relaxed conditions
(mean A2 = 0.82) than during 5 and 10% contraction levels (mean A2 = 0.80, 0.77
respectively), although there were no statistical differences (/14 = 0.226, 7= .801). As
reported previously, the threshold stimulus intensity always decreased with increasing
muscle activation such that 0.9RMT stimulus intensities always produced MEPs at 5 and
10% contraction levels. The slope of the recruitment curve usually increased with increasing
contraction level, but there were some exceptions (e.g., Fig. 4b).

Despite the non-linear relationship between stimulus intensity and average MEP amplitude
at a single activation level in most subjects, multiple regression analysis showed that single
trial MEP amplitudes depended on stimulus intensity and muscle activation level in a linear
manner. Peak-to-peak MEP amplitudes depended on a linear combination of stimulus
intensity and pre-stimulus EMG level in individual subjects when data from all three muscle
activation levels were considered (e.g., Fig. 5). Multiple linear correlation coefficients were
significant (P < 0.05) in all eight subjects. Coefficients of determination ranged from 0.44 to
0.79 when including all stimulus intensities and when including only stimulus intensities
from 0.9RMT to 1.4RMT (Table 1). Thus, including only stimulus intensities which produce
a nearly linear recruitment curve (Lewis et al. 2004) did not improve the multiple linear
regression fits. Furthermore, both stimulus intensity and activation level were significant (P
< 0.05) predictors of single trial MEP amplitude in all but one subject (Table 1) whose data
showed a strong dependence on pre-stimulus EMG and no dependence on stimulus intensity
(Table 1, subject 1). It is also noteworthy that there was an inverse relationship between the
regression coefficients for stimulus intensity and pre-stimulus muscle activation (r=-0.69,
P<0.05). Thus, for subjects in whom stimulus intensity strongly affected MEP amplitude,
pre-stimulus muscle activation level tended to have weaker effects on MEP amplitude.
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Prediction of MEP amplitudes using a non-linear model (Boltzmann equation) for the
stimulus intensity effects on MEP amplitude combined with a linear effect of muscle
activation level produced similar fits to the single trial MEP amplitude data. Coefficients of
determination for this more complex regression model ranged 0.44-0.78 among the eight
subjects and were not statistically different from those for the linear model (Table 1, =
0.066, P> 0.2).

Discussion

We have shown that relative variability (coefficient of variation) of pre-stimulus EMG
amplitude and MEPs evoked by TMS over motor cortex is lower when subjects maintain a
low submaximal muscle contraction (5 and 10% of maximum) than when maintaining a
relaxed state. However, contrary to our first hypothesis, lower variability of MEPSs when
producing submaximal contractions did not result in better fits between average MEP
amplitude and stimulus intensity than under relaxed conditions. Consistent with our second
hypothesis, individual MEP amplitudes depended on the combined influence of stimulus
intensity and pre-stimulus EMG activation level. Despite the non-linear relationship between
average MEP amplitude and stimulus intensity, there was a linear dependence of MEP
amplitude on stimulus intensity and pre-stimulus muscular activation for a wide range of
stimulus intensities and limited range of muscle activation levels. Thus, obtaining
recruitment curves from subjects exhibiting variable levels of background muscle activation
should be possible using this multiple regression analysis technique. The regression
coefficient for stimulation intensity in the multiple regression equation may provide an
appropriate measure of motor cortex (and spinal) excitability from these recruitment curves.
Moreover, the regression coefficient for pre-stimulus muscle activation may indicate the
effect of voluntary muscle activation level on motor cortex excitability, which could also
change with learning or upper limb hemiparesis following a stroke.

Although previous research has reported that relative variability of MEPs decreases with
increasing stimulus intensity and with increased background contraction level, this report is
the first to examine variability of single trial MEP amplitudes in relation to both stimulation
intensity and pre-stimulus muscle activation level. Clearly, variability of single MEP
amplitudes for a constant TMS stimulus intensity cannot be explained only by variations in
activation level of the muscle from which MEPs are recorded. TMS activates variable
numbers of motor cortex neurons and spinal interneurons and many of these neurons may be
associated with a number of muscles that are synergistic and antagonistic to the muscle of
interest (Amassian et al. 1990; Cracco et al. 1990). Thus, excitability levels of motor cortex
neurons and spinal interneurons, especially those associated with the propriospinal system in
the cervical cord (Alstermark et al. 1991b; Alstermark et al. 1991a; Tantisira et al. 1996),
likely contribute substantially to the variations in EDC MEP amplitude to constant TMS
stimuli. Other factors including small trial-to-trial variations in location of the TMS coil and
attention-level of the subject, location of the hotspot relative to synergist and antagonist
muscles, and number of applied stimuli can also affect MEP variability. Indeed, previous
work has shown that subjects imagining muscle contractions or movements (e.g., Gandevia
and Rothwell 1987; Hashimoto and Rothwell 1999; Niyazov et al. 2005) and simply
thinking about intrinsic muscles (Gandevia and Rothwell 1987) can influence MEPs. Thus,
trial-to-trial variations in focus of attention on synergist or antagonist muscles could
influence variability of MEPs.

The relationship between MEP amplitude and stimulus intensity is of primary research
interest because this relationship reflects the excitability of motor cortex and subcortical
structures. We confirmed the results of previous studies showing that submaximal activation
of the muscle of interest causes larger TMS-evoked MEPs (Kiers et al. 1993; Devanne et al.
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1997). Increased excitability of cortical and spinal neurons likely contribute to larger MEPs
because excitability of neurons participating in directly activating the muscle and of
neighboring (subliminal fringe) neurons will be increased (Capaday and Stein 1987; Butler
et al. 1993). Motor neurons that contribute directly to the muscle activation may be
refractory at the time the stimulus is applied, but for low level contractions one would
expect only a small percentage would be in this state because force is maintained by
asynchronous activation of a number of motor units. By the same reasoning, one would
expect absolute variability (SD) of the MEP amplitudes to increase with increasing muscle
activation because the number of subliminal fringe neurons near threshold should increase.
Increased absolute variability of MEPs with increasing muscle activation level was observed
in the present work (Fig. 3).

An important question is whether a multiple linear regression technique can be used to
measure slope of the recruitment curve relating MEP amplitude to TMS stimulus intensity
accurately in subjects who have variable muscle activation levels. We further examined this
issue by comparing the multiple linear regression coefficients for stimulus intensity in the
condition when subjects were instructed to remain relaxed (0% contraction level) with the
regression coefficients computed using the data from all three activation levels. However,
these regression coefficients were 1.5-3.5 times larger when all data were combined than in
the relaxed (0%) condition in five of eight subjects (Table 1). This observation is consistent
with previous reports that the maximum slope of the Boltzmann equation fit to recruitment
curve data increases with pre-stimulus muscle activation level (Devanne et al. 1997).
Moreover, of the three subjects (2, 4, 5 in Table 1) who had the most difficulty maintaining
a relaxed state of EDC (as indicated by coefficients of variation of pre-stimulus EDC EMG
> 60%), only one had similar regression coefficients for stimulus intensity for all activation
levels and for 0% contraction levels (subject 4, Table 1). Thus, even for subjects who have
difficulty maintaining a relaxed state in the muscle of interest, uncontrolled activation of the
muscle produces a substantially higher recruitment curve slope. Perhaps when attempting to
maintain a relaxed state the fluctuations in neuronal excitability at cortical and segmental
levels are relatively independent as suggested by Kiers and colleagues (Kiers et al. 1993). In
contrast, during voluntary activation these fluctuations of neuronal excitability may be
positively correlated. If so, the lower recruitment curve slope during the relaxation state, in
spite of varied muscle activation, may be due to periods of high motor cortex excitability
when segmental excitability is low and vice-versa. In contrast, higher slopes during
voluntary activation may occur because excitability of both cortical and segmental levels is
high due to the focus on activation of the muscle of interest. Furthermore, the extent to
which voluntary activation would stabilize cortical and spinal excitability levels in people
who have suffered brain damage is unclear because the greater effort required to voluntarily
activate certain muscles in these individuals may cause greater variability in cortical and
segmental excitability levels due to concomitant activation of neurons controlling other
muscles, including antagonists (Canning et al. 2000). Alternatively, positioning of the limb
in these patients by placing hyperactive flexor muscle in a lengthened position could induce
reflex shortening or persistent muscle spindle input that could alter cortical and spinal
excitability to TMS and hence affect variability. Moreover, recent work has shown that
propriospinal neurons may be hyperexcitable following stroke (Mazevet et al. 2003; Stinear
and Byblow 2004), which could also cause greater variability in TMS-evoked MEPs.

The inverse relationship between the regression coefficients for stimulus intensity and pre-
stimulus muscle activation level suggests that the effects of increasing voluntary activation
on MEP amplitude are lower for subjects who have a more excitable motor cortex. One
might expect a positive relationship between the effects of stimulus intensity and voluntary
activation on motor cortex because a more excitable cortex would presumably be more
easily activated both voluntarily and by TMS. A more likely explanation, however, is that
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even low-level voluntary activation may lead to a ceiling effect in terms of the number of
neurons available for activation by external stimulation. This notion is consistent with
findings of similar maximum MEP amplitudes for background contractions of 10-40% of
maximum voluntary effort (Devanne et al. 1997) and of lower maximum MEP amplitudes at
50-100% than at 25% of maximum effort (Kamen 2004).

In conclusion, results of the present work show that single MEP amplitudes in response to
TMS applied over motor cortex depend in a linear manner on stimulus magnitude and pre-
stimulus muscle activation level. Voluntary activation to produce a visually controlled force
reduces variability of pre-stimulus muscle activation level and MEPs, but this does not
improve traditional non-linear fits of recruitment curves relating average MEP amplitudes to
stimulus intensity (c.f., Devanne et al. 1997). Other techniques such as visual feedback of
smoothed EMG of the muscle of interest or triggering of stimulation based on EMG of the
muscle of interest over a short time interval (Kaelin-Lang and Cohen 2000) could also be
used to control pre-stimulus muscle activation and attention during the task. Whether such
techniques would cause greater reductions of variability of motor cortex and spinal neurons
is not clear given the noisy nature of the EMG signal and because the muscle EMG occurs
some time after activation of cortical and spinal neurons. However, the multiple regression
method to evaluate recruitment curve parameters suggested in this work could also be
applied when using these EMG-based techniques. The major advantages of the multiple
regression technique used here is that all single trial MEPs are included in the determination
of slope of the recruitment curve and the dependence of MEP amplitude on pre-stimulus
muscle activation is also assessed. In contrast, previous work has used average MEP
amplitude at each stimulus intensity and has not considered variations in pre-stimulus
activation level. When using average MEP amplitudes different pre-stimulus activation
levels for different stimulus intensities would produce an inaccurate recruitment curve slope.
However, the percentage of unexplained variability in single trial MEP amplitudes remained
relatively high (range: 21-66%) even when accounting for variations in pre-stimulus
activation levels. Although some of this unexplained variability may be related to
uncontrolled experimental factors including small variations in location and orientation of
the coil at the instant of stimulation, time-varying neuronal excitability at cortical and
segmental levels is a more likely cause.
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Fig 1.

TMS-induced MEPs recorded from EDC at resting motor threshold stimulus intensity
(1.0RMT) and at 1.2RMT and 1.5RMT in two subjects (S4, S5). Each panel shows five
superimposed MEPs at a single stimulus intensity at one activation level in the same subject.
The stimulus was delivered at 50 ms in all records. Note stimulus artifact and onset of MEP
response (dashed vertical lines at 0% contraction level)
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Fig 2.

Peak-to-peak MEP amplitude versus stimulus intensity (relative to resting motor threshold)
for three different levels of finger extensor force (0, 5, 10% of voluntary maximum). Each
point is the average MEP amplitude for eight subjects at one stimulus intensity. The three
plotted lines are best-fit non-linear (Boltzmann equation) regression lines for 0, 5 and 10%
contraction levels. The error bars represent the mean of the standard deviations of MEP
amplitude for eight subjects
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Fig 3.

a Mean coefficient of variation (CV) of peak-to-peak MEP amplitude versus stimulation
intensity at different muscle contraction levels. b Mean absolute variability (SD) of peak-to-
peak MEP amplitudes (% of max MEP) versus stimulus intensity at different activation
levels. ¢ Mean coefficient of variation of pre-stimulus EMG levels versus stimulus intensity
at three different finger extensor contraction levels (0, 5 and 10% of maximum voluntary
force). Each plotted pointis the mean of within-subject coefficients of variation or standard
deviations from eight subjects at a single stimulus intensity and activation level
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Fig 4.

Motor cortex recruitment curves (peak-to-peak MEP amplitude versus stimulus intensity) at
different pre-stimulus activation levels for three subjects (a, b, ¢). Each plotted pointis the
mean MEP amplitude for five consecutive stimuli at one stimulus intensity and contraction
level (0, 5, 10% of maximum voluntary finger extensor force) in a single subject. The three
plotted lines are best-fit non-linear (Boltzmann equation) regression lines for 0, 5 and 10%
contraction levels
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Fig5.

Scattergraphs showing actual MEP amplitude versus MEP amplitude predicted from linear
multiple regression with stimulus intensity and average pre-stimulus EMG amplitude as
independent variables in two subjects. Each plotted point represents the peak-to-peak
amplitude of a single MEP in one subject
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