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Abstract

Movements that are executed or imagined activate a similar subset of cortical regions, but the extent to which this activity represents
functionally equivalent neural processes is unclear. During preparation for an executed movement, presentation of a startling acoustic
stimulus (SAS) evokes a premature release of the planned movement with the spatial and temporal features of the tasks essentially intact. If
imagined movement incorporates the same preparatory processes as executed movement, then a SAS should release the planned movement
during preparation. This hypothesis was tested using an instructed-delay cueing paradigm during which subjects were required to rapidly
release a handheld weight while maintaining the posture of the arm or to perform first-person imagery of the same task while holding the
weight. In a subset of trials, a SAS was presented at 1500, 500, or 200 ms prior to the release cue. Task-appropriate preparation during
executed and imagined movements was confirmed by electroencephalographic recording of a contingent negative variation waveform.
During preparation for executed movement, a SAS often resulted in premature release of the weight with the probability of release
progressively increasing from 24 % at —1500 ms to 80 % at —200 ms. In contrast, the SAS rarely (<2 % of trials) triggered a release of the
weight during imagined movement. However, the SAS frequently evoked the planned postural response (suppression of bicep brachii
muscle activity) irrespective of the task or timing of stimulation (even during periods of postural hold without preparation). These findings
provide evidence that neural processes mediating the preparation and release of the focal motor task (release of the weight) are markedly

attenuated or absent during imagined movement and that postural and focal components of the task are prepared independently.
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Introduction

For decades there has been interest in the use of
imagined movement as a surrogate for real movement. The
early experiments of Roland (1980) showed that mental
imagery of performing a sequence of finger movements
was associated with activity in the supplementary motor
area (SMA) but not the primary motor cortex (M1). The
absence of activity in M1 during imagined movement was
interpreted to reflect the SMA’s preferential role in the
preparation, not execution, of movement. Subsequent
electrophysiological and neuroimaging studies have shown
that there is considerably more overlap in premotor and
primary motor cortex activation during executed and
imagined movements than originally shown in the Roland
studies (Stephan et al. 1995; Lotze et al. 1999; Gerardin et
al. 2000; Cisek and Kalaska 2004; Hanakawa et al. 2008).
Behavioral measures and self-report suggest that subjects
perceive the timing and content of motor imagery to be
similar to motor performance (Decety et al. 1989; Decety
1993; Decety and Jeannerod 1995). Similarly,
electroencephalographic (EEG) studies have shown that
both executed and imagined movements are preceded by a
slow rising potential with comparable timing and
topography (Cunnington et al. 1996; Green et al. 1997,
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Jankelowitz and Colebatch 2002; Caldara et al. 2004;
Carrillo-de-la-Pena et al. 2008; Kranczioch et al. 2009;
Kranczioch et al. 2010). Based on the congruency of
location and timing of cortical activity associated with
imagined and executed movements, Jeannerod (2001)
proposed that mental imagery shares processes related to
the planning and preparation of movement, but overt
movements do not occur either because the final command
to execute the movement is not sent, or movement is
prevented by inhibition late in the process. For this reason,
motor imagery has been used as a surrogate for executed
movement to enhance sports performance (Kearns and
Crossman 1992; Gentili et al. 2006; Fontani et al. 2007;
Olsson et al. 2008; Frank et al. 2014; Schack et al. 2014),
as therapy after stroke or spinal cord injury (Dickstein et al.
2004; Jackson et al. 2004; Butler and Page 2006; Dunsky et
al. 2006; Lotze and Cohen 2006; Sharma et al. 2006; Braun
et al. 2008; Kho et al. 2014), as a method to derive
movement-related signals to drive and control brain
machine interfaces (Mason et al. 2007), or for movements
that cannot be performed within an imaging scanner (e.g.
gait) (Malouin et al. 2003; Bakker et al. 2007; Bakker et al.
2008; la Fougere et al. 2010; Snijders et al. 2011).
However, the efficacy of using motor imagery to enhance
performance (Holmes and Calmels 2008) or train the motor
cortical system in individuals with stroke, Parkinson’s
disease, or multiple sclerosis (Barclay-Goddard et al. 2011;
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letswaart et al. 2011; Braun et al. 2013) has been
questioned based on the limited success of interventions
and concerns about the equivalence of imagined and
executed movements.

Interpretation of the findings of functional neuroimaging
and EEG studies that have compared imagined versus
executed movements is constrained by the fact that a lack
of significant difference in outcome measures (e.g. blood-
oxygen-level dependent signal) between tasks does not
necessarily mean that the neural processes are equivalent.
In this study, we tested if the state of motor preparation is
different between an executed movement task (EM) and
kinesthetic imagery of the same movement (IM) by
presenting a startling acoustic stimulus (SAS) at three time
points during the movement preparation time period. A
SAS triggers the premature release of preplanned
movements, at latencies often less than 100 ms, when the
stimulus is applied at the same time as, or prior to, the onset
of an imperative stimulus to initiate movement (Valls-Solé
et al. 1999; Carlsen et al. 2004a; Carlsen et al. 2004b;
MacKinnon et al. 2007; Carlsen and Mackinnon 2010;
Rogers et al. 2011; MacKinnon et al. 2013). Despite the
short onset latencies, the temporal and spatial features of
the planned movement remain unchanged (Carlsen et al.
2004b). The short-latency release of voluntary movements
by a loud acoustic stimulus has been termed the StartReact
phenomenon (Valls-Solé et al. 2008). Most importantly,
the StartReact only occurs when the movement can be
prepared in advance (Carlsen et al. 2004a), suggesting that
the stimulus triggers the early release of stored motor
programs. We have previously shown that presenting a
SAS during the preparatory period of an instructed-delay
movement task can trigger the premature release of the
intended movement (Cressman et al. 2006; MacKinnon et
al. 2007; Carlsen and Mackinnon 2010; Rogers et al. 2011;
Alibiglou and MacKinnon 2012). The incidence of
movement release has been shown to be correlated to the
timing and magnitude of the movement-related cortical
potential preceding movement onset (MacKinnon et al.
2013). These observations show that a SAS can be used to
test time-varying changes in the state of preparation of the
movement.

One previous study has used the StartReact paradigm to
examine if prepared movements can be released during
motor imagery (Maslovat et al., 2013). This study showed
that the SAS evoked a partial release of movement in half
of the subjects tested. These results were interpreted to
suggest that executed and imagined movements were
prepared in a similar manner, but mental imagery was
associated with “subthreshold activation” of the output
such that a startling stimulus resulted in portions of the
response “leaking out”. However it is important to note
that partial responses were only seen in subjects who
showed evidence of task-related muscle activity during
mental imagery. In the subjects who did not show muscle
activity during imagery, the SAS did not release movement.
However, it is unclear if the lack of a StartReact in these
© Copyright 2015 by Anthony N. Carlsen

subjects reflects a higher threshold for release, absence of
motor preparation, or the absence of task-related imagery.
These issues highlight the difficulty of controlling for task
performance during mental imagery. To better control for
the presence or absence of task-related motor imagery, we
recorded scalp surface EEG to ensure that the onset of
executed and imagined movements were preceded by a
contingent negative variation (CNV) waveform that reflects
preparatory activity (Walter et al. 1964; Cunnington et al.
1996; Jankelowitz and Colebatch 2002; Caldara et al. 2004;
Carrillo-de-la-Pena et al. 2008; Kranczioch et al. 2009;
Kranczioch et al. 2010). If kinesthetic imagery of
movement relies on the same preparatory neural processes
as executed movement, then the presentation of a SAS
during preparation for imagined movement should evoke
an early and unintentional release of the planned
movement. We tested this hypothesis by applying a SAS at
various time points during the preparation phase of an EM
and IM task.

Methods

Subjects

Fifteen subjects participated in this experiment. Only
those subjects that showed a distinct CNV during both the
executed and imagined movement tasks were included in
the final analysis. These criteria ensured that subjects
prepared the imagined and executed movements in
response to the cues as instructed. Six subjects were
excluded from further analysis for this reason, resulting in a
total of nine right-handed subjects (seven female, two male,
age = 246 + 3.5 years). The participants had no
musculoskeletal or neurological disorders that affected
function of their upper limbs. Each subject was tested in a
single session. Written consent was obtained prior to the
start of the experiment and all procedures were approved
by the Institution Review Board at Northwestern University
in accordance with the Declaration of Helsinki.

Experiment Tasks

Subjects performed two tasks, an executed movement
(EM) and a matched imagined movement (IM). In both
tasks, subjects sat in an armless chair and held a vertical
rod attached to a 1.25 Ib (0.57 kg) load with their shoulder
abducted to approximately 20 deg., forearm parallel to the
ground and elbow flexed at 90 degrees (Figure 1a).
Subjects were required to maintain this relative arm
position in space throughout the data collection epochs.
For both the EM and IM tasks, an instructed-delay
paradigm was used, consisting of a warning tone (1000 Hz,
80 dB) followed 3 seconds later by an imperative release
tone (1000 Hz, 80 dB) (Figure 1a). Subjects were required
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to be alert and in the “ready” position several seconds prior
to each data collection epoch.

For the EM task, subjects were instructed to release the
weight as soon as possible following the release tone by
rapidly extending the fingers, but without changing their
arm posture. This task requires a stereotypical sequence of
anticipatory postural adjustments (initial suppression of
elbow flexor muscles activity, followed by finger extensor
activity) to ensure that elbow angle remains at 90 degrees
(Hugon et al. 1982). This task was chosen to ensure that
muscle activity associated with the instructed task was
different from that evoked by a classic startle reflex
(typically associated with rapid elbow flexion). Feedback
of reaction time (onset of finger extension acceleration)
was provided on a computer screen following the
completion of each trial. Subjects completed a set of
practice trials of the movement task to ensure that the task
was performed correctly (rapid weight release with little or
no change in elbow angle) and to establish a reaction time
criteria for feedback. During the data collection sessions,
reaction time feedback was provided in the following
manner: if the reaction time was within less than the 50th
percentile of RTs recorded during training trials, a green
square was presented and if it was longer, or prior to the
imperative release tone, a red square was presented.
Subjects were encouraged to achieve as many green square
trials as possible. Positive verbal feedback was given by the
experimenter for lowest reaction times. This feedback
tended to stabilize reaction time performance and kept the
subjects motivated.

For the IM task, subjects held the same weight and were
instructed to prepare to release the weight in the same way
as for the EM task; however, rather than releasing the
weight, they were told to imagine the sensation of rapidly
releasing the weight as fast as possible in response to the
release tone. All other aspects of the IM task were matched
to the EM task including the initial conditions (posture of
the upper arm) and timing of presentation of the warning
and release tones. The instructions required subjects to
imagine, in the first-person, the physical sensation of
releasing the weight, rather than to imagine watching
themselves or another person release the weight from a
third-person perspective (Sirigu and Duhamel 2001). Thus
the instructions were focused on first-person imagery of the
kinesthetic sensation of release and not the suppression of
release. A total of 4 blocks of 40 trials of the EM and IM
task (160 trials for each task) were performed. Subjects
always started with a block of executed movements, and
subsequently alternated between blocks of executed and
imagined movements. This order was used to ensure that
subjects had sufficient practice with the EM task before
performing imagined movements, since this has been
shown to affect the magnitude of the CNVs (Cunnington et
al. 1996) and activations observed during fMRI
(Wriessnegger et al. 2014). Breaks were taken between
blocks of trials and as needed to prevent fatigue.
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Figure 1. A. Summary of the timing of the stimuli for the instructed-
delay paradigm. A warning tone (100 ms, 1000 Hz, 80 dB) was
presented 3000 ms before an imperative release tone (100 ms,
1000 Hz, 80 dB). In a subset of trials a SAS (40 ms, 1000 Hz, 123
dB) was presented at either 1500, 500, or 200 ms prior to the
release cue. B. Grand average rectified EMG responses in the
finger extensors (extensor digitorum communis, EDC) and elbow
flexors (biceps brachii, BB) during executed (red lines) and
imagined (black lines) task conditions. Note the anticipatory
suppression of BB immediately preceding activation of the prime
mover (EDC) for the executed movement task.

Startling Acoustic Stimulus (SAS)

The SAS (40 ms, 1000 Hz) was presented using a
loudspeaker positioned 50 cm behind the subject’s head at
ear level. The SAS intensity was measured to be 123 dB at
the ear. The SAS was presented pseudo-randomly in 20%
of the trials for both the EM and IM tasks at timings of -
1500 ms, -500 ms, and -200 ms prior to the release tone (8
SAS trials for each stimulus timing and task). An additional
8 SAS control trials for each task were included during
which the stimulus was presented alone at the time when
the warning stimulus would have been presented (-3000
ms), that is, during a time period when subjects were alert
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and holding the required posture, but not yet preparing for
movement. Two SAS trials were never presented in a row.

Data Collection

Scalp surface EEG was recorded from a montage of 11
electrodes placed on the scalp using a cap. Signals were
recorded from electrodes at the following International 10-
20 locations: CZ, C3, C4, Fz, Pz, FC1, FC2; CP1, CP2,
FC5, and CP5. EOG was collected using electrodes placed
1 cm above and below the right eye over the upper and
lower canthi. EEG signals were referenced to linked
mastoid electrodes. Bipolar electromyographic (EMG)
recordings were obtained from electrodes placed over the
right biceps brachii (BB), right extensor digitorum
communis (EDC), and left sternocleidomastoid (SCM). The
SCM muscle was recorded as a marker of the presence or
absence of a stimulus-evoked startle reflex (Brown et al.
1991). As the startle reflex is, for the most part, bilaterally
symmetrical (Brown et al. 1991) the left SCM was recorded
since it would tend to be less likely to be activated as part
of the right limb voluntary response. Horizontal
accelerations of the hand were recorded using a uniaxial
accelerometer attached to the dorsum of the distal phalange
of the middle finger (Model 1202F, Measurement
Specialties). An accelerometer was also attached to the
0.57 K weight to capture the moment of release. The EEG
(band pass DC-200 Hz), EOG (band-pass 5-200 Hz) and
EMG (band-pass 30-500 Hz) signals from the BB and EDC
muscles were recorded at a sample rate of 1000 Hz using a
Neuroscan Synamps  data  acquisition system
(Compumedics, Ltd.). All other signals were recorded
using a Power 1401 (Cambridge Electronic Design, Inc.)
data acquisition board with a sampling rate of 2000 Hz.

Data Analysis

Movement release was manually marked by visual
inspection of the onset of EDC activity on a trial-by-trial
basis (Hodges and Bui 1996). Reaction time was then
calculated as the time from the onset of the release tone (for
control trials) or the SAS (for startle trials), to EDC EMG
onset. Trials in which the SAS evoked a short-latency
release of the weight (reaction time in EDC of less than 150
ms and verified by inspection of the finger and load
accelerometers) were identified. The incidence of release
was then calculated for each SAS presentation timing
(SAS-triggered releases / (number of SAS presentations —
error trials). Similarly, the incidence of trials with a SAS-
evoked suppression of activity in BB was also calculated,
irrespective of the presence or absence of an accompanying
burst in the EDC muscle. Trials with a startle reflex were
identified based on the presence of an SCM EMG burst
with an onset of between 50 -150 ms (Brown et al., 1991).
The incidence of trials with both an early burst in the SCM
muscle in conjunction with early release of the weight or
suppression of BB muscle activity was also quantified.

© Copyright 2015 by Anthony N. Carlsen

CNV waveforms were derived for each subject by
averaging all control (non-SAS) trials relative to the onset
of the imperative release tone for both the EM and IM
tasks. Although EMG onset for the EM trials was after the
tone, this approach ensured that the EM and IM tasks were
temporally aligned. Trials were rejected if there was EDC
EMG activity, eye movement or a deviation of +/- 50 pV in
the EEG signal between -4000 ms and the release tone. For
the IM task, trials were rejected using the same criteria as
the EM task with the additional criteria that no EMG
activity in EDC was permitted either before or after the
release cue. This ensured that the waveform created for the
IM task reflected the preparation for imagined and not
executed movements (Lotze et al. 1999).  Average
waveforms were baseline corrected to the mean signal
obtained over a 100 ms interval (-3850 to -3750 ms)
between the start of the epoch (-4000 ms) and onset of the
warning tone (-3000 ms). EEG amplitudes were computed
for each subject by calculating the area under the rectified
CNV waveform over a 100 ms interval centered around the
SAS probe timings (-1500, -500 and -200 ms) and the
baseline interval (centered at -3800 ms).

A task-related anticipatory postural adjustment (APA)
accompanying performance of the EM task was defined by
the presence of a sharply delineated reduction of the
rectified BB EMG activity beginning prior to, or at the
same time as, the onset of finger extensor activity. The
onset and end of the BB EMG suppression were marked
manually. The area under the curve during BB EMG
suppression was then computed and compared to an area of
the same duration calculated prior to the warning signal
beginning at -3800 ms. A matched number of Control
(non-SAS) and SAS trials (8 each; Control trials selected
randomly) were used for comparison between conditions.
For IM control (non-SAS) trials, BB silence onsets and
offsets were not present, therefore areas were calculated
based on onset and offset times matched to EM control
trials.

Statistics

Dependent variables were analyzed using repeated
measures ANOVA with factors of Task (EM vs. IM) and
Time (baseline, -1500, -500, -200 ms). Separate ANOVAs
were conducted at three EEG electrode locations: Cz
(vertex over the SMA), C3 (contralateral M1) and C4
(ipsilateral M1). Greenhouse-Geisser corrected degrees of
freedom were used to correct for violations of the
assumption of sphericity if necessary. Incidence (ratio)
variables were subjected to an arcsine square root transform
prior to ANOVA testing. Tukey’s Honestly Significant
Difference (HSD) test was used for post-hoc analysis of
interaction effects and across repeated measures. An alpha
value of p < 0.05 was set as threshold for significance.
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Results

EM Task performance

The release of the weight during control (non-SAS)
trials for the EM task was typically accompanied by an
anticipatory reduction of EMG activity in the BB muscle in
conjunction with a phasic burst of activity in the finger
extensors (EDC) (Figure 1b). The average reaction time
from the release tone to the start of BB EMG suppression
was 107
19 ms. There was no significant difference between the
EM and IM tasks in the mean rectified BB EMG during the
preparatory hold period (from -4000 ms to -500 ms) (p =
0.479).

Release of the movement by startle

Figure 2 shows examples of EMG activity in the elbow
flexors  (BB), finger  extensors (EDC)  and
sternocleidomastoid (SCM) muscles during the different
trial conditions from a single subject. The presentation of a
SAS during the preparation phase of the EM task
frequently evoked an early release of the weight
characterized by activation of the SCM, anticipatory
reduction of EMG activity in the BB muscle, followed by
activation of the finger extensors. The relative timing
between BB suppression and EDC activation was similar to

© Copyright 2015 by Anthony N. Carlsen
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that seen during control (non-SAS) trials (also see Figure
1b). In contrast, the presentation of a SAS during the IM
task did not evoke activity in the EDC muscle and was not
followed by a release of the weight. However, the SAS
often evoked a short latency suppression of the BB activity
for the IM task.

The incidence of early release of the weight by a SAS
was markedly different across time points and between the
EM and IM tasks (Figure 3). The EM task was associated
with a progressive increase in incidence of release from
24% at -1500 ms, 71% at -500 ms, to 80% at -200 ms. In
contrast, only two trials of movement release were recorded
across all subjects in the IM condition (both release trials
were in the same subject, once at -1500 ms and -500 ms).
In both task conditions, the presentation of a SAS at the
time of the warning cue (control SAS condition) rarely
evoked release of movement (only 1 trial across all
subjects). ANOVA results showed a significant main
effect of Task (F(1,8) = 57.5, p < .001, np2 = .88), Time
(F(3,24) = 46.2, p < .001, np2 = .85) and a Task by Time
interaction (F(3,24) = 62.4, p < .001, np2 = .87). Post-hoc
analysis of the Time effect showed that the incidence of
release was significantly greater at the -1500, -500 and -200
ms SAS times (p < 0.014) compared to the SAS control
(SAS alone at -3000 ms) condition, and at -500 and -200
ms compared to the -1500 ms condition (p < 0.001), but the
incidence was not significantly different between the -500
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Figure 2. Examples of EMG activity in the finger flexors (biceps brachii, BB), wrist flexors (extensor digitorum communis, EDC), and
sternocleidomastoid (SCM) muscles during the different trial conditions. The left panel shows responses during imagined movements (IM) and
the right panel shows executed movements (EM). During EM control trials (no SAS) (bottom right plot), movement release was preceded by a
suppression of EMG activity in BB (shaded grey box) and activation of EDC. Mental imagery of the same task (bottom left plot) was associated
with tonic BB activity to maintain the elbow posture, but there was no suppression of BB or activation of EDC. The presentation of a SAS at -
1500, -500 or -200 ms during the preparation phase for EMs evoked a rapid release of the weight that was accompanied by a burst of activity in
the SCM muscle, suppression of BB activity, followed by activation of the EDC muscle. During IMs, the activation of EDC is absent, but the SAS
consistently produced a suppression of BB activity. Similarly, the presentation of a SAS alone (i.e. no warning or release tone) also produced BB
EMG suppression and a SCM burst, but no EDC activity.
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and -200 ms SAS conditions (p = 0.348). Analysis of the
interaction effect showed that the incidence of early release
was significantly greater in the EM compared to the IM
tasks at -1500, -500 and -200 ms (p < 0.009) but not
between the SAS control conditions (p = 0.347).
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Figure 3. Average incidence of SAS-triggered release of the weight
across subjects for both the executed and imagined movement
tasks. Note the progressive increase in incidence for the executed
task and the lack of movement release for the imagined task.
Error bars are one standard error. * denotes a significant
difference at the p < 0.009 level.

The timing of EDC activation and BB suppression
during control and SAS trials is summarized in Table 1.
Statistical analysis of the EDC onset data was restricted to
the control trials (non-SAS) and -500 ms and -200 ms SAS
timing conditions since 4 out of 9 subjects had no responses
with the -1500 ms probe, and to the EM task since the wrist
extensors were rarely triggered by a SAS for the IM task. A
one-way ANOVA with repeated measures showed a main
effect of Time on the onset latency of EDC EMG (F(2,16)
=30.5, p <.001, np2 = .80). Post-hoc tests showed that the
onset latency was significantly shorter following a SAS at -
500 and -200 ms than in control trials (p < .01).

In contrast to the wrist flexors, the presentation of a SAS
consistently evoked a suppression of BB activity during
both the EM and IM tasks (see Figure 2 for example trials).
The average incidence of SAS-evoked suppression of BB
activity is shown in Figure 4. Note that the incidence of
suppression was high across all SAS conditions for both
tasks. Most importantly, a suppression of BB activity was
also seen for the SAS control condition (SAS at -300 ms)
during which subjects were holding the posture and
awaiting the warning cue (i.e. prior to the preparation phase
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of the task). A repeated measures ANOVA showed there
were no significant main effects of Task (F (1,8) < 2.6, p >
0.61), Time (F(3,24) < 1.3, p > 0.30) or interaction effects
((F(3,24) < 1.8, p > 0.08) in the incidence, onset timing,
duration or magnitude of the BB suppression.

There were also distinct differences in the excitability of
startle reflex pathways between the EM and IM tasks and
between the focal and postural responses. Much like the
incidence of movement release, the preparation phase of
the EM task was associated with a progressive increase in
the incidence of a SAS-evoked burst of SCM activity. The
average incidence of a SCM burst for the EM task was 39 £
35, 47 + 32, 76 + 27 and 84 + 21% of trials for SAS
control, -1500, -500 and -200 ms conditions respectively.
In contrast, the incidence of an SCM burst was relatively
was low for the SAS control condition (27 £ 37%) and
relatively constant during the preparation time period (40 +
33, 40 £ 32 and 45 + 32% for the -1500, -500 and -200 ms
conditions respectively). There were significant main
effects of Task (F(1,8) = 25.975, p = 0.011, np2 = .765),
Time F(3,24) = 15.743, p = < 0.001, np2 = 0.469) and an
interaction effect (F(3,24) = 4.161, p = < 0.017, np2 =
0.342) for the incidence of an SCM burst. The incidence
was significantly higher when a SAS was applied at -200
and 500 ms compared with the -1500 ms and SAS control
conditions (p < 0.016), and the incidence was higher at -
1500 ms compared to SAS control (p = 0.016).
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Figure 4. Average incidence of SAS-triggered suppression of biceps
brachii (BB) EMG across subjects for both the executed and
imagined movement tasks. Note that BB suppression was
observed for all SAS timings, including the SAS control
condition (SAS at -3000 ms). CON = control trials without a
SAS. Error bars are one standard error.
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Table 1. Summary of EMG data (all values are mean + 1 standard deviation)

EXECUTED
Control SAS Timing
(Non-SAS)

-1500 ms -500 ms -200 ms
Onset EDC 114 +19 97 +27* 86+21 75+12
EMG (ms)
Onset BB EMG 107 +21 100+10 97+17 86+14
Suppression (ms)
Duration BB 54+18 51+26 45+23 46 =27
Suppression (ms)
Magnitude BB 0.36£013 035+020 042+0.19 052%0.26
suppression**

INAGINED
Control Control SAS Timing Control
SAS (Non-SAS) SAS
-3000 ms -1500 ms -500 ms -200 ms -3000 ms
95+17 95+12 98 +16 103 +10 107+ 18
49 £ 24 50+27 51137 50 =24 46 = 28
036+0.13 036+017 039+012 039x013 036=x0.11

* mean based on 6 subjects.

** ratio of (area under curve during suppression)/(area under curve during baseline); EDC = extensor digitorum communis; BB = biceps brachi; SAS =

startling acoustic stimulus.

Post-hoc testing of the interaction effect showed that the
incidence of a SCM burst was higher for the EM compared
with the IM task at -500 and -200 ms and for SAS control
condition (p < 0.05) but not at -1500 ms. For the EM task,
the majority of SAS trials with an early onset of the EDC
muscle, BB suppression and release of the weight were
accompanied by a burst of activity in the SCM muscle (77,
78 and 84% of release trials for the -1500, -500 and -200
ms condition) and thus were consistent with a StartReact
effect (Valls-Solé et al., 2008; Carlsen et al., 2012). In
contrast, the BB suppression evoked by a SAS during the
IM task (without EDC activity or release of the weight) was
accompanied by a SCM burst in only about one half of the
trials (50, 48, 54 and 41% of trials with BB suppression for
the -1500, -500, -200 ms and SAS control conditions
respectively). When trials with and without a SCM burst
were separated, there was no significant difference in BB
suppression onset time between conditions at each SAS
time point (p > 0.13).

CNV associated with executed and imagined movement

The CNV waveform for the EM task was characterized
by an initial auditory-evoked potential in response to the
warning tone at -3000 ms, a subsequent period of sustained
activity with a slow developing negative slope, followed by
a more rapid-rising negative potential beginning an average
of 1750 + 320 ms (mean + 1 stdev) prior to the onset of the
finger extensor muscle activity (Figure 4). The IM task was
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also associated with slow rising negative potential that was
time-locked to the onset of the release tone, however, the
late increase in the slope of the negative potential that was
seen during the EM task was absent. Both the EM and IM
tasks showed a second auditory-evoked potential produced
by the release tone followed by a decrease in the negative
potential towards baseline. The EM and IM waveforms
following the release tone were closed aligned suggesting
that both tasks were completed with a similar time course.
ANOVA of the area under the CNV curve at the vertex
electrode (Cz) at the selected time points (baseline, -1500, -
500, -200 ms) showed a significant main effect of Time
(F(3,24) = 18.256, p < .001, np2 = .695), reflecting the
increase in amplitude of the CNV throughout the
preparatory time period. There was also a main effect of
Task (F(1,8) = 6.258, p = .037, np2 = .439) indicating that
the EM task resulted in larger amplitude CNV waveforms
than the IM. A significant Task x Time interaction effect
was also observed (F(3,24) = 8.225, p = .001, np2 = .507).
Post-hoc testing using Tukey’s HSD test showed that there
were no differences in CNV amplitude between EM and
IM at baseline and at -1500 ms, but the waveform for the
EM task had a significantly higher area under the curve
than that for IMs at the -500 ms and -200 ms time points (p
< .05) (Figure 4b). Similar findings of Task (p < 0.008),
Time (p < 0.001) and Task x Time effects (P < 0.001) were
observed at the C3 and C4 electrodes with the exception
that significant differences were also observed between
tasks at -1500 ms (p < 0.05) at the C4 electrode.
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Figure 5. A. Grand average CNV waveforms at each scalp surface electrode for the executed (red lines) and imagined (black lines) movement tasks.
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Discussion

The main finding from this study was the observation
that the presentation of a SAS during preparation for
imagined movement rarely (< 2% of trials across subjects)
evoked the release of the weight. This result is in marked
contrast to the EM task during which a SAS evoked a
premature release of the weight when the stimulus was
presented between 1500 and 200 ms prior to the onset of
the release tone. These findings provide evidence that
executed and imagined movements are prepared
differently. In addition, we observed that a SAS could
evoke the release of the required postural response (BB
EMG suppression), irrespective of the task or timing of the
SAS, suggesting that the timing and mechanisms of release
of the focal and postural components of the task are
prepared independently. Interpretation and implications of
these findings are discussed below.

In keeping with previous studies (Carlsen and
MacKinnon, 2010; MacKinnon et al., 2013), we observed
that the presentation of a SAS as early as 1500 ms before
the release cue often resulted in the premature execution of
the focal movement (hand opening and release of the
weight) for the EM task. As the timing of the SAS probe
approached the onset of the release tone, the incidence of
movement release progressively increased in conjunction
with an increased negativity of the CNV. The mean
reaction times from SAS to finger extensor EMG onset
were below 100 ms for each of the SAS probe timings and
typically accompanied by startle reflex suggesting that
these movements were involuntarily released by fast
conducting pathways that mediate the StartReact effect
(Valls-Solé et al. 1999; Carlsen et al. 2004a; Kumru and
Valls-Solé 2006) and do not reflect inadvertent voluntary
reactions to the SAS tone (Carlsen et al. 2007). These
findings demonstrate that, during the EM task, there was a
progressive increase in cortical activity mediating the
preparation and storage of the focal movement, that this
motor output was ready as early as 1500 ms prior to the
intended action, and that during the preparation phase there
was a decrease in the threshold by which sensory stimuli
can trigger the release of the planned movement.

In contrast, a StartReact effect on the focal movement
(release of the weight) was almost completely absent for
the IM task. Across subjects, a SAS evoked the release of
the weight in less than 2% of all IM trials. The presence of
a CNV that was time-locked to the release tone and
terminated at a time consistent with the completion of an
actual release (as for the EM condition) (Figure 5) provides
evidence that subjects performed the IM task as instructed.
The most parsimonious explanation for the absence of
SAS-evoked movement release during imagined
movements is that there was insufficient cortical activation,
as reflected in the CNV, for the SAS to trigger movement
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(Carlsen and Mackinnon 2010; Carlsen et al. 2012). This
explanation assumes that preparatory motor activity must
reach a sufficient level so that the excitatory input provided
by the SAS exceeds the threshold required to trigger the
initiation of movement. Indeed, the excitability of the
startle reflex pathway progressively increased during the
EM task, as evidenced by an increased incidence of a SCM
burst during SAS ftrials, but did not during the IM task.
Previous studies have shown that the level of startle reflex
excitability closely parallels the StartReact effect (Carlsen
and MacKinnon, 2010). However, the amplitude of the
CNV was higher at the Cz electrode during the IM task at -
200 ms compared to the EM task at -1500 ms (paired test; p
= 0.019) (see Figure 5) and the level of excitability of the
startle reflex was comparable (SCM incidence: IM at -200
ms = 45%, EM at -1500 = 47%). If the cortical activity at
these two time points reflects comparable processes, but
with heightened excitability during the IM task, then the
presentation of a SAS at -200 ms should have released the
movement in at least 24% of trials (similar to the EM
incidence at -1500 ms). This suggests that the underlying
neural processes between tasks at these points of time are
different; during the EM task, activity at -1500 ms included
components of readiness for motor output while activity at
-200 ms for the IM task did not.

Another possible explanation for the absence of
movement release during the IM task is that subjects
activity suppressed movement output throughout the task to
ensure that the weight was not released in response to the
SAS or imperative tone. Suppression of motor excitability
has been proposed as a mechanism of “‘impulse control’’
that prevents the inadvertent release of the intended
response (Dugue and lvry 2009; Dugue et al. 2010; Confais
et al. 2012). We consider this possibility to be unlikely for
the following reasons. First, care was taken to avoid this
confound by providing specific instructions for subjects to
imagine the kinesthetic sense of movement release rather
than the suppression of movement. Second, an active
suppression of motor output, as occurs during go-no go
tasks, is associated with an abrupt suppression of the slow-
rising negative potential at the time of movement
cancellation (Smith et al. 2013). As noted above, the CNV
associated with the IM task show a rising slope throughout
the preparatory period and terminated at a time appropriate
with the imagined release of the weight (i.e., after the
release cue), similar to the data for the executed movement.

The results of this experiment are, in many respects,
congruent with those reported by Maslovat et al. (2013)
who used a similar experimental paradigm to study the
preparation of imagined movement (Maslovat et al., 2013),
but differences in methodology and analysis lead to a
different interpretation of the findings. Maslovat et al. and
colleagues showed that the presentation of a SAS at the
same time as the imperative “go” stimulus rarely (8% of
trials) triggered the full motor response (release of a switch
by extending the wrist), but a partial release was commonly
observed (21% of trials). The presence of partial responses
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was interpreted to suggest that that the neural substrates
mediating executed and imagined movements are similar,
but lowered excitability during motor imagery attenuates
the StartReact effect resulting in a “leaking out” of the
planned motor output. However it is important to note that
partial movements were also commonly seen during
imagery trials without a SAS (14% of trials; 7 of 16
subjects), demonstrating that many participants executed
the movement during imagery. In subjects that did not
show EMG activity during imagery, the presentation of a
SAS never evoked a full or partial response. Without EEG
or a comparable probe of imagery-related cortical activity,
it cannot be determined if the lack of a StartReact reflected
an absence of motor preparation or non-compliance with
the task instructions. In the present study, we controlled for
these potential confounds by recording the imagination-
related CNV and excluded all IM trials that showed EMG
activity above baseline levels (from -4000 to +500 ms for
control trials; from -4000 to 50 ms after the SAS for SAS
trials). When these factors were controlled for, we found
that a StartReact effect during the preparatory phase of
motor imagery was very rare, suggesting that in the vast
majority of trials and subjects, threshold for release of
movement is either very high or imagery does not normally
involve the preparation of motor output for the focal task.

A somewhat unexpected and novel finding from this
experiment was the observation that the SAS evoked a
suppression of BB activity during all task and timing
conditions.  This includes trials when the SAS was
presented while subjects awaited the warning cue and were
holding the required posture of the arm (Figures 2 and 4).
This demonstrates that the triggering of the intended
postural response was unrelated to the presence of
movement- or imagination-related preparation. An
auditory startle reflex is usually accompanied by activation
of the elbow flexors (Brown et al. 1991), so the suppression
of BB activity is not easily explained by classic startle
pathways, however, testing of the startle reflex is not
usually conducted in the context of a postural stability task.
Nonetheless, the fact that the magnitude and duration of the
BB suppression was not significantly different from the
suppression observed during executed movements provides
evidence that the release was linked to the planned
movement. The observation that the required postural
response was frequently evoked by the SAS, even during
the hold period between trials, whereas the focal task was
not, suggests that the neural mechanisms and pathways by
which the stimulus accesses the focal and postural
components of a task may be different. Studies of focal
movements requiring either voluntary activation or
inhibition of muscle activity have consistently shown that
the rapid release of the planned action by a startle is usually
accompanied by SCM activation (Valls-Solé et al., 1999;
Carlsen et al., 2004, 2012a,b). In contrast, the triggering of
BB suppression during the IM task was not requisitely tied
a startle reflex. Approximately one half of the trials with a
SAS-evoked BB suppression did not show a SCM burst.
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Several studies have shown that context-relevant reflex
behaviors, such as postural responses, can result from
perturbations (Gahery et al. 1981; Cordo and Nashner
1982), even if no focal movement is made (Aruin et al.
2001). In the present study, the SAS can be considered to
be a perturbation that evokes BB suppression to maintain
the required postural set, that is, the stabilization of the arm
and elbow angle throughout the task. In this manner, the
BB suppression may reflect a default state of postural
preparation. An alternate hypothesis is that the BB
suppression is part of the stereotypical response to SAS
when holding an object. In support of this idea, a recent
study found that the subjects persist in holding an object in
the face of a perturbation that causes a conflict between
holding and releasing the object (Bateni et al. 2004).
Further experiments are necessary to distinguish between
these two explanations.

In summary, the results of this experiment provide
evidence that preparatory cortical activity, subcortical
excitability (both the startle reflex and the StartReact) and
level of preparation of the focal planned movement are
distinctly different between executed and imagined
movements. This has important ramifications for
applications that rely upon the assumption that neuronal
activity associated with mental imagery of a task involves
similar preparatory activity to that seen in real movements.
These applications include brain machine interfaces
(Mason et al. 2007), functional neuroimaging of whole
body or lower limb movement tasks (Malouin et al. 2003;
Bakker et al. 2007; Bakker et al. 2008; la Fougere et al.
2010; Snijders et al. 2011), neurorehabilitation (Dickstein
et al. 2004; Jackson et al. 2004; Butler and Page 2006;
Dunsky et al. 2006; Lotze and Cohen 2006; Sharma et al.
2006; Braun et al. 2008) and enhancement of sports
performance (Kearns and Crossman 1992; Gentili et al.
2006; Fontani et al. 2007; Olsson et al. 2008). Our data
may explain why these approaches have met with limited
success (Holmes and Calmels 2008). Instructing
individuals to attempt to move, despite an inability to do so
(e.g. in spinal cord injured patients), may provide a more
effective method to recapitulate normal motor preparatory
processes than strict kinesthetic imagery, especially in the
fields of neurorehabilitation and training for brain computer
interface devices.
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