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Abstract There is controversy within the literature
regarding the influence of task instruction on the size of
the long-latency stretch reflex (M2) elicited by a joint
displacement. The aim of this study was to investigate if
the previously reported task-dependent modulation of
the M2 is specific to the M2 or can be explained by an
early release of the intended voluntary response. We
took advantage of the fact that the M2 is absent when
the duration of the applied perturbation is less than a
critical time period. This allowed us to examine modu-
lation of muscle activity with and without the contri-
bution of the M2. In addition, we applied transcranial
magnetic stimulation (TMS) over the primary motor
cortex to examine the modulation of corticomotor
excitability with task instruction. Elbow joint extension
displacements were used to elicit a stretch reflex in the
biceps muscle. Subjects were instructed to “do not
intervene” (DNI) with the applied perturbation, or to
oppose the perturbation by activating the elbow flexors
in response to the perturbation (FLEX). Electromyo-
graphic (EMGQG) activity in the time period corresponding
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to the M2 was significantly facilitated in the FLEX task
instruction both with and without the presence of the
M2. Motor evoked potentials (MEPs) elicited by TMS
were also facilitated during the FLEX condition in the
absence of the M2. EMG and MEP responses were not
facilitated until immediately prior to the onset of the
M2. Paired-pulse TMS revealed a significant reduction
in short-interval intracortical inhibition (SICI) during
the M2 response, but the level of SICI was not altered by
the task instruction. We conclude that the task-depen-
dent modulation of the biceps M2 results, at least in
part, from an early release of the prepared movement
and is accompanied by an increase in corticospinal
excitability that is not specific to the M2 pathway. Task-
dependent modulation of the response cannot be
explained by an alteration in the excitability of intra-
cortical inhibitory circuits.

Keywords Stretch reflex - Upper limb - Transcranial
magnetic stimulation - Voluntary movement

Introduction

The term “reflex” often conjures notions of a stereo-
typed, involuntary response, but many investigators
have demonstrated that reflex responses can be modu-
lated in a task-dependent manner (Hammond 1955; Lee
and Tatton 1975; Colebatch et al. 1979; Jaeger et al.
1982; Calancie and Bawa 1985; MacKinnon et al. 2000).
Such modulation is evident in the human stretch reflex.
When an upper limb muscle is stretched, the electro-
myographic (EMG) response can be categorized in
terms of a short latency (M1) and a longer latency (M2)
response. While the magnitude of the M1 response de-
pends primarily on the level of the background muscle
activation and the characteristics of the imposed muscle
stretch, the M2 response can vary with current task
requirements. However, there remains controversy
regarding the specificity of its modulation and the
pathways that regulate this modulation. In particular, it
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has been suggested that the apparent facilitation of re-
sponse amplitude when subjects are preparing to oppose
a perturbation arises through an increase in the level of
activation of the target muscle prior to the stretch
(Capaday et al. 1994), or that it represents the initial
components of a triggered (Crago et al. 1976) or vol-
untary (Rothwell et al. 1980; Hallett et al. 1981) reaction
in the M2 time period.

The main goal of this study was to examine if the
task-dependent modulation of the biceps M2 is selective
to the pathways mediating this component of the stretch
reflex response or if the modulation reflects the super-
position of an early voluntary response. Specifically, we
were interested in reaction tasks, or those that differ in
terms of how the subject is instructed to react to the
imposed movement (e.g. Hammond 1955). Under this
paradigm, modulation is observed as a facilitation of the
M2 when subjects are instructed to react to the pertur-
bation by activating the muscle that is stretched and a
reduction in response size when they are asked to assist
the joint perturbation by activating the antagonist
muscle. Moreover, the observed modulation is selective
to the M2 since no change in the size of the M1 response
is seen. When subjects are asked to oppose a perturba-
tion it is difficult to distinguish voluntary, triggered, and
reflex EMG activity in the M2 time period. Because of
this, previous studies relying on muscle stretch alone
have failed to clearly discern whether the EMG facili-
tation represents a true modulation of the reflex re-
sponse. We took advantage of the fact the M2 response
is absent when the duration of the applied perturbation
is less than a critical value (29—41 ms for biceps brachii)
(Lee and Tatton 1982; Lewis et al. 2005). This permitted
us to examine changes in response magnitude over the
time period of the M2 both with, and without, the
presence of the M2 response. The presence of modula-
tion in the absence of an M2 response would suggest
that pathways separate from those that generate the M2
contribute to the observed response. Conversely, if re-
sponse modulation is only seen when an M2 is present,
then this would provide evidence that the modulation is
specific to the M2 pathway.

In addition to examining task-dependent modulation
of EMG activation, we also used transcranial magnetic
stimulation (TMS) to examine the contribution of
changes in corticospinal excitability and intracortical
inhibition (Kujirai et al. 1993) to the modulation of
EMG activity during the M2 time period. Previous
studies have shown that the excitability of corticospinal
pathways are increased during the time period approx-
imately corresponding to the passage of the afferent
volley through the motor cortex (Day et al. 1991; De-
uschl et al. 1991; Palmer and Ashby 1992; Petersen et al.
1998; Lewis et al. 2004). To date, no study has used
TMS to investigate the effects of task instruction on
corticospinal excitability following imposed perturba-
tions of joint posture. If a task-dependent increase in the
M2 is mediated by a increase in the excitability of a
transcortical pathway via the primary motor cortex,

then the amplitude of the motor evoked potentials
(MEPs) elicited by TMS should be increased when an
M2 response is present, but not when the M2 is absent.
Alternatively, if the modulation is mediated by the
superposition of an early voluntary response (Rothwell
et al. 1980), then corticospinal excitability should in-
crease immediately prior to the onset of agonist EMG
activity (Hoshiyama et al. 1996; Chen et al. 1998;
MacKinnon and Rothwell 2000) and intracortical inhi-
bition should decrease (Reynolds and Ashby 1999)
independent of the presence or absence of the M2.

Two specific hypotheses were tested in the current
study. The first was that the task-dependent modulation
of the M2 is not specific to the pathways mediating this
response. The second was that the observed modulation
can be attributed to changes in corticospinal excitability
and intracortical inhibition that arise prior to the onset
of voluntary intervention. Our results provide evidence
of a non-specific modulation of EMG activity in the M2
time period that may arise through the early release of
the voluntary response.

Materials and methods
Subjects

Twenty four individuals (age 30 & 11 years, ten female)
volunteered to participate in the study. All subjects were
neurologically healthy and had no muscular or ortho-
pedic limitations of the upper limb. Subjects participat-
ing in experiments involving TMS were required to have
no contraindications to cortical magnetic stimulation.
Informed consent was obtained from all subjects prior to
testing. Ethical approval for the study was received from
the Northwestern University Institutional Review
Board.

Equipment
Elbow joint manipulandum

Subjects were seated comfortably with their trunk se-
cured to an adjustable chair (Biodex, Shirley, NY, USA)
using padded straps. The subject’s right arm was posi-
tioned in the horizontal plane with the shoulder at 45°
flexion and 90° abduction, the elbow joint at 90°, and
the forearm fully pronated (Fig. 1a). The upper arm was
placed in an adjustable trough support to ensure a
constant position of the shoulder joint. A fitted fiber-
glass cast extending from the fingers to the middle of the
forearm was used to maintain the wrist joint in a neutral
position and to attach the forearm to a linear actuator
(Copley ThrustTube TB3806; Copley Controls, Canton,
MA, USA). A 10 cm steel plate located on the underside
of the cast, centered at the wrist joint, was secured to the
top surface of the actuator via a precision bearing that
allowed rotation in the horizontal plane. The actuator
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Fig. 1 a Task set-up. The upper arm and forearm were positioned
in the horizontal plane at shoulder height. The position of the
elbow was adjusted so that the forearm was perpendicular to the
movement axis of the actuator. Motion of the actuator (indicated
by arrows) resulted in elbow joint rotation in the flexion/extension
axis. The upper arm remained stationary during the displacements.
b Example actuator displacement (fop) and electromyographic
recordings from the biceps muscle (bottom) demonstrating the
calculation of M1 and M2 response size. Response area was
expressed relative to an equivalent 20 ms window of muscle
activation prior to the perturbation

was mounted at shoulder height on an adjustable alu-
minum frame and was oriented 45° from the midline,
such that perturbations were applied in the horizontal
plane in a direction orthogonal to forearm orientation.
Displacement of the linear actuator resulted in rotation
at the elbow joint in the flexion/extension axis while the
upper arm remained stationary. The actuator was in-
strumented with a linear encoder (RGH24; Renishaw,
Gloucestershire, UK) to provide position information
(resolution 1 pm) and was configured as a stiff position
servo (250 kN/m) using custom software developed in
Matlab xPC (The Mathworks Co, Natick, MA, USA).
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Transcranial magnetic stimulation

Transcranial magnetic stimulation was applied using a
MagStim 200 (Magstim Co, Dyfed, UK) or Magstim
BiStim (Magstim Co) via a figure-of-eight coil (diameter
70 mm each). The coil was positioned over the subject’s
head with the handle pointing backwards and oriented
45° from the mid-line. The optimal site for stimulation
(“hot spot”) was located by moving the coil around the
head until the site eliciting the largest responses in the
biceps muscle was located. Active motor threshold
(ATh) was then determined with the coil positioned over
the hot spot. ATh was defined as the lowest stimulus
intensity at which discernable MEPs were present in at
least four of eight consecutive stimuli while the target
muscle was active at 5% of maximum voluntary con-
traction (MVC).

Electromyography

Electromyographic activity was recorded from the bi-
ceps brachii (all experiments) and triceps brachii
(Experiment 1 only) muscles in the right arm. Standard
skin preparation techniques were completed prior to the
application of disposable dual electrodes (Noraxon USA
Inc, AZ, USA). Surface EMGs were amplified and
conditioned using a Bortec AMT-8 (Bortec Biomedical
Ltd, Canada) with high- and low-pass cut-off frequen-
cies of 10 and 1,000 Hz, respectively. The resulting sig-
nals were anti-aliased filtered using 4th order Bessel
filters with a cut-off frequency of 500 Hz and then
sampled at 5 kHz for subsequent analysis.

Protocols

At the start of each experimental session, an MVC of the
biceps muscle was recorded by having subjects perform a
maximum isometric contraction while positioned in the
manipulandum. In all subsequent trials, the target
background EMG level was set to 5 = 1% MVC.
Subjects were provided with a visual display of EMG
activity along with the target range (4-6% MVC) of
muscle activation. Perturbations and magnetic stimuli
were delivered when EMG activity had been maintained
within the target range for at least 500 ms. Elbow joint
perturbations and cortical stimulation were always pre-
sented at random intervals ranging from 4 to 6 s. Re-
sponses to joint perturbations and to TMS were
collected in a series of five experiments, as outlined be-
low. Not all subjects participated in all experiments, and
most experiments were conducted on separate days.

Experiment 1. Effect of task instruction on the response
characteristics of the stretch reflex (n = 11)

In this experiment, we evaluated the effects of perturba-
tion velocity, perturbation duration, and task instruction
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on the M1 and M2 responses in the biceps muscle. We
manipulated perturbation duration to control the pres-
ence of the M2, while manipulations of velocity were
used to modulate the size of the reflex responses. Per-
turbations of either a short (20 ms; SHORT) or a long
(60 ms; LONG) time duration were applied. In all indi-
viduals, the SHORT and LONG duration perturbations
were clearly below and above, respectively, the critical
time period for eliciting an M2 response (Lee and Tatton
1982; Lewis et al. 2005). At each of the two time dura-
tions, perturbations of both fast (500 mm/s, approxi-
mately 90°/s elbow rotation; FAST) and slow (250 mm/s,
approximately 45°/s; SLOW) velocities were delivered.
At the start of the random delay between perturbations,
a red or a yellow light was presented to the subjects that
indicated the task instruction for that trial. Subjects were
instructed not to intervene with the perturbation if the
yellow light was displayed (‘do not intervene’; DNI). If
the red light was displayed, subjects were instructed to
oppose the perturbation by activating their elbow flexor
muscles as fast as possible in response to the perturbation
(FLEX). Forty reflex responses were collected in each of
the four perturbation velocity and time duration com-
binations. In each set of 40 trials, 20 DNI and 20 FLEX
task instruction lights were presented in a randomized
order. EMG from the triceps muscle was recorded in all
conditions to monitor the level of antagonist muscle
activation prior to and during the applied perturbations.

Experiment 2. Modulation of EMG in the M2 time period
(n=19)

In this set of experiments we investigated whether
alterations in EMG activity induced by the subject’s
preparatory set reflect a selective modulation of the M2
reflex pathway. This was accomplished by evoking an
M1 response in the M2 time period. Previous studies
have shown that the M1 response evoked by an imposed
joint displacement is not modulated by task instruction
(e.g. Colebatch et al. 1979; Rothwell et al. 1980). If the
effects of task instruction on the M2 arise through a
specific facilitation of the M2 reflex pathway, there
should be significantly less modulation of the M1 when
it is placed in the equivalent time period as the M2.
Two perturbation conditions were compared: (1) a
long duration (60 ms) elbow joint extension perturbation
(15 mm actuator displacement, 250 mm/s) was imposed
at the start of the trial; (2) a brief duration, small ampli-
tude perturbation (1 mm, 250 mm/s) in the elbow flexion
direction was imposed at the start of the trial, followed by
a long duration (60 ms, 15 mm, 250 mm/s) elbow exten-
sion perturbation. In the latter condition, the initial per-
turbation did not produce a reflex response in the biceps
muscle, but served as the imperative stimulus to respond
to task instruction. The time between the initial pertur-
bation and the longer stretch perturbation used to elicit
an M1 response in the biceps was individually adjusted so
that the M1 was evoked in the same time period that the

M2 occurred following a single lengthening perturbation
(relative to the start of the perturbation).

Prior to each trial, a red or a yellow light was pre-
sented to the subjects that indicated the task instruction
for that trial. For each perturbation condition, 20 trials
with the DNI instruction and 20 trials with the FLEX
instruction were presented in a randomized order. In all
conditions, subjects were asked to respond in the FLEX
task instruction by flexing against the actuator as soon
as they detected movement in either direction.

Experiment 3. Effect of task instruction on corticospinal
excitability (n = 11)

To examine changes in corticospinal excitability induced
by the different perturbations and task instructions, we
repeated the joint perturbations from Experiment 1
while applying single-pulse TMS over the contralateral
motor cortex. The same subjects completed both
Experiments 1 and 3 in the same session. The same
perturbation velocity (SLOW, FAST), perturbation
duration (SHORT, LONG) and task instruction (DNI,
FLEX) conditions as presented in Experiment 1 were
applied. The MEP produced in response to TMS was
timed to arrive at the onset of the M2 response for each
individual. This was achieved by delaying the cortical
stimulation after the onset of the joint perturbation
(delay = M2jaiency — MEPjuiency). The same delay was
employed for perturbations of both SHORT and LONG
duration for each subject, even though an M2 was not
present following SHORT perturbations. This enabled
us to examine corticospinal excitability at a time period
approximately corresponding to the passage of the
stretch-induced afferent volley through the motor cortex
when an M2 was present as well as absent. Twenty re-
sponses to TMS were collected in each perturbation
velocity and time duration combination; ten in the DNI
task instruction and ten in the FLEX task instruction.
Stimulation intensity was set to 120% ATh.

Transcranial magnetic stimulation was applied in two
further conditions: (1) without a perturbation while the
subject maintained a 5% biceps MVC (TMS alone); and
(2) with a perturbation (LONG, SLOW, DNI) but the
MEP was timed to arrive at the onset of the M1 re-
sponse. Timing the MEP to arrive at the M1 response
provided a control response to evaluate the specificity of
MEP facilitation during the M2 response.

Experiment 4. Time course of corticospinal excitability
(n=11)

The time course of changes in corticospinal excitability
following a joint perturbation was examined in 11 sub-
jects. If the FLEX task instruction has an effect on
corticospinal excitability similar to a voluntary reaction
time task, then we expected to see an increase in MEP
amplitude following the onset of the joint perturbation
compared to MEPs elicited in the DNI task instruction.



TMS was applied over the contralateral motor cortex at
four time intervals following the onset of a joint per-
turbation (15 mm, 250 mm/s): (1) prior to onset of M1
(delay = 0 ms), (2) at onset of M1 (delay = 8 £ 2 ms),
(3) between M1 and M2 (delay = 30 ms), (4) at onset of
M2 (delay = 44 + 4 ms). Twenty trials were collected
at each of the four stimulus delays; ten in the DNI task
instruction and ten in the FLEX task instruction.
Stimulation intensity was set to 120% ATh for all con-
ditions. Subjects also completed 40 trials (20 DNI; 20
FLEX) in which the joint perturbation was applied
without cortical stimulation.

Experiment 5. Effect of task instruction on intracortical
excitability (n = 10)

A paired-pulse TMS paradigm was used to examine the
effect of task instruction on short-interval intracortical
inhibition (SICI) (Kuyjirai et al. 1993). If modulation of
the M2 reflex response arose through alterations in in-
tracortical inhibitory pathways that impose upon corti-
cospinal output, then we would expect to see a difference
in the level of SICI elicited during paired-pulse stimu-
lation between the DNI and FLEX task instructions.
The responses to TMS were timed to arrive at the onset
of the M2 elicited by a joint perturbation (15 mm,
250 mmy/s). Ten perturbations were delivered with the
DNI task instruction and ten with the FLEX task
instruction. In each of these two conditions, the test
stimulus intensity was adjusted to produce a MEP of
0.5-1.0 mV amplitude (test MEP amplitude). As the size
of the test MEP influences the amount of SICI that is
generated, the test MEP amplitude was matched be-
tween the two task instruction conditions for each sub-
ject. The conditioning stimulus (first pulse of pair)
intensity was set to 90% of motor threshold determined
when the MEP was timed to arrive at the onset of the
M2 in the FLEX task instruction. The inter-stimulus
interval between conditioning and test stimuli was set at
2 ms. In both conditioned and non-conditioned trials,
the test stimulus was delivered at the same time relative
to the onset of the joint perturbation.

In a further control condition, single and paired-pulse
TMS were delivered with the arm held stationary in the
manipulandum and the biceps muscle pre-activated at
5% MVC. The test stimulus intensity in this condition
was set to elicit a response at the previously determined
test MEP amplitude. The same conditioning stimulus
intensity was used for the joint perturbation and control
conditions. The extent of SICI was determined by nor-
malizing conditioned MEP amplitude to the size of the
non-conditioned (test) MEP amplitude.

Data processing and analysis

In all experiments, trials in which the subjects did not
respond appropriately according to the task instruction
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lights were discarded (approximately 5% of total trials).
All remaining EMG recordings were rectified and aver-
aged before further processing. The onset of the M1
response was determined as the first point following the
onset of the perturbation at which biceps EMG activity
exceeded 3 SD of the background muscle activation. The
onset of the M2 response was determined visually as
EMG activity often did not return to baseline following
the M1. M1 and M2 response size were quantified as the
area under the rectified EMG signal over a 20 ms time
window following response onset. A further 20 ms per-
iod of EMG activity was evaluated immediately prior to
perturbation onset to quantify background muscle
activation levels (see Fig. 1b for example). Reflex re-
sponse size was expressed relative to the level of muscle
activation in this background EMG window. Similarly,
MEP onset was determined as the first point following
the stimulus artifact that exceeded 3 SD of the back-
ground muscle activation. MEP area was measured in a
20 ms window following this response onset.

In Experiment 1, a three-way task instruction (DNI,
FLEX) x perturbation velocity (SLOW, FAST) x per-
turbation duration (SHORT, LONG) repeated mea-
sures (RM) analysis of variance (ANOVA) was used to
investigate M1 reflex area, M2 reflex area, and the level
of background EMG activity in the biceps and triceps
muscles. In Experiment 2, reflex response size in the M2
time period was compared using a two-way task
instruction (DNI, FLEX) x response (M1, M2) RM
ANOVA. To examine changes in corticospinal excit-
ability during the stretch reflex response in Experiment
3, the response area in the combined TMS-joint per-
turbation condition (S;,) was expressed relative to the
algebraic sum of the joint perturbation alone (Experi-
ment 1, S;) and TMS alone (S,) responses:

Si2

Relative MEP area = ————.
(S1+$2)

(1)

This method has been used previously to examine the
interaction of cortical stimuli and reflex responses (Pet-
ersen et al. 1998; Lewis et al. 2004). While we
acknowledge that the interaction of these two responses
is not likely to result in an algebraic summation of
muscle activity, this method of analysis enabled us to
compare the modulation of corticospinal excitability
between the different perturbation and task instruction
conditions across subjects. A three-way task instruction
(DNI, FLEX) x perturbation velocity (SLOW, FAST) x
perturbation duration (SHORT, LONG) RM ANOVA
was used to investigate changes in relative MEP area.
In Experiment 4, the time-course of changes in M2 and
MEP area was analyzed by comparing MEP area
between the DNI and FLEX task instructions at each of
the four stimulus delays. MEPs were compared using
one-tailed paired ¢-tests adjusted using a Bonferroni
correction factor. In Experiment 5, a one-way ANOVA
was used to compare the level of SICI between condi-
tions (DNI, FLEX, control).
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In all analyses, significant main effects and interac-
tions were further examined using ¢-tests corrected for
multiple comparisons. Differences at an « level < 0.05
were considered to be significant. Results are reported as
mean + standard deviation.

Results

Effect of task instruction and perturbation
characteristics on the stretch reflex

We observed a task-dependent modulation of the EMG
in the M2 time period across all conditions, including
when an M2 was not present. Both the M1 and M2 also
were influenced by the velocity of the perturbation;
however, perturbation duration affected only the M2.
Example reflex responses from an individual subject are
shown in Fig. 2. In this subject, an M2 was not elicited
following the two perturbations of SHORT duration.
Following perturbations of LONG duration, the M2
response was facilitated in the FLEX task instruction
compared to the DNI task instruction. In contrast, the
M1 was not affected by task instruction or perturbation
duration.

Group results showing M1 and M2 area in all per-
turbation conditions are displayed in Fig. 3. Overall, the
average onset latency of the M2 response was
61 + 5 ms. By design, an M2 was not elicited following

Fig. 2 Representative stretch
reflex responses from an
individual subject following
SLOW (left, 250 mm/s) and
FAST (right, 500 mm/s)
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the SHORT perturbation, resulting in a significant effect
of perturbation duration for this response (¥} 9 = 70,
P < 0.001). In fact, EMG activity over the M2 time
period following SHORT perturbations in the DNI task
instruction was suppressed relative to baseline EMG
activity (paired r-test SLOW, corrected P < 0.001;
FAST, P = 0.004). Despite the absence of an M2 re-
sponse for the SHORT perturbation condition, EMG
activity over the M2 time period was greater during the
FLEX task instruction at all perturbation velocity and
duration combinations (Fj ;o = 9.6, P = 0.01). The
interaction between perturbation duration and task
instruction was also significant for the M2 (¥ 1o = 5.1,
P = 0.05). This interaction indicated that the level of
EMG activity was facilitated in the FLEX task
instruction to a greater extent following perturbations of
a LONG duration compared to SHORT. A main effect
of velocity showed that M2 area was larger at the FAST
velocity compared to SLOW (F; ;9 = 10.7, P = 0.008),
irrespective of duration. A significant interaction be-
tween perturbation velocity and task instruction also
was detected (Fy ;9 = 7.5, P = 0.02), indicating that
responses were facilitated to a greater extent in the
FLEX task instruction following perturbations of a
FAST velocity.

The M1 response had an average onset latency of
22 £ 2 ms. The M1 displayed a larger response area
following perturbations at the FAST velocity compared
to the SLOW (£, 10 = 15.8, P = 0.003). There were no
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M2 responses are indicated by
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traces show biceps EMG
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Fig. 3 Group averages of M1 (a) and M2 (b) response area for the
“do not intervene” (DNI) and “oppose the displacement” (FLEX)
task instructions. Response area has been normalized to the level of
background muscle activation. The effect of perturbation velocity
was significant for the M1 response. For the M2 response, there

other significant main effects or interactions for M1 re-
sponse area (all P > 0.2).

The background activation levels of the biceps and
triceps muscles were analyzed in all joint perturbation
conditions. No significant main effects or interactions
with task instruction were detected for either muscle (all
P > 0.1). This indicates that the pre-activation levels of
the biceps and triceps muscles were comparable in all
perturbation conditions.

Modulation of EMG in the M2 time period

The M1 response demonstrated task-dependent modu-
lation when evoked in the M2 time period. Figure 4
shows examples of reflex responses in an individual
subject following a LONG elbow extension perturbation
(Fig. 4a) and following a LONG elbow extension per-
turbation that was preceded by a brief flexion displace-
ment (Fig. 4b). Note that, in Fig. 4b, the timing of onset
of the M1 corresponded to the normal timing of the M2
for the LONG perturbation condition shown in Fig. 4a.
Both of the responses are facilitated in the M2 time
period in the FLEX task instruction.

Group results comparing response size between the
two task instructions are shown in Fig. 4c. Across both
joint perturbation conditions, the reflex response over
the M2 time period was significantly larger in the FLEX
task instruction compared to DNI (F;g = 14.2,
P = 0.005). The main effect of reflex response
(Fig = 1.7, P = 0.2) and the interaction between task
instruction and reflex response were not significant
(Fig = 1.6, P = 0.3). This indicates that the M1 and
M2 responses were facilitated to a comparable extent
when they were in the same time period relative to the
initial proprioceptive cue.

An ANOVA comparing the level of background bi-
ceps muscle activation prior to the perturbations did not
reveal any significant differences between conditions (all
P > 0.2). Also, there was no difference in the size of the

were significant main effects of perturbation velocity, perturbation
duration, and task instruction. Note that the normalized values are
less than one for the M2 following SHORT perturbations in the
DNI task instruction, i.e. an M2 response is not elicited. Error bars
represent one standard error of the mean

M1 elicited following the single LONG perturbation and
the M1 that was evoked in the M2 time period (paired ¢-
test; P = 0.4).

Effect of task instruction on corticospinal excitability

Corticospinal excitability during the M2 time period was
influenced both by the duration of the perturbation and
the task instruction. The average ATh and test stimulus
intensities used in this experiment were 41 £+ 10 and
49 £ 12% of maximum stimulator output, respectively.
Figure 5 displays representative EMG traces depicting
the response to TMS during the stretch reflex response in
an individual subject. Shown below each MEP is the
stretch reflex response in the same individual when the
joint perturbation was presented in isolation. Group
results of relative MEP area in the various perturbation
conditions are shown in Fig. 6.

The group results showed that the combined MEP
and stretch reflex response was larger in the FLEX task
instruction compared to DNI (F; ;o = 6.0, P = 0.04).
Relative MEP area was also consistently larger follow-
ing perturbations of a LONG duration compared to
SHORT (Fi10 = 5.2, P = 0.05). To confirm a facili-
tation of MEP amplitude when delivered during the M2
time period, we compared relative MEP amplitude in the
two LONG duration DNI task instruction conditions to
relative MEP amplitude when timed to arrive at the M1.
At both velocities, the relative MEP area at the M2 was
larger than the relative MEP area in the M1 (both
P = 0.03). There were no further significant effects or
interactions for these data (all P > 0.08).

Time course of changes in corticospinal excitability
Significant changes in corticospinal excitability with task

instruction were not observed until immediately prior to
the onset of the M2. Group results showing MEP area at
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Fig. 4 Example stretch reflex responses in an individual subject
following a long extension perturbation (a), and following a long
extension perturbation when preceded by a brief flexion movement
(b). The actuator displacement for each condition is shown below
the reflex response. The delay between the brief flexion movement
(indicated by arrow) and the long perturbation was timed so that
the M1 would occur in the normal M2 time period (gray bar). The
light traces indicate the response in the “do not intervene” (DNI)

the four tested stimulus delays are shown in Fig. 7. MEP
area in the FLEX task instruction was significantly lar-
ger than in the DNI task instruction when TMS was
timed to elicit a MEP at the onset of the M2 (delay
44 £+ 4 ms; corrected P = 0.04), but not when TMS
was applied at 30 ms or earlier (all P > 0.1).

Effect of task instruction on intracortical excitability

Significant differences in the excitability of intracortical
inhibitory circuits were not observed between the DNI
and FLEX tasks. Figure 8a shows TMS-elicited re-
sponses in the biceps muscle of an individual subject
following single- and paired-pulse stimulation given in
control (no perturbation) and the two joint perturbation
conditions. The top row of Fig. 8a illustrates how the
stimulator output was adjusted to match the non-con-
ditioned MEP amplitudes across conditions. The aver-
age test stimulus intensity to elicit a MEP of the required
amplitude was 56 + 11% in the FLEX task instruction,
58 £+ 11% in the DNI task instruction, and 66 = 11%
in the control condition. In the control condition (left

0.1 mV

15 mm

30 ms

O DNI
W FLEX

task instruction and the dark traces indicate the response in the
FLEX task instruction. All traces are an average of 20 responses. ¢
Group results showing the M2 and M1 (in the M2 time period)
response size for both DNI (light bars) and FLEX (dark bars) task
instructions. Both responses are facilitated in the FLEX task
instruction. *P < 0.05. Error bars are one standard error of the
mean

column), the MEP response was inhibited when pre-
ceded by a subthreshold conditioning stimulus. When
delivered during a reflex response, inhibition following
dual stimulation no longer occurred. These findings are
reflected in the group results (Fig. 8b).

There were no significant differences in non-condi-
tioned MEP amplitude among the three conditions
(control = 0.58 + 0.19 mV; DNI = 0.58 + 0.14 mV;,
FLEX = 0.56 £ 0.17 mV; P > 0.8), indicating that
test MEP amplitude was matched sufficiently. In the
control condition, paired-pulse stimulation resulted in
an inhibition of MEP amplitude to 70 = 19% of the
non-conditioned mean. When the MEP was timed to
arrive at the onset of the M2, conditioned MEP ampli-
tudes were 111 £ 36 and 122 £ 31% of non-condi-
tioned values in the DNI and FLEX task instructions,
respectively. Post-hoc analysis of a main effect of con-
dition (F;9 = 12.9; P = 0.001) confirmed that the level
of SICI was significantly greater in the control condition
compared to the DNI (P = 0.02) and FLEX
(P = 0.001) task instructions. The difference in the level
of SICI between the two task instructions was not sig-
nificant (P = 0.5).
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Fig. 5 Biceps EMG recordings from an individual subject when the
response to transcranial magnetic stimulation (7MS) was timed to
arrive at the onset of the M2. Responses during the “do not
intervene” (DNI) task instruction are shown in gray, while those
during the “oppose the displacement™ (FLEX) task instruction are
shown in black. Below each trace are the equivalent responses
elicited when the joint perturbation was given without cortical
stimulation. The traces are an average of 10 responses for the
combined TMS and stretch reflex conditions and an average of 20
responses for the joint perturbation in isolation. The onsets of the
M1 and M2 are indicated by the arrows

Discussion

We investigated the effect of task instruction on the bi-
ceps stretch reflex and the contribution of the M2 re-
sponse to the modulation of EMG activity observed
over the M2 time period. The results of these experi-
ments showed that task-dependent modulation of EMG
activity and MEPs during the M2 time period occurred
independent of the presence of a stretch-induced M2
response. SICI was markedly reduced when paired-pulse
TMS was timed to coincide with the onset of the M2
time period, but these effects were not influenced by task
instruction. These results demonstrate that the biceps
M2 response can be modulated by voluntary intent, but
that this modulation is not specific to the M2 pathway
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Fig. 6 Group results showing relative motor evoked potential
(MEP) area when the response was timed to arrive at the onset of
the M2. MEP area is expressed relative to the sum of the stretch
reflex (S}) and MEP (S,) areas when presented alone. Also shown is
the normalized MEP size when the MEP was timed to arrive at the
onset of the M1 (250 mm/s, 60 ms perturbation). *P < 0.05. Error
bars represent one standard error of the mean
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Fig. 7 Group results showing motor evoked potential (M EP) area
when the cortical stimulus was delivered at four time delays
following a joint perturbation. Responses are shown for the “do
not intervene” (DNT; light) and “oppose the displacement” (FLEX;
dark) task instructions. Asterisks indicates a significant difference in
MEP area between the two task instructions. Error bars are one
standard error of the mean

and does not appear to involve modulation of GABA 4-
mediated intracortical inhibitory circuits. These findings
are discussed below in relation to the possible pathways
mediating the task-dependent modulation of EMG
activity during the M2 time period.

Modulation of the M2 with task instruction

The results of Experiment 1 showed that M2 response
area was clearly modulated by task instruction. This
modulation was unlikely to be the result of changes in
the level of spinal motoneuron excitability prior to the
perturbation (Capaday et al. 1994) since biceps and tri-
ceps background activation levels were the same across
the various perturbation conditions. Most importantly,
we observed that EMG activity over the M2 time period
was facilitated during the FLEX condition even when a
short duration perturbation was applied. We and others
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Fig. 8 a Example motor evoked potentials (M EPs) in an individual
subject following paired-pulse stimulation. Responses on the left
were elicited in a control condition with the biceps pre-activated at
5% of maximum voluntary contraction and held stationary. The
middle column shows responses when the MEP was timed to arrive
at the onset of the M2 during the ““do not intervene” (DNI) task
instruction. The right column shows responses when the MEP was
timed to arrive at the onset of the M2 during the “oppose the
displacement” (FLEX) task instruction. The top row shows the

have shown that the M2 response is absent when the
perturbation is applied for less than a critical time
duration (Lee and Tatton 1982; Lewis et al. 2005).
Moreover, there is a marked suppression of EMG
activity during this time period below pre-activation
baseline levels. This suppression has been attributed, in
part, to a disfacilitation of synchronous input to the
motor neuron pool (Poliakov and Miles 1994; Lewis
et al. 2005). In addition, we showed that the M1 re-
sponse was modulated by task instruction when its onset
was timed to coincide with the usual onset of the M2
response (Experiment 2). Thus, our findings provide
support for the hypothesis that the task-dependent
modulation of the M2 is mediated by the early release of
the prepared voluntary response (Crago et al. 1976;
Rothwell et al. 1980).

In the FLEX task instruction, EMG activity in the
M2 time period was facilitated to a greater extent fol-
lowing LONG perturbations compared to SHORT. This
interaction effect likely reflects the difference in activa-

RESIST

0.5 mv

non-conditioned response, which was matched between stimulation
conditions. Responses in the bottom row were conditioned with a
subthreshold stimulus at an inter-stimulus interval (IS7) of 2 ms.
The arrows indicate the onset of the MEP in the two conditions
involving a joint perturbation. b Group results showing condi-
tioned MEP amplitude (relative to non-conditioned) for the two
task instructions and the control condition. *P < 0.05. Error bars
are one standard error of the mean

tion threshold of the motoneuron pool in a disfacilitated
(SHORT) versus facilitated (LONG) state. Alterna-
tively, we cannot rule out the possibility that some
portion of the M2 reflex pathway mediating the LONG
duration response is modulated and contributes to the
task-dependent effects for the FLEX condition in addi-
tion to the non-specific facilitation described above.

Modulation of corticospinal excitability with task
instruction

Previous studies using TMS have shown that corti-
cospinal excitability increases following an imposed joint
displacement at a time consistent with the passage of the
afferent volley through the motor cortex (Day et al.
1991; Deuschl et al. 1991; Palmer and Ashby 1992;
Petersen et al. 1998; Lewis et al. 2004). This was also
evident in our results. The lower relative amplitude of
the MEPs during the SHORT duration perturbations



was probably due to the marked suppression of EMG
activity below tonic pre-perturbation levels in the M2
time period. It is well known that there is a non-linear
relationship between the level of ongoing muscle activity
and MEP amplitude (Turton and Lemon 1999). Fol-
lowing the SHORT perturbations, a relative MEP area
of less than one would be expected due to the low motor
unit activity at the time of the arrival of the TMS-in-
duced volley. Instead, the relative MEP area had an
average value that approximated one, suggesting that
the MEP had been facilitated upstream of the moto-
neuron pool.

Our results also indicated that MEPs were enhanced
in the FLEX task instruction regardless of perturbation
duration. This ubiquitous facilitation suggests that the
excitability of synaptic elements somewhere along the
corticospinal pathway is increased independently of the
pathway that generates the M2 response. Studies of
movement-related cortical potentials evoked by imposed
displacements of the wrist have shown that activity over
the motor cortex begins approximately 35 ms after
perturbation onset (MacKinnon and Rothwell 2000).
These potentials vary with perturbation velocity
(Abbruzzese et al. 1985) but are unaffected by task
instruction (MacKinnon et al. 2000). These findings are
in agreement with our suggestion that modulation of
EMG activity over the M2 time period occurs down-
stream from the motor cortex.

An alternative explanation for the main effect of task-
instruction on the size of the MEPs is that the level of
motor unit activity at the time of the arrival of the TMS-
induced corticospinal volley was different across condi-
tions (Fig. 3). Our results from Experiment 1 showing
that M2 size varied with perturbation velocity as well as
task instruction provide some evidence against this
explanation. Even though there were differences in the
level of EMG in the M2 time period between the dif-
ferent perturbation velocities, there was no effect of
velocity on the combined MEP/stretch reflex response.
This finding, together with the smaller relative MEP area
during the M1 response, indicates that the level of motor
unit activity has a limited influence on combined re-
sponse size when comparing responses generated during
similar levels of motoneuron activation. Therefore, the
facilitation of MEP responses in the FLEX task
instruction most likely reflects the presence of an addi-
tional input to the corticospinal pathway.

One possibility is that the increase in MEP ampli-
tude across task conditions arises through a potentia-
tion of corticospinal pathway excitability preceding the
voluntary initiation of the instructed task. It has been
previously reported that H-reflex amplitude (Eichen-
berger and Ruegg 1984; Hasbroucq et al. 2000) and
TMS-evoked MEPs (Pascual-Leone et al. 1992; Ho-
shiyama et al. 1996; Chen et al. 1998) are facilitated
prior to the onset of movement in a reaction time task.
A recent study suggested that, when background EMG
is carefully controlled, this facilitation occurs not more
than 23 ms prior to reaction time (MacKinnon and
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Rothwell 2000). Based on MacKinnon and Rothwell’s
(2000) estimate and the time period of EMG modu-
lation in our data, corticospinal excitability would be
expected to increase at approximately the onset of the
M2. This could explain the facilitation of MEP re-
sponses at this time. Our findings relating to the time
course of changes in corticospinal excitability are also
consistent with this estimate since task-dependent
modulation of the corticospinal excitability was not
observed until more than 30 ms after onset of the
perturbation. As reaction times in the vicinity of 80 ms
are considered to be too fast for a voluntary response,
we suggest that the increase in EMG in this time
period reflects activity arising downstream from the
motor cortex.

Short-interval intracortical inhibition
and task instruction

Similarly, if the modulation during the M2 time period is
mediated by a voluntary response, then SICI should be
selectively decreased in pathways targeting the initial
agonist muscle during the FLEX task only (Reynolds
and Ashby 1999). We observed a significant reduction in
SICI when the test stimulus was delivered during a reflex
response compared to when the limb was held station-
ary. However, we did not find a difference in the level of
SICI between the two task instructions. In all condi-
tions, the background level of muscle activation prior to
the perturbation and test MEP amplitudes were mat-
ched. This finding suggests that the observed task-
dependent modulation in the M2 time period is not
mediated via GABA, intracortical inhibitory circuits
and that changes in EMG activity during the M2 time
period are mediated below the level of the motor cortex.

Early triggering of a subcortical response

We propose that the facilitation of the EMG activity
observed during the M2 interval when subjects attempted
to FLEX the perturbation was generated by an early
release of the prepared and intended voluntary response
(Houk 1978). Crago et al. (1976) had noted that task-
dependent modulation of stretch reflexes in the biceps
muscle could occur as early as 70 ms following pertur-
bation onset. They proposed that this response reflected
a “‘triggered reaction” to the perturbation. Similarly,
Rothwell et al. (1980) were able to show that modulation
of biceps EMG activity over the M2 time period was
markedly affected by the predictability of the timing of
the perturbation, suggesting that the modulation was due
to the superposition of a ““very rapid voluntary event’ on
the M2. Consistent with this idea is the observation that a
joint displacement imposed prior to a prepared move-
ment results in the early release of the initial agonist burst
associated with that movement, irrespective of whether
or not the agonist had been stretched by the perturbation
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(Koshland and Hasan 2000). It was speculated that these
early responses might be mediated by pathways similar to
those that generate the startle reflex. It has been shown
that a prepared movement sequence can be released by
an auditory startle stimulus at latencies in the range of
60—-80 ms (Valls-Sole et al. 1999; Carlsen et al. 2004).
Due to the very short latency of these reactions to startle,
it was hypothesized that these prepared movements are
released from subcortical structures, such the reticu-
lospinal pathway, similar to those that mediate the gen-
eralized startle reflex. Following LONG duration
perturbations in the FLEX task instruction, the afferent
volley evoked by the stretch may generate the M2 re-
sponse and also may release the prepared program from
subcortical structures resulting in an apparent facilita-
tion of the M2 response. Following SHORT perturba-
tions, there is no M2 response, however the general
facilitation we observed during the M2 time period sug-
gests that the prepared program is still released.

Generalizability across joints and motor tasks

In this study, we examined the effect of task instruction
of stretch-evoked EMG responses in the biceps muscle.
Extrapolation of these findings to other muscles, par-
ticularly muscles that control movement of the distal
upper limb, should be exercised with caution. There is
compelling evidence that the M2 response in thenar,
finger and wrist muscles is mediated, in part, by a
transcortical pathway that traverses the primary motor
cortex (Marsden et al. 1973, 1977; Capaday et al. 1991;
Day et al. 1991; Palmer and Ashby 1992; Tsuji and
Rothwell 2002). There has been no evidence to date for
such a transcortical loop in more proximal upper limb
muscles, including the biceps (Lenz et al. 1983; Cohen
et al. 1991; Thilmann et al. 1991; Fellows et al. 1996).
Task-dependent modulation of the M2 in distal muscles
has been shown to be smaller than the effect seen in
proximal muscles (Rothwell et al. 1980). This might be
explained by the fact that distal muscles have larger M2
responses than proximal muscles, which may indicate
that there is little room for increasing the magnitude of
this response. Comparable experiments in distal muscles
to those reported in this paper are needed to answer
these questions.

Our findings should also be considered separately
from studies that have analyzed reflex responses during
voluntary tasks requiring greater levels of motor preci-
sion. For example, Evarts and Fromm (1978) reported
enhanced responses to joint perturbations in corticosp-
inal tract neurons of monkeys during a fine motor
control task compared to static holding. Alterations in
reflex responses that occur during these types of high
precision voluntary tasks may arise through a neural
mechanism distinct from that mediating reflex modula-
tion during the more simple and predictable reaction
time task used in our study.

Conclusions

We have demonstrated that the modulation of the M2
reflex in the biceps muscle across different reaction tasks
is likely to arise from the superposition of a triggered
response and a long-latency reflex. In contrast to the
stereotypical M1, the ability to modulate EMG activity
over the M2 time period provides a means to adapt the
overall response to the current task requirements at
short latency. Corticospinal excitability increased prior
to the M2, but it remains to be seen if this change was
due to sensory afferent facilitation of motor cortical
excitability or reflected a change in corticospinal excit-
ability preceding the voluntary response to the pertur-
bation. It does not appear that the modulation of the
EMG activity over the M2 time period is mediated by a
change in activity of GABAa-mediated intracortical
inhibitory networks at the level of the motor cortex.
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