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Abstract

Stimulus-response compatibility (SRC)—the fact that some stimulus-response pairs are faster than

others—is attributed in part to automatic activation of the stimulus-compatible response

representation. Cognitive models of SRC propose that automatic response activation can be

strategically suppressed if the automatic response is likely to interfere with behavior; in particular,

suppression is thought to occur in preparation for incompatible responses and when the required

stimulus-response mapping is unknown before stimulus presentation. We test this preparatory

suppression hypothesis in the context of imitation, a special form of SRC particularly relevant to

human social behavior. Using TMS, we measured muscle-specific corticospinal excitability during

action observation (motor resonance) while human participants prepared to perform imitative and

counterimitative responses to action videos. Motor resonance was suppressed during preparation

to counterimitate and for unknown mappings, compared to preparation to imitate and a baseline

measure of motor resonance. These results provide novel neurophysiological evidence that

automatic activation of stimulus-compatible responses can be strategically suppressed when it is

likely to interfere with task goals. Insofar as motor resonance measures mirror neuron system

activity, these results also suggest that preparatory control of automatic imitative tendencies

occurs through modulation of mirror neuron system activity.
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INTRODUCTION

Stimulus-response compatibility (SRC) describes the observation that reaction times are

faster when a stimulus and its required response share some property (for example, they

have similar spatial location), as compared to when they do not share any properties (Shaffer

1965; Kornblum 1990). Automatic imitation describes a special case of stimulus-response

compatibility (SRC) in which the stimuli represent human actions; participants either imitate

the stimulus by performing the same action (imitative/compatible response) or do not imitate

the stimulus and instead perform a different action (non-imitative/incompatible response). In

these tasks, “imitation” is defined as matching spatial and kinetic properties of the stimulus

and response. As would be expected from the SRC literature using symbolic stimuli,

reaction times are faster for imitative responses (which by definition share many properties

with the action stimulus) than for non-imitative responses (Brass et al., 2000; Stürmer et al.,

2000). For example, participants are faster to perform a grasping action while

simultaneously observing a grasping action than while observing a hand opening (Stürmer et

al., 2000). This reaction time benefit (henceforth, imitative compatibility effect) occurs even

when the observed action is not relevant to successfully perform the task, indicating that the

influence of the observed action on the motor response is unintentional, or automatic.

Like many other forms of SRC in which participants respond to static symbolic stimuli (De

Jong et al., 1994; Eimer et al., 1995), imitative compatibility effects are attributed to

automatic activation of the stimulus-compatible motor representation. In the case of

imitation, the mirror neuron system (MNS) has been hypothesized to underlie automatic

response activation (Ferrari et al., 2009), since it responds during the observation and

execution of similar actions and provides input to primary motor cortex (Di Pellegrino et al.,

1992; Iacoboni et al., 1999; Rizzolatti and Craighero, 2004).

Some cognitive models of SRC suggest that it is possible to strategically suppress the

automatic activation of a stimulus-compatible response when this response is likely to

interfere with task goals (Shaffer, 1965; De Jong, 1995; Vu and Proctor, 2004). In particular,

suppression occurs in preparation for incompatible responses (when the stimulus-compatible

response is incorrect) and in preparation for trials in which the required stimulus-response

mapping is unknown in advance of the stimulus (when the stimulus-compatible response is

incorrect half the time). This preparatory suppression manifests behaviorally as reduced

compatibility effects in the unknown mapping trials: the compatible response no longer

benefits from automatic response activation making compatible and incompatible reaction

times similar. In the alternative, more common scenario—when the required mapping is

known before the stimulus—the automatic response route is suppressed selectively for

incompatible trials, so that compatible trials have a speed advantage due to automatic
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response activation (Shaffer, 1965; Heister and Schroeder-Heister, 1994; De Jong, 1995; Vu

and Proctor, 2004).

When extended to imitation, this model of SRC suggests that the MNS may be suppressed in

order to avoid imitation when it is likely to interfere with motor responses. This is in line

with previous fMRI studies examining control of imitative tendencies, which have proposed

mechanisms involving MNS modulation (Spengler et al., 2009; Cross et al., 2013). While

there is accumulating evidence that both mirror neuron system activity (Newman Norlund

2007; Catmur 2007; Chong 2008; Molenberghs 2012) and imitative compatibility effects

(Van Baaren 2003; Likowski 2008; Chong 2009; Liepelt 2009; Leighton 2010) can be

modulated by attention and contextual factors, to date there is no neurophysiological

evidence demonstrating that controlling imitative tendencies (i.e. avoiding unwanted

imitation) occurs through mirror neuron system modulation. To test this hypothesis, we used

transcranial magnetic stimulation (TMS) to measure corticospinal excitability during action

observation in the setting of an imitative compatibility task. Facilitation of corticospinal

excitability specifically in the muscles involved in performing an observed action (motor

resonance) is a putative measure of MNS activity (Fadiga et al., 1995; Avenanti et al.,

2007). Therefore, we measured motor resonance as a measure of MNS-mediated imitative

response activation while participants prepared to imitate or counterimitate a simple finger

movement.

In line with preparatory supression models, we predicted lower motor resonance during

preparation to counterimitate and during preparation for an unknown stimulus-response

mapping, as compared to preparation to imitate. In addition, since such a pattern could be

explained by facilitation of motor resonance during preparation to imitate rather than

suppression for incompatible and unknown conditions, we obtained a baseline measure of

motor resonance during a control task with a similar design, except that participants

prepared to perform an arbitrary stimulus-response mapping. This controlled for basic motor

preparation effects, but removed any potential effects of compatibility between stimulus and

response.

MATERIALS AND METHODS

In Experiment 1, we first ran a group of participants without applying TMS to ensure that

our novel paradigm reproduced behavioral effects associated with preparatory suppression

models (Experiment 1), because twitches from supra-threshold TMS are likely to interfere

with reaction time measures. Specifically, we were looking for a reduction in the RT benefit

for compatible compared to incompatible trials when the stimulus-response mapping is not

known before the imperative stimulus. After replicating previous behavioral results that

justify motor resonance predictions based on preparatory suppression models, in Experiment

2 we ran a second group of participants with TMS to test our hypothesis that motor

resonance is suppressed in preparation for trials in which imitation may interfere with task

goals. RT was not considered in this experiment due to interference caused by TMS-induced

muscle twitches.
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Task Design

Imitation Task—Participants performed imitative or counter-imitative actions (flexion or

extension of the right index finger) in response to video stimuli. They were asked to rest

their index finger on the bottom right key of a keyboard (number pad “Enter”) so that the

finger was completely relaxed between responses. Flexion and extension responses involved

pressing the key and lifting the finger off the key, respectively.

In the first frame of each stimulus video, a left hand rested palm-down with fingers facing

the subject and the index finger in a half-raised position (i.e. a mirror image of the starting

position of the participant's response hand). This static frame was presented for 2.4 or 3.2

seconds and represented the preparatory period. Then, the target video (1.25 s) depicted the

index finger either extending further (lifting upward) or flexing (tapping downward) from

the starting position. The color of a thick border surrounding the video indicated whether

subjects should imitate (green border; half of trials) or counter-imitate (red border; half of

trials) the target video (Figure 1A, left).

On 2/3 of trials (Prep trials) the border color was presented during the preparatory period, so

that subjects could prepare to imitate (PrepIm; 1/3 of trials) or counter-imitate (PrepCI; 1/3

of trials) before the target video. On the remaining 1/3 of trials (NoPrep trials), the border

remained black throughout the preparatory period and changed to green or red at the onset of

the target video. Therefore, on these trials participants did not know the appropriate

stimulus-response mapping until the target video onset. The result is 3 different preparatory

conditions, the crucial conditions of interest in the TMS experiment (prepare to imitate,

PrepIm, prepare to counterimitate, PrepCI and prepare for unknown mapping, NoPrep;

Figure 1A, left column), but 4 different target conditions (PrepCI, PrepIm, NoPrep-CI,

NoPrep-Im; Figure1A, right column) because NoPrep trials are split into imitate and

counter-imitate conditions upon presentation of the target video.

In order to measure motor resonance during the 3 different preparatory conditions, half of

preparatory periods were interrupted by an action video (Figure 1A, right; this is when TMS

was applied and MEPs were measured in Experiment 2). These action observation (AO)

videos depicted a right hand either squeezing or releasing a ball held between the index

finger and thumb. There were 32 different AO videos (16 squeeze, 16 release), which varied

in hand orientation (index finger and thumb pointing left, as shown, or pointing down, not

shown) and ball color (blue, orange, yellow, white) to reduce habituation. The inclusion of

two different actions (squeeze and release) allowed us to measure from a single muscle

(reducing the required TMS intensity) but still examine the specificity of MEP facilitation

that is necessary to demonstrate motor resonance. Specifically, facilitation of the first dorsal

interosseus (FDI) muscle during observation of an action that uses the muscle (squeeze)

compared to an action that does not use the muscle (release) provides evidence of muscle

specific facilitation and motor resonance.

AO videos were constructed of 20 frames presented at 60 Hz, with the last frame remaining

on the screen for 834ms (total video length=1.15 s). AO videos were included on only half

of trials to discourage participants from waiting until after the AO video to begin

preparation. To maximize the likelihood that participants were preparing during the video, it
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was presented 2.4 or 3.2s after preparatory period onset—the same time as target videos

appeared in trials without an AO video. After the AO video the preparatory period continued

for 0.4 or 1.2 s before the target video was presented. The resulting trials were 3.65-6.8

seconds long, depending on Prep-Target, Prep-AO video and AO video-Target intervals;

trials were separated by a 1.5 s intertrial interval.

A total of 192 trials were presented in a constrained random order. Because the goal of the

study was to demonstrate modulation of MEPs obtained during the preparatory period, we

balanced the number of each of the three preparatory conditions: There were 64 PrepIm, 64

PrepCI and 64 NoPrep trials and 32 trials in each preparatory condition included an AO

video (16 squeeze, 16 release; each AO video presented once in each preparatory condition).

This created a balanced 3 (PrepIm/PrepCI/NoPrep) × 2 (Squeeze/Release) design with 16

MEPs per preparatory condition and observed action in Experiment 2. It should be noted,

however, that since NoPrep trials are split into NoPrep-Im and NoPrep-CI conditions upon

presentation of the target video, target conditions relevant to reaction time analysis

(Experiment 1) comprise a 2 (Prep/NoPrep) × 2 (Im/CI) design with 64 PrepIm, 64 PrepCI,

32 NoPrep-Im and 32 NoPrep-CI trials. There were not a sufficient number of trials to

examine the effect of the AO video (squeeze vs. release) on reaction times, but this factor

was counterbalanced and therefore should not affect results with respect to preparatory

modulation of compatibility effects.

Each of the three preparatory conditions (PrepIm, PrepCI, NoPrep) followed each other

condition with equal probability, as did imitate and counterimitate target conditions, and AO

and no AO trials. There were an equal number of flexion and extension responses for each

condition, with squeeze and release AO videos split evenly between responses. Following

these constraints, a new order was generated for each participant.

Control Task—A second control task was included as a baseline condition in which

similar two-forced choice motor preparation was required, but in the absence of any

stimulus-response compatibility. Participants performed the same flexion/extension

responses depending on the color (cyan or magenta) of a square patch (Figure 1B, left).

Trials began with an open black square (preparatory period) that was then filled in with

either cyan or magenta (target). The color-response mapping was counterbalanced across

participants: half of subjects performed finger flexion for cyan squares and extension for

magenta squares and the other half performed the opposite mapping. An AO video

interrupted the preparatory period in half of trials and timing was identical to the imitation

task (Figure 1B, right). Although ideally the baseline condition would be randomized with

the imitation task conditions, pilot studies made it clear that this would not be possible due

to the difficulty remembering and switching between the different stimulus-response

mapping rules associated with the two tasks. As such, the control task was performed in a

separate 7-minute run comprising 64 trials (32 AO videos: 16 squeeze, 16 release).

Experiment 1: Reaction Time

Participants—10 participants (2/8 M/F, 18-24 years old) were recruited from an

undergraduate subject pool and received course credit for participating. Participants were
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right-handed, neurologically healthy and were not taking psychoactive medications. The

study was approved by the UCLA Institutional Review Board and written informed consent

was obtained from all participants.

Procedure—Participants were familiarized with the imitation task first with no AO trials

for 5 minutes. They were instructed to “prepare as much as possible while waiting for the

finger movement so you can respond quickly and accurately.” AO trials were then added for

an additional minute of practice. At this time, subjects were told an additional video might

occur while they were preparing. They were instructed that the video was not relevant to the

task, and therefore, to try to maintain preparation for the upcoming response throughout the

preparatory period even if an AO video occurred. The imitation task was separated into three

consecutive runs lasting about 7 minutes each, with a short break between runs. The order of

imitation and control tasks was counterbalanced across subjects.

EMG Recording and Analysis—To measure reaction time, EMG activity was recorded

from surface electrodes placed over the first dorsal interosseus (FDI) and extensor digitorum

communis (EDC) muscles of the right hand and forearm (button presses could not be used

for reaction time since they occurred on only half of trials—those requiring a flexion

response). In each trial, data were recorded for 4.8 seconds starting 2 seconds after the onset

of the preparatory period so that recordings included 0.4 or 1.2 seconds of preparation, the

AO (when present) and target videos, and at least 1.2 seconds after the target video onset

(response window). EMG signals were amplified (×1000), bandpass filtered online (50-450

Hz; Delsys, Inc., Boston, MA) and digitized at 5000 Hz for offline analysis.

The time of muscle activation was determined for flexion (FDI) and extension (EDC)

responses using custom MATLAB software implementing a double threshold procedure

(Lidierth, 1986) and verified visually for each trial while blind to condition. Although the

FDI was often active during finger extension as well as during flexion, activity in the EDC

was selective for extension, making it possible to distinguish flexion and extension

responses on EMG (see Figure 2). When EMG onset or response action could not be

determined due to excessive background activity or other noise, the trial was discarded (only

1.5% of trials).

Reaction time (RT) for each trial was calculated as the time of muscle activation relative to

the target video onset. Mean percent error and reaction times (errors and outliers greater than

3 SD from the mean excluded) for each condition and subject were calculated and analyzed

with 3-way repeated measures ANOVAs [2 (Prep, NoPrep) × 2 (Imitate, Counterimitate) × 2

(AO video, No AO video)]. Because we had clear directional predictions from previous

compatibility studies, the significant 2-way interaction (Prep/NoPrep × Imitate/

Counterimitate) was explored with planned paired t-tests to determine whether the

compatibility effects (difference between counterimitation and imitation) were reduced in

NoPrep compared to Prep trials as proposed by the suppression hypothesis. The control task

was used for comparison of motor resonance in Experiment 2, and was included in

Experiment 1 only to ensure that behavioral data were collected under identical procedures

as Experiment 2 (aside from the absence of TMS). Therefore, behavioral data were not

analyzed for the control task.
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Experiment 2: TMS/MEPs

Participants—21 participants recruited through a campus newspaper and posted fliers

completed Experiment 2 (8/13 M/F, 18-34 years old). Participants were right-handed,

neurologically healthy, not taking psychoactive medications and had no seizure risk factors.

The study was approved by the UCLA Institutional Review Board and written informed

consent was obtained from all participants. Data from 1 subject were lost due to data

collection error. In addition, 4 participants were unable to relax the FDI muscle consistently

despite repeated reminders and were therefore excluded (11-43% of trials with >50μV root

mean squared EMG activity during 100ms pre-TMS window vs. 0-5% in relaxed subjects).

Data from the remaining 16 participants (4/12 M/F) were analyzed.

Procedures—Task procedures were identical to Experiment 1 with the addition of TMS

stimulation during AO videos to measure motor resonance. The imitation task was also

divided into 4 runs instead of 3. In addition, at the end of the session participants performed

7-10 trials in which they squeezed and released a ball, as done in the AO videos, to provide

a measure of FDI activity during execution of the same actions.

Transcranial Magnetic Stimulation—TMS was applied through a figure-of-eight coil

(70mm diameter) connected to a Magstim 2002 magnetic stimulator (Magstim, Whitland,

Dyfed, UK). The coil was placed tangential to the scalp over left M1 with the handle

pointing backward and angled 45° from the midsagittal line. At the beginning of the session,

the optimal site to evoke an MEP from the FDI (“hotspot”) was located. A frameless

stereotaxy system (Brainsight, RogueResearch, Montreal, Canada) was used to record the

location of the hotspot and then to monitor coil placement throughout the experiment. After

locating the hotspot, the resting motor threshold (MT) was determined as the lowest

intensity required to evoke an MEP of at least 50μV peak-to-peak amplitude in at least 5 out

of 10 trials while the participant was relaxed. The intensity was then raised to 120% of MT

for the duration of the task.

During task performance, single TMS pulses were administered over left primary motor

cortex (M1) during each AO video to evoke an MEP in the right FDI. The FDI muscle was

chosen for MEPs because it is selectively active for the squeeze compared to release actions

depicted in the AO videos (shown below) and because it is easier to obtain stable single-

muscle MEPs from the FDI compared to the EDC. The fact that the EMG activity of the FDI

was not as selective as the EDC for the flexion/extension task responses (Experiment 1) is

irrelevant to muscle selection for measuring motor resonance. Indeed, the flexion/extension

task responses are different actions than those depicted in AO videos.

TMS stimulation occurred at the onset of the last AO video frame (317ms after video onset)

when the hand was in the fully squeezed or fully released position. This very short period

between AO video onset and TMS stimulation was chosen to increase the likelihood that

participants were in the appropriate preparatory state during stimulation, since the presence

of the AO video signals that a response is not required immediately and therefore may

reduce preparation. Although short periods of action observation have only rarely been used
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in the motor resonance literature (Barchiesi and Cattaneo, 2013), a pilot study confirmed

that the stimuli and timing did in fact evoke motor resonance.

EMG/MEP Recording and Analysis—EMG acquisition was the same as Experiment 1.

MEPs recorded from the FDI were analyzed offline. Since even very small muscle

contractions increase MEP size (Rösler et al., 2002), MEPs were excluded when activity

was identified in the 100ms prior to TMS stimulation upon visual inspection while blind to

condition (only 2.7% of trials). MEPs from error trials were also excluded from analysis. As

a result of these procedures, an average of 14.3 ± 0.4 MEPs per condition were analyzed for

each subject (total possible = 16). The size of each MEP (peak-to-peak amplitude) was used

as a measure of corticospinal excitability of the FDI muscle. Peak-to-peak amplitude was

determined in a 40ms window starting 10 ms after stimulation (Figure 2, inset). MEP

amplitudes were normalized to reduce the impact of between-subject and between-run

variability (Baldissera et al., 2001). This was accomplished by dividing each MEP

measurement by the mean of all MEPs from the same run. Therefore, normalized MEP

amplitudes represent proportion of the run mean amplitude.

Means of the normalized MEPs were calculated for each condition (Imitation task, 6

conditions: PrepIm/PrepCI/NoPrep × Squeeze/Release; Control task, 2 conditions: Squeeze/

Release) and analyzed with repeated measures ANOVA and planned t-tests in two stages.

First, we analyzed the imitation task with a 3 (Preparatory condition: PrepCI, PrepIm,

NoPrep) × 2 (Action observed: Squeeze, Release) repeated measures ANOVA to determine

whether there was a preparatory effect on motor resonance consistent with suppression

models. We explored the interaction with one-tailed t-tests based on clear a-priori directional

predictions. We identified (1) which preparatory periods showed significant motor

resonance (greater MEP amplitude during observation of an action involving the FDI,

squeeze, compared to an action not involving the FDI, release; see Figure 3) and (2) whether

the magnitude of motor resonance (the difference between squeeze and release MEPs) was

greater for PrepIm than NoPrep and PrepCI. This allowed us to determine whether the

magnitude of motor resonance is modulated by preparatory state in accordance with the

preparatory suppression hypothesis for imitation. However, it does not make clear whether

the pattern of motor resonance magnitudes is due to facilitation in the PrepIm condition, or

suppression in the NoPrep and Prep CI conditions, relative to the baseline level of motor

resonance.

To explore this issue, we introduced the control task in the second stage of the analysis. We

compared the magnitude of motor resonance (the difference between squeeze and release

MEPs) in each imitation task preparatory condition to the magnitude of baseline motor

resonance obtained during preparation to perform an arbitrary stimulus-response mapping

(the control task).

We felt this two-stage method was the best approach, given the psychological constraints

requiring that the control condition be collected in a separate task run from the imitation

conditions. The alternative approach of analyzing imitation and control tasks in a single

ANOVA was considered suboptimal because it would involve comparison of absolute MEP

magnitudes for 3 conditions that were collected together (randomized within the same runs)
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and 1 condition that was obtained in a separate run. MEPs are known to drift significantly

over time, leading to the strategy of normalizing MEPs within task blocks (Baldissera et al.,

2001). Using the two stage method allowed us to compared difference scores, which are less

susceptible to variations in absolute MEP size, when examining conditions collected in

different task runs.

Finally, we analyzed EMG signals obtained during execution of the squeeze and release

actions to demonstrate muscle selectivity during performance. Raw EMG signals were

averaged across trials and subjects to illustrate muscle activity during action execution at the

group level (Figure 3, top). In addition, to facilitate display of individual subject muscle

activity on a single axis (Figure 3, bottom), EMG signal was rectified, divided by the subject

maximum to normalize across subjects, and lowpass filtered with a 4th order butterworth

filter at 5Hz.

RESULTS

Experiment 1: Reaction Time

The 3-way ANOVA (Prep/NoPrep × Imitate/Counterimitate × AO/NoAO) on reaction times

showed significant effects of preparation (F(1,9)=102.6, p<0.0001), response mapping

(F(1,9)=55.6, p<0.0001) and AO (F(1,9)=70.0, p<0.0001; AO=434±17; No AO=495±16)

(Figure 4). The main effect of AO is likely due to the increased preparatory time available

for AO trials. Most importantly, there was an interaction between preparatory condition and

response mapping (F(1,9)=4.57, p=0.036). Although imitation was faster than

counterimitation for both Prep (t(9)=6.06, p=0.0001) and NoPrep trials (t(9)=3.43, p=0.004),

the difference between imitation and counterimitation was greater when preparatory

information was provided than when it was not (t(9)=2.09, p=0.033; Figure 4). For accuracy,

only the main effect of response mapping was significant (F(1,9)=5.1, p=0.027) with greater

accuracy for imitation (95.8%±0.5%) compared to counterimitation trials (93.3%±0.1%),

precluding a speed-accuracy tradeoff for the compatibility effects. Thus, Experiment 1

replicates previous behavioral results supporting the suppression hypothesis in this more

complex task, and validates the predictions based on this model for the MEPs in Experiment

2.

Experiment 2: MEPs

The 3×2 ANOVA (PrepCI/PrepIm/NoPrep × Squeeze/Release) on normalized MEPs from

the imitation task revealed main effects of preparatory condition (F(2,15)=5.49, p=0.006) and

an interaction between preparatory condition and observed action (F(2,15)=3.27, p=0.044),

indicating that motor resonance in the imitation task was modulated depending on the

preparatory state (Figure 5A). Planned t-tests demonstrate that motor resonance (greater

excitability in the FDI during observation of squeeze actions than release actions) occurred

only during preparation to imitate (PrepIm; t(15)=2.02, p=0.031). In contrast, and as

predicted by the direct route suppression hypothesis, there was no difference between MEPs

for observation of squeeze and release actions when subjects prepared to counterimitate

(PrepCI; t(15)=-0.59, p=0.719) or when the required response mapping was unknown

(NoPrep; t(15)=0.39, p=0.351). Importantly, direct comparison between motor resonance
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magnitudes (difference between squeeze and release MEPs) confirms that motor resonance

is significantly greater during PrepIm than during PrepCI (t(15)=2.71, p=0.008) and NoPrep

(t(15)=1.82, p=0.044; Figure 5B). Thus, motor resonance is modulated in accordance with

the preparatory suppression model. Post-hoc t-tests to explore the main effect of preparation

indicate that overall excitability was greater for NoPrep trials than for both PrepIm

(t(15)=3.79, p=0.002) and PrepCI (t(15)=3.17, p=0.006), but there was no difference between

PrepIm and PrepCI corticospinal excitability (t(15)=0.72, p=0.48).

To determine whether the difference in motor resonance magnitude for the 3 preparatory

states can indeed be attributed to suppression on PrepCI and NoPrep trials, rather than

facilitation on PrepIm trials, we performed comparisons with the baseline motor resonance

measure in the control task. Significant motor resonance occurred in the control task

(t(15)=2.27, p=0.019), when general motor preparation demands were similar to the imitation

task but the stimulus-response mappings were arbitrary (Figure 5A, right). The magnitude of

motor resonance (difference between squeeze and release MEPs) during the PrepIm

condition was similar to that observed for the control task (t(15)=0.23, p=0.409). In contrast,

motor resonance was significantly decreased compared to the control task during PrepCI

trials (t(15)=2.35, p=0.017) and showed a similar trend for NoPrep trials (t(15)=1.67,

p=0.058; Figure 5B).

DISCUSSION

Cognitive models of stimulus-response compatibility suggest that although stimuli often

activate a compatible response, this “automatic” response activation can be suppressed when

it is likely to interfere with task goals (Shaffer, 1965; De Jong, 1995; Vu and Proctor, 2004).

Imitation—the copying of others actions—is a form of SRC involving human actions, where

responses are stimulus-compatible with respect to spatial and kinetic features (Brass et al.,

2000; Stürmer et al., 2000). In Experiment 1 we extend behavioral SRC effects that are

typically attributed to suppression of automatic response activation to imitation. In line with

previous studies using non-imitative stimuli (Stoffels, 1996; Ehrenstein and Proctor, 1998;

De Jong, 1995; Vu and Proctor, 2004), the compatibility effect (faster imitative than

counterimitative responses) was reduced when stimulus-response mapping information was

not provided in advance of the imperative stimulus (NoPrep trials).

Data from Experiment 2 provide novel neurophysiologic evidence that these behavioral

effects are related to preparatory suppression of specific stimulus-response links. Motor

resonance—defined as facilitation of primary motor cortex during action observation that is

muscle-to-action specific—was greater during preparation to imitate than during preparation

to counterimitate, or when the required stimulus-response mapping was unknown. In fact,

motor resonance occurred only when imitative response activation would be helpful, and

was absent altogether during preparation for the two conditions in which the imitative

response might interfere with behavior. While this pattern is exactly as predicted by

preparatory suppression models, without a baseline comparison these differences could be

attributable to facilitation of motor resonance when it would aid responding (e.g. in the case

of imitation), rather than suppression of motor resonance when it would interfere (as

proposed by cognitive models). Therefore, we obtained a baseline measure of motor
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resonance in a task with similar two-forced choice task demands but without any influence

of stimulus-response compatibility. Comparison with this control task supports the

suppression account: Motor resonance was similar to baseline during preparation to imitate,

and lower than baseline during the counterimitation and unknown mapping conditions.

Thus, is seems that resonance in the motor system during action observation occurs by

default, and that this default state is modulated depending on task demands.

The data are not consistent with the alternative possibility that preparatory suppression

occurs through changes in general motor preparation, as opposed to suppression of specific

stimulus-response links. If suppression were accomplished by changes in motor preparation

(i.e. greater endogenous motor activation when preparing to imitate), we would expect to see

higher average MEPs during PrepIm trials compared to PrepCI and NoPrep trials,

irrespective of the action observation video. We did not observe this pattern; instead the

NoPrep condition had the highest excitability overall, and excitability did not differ between

preparation to imitate and counterimitate. Thus, although there are some detectable

differences that may be attributable to general motor preparation for the different conditions,

a pattern consistent with cognitive models of preparatory suppression is observed only when

examining MEP size as a function of the specific action being observed (motor resonance).

This observation of greater MEPs in the NoPrep condition brings up a second issue relevant

to motor resonance. As described above, when motor resonance is defined as facilitation of

FDI MEPs during observation of squeeze relative to release actions (i.e. Figure 5B), the data

are entirely consistent with the motor resonance suppression account. However, an

examination of absolute MEP magnitudes during observation of squeeze actions (Figure 5A,

imitation task grey bars) appears to contradict a pure suppression account because squeeze

MEPs are actually larger for the NoPrep condition, in which we argue for suppression,

compared to the PrepIm condition. This finding is easily explained by a non-specific

increase in MEP magnitude for the NoPrep condition, perhaps due to the increased

difficulty. Indeed, non-specific factors such as attention and task difficulty are known to

modulate corticospinal excitability and plasticity (Beck and Hallett, 2010; Conte et al., 2007;

Pearce and Kidgell, 2009; Stefan et al., 2004). According to this view, the motor resonance

suppression effect is superimposed on an increase of baseline corticospinal excitability.

However, we cannot entirely rule out the alternative possibility that the lack of motor

resonance observed in the NoPrep condition is caused by a ceiling effect on corticospinal

excitability, rather than suppression of motor resonance. Nonetheless, given the concordance

of motor resonance effects with the predictions of the cognitive model, we find this

explanation to be less compelling.

What are the implications of motor resonance modulation? Since its discovery, motor

resonance has been attributed to MNS activity and recent work has bolstered this claim.

Ventral premotor and parietal regions that are homologous to macaque regions containing

mirror neurons have been shown to be causally involved in motor resonance (Avenanti et

al., 2007; Koch et al., 2010). Thus, the present data indicate that preparatory processes

inhibit the influence of MNS activity on the motor system when it is likely to activate

responses that conflict with task goals.
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These findings are consistent with theories proposing MNS modulation as a way to control

unwanted imitation (Spengler et al., 2009). An automatic (unintended or unconscious)

tendency to imitate observed actions has been demonstrated in both laboratory and

naturalistic settings (Chartrand and Bargh, 1999; Brass et al., 2000), and the existence of

patients who imitate uncontrollably after brain damage (Lhermitte et al., 1986; De Renzi et

al., 1996) suggests that some active inhibitory mechanism is required to control automatic

imitation. Consistent with this view, the motor resonance modulation observed here suggests

that MNS influence on the motor system is suppressed when imitation would interfere with

behavior. Thus, our data add to accumulating evidence that one mechanism used to suppress

automatic imitative tendencies may be through modulation of the mirror neuron system, and

this suppression can occur in a preparatory manner.

It is important to note, however, that the specific locus of this preparatory modulation of

motor resonance requires further study; since TMS gives access only to the primary motor

cortex readout of MNS activity, it is impossible to say whether the preparatory suppression

observed here occurs through inhibition of input to the MNS, the MNS itself, or output from

the MNS to M1. For example, it is possible that the mirror neuron system responds to

observed actions regardless of task demands, and that preparatory suppression mechanisms

inhibit this MNS activity or prevent it from affecting primary motor cortex. Alternatively, it

is possible that preparatory suppression occurs through inhibition of visual input to the MNS

preventing MNS responses to action observation altogether. A top-down visual suppression

mechanism could be either specific, suppressing visual action processing in particular (e.g.

in the superior temporal sulcus), or more general, suppressing visual processing at earlier

stages. A general mechanism would mean that both the stimulus-response link relevant to

the task (motor resonance, in the case of imitation), but also all other automatic stimulus-

response links, would have reduced influence on motor responses. In this case, one would

predict similar patterns of motor resonance modulation in a task requiring compatible and

incompatible responses to non-imitative stimuli (e.g. in a spatial compatibility task). Thus,

further work to test this hypothesis by addressing whether motor resonance modulation is

specific to imitation tasks is warranted.

Several additional limitations should be addressed with future work. In the present study the

imitative actions were very simple in order to replicate previous SRC literature and

accommodate the methodological requirements of TMS. This raises questions about external

validity of the task with regard to real world imitation; however, recent work demonstrates

that contextual modulation of imitative behaviors is similar when they are in the laboratory

with simplistic tasks such as this one and in more naturalistic environments as social

mimicry (VanBaaren 2003; Leighton 2010). This provides some support for the assumption

that imitative interference tasks are relevant to real-world mimicry. Another potential

problem is that one of the response actions used in the study was object-directed (press key)

and the other was not (lift finger off key). While it would be ideal for responses to be similar

on this dimension, this seems less likely to effect the overall results, given that the human

mirror neuron system responds to both transitive and intransitive actions (Rizzolatti and

Craighero, 2004) and that automatic imitation has also been demonstrated for both transitive

and intransitive actions (Press et al., 2008; Bertenthal et al. 2006). Another interesting issue

to explore is the timing of the effects observed here. It is conceivable that the pattern of
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motor resonance modulation across conditions could differ depending on the precise time of

stimulation during the action video. If this were the case, reaction time effects may be

related to differences in the time course of motor resonance suppression depending on the

condition, rather the complete presence or absence of suppression as suggested above.

In summary, the present study provides novel evidence in line with cognitive models that

relatively automatic stimulus-response links can be inhibited in a preparatory manner when

they are likely to interfere with behavior. Suppression may occur either through suppression

of visual input to sensory-motor links or suppression of the stimulus-response link itself. In

the case of imitation, this preparatory suppression of the MNS provides a mechanism by

which the automatic tendency to imitate can be reduced when it would interfere with current

goals.
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HIGHLIGHTS

• Automatic imitation is a socially-relevant form of stimulus-response

compatibility

• Automatic imitation is strategically suppressed when imitation is undesirable.

• Suppression is associated with modulation of motor resonance.

• Avoiding unwanted imitation involves mirror neuron system modulation.
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Figure 1.
Task design. (A) Schemata of imitation task preparatory and target conditions are depicted

at left. The border color defines 3 preparatory period conditions (labeled at left) and 4 target

period conditions (labeled at right). The target video action is depicted by the last frame of

the video stimulus. Only one of the two possible videos—lift or tap—is shown for each

preparatory condition, and the correct response is indicated below the frame. At right, trial

timing is shown for example PrepIm trials with (top) and without (middle) action

observation (AO) videos (the image for the AO video depicts the final frame of a squeeze

video). (B) Control task preparatory and target stimuli are shown at left (both target stimuli

are shown). Trial timing for the control task (right) is identical to the imitation task.
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Figure 2.
EMG (Exp. 1 & 2) and MEP (Exp. 2) analysis. The first 3 seconds of representative FDI and

EDC EMG traces are shown for 3 trials from Experiment 2, Subject 4. Top trial depicts

activity in FDI indicative of a flexion response in a TMS trial. Inset illustrates MEP

amplitude measurement and blue line indicates automated EMG onset identification for RT

calculation. The middle trace shows activity indicative of an extension response for

comparison (primarily in EDC). The bottom trace shows an error trial, which was excluded

from analysis. Bars below each trace indicate the preparatory period and onset and offset of
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the action observation (AO) and target videos. Arrows indicate time of TMS pulse and time

of button responses as recorded by stimulus presentation software.
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Figure 3.
EMG during action execution. EMG activity from FDI measured while subjects squeezed

and released a ball between the index finger and thumb (as in AO videos) in response to

visual cue (cue onset indicated with arrows). Raw EMG activity averaged across subjects

(top); and processed EMG for each subject averaged across 7-10 trials (bottom)

demonstrates that the FDI is active during squeeze and not during release.
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Figure 4.
Experiment 1 results. Mean reaction time for each condition. Error bars reflect standard

error of the mean.
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Figure 5.
Experiment 2 Results. (A) Normalized MEP amplitudes for each condition are shown for the

imitation and control tasks. Stars indicate significant (p<0.05) motor resonance. (B)

Comparison of magnitude of motor resonance across conditions and tasks. Stars indicate

significant differences (p<0.05) between magnitudes of motor resonance. The dotted line

indicates a trend (p=0.06).
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