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Abstract

Observation of others’ actions evokes in primary motor cortex and spinal circuits of observ-
ers a subliminal motor resonance response, which reflects the motor program encoding
observed actions. We investigated the role of attention in human motor resonance with four
experimental conditions, explored in different subject groups: in the first explicit condition,
subjects were asked to observe a rhythmic hand flexion-extension movement performed
live in front of them. In two other conditions subjects had to monitor the activity of a LED light
mounted on the oscillating hand. The hand was clearly visible but it was not the focus of sub-
jects’ attention: in the semi-implicit condition hand movement was relevant to task comple-
tion, while in the implicit condition it was irrelevant. In a fourth, baseline, condition subjects
observed the rhythmic oscillation of a metal platform. Motor resonance was measured with
the H-reflex technique as the excitability modulation of cortico-spinal motorneurons driving a
hand flexor muscle. As expected, a normal resonant response developed in the explicit con-
dition, and no resonant response in the baseline condition. Resonant responses also devel-
oped in both semi-implicit and implicit conditions and, surprisingly, were not different from
each other, indicating that viewing an action is, per se, a powerful stimulus for the action
observation network, even when it is not the primary focus of subjects’ attention and even
when irrelevant to the task. However, the amplitude of these responses was much reduced
compared to the explicit condition, and the phase-lock between the time courses of observed
movement and resonant motor program was lost. In conclusion, different parameters of the
response were differently affected by subtraction of attentional resources with respect to the
explicit condition: time course and muscle selection were preserved while the activation of
motor circuits resulted in much reduced amplitude and lost its kinematic specificity.

Introduction

Cortical motor areas, typically responsible for programming the execution of movement, are
also involved in numerous cognitive processes ranging from motor planning, estimation and
prediction, to motor imagery, action perception and motor learning [1-8]. Relevant to the
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present paper is the important role in action perception of brain regions associated with motor
functions, the fronto-parietal action observation network (AON), which are active during both
the execution of movement and the observation of actions performed by others, in the latter
case without producing actual movement (“motor resonance” [9,10]). In primary motor cortex
(M1) several functional parameters of the motor resonant response can be identified, consis-
tent with the different aspects comprising a motor program, i.e. the neural code normally
assembled by this cortical area controlling movement execution: response amplitude (force
recruitment), accuracy of temporal structure (onset of muscle contraction) and selection of
muscle-specific pathways (control of joint angular position). The M1 motor resonance
response replicates the structure of the motor command that the observer would utilize if exe-
cuting the same movement he/she is observing [11-16].

Since observers are not aware or in control of the activation of their motor pathways during
the action observation tasks, it is generally assumed that the AON is automatically recruited
[17-20]. Behavioral studies have also suggested that recruitment of the AON is an automatic
process, showing priming and interference effects on movement execution induced by move-
ment observation [21-23], even when irrelevant or hindering the primary task [24,25]. The
distinction between automatic and controlled processes is typically based on how these are ini-
tiated and maintained: automatic processes are generally thought to be rather inflexible and
triggered involuntarily, needing little to no attentive resources, and thus occurring regardless
of current available resources, while controlled processes require both attention and voluntary
cognitive control. Although automatic processes can affect controlled processes, the opposite,
by definition, does not occur [26,27]. However, motor resonance is a complex response and
may be composed of different computational operations, not all equally demanding of the
same amount of attentional resources. Thus the automatic vs controlled activation of the AON
should not be posed in mutually exclusive terms; similar to other perceptual networks, the
AON could be recruited by the adequate stimulus in a bottom-up manner, and still be subject
to additional modulation consequent to either limitation of available neural resources or
deployment of top-down influences, such as attention [28-30]. The question of whether motor
resonant response is an automatic, stimulus-driven response generated each time an action is
viewed by the observer [17,31] or whether it can be affected by concurrent cognitive processes
occupying the observers’ attentional resources, has often been investigated indirectly, in stud-
ies manipulating the context of the action observation task [32-36] rather than the attention of
observers to the task. This question has important theoretical implications for the proposed
role of motor resonance in cognitive functions such as action understanding, imitation, motor
learning and rehabilitation [37]. Recent studies have begun investigating the role of attention
in shaping motor resonance responses. The effect on the motor resonant response of shifts of
attention between externally and internally generated representations, such as in action obser-
vation vs motor imagery respectively, have been described in both behavioral and electrophysi-
ological experiments [38-41]. Other neuroimaging and neurophysiological studies, have
described a decrease in neural activity of cortical motor areas when action observation is dis-
turbed by a simultaneous task requiring cognitive resources [42-45]. However, the techniques
utilized (fMR, EEG and MEG), while providing important data useful to map responses in dif-
ferent cortical areas, are not suitable to interpret whether the remaining level of neural activity
measured in motor-related cortical areas corresponds to a residual portion of the motor reso-
nant response and, if so, what specific aspects of the response may have been disturbed by
attentive interference with the action observation task. These techniques measure the activity,
either excitatory or inhibitory, of large populations of cortical neurons, and do not have the
adequate spatial and temporal resolution to describe activation of muscle-specific pathways in
real time. Instead, in the present study we utilize a more direct neurophysiological approach,
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the H-reflex technique, which provides a quantitative measurement of the resonant response,
directly related to the number of motorneurons in a muscle-specific pool activated during
action observation, with high temporal resolution (see Methods). The advantage of the tech-
nique is that, while having the same high temporal resolution of other neurophysiological tech-
niques, such as for example TMS, it samples the activity of muscle-specific motor circuits
without magnetic (or electrical) stimulation of the cortex, providing an independent measure-
ment of the same cortical phenomena while avoiding potential interference with cortical
processing.

Motor resonance is a cortical phenomenon, but previous evidence has shown that the acti-
vation of motor circuits in M1, reflecting the subliminal motor program that codes the
observed action, actually reaches and modulates the excitability of spinal motorneurons [46—
48]. This evidence is supported by recent elegant studies in the macaque monkey describing
the activity of corticospinal visuo-motor neurons (mirror neurons), which descend from M1
to spinal motorneurons innervating hand muscles with either monosynaptic or interneuronal
connections [49-51]. The evidence from these studies implies that M1 pyramidal neurons
actively fire in response to action observation, but that their modulation of the membrane
potential of spinal motorneurons remains subliminal for movement execution. In the absence
of actual movement, measuring variations in excitability of spinal motorneurons with the H-
reflex technique amounts to measuring the activity of motor cortical output to the spinal cord,
i.e. the result of the activation of these cortical areas by action observation.

Specifically, the observation of a flexion-extension movement of the wrist will be utilized to
describe the excitability modulation induced in the observer’s spinal and cortical motor path-
ways of a wrist flexor muscle (flexor carpi radialis, FCR). This is a simple intransitive movement:
motor resonant responses have been classically described in monkeys for goal directed actions,
and intransitive movements have also been shown to be effective stimuli for human observers
[24,52-57]. During the observation of a flexion-extension hand movement, the pattern of sub-
liminal facilitation elicited in observers’ motor pathways reveals a time-locked activation of the
same muscular groups that would be used to perform it, i.e. the motorneuronal pool activating
the FCR muscle shows maximal facilitation during observed flexion and minimal during
observed extension. Moreover, motorneurons controlling antagonist muscles (flexor and exten-
sor carpi radialis) are modulated in phase opposition, reflecting their natural reciprocal activa-
tion during execution of hand oscillations [46]. Critically, since the observed flexion-extension
movement has a sinusoidal time course, the same mathematical function can be utilized to fit
both observed wrist oscillation and resonance effects on the observer’s wrist motor circuits and
to generate a continuous parallel representation of the two events [58]. With this tool, we can
explore the role of attention in the development of the motor resonant response with different
experimental conditions in which the attention of subjects is diverted to different cognitive
tasks, compared to a condition in which subjects are only observing the same hand movement.
We hypothesize that if viewing the moving hand can automatically recruit the motor system
even when the attention of observers is not specifically directed to it, the motor resonant
response will develop normally. If instead attention is necessary for the development of the reso-
nant response, manipulation of attention will perturb or even cancel the H-reflex modulation;
in addition, we expect that the different parameters of the resonant response might be differ-
ently affected, depending on their relative need of attentive resources.

Materials and methods

A total of 56 volunteers (34 females, average age 27, range 19-40) participated in an experi-
ment with 4 different conditions; 14 different subjects were tested in each condition. The
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sample size was determined based on a priori power analysis for a one-way ANOVA with an
alpha level of .05 s performed on data from a pilot study with 5 subjects for each condition (G-
power 3.2 software [59]). The experimental protocol was approved by the University of Milano
ethics committee and written informed consent was obtained from each subject, in compli-
ance with the rules of the declaration of Helsinki. All subjects had normal or corrected-to-nor-
mal vision, no history of neurological disorders. All were right handed according to the
standard Edinburgh Handedness Inventory [60].

Experimental conditions

In order to evaluate the role of attention on the motor resonant response, the focus of attentive
resources deployed to the observation of a hand movement was manipulated by changing its
relevance. Following is a summary of the experimental conditions; details of experimental pro-
cedures are given below in the Experimental set-up and Data acquisition sections.

Four different experimental conditions were explored. In the “explicit observation”
condition (n = 14), subjects were instructed to devote their attention to action observation;
this approach replicates the experimental condition of a great number of published action
observation experiments in which subjects are explicitly instructed to observe an action. In
the “semi-implicit observation” condition (n = 14) subjects were instructed to engage their
attention in a different task, but the execution of the task required the implicit observation
of the same hand action as in the explicit condition, i.e. subjects were never instructed to
observe the action performed in front of them, but needed to do so in order to complete
their task. In the “implicit observation” condition (n = 14) subjects were instructed to per-
form yet a different task, which they carried out independently of the fact that the same
hand action as in the previous two conditions was performed in front of them. Finally, in
the “baseline observation” condition (n = 14) subjects were instructed to observe an inani-
mate object which was moved in an identical manner as the hand in the previous three
experimental conditions. Based on previous results showing that observation of an inani-
mate object does not elicit a motor resonant response ([46]), the goal of this condition was
to establish a baseline reflex amplitude variation in the absence of resonant modulation,
against which to evaluate the results of the other conditions.

Experimental set-up

The experimental set-up has been previously utilized and described [46,47]. The hand move-
ment was performed live in front of each subject by one of the experimenters, from here on
called “mover” (S1 Fig). Movers were seated in an armchair, with the right arm bent at the
elbow and the hand fixed in prone position to a platform that could oscillate around the wrist
axis. Observers were also seated in an armchair, about 1.5m directly facing the mover, with
their right arm comfortably resting on an armrest in prone position and were instructed not to
move during the experimental trials (as continuously monitored by the same electromyogra-
phy (EMG) electrodes utilized to record H-reflexes, see Data acquisition section). The mover’s
hand rested on a metal platform which moved solidly with his/her hand; the position of the
platform was recorded continuously as the analogue output of a Spectrol 534 1kQ potentiome-
ter coaxial with its pivot, subsequently digitized at 250Hz and saved for later analysis. Thus, in
all trials of all conditions, the continuous recording of the platform angular position provided
a direct measurement of the actual time course of observed movements. In each trial movers
performed a series of 10 flexion-extension cycles of the hand, following the 1Hz tempo of a
metronome, heard through headphones. Single trials lasted about 10s, and were separated
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from the following trial by 20-30s intervals. A total of 100 trials were obtained in each subject,
grouped in 4 blocks of 25 trials; blocks were separated by a resting pause of a few minutes.

In the explicit condition subjects were instructed to pay attention to the sinusoidal hand
movement of the mover’s hand resting on the metal platform. In both semi-implicit and implicit
conditions a small LED light was fixed on the dorsal surface of the second phalanx of the middle
finger of the mover’s hand. In each trial of 10 hand oscillation cycles both frequency and num-
ber of LED flashes (duration of the light flash 200ms) varied randomly; the maximal on/off fre-
quency was 2Hz, so that each LED flash could be clearly separated perceptually. Therefore,
during each 10s trial the LED could flash from a minimum of 1 time to a maximum of 20 times,
both frequency and number varying unpredictably. The LED sequence was produced in each
single trial by an ad hoc random signal-generating program. Hand movement and onset of the
LED flash series were synchronized at the beginning and proceeded independently, so that dur-
ing the 10s period the LED could flash at any time during the hand oscillation cycles. A beeping
sound signaled both the beginning and the end of each 10s trial. In the semi-implicit condition,
subjects were instructed to pay attention to the LED light and report whether, when the LED
light mounted on the mover’s hand had flashed for the last time in each 10s trial, the moving
hand had been flexed upward or downward, or was in the intermediate, horizontal position.
The task required constant attention because subjects did not know when the LED would flash
for the last time. The subjects’ attention needed to be partly allocated to the moving hand, since
they needed to monitor hand position in order to give the correct answer, but subjects were
never explicitely instructed to pay attention to the hand movement. In the implicit condition,
different subjects were instructed to pay attention to the LED light and to count and report the
number of times the LED light had flashed during each 10s trial. Because of the unpredictability
of the LED activity, the task required constant attention. Subjects were never instructed to pay
attention to the hand movement, which in fact was irrelevant to their answer. In both sermi-
implicit and implicit experiments subjects received immediate feedback on the accuracy of their
performance (at the end of each 10s trial). Finally, in the baseline condition subjects were
instructed to pay attention to the sinusoidal movement of the metal platform. The platform was
connected to the hand of a mover hidden behind a screen, by a long rod attached to its pivot, so
as to produce an oscillating movement with the same kinematic characteristics as that observed
during the flexion-extension of the mover’s hand.

Data acquisition

H-reflexes were evoked in the Flexor Carpi Radialis (FCR) muscle by electrical stimulation of
the Median nerve at the elbow (square pulse, 0.8 ms duration), and recorded with external
bipolar electrodes placed on the muscle belly. Signals were amplified, filtered (10-1000 Hz)
and A/D converted (5 kHz sampling rate). Peak to peak amplitude of the FCR H-reflex at rest
was maintained between 5 to 15% of the maximal direct motor response (Mmax). In order to
exclude the possibility of voluntary or involuntary muscular activity in the observing subjects,
i.e. that, contrary to instructions, the flexor or extensor wrist muscles would actually be active
during observation, the background EMG was continuously monitored in the FCR and in its
antagonist (Extensor Carpi Radialis), throughout the 10s of each movement observation trial.
This actually never occurred, so that no trials were ever discarded. Different experimental con-
ditions were tested in different subjects to avoid influencing the allocation of subjects’ atten-
tion based on previous experience, and because the registration of the H-reflex response in all
conditions in a single subject would have led to response adaptation after prolonged stimula-
tion of the peripheral nerve and would have been uncomfortable for the subject. All signals
(H-reflex and movement traces) were recorded and stored for later analysis.
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Fig 1. Data acquisition and experimental protocol. (A) Average traces (uV +SEM) of 25 H-reflexes recorded from a single subject, in a single trial of
movement observation in the explicit condition. (B) Average sinusoidal time course of 25 flexion-extension hand movements. Black dots on the sinewave
indicate the 5 different delays during the hand flexion-extension cycle in which reflexes were recorded (d1 = 0, d2 = 200, d3 = 400, d4 = 600, d5 = 800 ms)
corresponding to 5 different hand angular positions, dividing the 1Hz oscillation cycle in five equal parts. Note the motor resonant response, i.e. the
modulation of the reflex amplitude matches the cyclic time course of the observed movement, with smaller reflexes recorded during observation of the
extension phase (e.g. d1 and d5) and larger ones during the observation of the flexion phase (e.g. d3 and d4).

https://doi.org/10.1371/journal.pone.0177457.9001

To describe the specific temporal relation between the time courses of excitability modula-
tion in the FCR muscle and observed movement, H-reflexes were recorded at 5 different points
in time during the hand flexion-extension cycle (0, 200, 400, 600, 800 ms) corresponding to 5
different hand angular positions, dividing the 1s oscillation cycle in five equal parts (Fig 1). In
order to synchronize and to lock the timing of physiological responses in the observer and
observed hand movement by the mover, platform (hand) position was used as a triggering sig-
nal for electrical stimulation and data acquisition. When, during the third hand oscillation the
platform reached a pre-selected position in the cycle, a trigger signal was released to activate
the stimulator to elicit an H-reflex in the FCR muscle of observers and data acquisition, at one
of the 5 different delays. Therefore, H-reflex samples were always taken during the third of 10
hand oscillation cycles. Delays were selected automatically by the acquisition program in semi-
random order, i.e. completing a cluster of all 5 delays before starting the new random selection
again.

H-reflex technique

This is a well-established neurophysiological technique, first described by Hoffmann in 1918
[61]. The stimulation of spindle afferences from a given muscle (here the FCR muscle, by elec-
trical stimulation of the Median nerve) induces a monosynaptic activation of the spinal motor-
neurons innervating the homonymous muscle and, in turn, its contraction, i.e. the H-reflex
response, measurable by EMG. The amplitude of the response is related to the number of
motor units activated through the reflex arc, which in turn depends on stimulus intensity.
When the number of the afferent fibers stimulated is kept constant, with a stimulus of constant
intensity, the variation of the amplitude of the response, in the absence of movement, depends
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on motorneuron excitability modulation by descending cortical pathways. Specifically for this
experimental setup, the amplitude modulation of the H-reflex during action observation has
been shown to depend only on changes in cortical activity reaching spinal motorneurons via
the M1 component of the corticospinal tract [47].

Data analysis

In all conditions, averages of all recorded single hand movements were calculated and fitted by
a four-parameter (period, offset, amplitude and phase) sinewave function. Parameters of the
best-fit equation were calculated by minimizing the sum of the squared differences between
the observed and predicted values of the hand angular position (Marquardt-Levenberg algo-
rithm, SigmaPlot). These records were then normalized to their calculated average cycle period
because, despite being paced by a metronome, the mover’s hand cycle period varied among tri-
als by about 5% of its average value: thus normalization was necessary to bring movement rec-
ords from different trials back to unity (1s). Maintaining the temporal lock between the time
courses of observed movement and response modulation in observers was critical in these
experiments, therefore in each subject the same temporal normalization was also performed
on each of the 5 delays at which the H-reflexes were recorded and average reflex values
obtained at the same delay were assigned to their corresponding normalized delay. In order to
minimize sources of variability of H-reflex amplitude over time (each experimental session
lasted about 60 min) and thus independent of the experimental manipulation, in each observer
the deviation (in uV) from the mean of the 5 responses recorded in each cluster of delays was
calculated for each delay. This last value was then averaged with those obtained at the same
delay in the other clusters. Thanks to this procedure, average data points from all different sub-
jects, in each experiment, could be plotted together and was then fitted with a common two
parameters (amplitude and phase since, after normalization, period = 1 and offset = 0 for all)
sinewave function. Significance of these sinewave regressions was ascertained with a standard
analysis of variance.

Behavioural responses, i.e. number of errors made by subjects in the semi-implicit and
implicit conditions were averaged within each condition and compared utilizing a Kruskal-
Wallis one-way ANOVA.

A circular-linear correlation analysis was utilized to correlate the angular position of the
oscillating hand with the amplitude of H-reflex modulation in all subjects, in the three hand-
movement conditions (explicit, semi-implicit and implicit observation) and in the baseline con-
dition (observation of metal platform). First, the significance of the circular linear correlation
was calculated utilizing all subjects of each condition (n = 14), and for each subject the 5 aver-
age reflex amplitude values, recorded at the 5 given angular position of the oscillating hand,
corresponding to the 5 delays at which H-reflexes were recorded. Then, to compare the good-
ness of the correlation for the different conditions, the single subject correlation coefficients
were utilized, obtained from all data points in each subject. Single subject R values were Fisher
transformed to obtain a normal distribution and then compared utilizing a one-way ANOVA,
followed by LSD post hoc tests.

Differences in amplitude of the motor resonant responses in all conditions were evaluated
by comparing the single subject H-reflex modulation amplitude parameter, derived from the
sinewave function fitting each subject’s average data points, with a Kruskal-Wallis one-way
ANOVA, followed by Mann-Whitney U post-hoc tests.

Phase differences between observed movement and resonant response in the explicit, semi-
implicit and implicit conditions were derived from the sinewave function fitting each subject’s
average data points. The key element in the comparison of this parameter in the different
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conditions was the variability within each group of subjects belonging to each condition (see
Results). For this reason in each condition phase differences were normalized by dividing sin-
gle subject values by the standard deviation of the mean of those values. Subsequently normal-
ized data were compared with a one-way ANOVA, followed by Duncan’s post-hoc tests.
Group phase differences between observed movement and resonant response in all 3 condi-
tions were also calculated utilizing the sinewave function fitting the plot of cumulative data
points from all subjects. Significance of these sinewave regressions was again ascertained with
a standard analysis of variance.

Parametric and non-parametric tests were utilized in respect of standard statistical assump-
tions regarding data distribution and variance. For all statistical tests, significance level was set
at p<0.05. Data were acquired and recorded using a custom program in LabView13 and stored
for later analysis; statistical analysis was conducted using SigmaPlot or SPSS software (SPSS
Inc, Chicago, USA). All relevant data are available as a Supporting Information files (S1 Table,
S2 Table and S3 Table).

Results
Muscle selection and time course of the response

To compare the effect of attention manipulation in the different experimental conditions, the
first necessary step was to verify whether in all conditions the time course of FCR H-reflex
amplitude modulation remained significantly correlated with the time course of the hand
movement, as it is in the explicit observation condition (Fig 2). In this condition, H-reflexes
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Fig 2. Explicit observation condition. (A) H-reflex amplitude modulation recorded in the right FCR muscle of
14 right-handed observers, during observation of one cycle of a flexion-extension movement of the mover's
right hand (B, average movement trace performed by the mover in all different experiments (+SEM)). In panel
A the cumulative plot of the average data points from all subjects is fitted with a sinusoid equation with the
same period as that fitting the movement. H-reflexes are significantly modulated, showing that increasing
excitability of the flexor motorneuronal pool develops during the flexing phase of the observed movement. A¢:
phase difference between reflex modulation in flexor muscle of the observer and hand oscillation of the mover.
For easier graphic visualization of the parallel time course of the two events, hand flexion (Flex = downward
direction of the moving hand) is drawn in the upper direction. (C) Graphic representation of this, and all
following experiments.

https://doi.org/10.1371/journal.pone.0177457.9002
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recorded in the right FCR muscle of right-handed observers were significantly modulated dur-
ing observation of the mover’s hand flexion-extension movement, with increasing excitability
developing in the flexor motorneuronal pool during the flexing phase of the observed move-
ment. Fig 2 (panel A) shows the cumulative plot of average data points from all subjects,
aligned after time normalization and fitted with a common sinewave function (R* = 0.42,
p<0.0001), with the same period as that fitting the average movement (panel B; R = 0.99,
p<0.0001).

In the semi-implicit and implicit conditions, when the attention of subjects was not directed
to the observation of the hand movement visible in front of them, but to the LED light events,
a motor resonant response still developed, correctly linked to the time course of the movement
(though with a dramatic reduction in the amplitude of the reflex modulation, see “Amplitude
decrease” section). The results of all different attention conditions were analysed and com-
pared to each other, as well as to those of the baseline condition, using a circular-linear correla-
tion. The correlation resulted significant for all but the baseline condition (explicit observation
R = 0.64, p = 0.006; semi-implicit observation R = 0.40, p = 0.004; implicit observation R = 0.42,
p = 0.002), which, as expected, did not have a sinusoidal time course (circular-linear correla-
tion: R = 0.07, p = 0.84). A one-way ANOVA was performed on Fischer transformed R coeffi-
cients obtained in the correlation analysis for each single subject (Fig 3), showing that the
correlation coefficients of the circular-linear analysis were not different in the explicit, semi-
implicit and implicit observation conditions, but significantly smaller in the baseline condition
(one-way ANOVA, F; 5, = 6,753, p = 0.001; LSD post-hoc, baseline vs explicit p = 0.000, vs
semi-implicit p = 0.003, vs implicit p = 0.001).

Amplitude decrease

In Fig 4 (panel A), the cumulative plot of average H-reflex amplitude data points from all sub-
jects of the semi-implicit condition (tell hand position when the LED light was last flashed)
aligned after time normalization, was fitted with a common sinewave function with the same
period as that fitting the average movement (panel B; R?, = 0.99, p<0.0001), and sinusoidal H-
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Fig 3. Sinusoidal time-course of reflex amplitude modulation. Average correlation coefficients of the
circular-linear analysis (+SEM) obtained in the explicit, semi-implicit and implicit conditions are significantly
different from the R coefficients obtained in the baseline condition (** p<0.01, ***p<0.001).

https://doi.org/10.1371/journal.pone.0177457.9003
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Fig 4. Semi-implicit observation condition. (A) H-reflex modulation recorded in the right FCR muscle of 14
right-handed observers, during observation of one cycle of a flexion-extension movement of the mover’s right
hand (B, average movement trace performed by the mover in all different experiments (+SEM), when
observers are explicitly instructed to report the mover’s hand position corresponding to the last time the LED
light was flashed in each trial. In panel A the cumulative plot of the average data points from all subjects is
fitted with a common sinusoid equation with the same period as that fitting the movement. Note the reduced
scale of the ordinate compared to Fig 2A. A¢: phase difference between reflex modulation in flexor muscle of
the observer and hand oscillation of the mover. Flex = downward direction of the moving hand.

https://doi.org/10.1371/journal.pone.0177457.9004

reflex modulation was highly significant (R* = 0.19, p<0.001). Note the reduced scale of the
ordinate compared to Fig 2A. The task, reporting whether when the LED light flashed for the
last time the moving hand was up, down or horizontal, required constant attention and sub-
jects made very few errors (number of errors across all subjects: average = 3.13 (+1.98 SD)
errors/block of 25 trials; mode = 3; min = 1, max = 8).

In the implicit movement observation condition (Fig 5) subjects were instructed to count
how many times the LED light flashed during each trial. In panel (A) of Fig 5 the cumulative
plot of average data points from all subjects, aligned after time normalization, are fitted with a
common sinewave function, with the same period as that fitting the average movement (panel
B; R?, = 0.99, p<0.0001) and sinusoidal H-reflex modulation is highly significant (R* = 0.17,
Pp<0.002). Note the reduced scale of the ordinate compared to Fig 2A. This task also required
constant attention and subjects made very few errors (number of errors across all subjects:
average = 2.66 (+£2.5 SD) errors/block of 25 trials; mode = 2; min = 0, max = 9). The number of
errors in the semi-implicit and implicit conditions was not significantly different (Kruskal-Wal-
lis one-way ANOVA, H(1) = 3.404, p = 0.065), indicating that the two tasks had similar
difficulty.

When subjects were instructed to observe a moving platform with no hand on it (baseline
condition), the motor resonant response did not develop (Fig 6). The amplitude of FCR H-
reflexes in this condition reflects random variations rather than being modulated with the
time course of the observed movement of the metal platform (panel B; R2,=0.99, p<0.0001).
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Fig 5. Implicit observation condition. (A) H-reflex modulation recorded in the right FCR muscle of 14 right-
handed observers, during observation of one cycle of a flexion-extension movement of the mover’s right hand
(B, average movement trace performed by the mover in all different experiments (+SEM)), when observers
are instructed to count how many times in each trial the LED light on the moving hand was flashed. In panel A
the cumulative plot of the average data points from all subjects is fitted with a common sinusoid equation with
the same period as that fitting the average movement. Note the reduced scale of the ordinate compared to Fig
2A. A¢: phase difference between reflex modulation in flexor muscle of the observer and hand oscillation of
the mover. Flex = downward direction of the moving hand.

https://doi.org/10.1371/journal.pone.0177457.9005

In panel (A) of Fig 6 the cumulative plot of the average data points from all subjects, aligned
after time normalization, could not be fitted by a sinewave function with the same period of
the observed movement (R* = 0.0015, p = 1). This experiment replicates previous results (Bor-
roni et al., 2005) showing that in order to induce a motor resonant response the oscillating
movement must be executed by a hand, while a simple mechanical device is ineffective, and
provides a baseline reference of random H-reflex variability for comparison with responses in
the other experimental conditions.

To quantify the effect of directing attention to other tasks rather than to action observation,
on the development of the motor resonant response, the amplitude of H-reflex modulation in
the different experimental conditions was compared (Fig 7). The reflex modulation amplitude
parameter was derived from the sinewave function fitting each subject’s average data points.
In the baseline condition fitting were extremely poor, with several R* values very close to zero;
obviously this measurement of amplitude has no physiological meaning and the poor correla-
tion confirms that in this condition motor resonance does not develop; nonetheless numeri-
cally it is a useful tool, precisely because it establishes a baseline experimental condition, with
no resonant response in a very similar experimental protocol, against which to compare the
other conditions. Fig 7 shows that the H-reflex amplitude modulation was different in the dif-
ferent observation conditions (Kruskal-Wallis one-way ANOVA, H(3) = 36.127, p = 0.000); it
was significantly larger in the explicit observation condition compared to all other conditions
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Fig 6. Baseline observation condition. (A) H-reflexes recorded in the right FCR muscle of right-handed
observers are not modulated during observation of one cycle of a sinusoidal movement of a metal platform (B,
average movement trace performed by the platform in all different experiments (+SEM). In panel (A) the
cumulative plot of the average data points from all subjects could not be fitted by a sinewave. Down and

Up = directions of the moving platform. No resonant response is recorded when subjects are observing the
metal platform oscillating without the hand (with the same sinusoidal rhythm as in Figs 2, 4 and 5, and H-reflex
amplitude variations are the result of random variability rather than a modulation induced by the observation
task.

https://doi.org/10.1371/journal.pone.0177457.9006

(explicit vs. semi-implicit (p = 0.001), explicit vs. implicit (p = 0.000), and explicit vs. baseline
(p = 0.000), and significantly larger in the semi-implicit and implicit conditions (not different
from each other, (p = 0.15), compared to the baseline condition (semi-implicit vs. baseline

p = 0.000); implicit vs. baseline (p = 0.000), Mann-Whitney U post-hoc tests, Bonferroni cor-
rection (p < 0.008).

Phase unlock

Finally, as evident from comparing Figs 2, 4 and 5, the phase relationship between the two
sinusoidal functions fitting the H-reflex data and the hand movement describing when the res-
onant response occurs with respect to the observed movement (anticipating or following it),
was also affected by a redirection of attentional resources normally dedicated to the observa-
tion of the action observation task. In line with previous studies performed with explicit obser-
vation, in Fig 2 the H-reflex modulation anticipates the movement with a phase difference of
53°, while in Figs 4 and 5 this phase advance is reduced to 13° and 14" respectively; the latter
values, however, do not reflect a greater synchronization of the motor resonance response to
the observed movement in the semi-implicit and the implicit conditions, which is only appar-
ent. In order to explain this matter we must look at single subject responses. In fact, values
obtained from the sinewave functions fitting each subject’s data points (Fig 8) range from 1 to
138 in the explicit condition and from -168 to 124 in the semi-implicit and from -114 to 175 in
the implicit conditions. Therefore, phase differences in these two conditions are not at all con-
sistent in all subjects (as they are in the explicit condition) but rather result from phase
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Fig 7. Amplitude of H-reflex modulation. Derived in each subject from the sinewave function fitting the subject’s average
data points in the explicit, semi-implicit and implicit observation conditions, the average H-reflex amplitude modulation (+
SEM) is significantly larger in the explicit condition compared to each of the other conditions, and is significantly smaller in
the baseline condition compared to the semi-implicit and implicit conditions, which were not different from each other
(***p<0.001).
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differences that vary within the entire possible range (-180° to +180°) and indicates that time
course of hand movement and resonant motor program have become uncoupled. In order to
capture the difference in distribution of phase values within each group of subjects belonging
to each condition, phase differences were normalized by dividing single subject values by the
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Fig 8. Phase differences between observed movement and H-reflex modulation. Derived in each
subject from the sinewave function fitting the subject’s average data points in the explicit, semi-implicit and
implicit observation conditions. Note that in the explicit condition phases are always in advance of the
observed movement (as in the actual execution of the same movement), whereas in the semi-implicit and
implicit conditions they are scattered across the entire possible range (-180° to +180°).

https://doi.org/10.1371/journal.pone.0177457.9008
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standard deviation of the mean of those values. Subsequently, a one-way ANOVA performed
on averaged normalized data showed that phase differences in the 3 conditions were signifi-
cantly different (p = 0.01), with the explicit condition that was different from either the semi-
implicit (p = 0.003), and implicit (p = 0.042) conditions, which were not different from each
other (p = 0.3), as shown by post-hoc LSD tests.

Discussion

This study investigates the role of attention in shaping motor resonant responses and reveals a
new, multifaceted interaction, between deployment of attentional resources and resonant acti-
vation of motor circuits. The H-reflex technique was utilized to quantify the amplitude of
responses and the muscular and temporal accuracy of the subliminal motor program (the facil-
itation of spinal motorneurons in the right muscle and at the right moment during the time
course of the observed action), in an experiment with four different conditions: 1) explicit
observation (Fig 2), in which subjects were asked to pay attention exclusively to a 1Hz cyclic
oscillatory movement of a hand; 2) semi-implicit observation (Fig 4), in which subjects had to
attend a different task requiring deployment of attentional resources and—albeit implicitly-
the same hand movement, viewed in the background; 3) implicit observation (Fig 5), in which
the hand movement viewed in the background was totally irrelevant to the completion of the
task; and 4) a baseline reference condition.

Results are, first of all, identical in both semi-implicit and implicit observation conditions,
indicating that the viewing of an action is, per se, a powerful stimulus, so that a motor resonant
response develops even when the action is not the primary focus of subjects’ attention and
even when it is irrelevant to the task. In these conditions a basic resonant activation of motor
circuits, i.e. the essence of the subliminal resonant motor program for a hand oscillation at
1Hz, is evoked: modulation of the correct muscle and sinusoidal time course of the response.
However, attention manipulation dramatically decreases the amplitude of the motor resonant
response and uncouples the phase relation between observed movement and excitability mod-
ulation of motor pathways in observers. We conclude that the complete motor resonant
response requires full attention to develop, but that different parameters of the response are
differently affected by subtraction of attentional resources. The kinematic details of the
response, such as amplitude and its optimal phase anticipation with respect to observed move-
ment, require full attention, since coding for these movement parameters is disrupted when
attentive resources are diverted towards another, primary, task. While, more general parame-
ters of the motor resonant response, such as muscular selection and time course, appear to be
able to automatically capture the necessary amount of attentive resources.

Muscle selection and time course of the response

The correlation between the cyclic time course of FCR H-reflex amplitude modulation and the
cyclic time course of the observed movement remained significant in the implicit and semi-
implicit conditions (despite the overall decrease in amplitude) and, in fact, the specificity of
this time course was not different from that recorded in the explicit observation condition (Fig
3). Since muscle selection and temporal specificity of the motor resonant response are cor-
rectly activated, this response could be viewed as the subliminal motor program representing
the observed 1Hz hand oscillation movement, which retains all the essential elements of the
observed action, i.e. the period of the wrist flexion-extension and the activation of the flexor
muscle in the correct half of this period. When executed, the hand oscillation movement is
driven by antagonist muscle groups (flexors and extensors) and FCR is one of the primary
wrist flexors. In the explicit observation condition (as during execution) the H-reflex in the
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FCR is facilitated not at any time during the flexion-extension movement, but at the correct
time during the observation of the hand flexion (Fig 2). It has previously been shown that, in
the same observation condition, TMS-induced Motor Evoked Potentials in the antagonist
muscle (ECR, not recorded in the present experiment) are also facilitated not at any time dur-
ing the flexion-extension movement, but at the correct time during the observation of the
hand extension[46]. Because the fitting of the reflex data with a sinusoidal function with the
same period as the observed movement is highly significant, we can conclude that both
observed movement and reflex modulation have the same sinusoidal time course, i.e. that he
FCR pattern of activation varies continuously (even though for practical reasons we only sam-
ple it at fixed intervals) with the observed movement.

We interpret this result as evidence in favor of the idea that biological movement is a power-
tul stimulus for the AON, which is recruited to assemble the general motor program associated
with the motion viewed in the background while the subjects’ attention is focused on a different
task. This response could perhaps be considered the core of the motor representation of the
observed movement, deriving from an automatic recruitment of the AON, and providing the
necessary and sufficient information to achieve a direct “motor” recognition of the observed
action, as originally proposed by the direct-matching hypothesis [3,62]. On the contrary, the
tull-fledged activation of the corticospinal pathway measured in the explicit observation condi-
tion, which has all the motor details encoding the specific kinematics of the observed move-
ment, is consistent with a more direct function of the resonant response in imitation and motor
learning, for which kinematic details are essential. Further experiments using more challenging
cognitive manipulations are necessary to verify whether it is possible to cancel even this core
motor resonant response, by subtracting more/all attentive resources from the observation of
the action.

Amplitude decrease

When a cognitive task was performed while viewing the hand movement, i.e. when subjects
were not instructed to pay explicit and focused attention to the movement in the implicit and
semi-implicit conditions, the amplitude of the motor resonant response was profoundly
affected and was subject to a dramatic decrease compared to the explicit observation condition
(Fig 7). As a consequence of the decrease in attentional resources available for the coding of
the movement, a reduced descending cortical command recruited a smaller number of spinal
motorneurons. This result, seen from the opposite perspective, suggests that when full atten-
tion is devoted to an action observation task, the resulting motor resonant response is greatly
amplified. Indeed, attention-dependent gain modulation of sensory processes is a well-
described finding in sensory systems [63,64]. Generally, action observation studies have been
carried out in conditions in which subjects were allowed or even required to observe the action
with total attention. However, from a more naturalistic point of view, this is not the most com-
mon circumstance; on the contrary, in our daily life we are exposed to several simultaneous
actions and perceptual events, with different meaning and consequences and not all can be
equally relevant or interesting to the observer. Our data show that when attention is allocated
to other tasks, actions remain very effective stimuli, capable of evoking motor resonant
responses, but that the response is much reduced in amplitude and specificity.

Behavioral experiments have shown that the activation of motor responses during action
observation, described as “automatic imitation”, in reality requires attention [65] and that if
attention is so strongly diverted from the task that no cognitive resources remain available to
process the observed action, the automatic imitation effect disappears [30]. Conversely, the
effect is maintained, though reduced, when attentive resources are not exhausted [30]. On the
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other hand, several experiments have shown that observed actions automatically activate
motor representations normally involved in the execution of those actions, even when subjects
are performing other tasks [21,24,66-69]. According to the “load theory of attention” [70,71],
when the completion of a primary task does not exhaust available attentional resources, irrele-
vant stimuli are also inevitably processed. In our experimental conditions, the instructions
given to subjects were finalized to shift the focus of their attention from action observation to
the LED light task (primary task). This task indeed absorbed some of the subjects’ attention,
since they performed it correctly most of the time, making few errors, but the attentional
capacity was probably not exhausted by the task, so that hand movement was also coded. How-
ever, the different components of the motor resonant response resulted differently susceptible
to the availability of attentional resources and, in particular, response amplitude was strongly
decreased, indicating that this component of the response requires that attention is focused
only on the observed movement. Interestingly, the residual amplitude modulation observed in
the present study is consistent with fMRI studies showing a residual activity in the AON when
a secondary task or cognitive manipulation is imposed on subjects during action observation
[72], although in that case it is not possible to say whether the decrease in BOLD signal has a
functional correspondence in the modulation of the motor system. Our study suggests that
this is the case, i.e. that redirecting attentional resources results in a reduction of the gain of
neural processes leading to the subliminal activation of motor circuits, while preserving the
overall shape of the resonant response. Similar results have also been described in experiments
imposing cognitive manipulation on subjects executing—not observing—a movement. For
example if subjects are distracted from their actions, it is more likely that they will make mis-
takes or perform the action more slowly [73]. Consistently, Johansen-Berg et al. (2002) [74]
showed that reducing attention to finger movement by asking subjects to perform a concur-
rent counting task is associated with decreased BOLD signal in motor cortical regions, com-
pared to the signal evoked by performing the movement without distraction.

Phase unlock

Finally, the basic motor program recorded in the semi-implicit and implicit conditions, while
maintaining a correct muscle selection and temporal specificity, is not useful to actually repro-
duce or imitate on-line the observed movement, given that the key element linking muscle
contraction with resulting movement (phase advance) is lacking. This phase relationship, and
factors affecting it, has been investigated in detail within the framework of motor execution
[58]. The average phase difference measured in the explicit observation condition (A¢ = 53°)
reflects the average natural advance of the FCR muscle contraction with respect to the deriving
hand flexion, in an executed 1Hz oscillatory movement with a prone hand [75]. During action
execution such phase advance can change when mechanical parameters are modified as, for
example, when the oscillatory movement at 1Hz is performed with a supine hand; importantly,
also during the observation of the supine hand oscillation the phase advance changes accord-
ingly [46]. In the present study, this phase relationship is completely lost in the semi-implicit
and implicit conditions. The apparent decrease in phase advance (13° and 14° respectively, Figs
4 and 5) does not reflect a better synchronization between resonant response and observed
movement, consistent in all subjects, but the average between single subject phase differences
that vary practically over the entire possible range (-180° to +180°). While maintaining a sinu-
soidal time course, which well represents the time course of the movement, the resonant motor
program has lost the functional features of a direct, time-locked subliminal on-line replication.
The phase of the H-reflex modulation sine function is not always in advance; in some in some
subjects it anticipates, while in others it follows, and in others yet it is in full anti-phase with the
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sine function of the observed movement. In summary, diverting attention from action observa-
tion generates resonant responses lacking key kinematic information. For this reason, we sug-
gest that in these conditions only a more abstract representation of the observed movement
survives, reproducing a generic hand oscillation, rather than the motor program specifically
coding for the observed movement normally developing in full-attention action observation.

Conclusions

The modulation of H-reflex during action observation tasks results from the modulation of
activity in M1; to explain the reduction in amplitude of the modulation of motor pathways in
the semi-implicit and implicit experimental conditions we hypothesize that M1 must receive
less input from the rest of the AON (through premotor cortex), resulting in a reduced activa-
tion of corticospinal motorneurons and thus in a decreased amplitude modulation of the FCR
H-reflex. What has emerged from the work of past few years, is that action observation does
not automatically produce a full activation of motor pathways. The original contribution of
the present study is the demonstration that while biological movement appears to be able to
activate some portion of the AON even when attentional resources are not directly allocated to
its observation, the resulting activation of motor circuits results much dampened and loses
kinematic specificity. In this case the motor resonant response may still inform an automatic
basic representation of the essential properties of the action, while explicit attention is neces-
sary for a detailed representation of the kinematic parameters of the observed movement.
Motor resonance therefore is not a uniform response, with unchanging properties and single
function, but rather a composite phenomenon with different components [76] that are differ-
ently susceptible to cognitive manipulation [77] and may constitute parallel motor representa-
tions of the same observed action, utilized for different purposes by the central nervous
system.

Supporting information

S1 Fig. Photograph of the experimental setup.
(TIF)

§1 Table. Dataset.reflex modulation_circular-linear analysis.
(XLSX)

S2 Table. Dataset.phase differences analysis.
(XLSX)

S3 Table. Dataset.amplitude analysis.
(XLSX)

Acknowledgments

This study was supported by funding from the Universita degli Studi di Milano and Project for
International Scientific and Technological Cooperation (SAL-53, n.16970), from the Regione
Lombardia.

Author Contributions
Conceptualization: GC PB.

Data curation: GP A. Leonetti.

PLOS ONE | https://doi.org/10.1371/journal.pone.0177457 May 16,2017 17/21


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0177457.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0177457.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0177457.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0177457.s004
https://doi.org/10.1371/journal.pone.0177457

@° PLOS | ONE

Role of attention in motor resonance

Formal analysis: GP A. Leonetti A. Landau LF.

Funding acquisition: PB.

Investigation: GP A. Leonetti.

Methodology: A. Landau GC PB.

Project administration: PB.

Supervision: PB.

Visualization: GP A. Leonetti LF.

Writing - original draft: GP PB.

Writing - review & editing: A. Leonetti A. Landau LF GC PB.

References

1.

10.

11.

12

13.

14.

15.

16.

Epstein ML. The relationship of mental imagery and mental rehearsal to performance of a motor task. J
Sport Psychol. 1980; 2: 211-220.

Decety J, Philippon B, Ingvar DH. rCBF landscapes during motor performance and motor ideation of a
graphic gesture. Eur Arch Psychiatry Neurol Sci. 1988; 238: 33—-38. PMID: 3215218

di Pellegrino G, Fadiga L, Fogassi L, Gallese V, Rizzolatti G. Understanding motor events: a neurophys-
iological study. Exp brain Res. 1992; 91: 176-180. PMID: 1301372

Jeannerod M. The representing brain: Neural correlates of motor intention and imagery. Behavioral and
Brain Sciences. 1994. p. 187.

Wolpert D, Ghahramani Z, Jordan M. An internal model for sensorimotor integration. Science (80-).
1995; 269: 1880-1882.

Georgopoulos A. Neural aspects of cognitive motor control [Internet]. Current Opinion in Neurobiology.
2000. pp. 238—241. PMID: 10753794

Gallese V. Motor abstraction: a neuroscientific account of how action goals and intentions are mapped
and understood. Psychol Res. 2009; 73: 486-98. https://doi.org/10.1007/s00426-009-0232-4 PMID:
19381683

Blakemore S- J, Sirigu A. Action prediction in the cerebellum and in the parietal lobe. Experimental
Brain Research. 2003. pp. 239—-245. https://doi.org/10.1007/s00221-003-1597-z PMID: 12955381

Rizzolatti G, Sinigaglia C. The functional role of the parieto-frontal mirror circuit: interpretations and mis-
interpretations. Nat Rev Neurosci. 2010; 11: 264—274. https://doi.org/10.1038/nr2805 PMID:
20216547

Avenanti A, Candidi M, Urgesi C. Vicarious motor activation during action perception: beyond correla-
tional evidence. Front Hum Neurosci. 2013; 7: 185. https://doi.org/10.3389/fnhum.2013.00185 PMID:
23675338

Fadiga L, Fogassi L, Pavesi G, Rizzolatti G. Motor facilitation during action observation: a magnetic
stimulation study. J Neurophysiol. 1995; 73: 2608-2611. PMID: 7666169

Montagna M, Cerri G, Borroni P, Baldissera F. Excitability changes in human corticospinal projections
to muscles moving hand and fingers while viewing a reaching and grasping action. Eur J Neurosci.
2005; 22: 1513-1520. https://doi.org/10.1111/j.1460-9568.2005.04336.x PMID: 16190904

Gangitano M, Mottaghy FM, Pascual-Leone a. Phase-specific modulation of cortical motor output dur-
ing movement observation. Neuroreport. 2001; 12: 1489-92. Available: http://www.ncbi.nim.nih.gov/
pubmed/11388435 PMID: 11388435

Sartori L, Cavallo A, Bucchioni G, Castiello U. From simulation to reciprocity: The case of complemen-
tary actions. Soc Neurosci. 2012; 7: 146—158. https://doi.org/10.1080/17470919.2011.586579 PMID:
21777110

Mc Cabe SI, Villalta JI, Saunier G, Grafton ST, Della-Maggiore V. The Relative Influence of Goal and
Kinematics on Corticospinal Excitability Depends on the Information Provided to the Observer. Cereb
Cortex. 2015; 25: 2229-2237. https://doi.org/10.1093/cercor/bhu029 PMID: 24591524

Cavallo A, Becchio C, Sartori L, Bucchioni G, Castiello U. Grasping with tools: Corticospinal excitability
reflects observed hand movements. Cereb Cortex. 2012; 22: 710-716. https://doi.org/10.1093/cercor/
bhr157 PMID: 21685400

PLOS ONE | https://doi.org/10.1371/journal.pone.0177457 May 16,2017 18/21


http://www.ncbi.nlm.nih.gov/pubmed/3215218
http://www.ncbi.nlm.nih.gov/pubmed/1301372
http://www.ncbi.nlm.nih.gov/pubmed/10753794
https://doi.org/10.1007/s00426-009-0232-4
http://www.ncbi.nlm.nih.gov/pubmed/19381683
https://doi.org/10.1007/s00221-003-1597-z
http://www.ncbi.nlm.nih.gov/pubmed/12955381
https://doi.org/10.1038/nrn2805
http://www.ncbi.nlm.nih.gov/pubmed/20216547
https://doi.org/10.3389/fnhum.2013.00185
http://www.ncbi.nlm.nih.gov/pubmed/23675338
http://www.ncbi.nlm.nih.gov/pubmed/7666169
https://doi.org/10.1111/j.1460-9568.2005.04336.x
http://www.ncbi.nlm.nih.gov/pubmed/16190904
http://www.ncbi.nlm.nih.gov/pubmed/11388435
http://www.ncbi.nlm.nih.gov/pubmed/11388435
http://www.ncbi.nlm.nih.gov/pubmed/11388435
https://doi.org/10.1080/17470919.2011.586579
http://www.ncbi.nlm.nih.gov/pubmed/21777110
https://doi.org/10.1093/cercor/bhu029
http://www.ncbi.nlm.nih.gov/pubmed/24591524
https://doi.org/10.1093/cercor/bhr157
https://doi.org/10.1093/cercor/bhr157
http://www.ncbi.nlm.nih.gov/pubmed/21685400
https://doi.org/10.1371/journal.pone.0177457

@° PLOS | ONE

Role of attention in motor resonance

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Rizzolatti G, Craighero L. The mirror-neuron system. Annu Rev Neurosci. 2004; 27: 169-92. https://doi.
org/10.1146/annurev.neuro.27.070203.144230 PMID: 15217330

Wilson M, Knoblich G. The case for motor involvement in perceiving conspecifics. Psychol Bull. 2005;
131: 460-73. https://doi.org/10.1037/0033-2909.131.3.460 PMID: 15869341

Bien N, Roebroeck A, Goebel R, Sack AT. The Brain’s intention to imitate: The neurobiology of inten-
tional versus automatic imitation. Cereb Cortex. 2009; 19: 2338—2351. https://doi.org/10.1093/cercor/
bhn251 PMID: 19153108

Ubaldi S, Barchiesi G, Cattaneo L. Bottom-Up and Top-Down Visuomotor Responses to Action Obser-
vation. Cereb Cortex. 2013; 25: 1032—41. https://doi.org/10.1093/cercor/bht295 PMID: 24132640

Kilner J., Paulignan Y, Blakemore S. An Interference Effect of Observed Biological Movement on
Action. Curr Biol. 2003; 13: 522-525. PMID: 12646137

Costantini M, Committeri G, Galati G. Effector- and target-independent representation of observed
actions: evidence from incidental repetition priming. Exp brain Res. 2008; 188: 341-51. https://doi.org/
10.1007/s00221-008-1369-x PMID: 18437368

Gowen E, Bradshaw C, Galpin A, Lawrence A, Poliakoff E. Exploring visuomotor priming following bio-
logical and non-biological stimuli. Brain Cogn. 2010; 74: 288—297. https://doi.org/10.1016/j.bandc.2010.
08.010 PMID: 20846771

Brass M, Bekkering H, Wohlschlager A, Prinz W. Compatibility between Observed and Executed Finger
Movements: Comparing Symbolic, Spatial, and Imitative Cues. Brain Cogn. 2000; 44: 124—143. https:/
doi.org/10.1006/brcg.2000.1225 PMID: 11041986

Stirmer B, Aschersleben G, Prinz W. Correspondence effects with manual gestures and postures: A
study of imitation. J Exp Psychol Hum Percept Perform. 2000; 26: 1746—1759. PMID: 11129371

Cohen JD, Dunbar K, McClelland JL. On the control of automatic processes: A parallel distributed pro-
cessing account of the Stroop effect. Psychol Rev. UNITED STATES; 1990; 97: 332—-361. PMID:
2200075

Bargh JA. The Ecology of Automaticity: Toward Establishing the Conditions Needed to Produce Auto-
matic Processing Effects. Am J Psychol. 1992; 105: 181. PMID: 1621880

Kastner S, Ungerleider LG. Mechanisms of visual attention in the human cortex. Annu Rev Neurosci.
2000; 23: 315—41. https://doi.org/10.1146/annurev.neuro.23.1.315 PMID: 10845067

Knudsen El. Fundamental components of attention. Annu Rev Neurosci. 2007; 30: 57—78. https://doi.
org/10.1146/annurev.neuro.30.051606.094256 PMID: 17417935

Chong TT- J, Cunnington R, Williams MA, Mattingley JB. The role of selective attention in matching
observed and executed actions. Neuropsychologia. 2009; 47: 786—795. https://doi.org/10.1016/].
neuropsychologia.2008.12.008 PMID: 19124033

Rizzolatti G, Fogassi L. The mirror mechanism: recent findings and perspectives. Philos Trans R Soc
Lond B Biol Sci. 2014; 369: 20130420. https://doi.org/10.1098/rstb.2013.0420 PMID: 24778385

Tamietto M, Castelli L, Vighetti S, Perozzo P, Geminiani G, Weiskrantz L, et al. Unseen facial and bodily
expressions trigger fast emotional reactions. Proc Natl Acad Sci U S A. 2009; 106: 17661—17666.
https://doi.org/10.1073/pnas.0908994106 PMID: 19805044

Bortoletto M, Mattingley JB, Cunnington R. Effects of Context on Visuomotor Interference Depends on
the Perspective of Observed Actions. PLoS One. 2013; 8.

Mattiassi AD a, Mele S, Ticini LF, Urgesi C. Conscious and unconscious representations of observed
actions in the human motor system. J Cogn Neurosci. 2014; 26: 2028—41. https://doi.org/10.1162/jocn_
a_00619 PMID: 24666166

Leonetti A, Puglisi G, Siugzdaite R, Ferrari C, Cerri G, Borroni P. What you see is what you get: motor
resonance in peripheral vision. Exp Brain Res. Springer Berlin Heidelberg; 2015; 233: 3013-3022.
https://doi.org/10.1007/s00221-015-4371-0 PMID: 26169105

Cracco E, De Coster L, Andres M, Brass M. Mirroring multiple agents: motor resonance during action
observation is modulated by the number of agents. Soc Cogn Affect Neurosci. 2016; nsw059.

Naish KR, Houston-Price C, Bremner AJ, Holmes NP. Effects of action observation on corticospinal
excitability: Muscle specificity, direction, and timing of the mirror response. Neuropsychologia. Elsevier;
2014; 64C: 331-348.

Vogt S, Rienzo F Di, Collet C, Collins A, Guillot A. Multiple roles of motor imagery during action observa-
tion. Front Hum Neurosci. 2013; 7: 807. https://doi.org/10.3389/fnhum.2013.00807 PMID: 24324428

Bek J, Poliakoff E, Marshall H, Trueman S, Gowen E. Enhancing voluntary imitation through attention
and motor imagery. Exp Brain Res. 2016; 234: 1819-1828. https://doi.org/10.1007/s00221-016-4570-3
PMID: 26892882

PLOS ONE | https://doi.org/10.1371/journal.pone.0177457 May 16,2017 19/21


https://doi.org/10.1146/annurev.neuro.27.070203.144230
https://doi.org/10.1146/annurev.neuro.27.070203.144230
http://www.ncbi.nlm.nih.gov/pubmed/15217330
https://doi.org/10.1037/0033-2909.131.3.460
http://www.ncbi.nlm.nih.gov/pubmed/15869341
https://doi.org/10.1093/cercor/bhn251
https://doi.org/10.1093/cercor/bhn251
http://www.ncbi.nlm.nih.gov/pubmed/19153108
https://doi.org/10.1093/cercor/bht295
http://www.ncbi.nlm.nih.gov/pubmed/24132640
http://www.ncbi.nlm.nih.gov/pubmed/12646137
https://doi.org/10.1007/s00221-008-1369-x
https://doi.org/10.1007/s00221-008-1369-x
http://www.ncbi.nlm.nih.gov/pubmed/18437368
https://doi.org/10.1016/j.bandc.2010.08.010
https://doi.org/10.1016/j.bandc.2010.08.010
http://www.ncbi.nlm.nih.gov/pubmed/20846771
https://doi.org/10.1006/brcg.2000.1225
https://doi.org/10.1006/brcg.2000.1225
http://www.ncbi.nlm.nih.gov/pubmed/11041986
http://www.ncbi.nlm.nih.gov/pubmed/11129371
http://www.ncbi.nlm.nih.gov/pubmed/2200075
http://www.ncbi.nlm.nih.gov/pubmed/1621880
https://doi.org/10.1146/annurev.neuro.23.1.315
http://www.ncbi.nlm.nih.gov/pubmed/10845067
https://doi.org/10.1146/annurev.neuro.30.051606.094256
https://doi.org/10.1146/annurev.neuro.30.051606.094256
http://www.ncbi.nlm.nih.gov/pubmed/17417935
https://doi.org/10.1016/j.neuropsychologia.2008.12.008
https://doi.org/10.1016/j.neuropsychologia.2008.12.008
http://www.ncbi.nlm.nih.gov/pubmed/19124033
https://doi.org/10.1098/rstb.2013.0420
http://www.ncbi.nlm.nih.gov/pubmed/24778385
https://doi.org/10.1073/pnas.0908994106
http://www.ncbi.nlm.nih.gov/pubmed/19805044
https://doi.org/10.1162/jocn_a_00619
https://doi.org/10.1162/jocn_a_00619
http://www.ncbi.nlm.nih.gov/pubmed/24666166
https://doi.org/10.1007/s00221-015-4371-0
http://www.ncbi.nlm.nih.gov/pubmed/26169105
https://doi.org/10.3389/fnhum.2013.00807
http://www.ncbi.nlm.nih.gov/pubmed/24324428
https://doi.org/10.1007/s00221-016-4570-3
http://www.ncbi.nlm.nih.gov/pubmed/26892882
https://doi.org/10.1371/journal.pone.0177457

@° PLOS | ONE

Role of attention in motor resonance

40.

M.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.
61.

Eaves DL, Haythornthwaite L, Vogt S. Motor imagery during action observation modulates automatic
imitation effects in rhythmical actions. Front Hum Neurosci. 2014; 8: 28. https://doi.org/10.3389/fnhum.
2014.00028 PMID: 24600369

Eaves DL, Behmer LP, Vogt S. EEG and behavioural correlates of different forms of motor imagery dur-
ing action observation in rhythmical actions. Brain Cogn. 2016; 106: 90—103. https://doi.org/10.1016/j.
bandc.2016.04.013 PMID: 27266395

Chong TT-J, Cunnington R, Williams M a, Kanwisher N, Mattingley JB. fMRI adaptation reveals mirror
neurons in human inferior parietal cortex. Curr Biol. Elsevier Ltd; 2008; 18: 1576-80. https://doi.org/10.
1016/j.cub.2008.08.068 PMID: 18948009

Muthukumaraswamy SD, Singh KD. Modulation of the human mirror neuron system during cognitive
activity. Psychophysiology. 2008; 45: 896-905. https://doi.org/10.1111/j.1469-8986.2008.00711.x
PMID: 18823416

Perry A, Bentin S. Does focusing on hand-grasping intentions modulate electroencephalogram p and a
suppressions? Neuroreport. 2010; 21: 1050-1054. https://doi.org/10.1097/WNR.0b013e32833fcb71
PMID: 20838261

Woodruff CC, Klein S. Attentional distraction, p-suppression and empathic perspective-taking. Exp
Brain Res. 2013; 229: 507-515. https://doi.org/10.1007/s00221-013-3612-3 PMID: 23807476

Borroni P, Montagna M, Cerri G, Baldissera F. Cyclic time course of motor excitability modulation during
the observation of a cyclic hand movement. Brain Research. 2005.

Borroni P, Baldissera F. Activation of motor pathways during observation and execution of hand move-
ments. Soc Neurosci. 2008; 3: 276-88. https://doi.org/10.1080/17470910701515269 PMID: 18979381

Borroni P, Gorini A, Riva G, Bouchard S, Cerri G. Mirroring avatars: Dissociation of action and intention
in human motor resonance. Eur J Neurosci. 2011; 34: 662—669. https://doi.org/10.1111/j.1460-9568.
2011.07779.x PMID: 21771114

Vigneswaran G, Philipp R, Lemon RN, Kraskov A. M1 Corticospinal Mirror Neurons and Their Role in
Movement Suppression during Action Observation. Curr Biol. 2013; 23: 236—243. https://doi.org/10.
1016/j.cub.2012.12.006 PMID: 23290556

Kraskov A, Dancause N, Quallo MM, Shepherd S, Lemon RN. Corticospinal neurons in macaque ven-
tral premotor cortex with mirror properties: a potential mechanism for action suppression? Neuron. Else-
vier Ltd; 2009; 64: 922-30. https://doi.org/10.1016/j.neuron.2009.12.010 PMID: 20064397

Kraskov a, Philipp R, Waldert S, Vigneswaran G, Quallo MM, Lemon RN, et al. Corticospinal mirror neu-
rons Corticospinal mirror neurons. 2014;

lacoboni M, Woods RP, Brass M, Bekkering H, Mazziotta JC, Rizzolatti G. Cortical mechanisms of
human imitation. Science (80-). 1999; 286: 2526—-2528.

Maeda F, Kleiner-Fisman G, Pascual-Leone A. Motor facilitation while observing hand actions: specific-
ity of the effect and role of observer’s orientation. J Neurophysiol. 2002; 87: 1329—-1335. PMID:
11877507

Catmur C, Walsh V, Heyes C. Sensorimotor Learning Configures the Human Mirror System. Curr Biol.
2007; 17: 1527-1531. https://doi.org/10.1016/j.cub.2007.08.006 PMID: 17716898

Bourguignon M, De Tiege X, de Beeck MO, Van Bogaert P, Goldman S, Jousmaki V, et al. Primary
motor cortex and cerebellum are coupled with the kinematics of observed hand movements. Neuro-
image. Elsevier Inc.; 2013; 66: 500-7. https://doi.org/10.1016/j.neurocimage.2012.10.038 PMID:
23108269

Gallese V. Bodily selves in relation: embodied simulation as second-person perspective on intersubjec-
tivity. Philos Trans R Soc B Biol Sci. 2014; 369: 20130177-20130177.

Cross KA, lacoboni M. To imitate or not: Avoiding imitation involves preparatory inhibition of motor reso-
nance. Neuroimage. Elsevier B.V.; 2014; 91: 228-236. https://doi.org/10.1016/j.neuroimage.2014.01.
027 PMID: 24473096

Baldissera F, Borroni P, Cavallari P, Cerri G. Excitability changes in human corticospinal projections to
forearm muscles during voluntary movement of ipsilateral foot. J Physiol. 2002; 539: 903—11. https://
doi.org/10.1113/jphysiol.2001.013282 PMID: 11897859

Faul F, Erdfelder E, Lang A-G, Buchner A. G*Power 3: a flexible statistical power analysis program for
the social, behavioral, and biomedical sciences. Behav Res Methods. 2007; 39: 175-91. PMID:
17695343

Oldfield RC. Oldfield1971.pdf. Neuropsychologia. 1971; 9: 97-113. PMID: 5146491

Schieppati M. The Hoffmann reflex: a means of assessing spinal reflex excitability and its descending
control in man. Prog Neurobiol. England; 1987; 28: 345-376. PMID: 3588965

PLOS ONE | https://doi.org/10.1371/journal.pone.0177457 May 16,2017 20/21


https://doi.org/10.3389/fnhum.2014.00028
https://doi.org/10.3389/fnhum.2014.00028
http://www.ncbi.nlm.nih.gov/pubmed/24600369
https://doi.org/10.1016/j.bandc.2016.04.013
https://doi.org/10.1016/j.bandc.2016.04.013
http://www.ncbi.nlm.nih.gov/pubmed/27266395
https://doi.org/10.1016/j.cub.2008.08.068
https://doi.org/10.1016/j.cub.2008.08.068
http://www.ncbi.nlm.nih.gov/pubmed/18948009
https://doi.org/10.1111/j.1469-8986.2008.00711.x
http://www.ncbi.nlm.nih.gov/pubmed/18823416
https://doi.org/10.1097/WNR.0b013e32833fcb71
http://www.ncbi.nlm.nih.gov/pubmed/20838261
https://doi.org/10.1007/s00221-013-3612-3
http://www.ncbi.nlm.nih.gov/pubmed/23807476
https://doi.org/10.1080/17470910701515269
http://www.ncbi.nlm.nih.gov/pubmed/18979381
https://doi.org/10.1111/j.1460-9568.2011.07779.x
https://doi.org/10.1111/j.1460-9568.2011.07779.x
http://www.ncbi.nlm.nih.gov/pubmed/21771114
https://doi.org/10.1016/j.cub.2012.12.006
https://doi.org/10.1016/j.cub.2012.12.006
http://www.ncbi.nlm.nih.gov/pubmed/23290556
https://doi.org/10.1016/j.neuron.2009.12.010
http://www.ncbi.nlm.nih.gov/pubmed/20064397
http://www.ncbi.nlm.nih.gov/pubmed/11877507
https://doi.org/10.1016/j.cub.2007.08.006
http://www.ncbi.nlm.nih.gov/pubmed/17716898
https://doi.org/10.1016/j.neuroimage.2012.10.038
http://www.ncbi.nlm.nih.gov/pubmed/23108269
https://doi.org/10.1016/j.neuroimage.2014.01.027
https://doi.org/10.1016/j.neuroimage.2014.01.027
http://www.ncbi.nlm.nih.gov/pubmed/24473096
https://doi.org/10.1113/jphysiol.2001.013282
https://doi.org/10.1113/jphysiol.2001.013282
http://www.ncbi.nlm.nih.gov/pubmed/11897859
http://www.ncbi.nlm.nih.gov/pubmed/17695343
http://www.ncbi.nlm.nih.gov/pubmed/5146491
http://www.ncbi.nlm.nih.gov/pubmed/3588965
https://doi.org/10.1371/journal.pone.0177457

@° PLOS | ONE

Role of attention in motor resonance

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Gallese V, Fadiga L, Fogassi L, Rizzolatti G. Action recognition in the premotor cortex. Brain. 1996;
119: 593-609. PMID: 8800951

Reynolds JH, Heeger DJ. The Normalization Model of Attention. Neuron. 2009; 61: 168—185. https://
doi.org/10.1016/j.neuron.2009.01.002 PMID: 19186161

Maunsell JHR, Treue S. Feature-based attention in visual cortex. Trends Neurosci. 2006; 29: 317-22.
https://doi.org/10.1016/j.tins.2006.04.001 PMID: 16697058

Bach P, Peatfield NA, Tipper SP. Focusing on body sites: The role of spatial attention in action percep-
tion. Exp Brain Res. 2007; 178: 509-517. https://doi.org/10.1007/s00221-006-0756-4 PMID: 17091293

Brass M, Bekkering H, Prinz W. Movement observation affects movement execution in a simple
response task. Acta Psychol (Amst). 2001; 106: 3—-22.

Craighero L, Bello A, Fadiga L, Rizzolatti G. Hand action preparation influences the responses to hand
pictures. Neuropsychologia. 2002; 40: 492-502. PMID: 11749979

Heyes C, Bird G, Johnson H, Haggard P. Experience modulates automatic imitation. Cogn Brain Res.
2005; 22: 233-240.

Vogt S, Taylor P, Hopkins B. Visuomotor priming by pictures of hand postures: perspective matters.
Neuropsychologia. 2003; 41: 941-951. PMID: 12667530

Lavie N, Tsal Y. Perceptual load as a major determinant of the locus of selection in visual attention. Per-
cept Psychophys. 1994; 56: 183—-197. PMID: 7971119

Lavie N, Hirst A, de Fockert JW, Viding E. Load theory of selective attention and cognitive control. J Exp
Psychol Gen. 2004; 133: 339-354. https://doi.org/10.1037/0096-3445.133.3.339 PMID: 15355143

Chong TTJ, Williams M a., Cunnington R, Mattingley JB. Selective attention modulates inferior frontal
gyrus activity during action observation. Neuroimage. 2008; 40: 298-307. https://doi.org/10.1016/j.
neuroimage.2007.11.030 PMID: 18178107

Passingham RE, Weinberger D, Petrides M. Attention to Action [and Discussion]. Philos Trans R Soc B
Biol Sci. 1996; 351: 1473—-1479.

Johansen-Berg H, Matthews PM. Attention to movement modulates activity in sensori-motor areas,
including primary motor cortex. Exp Brain Res. 2002; 142: 13—24. https://doi.org/10.1007/s00221-001-
0905-8 PMID: 11797080

Esposti R, Cavallari P, Baldissera F. Partition of voluntary command to antagonist muscles during cyclic
flexion-extension of the hand. Exp Brain Res. 2005; 162: 436—48. https://doi.org/10.1007/s00221-004-
2120-x PMID: 15690157

Grafton ST, Hamilton AFDC. Evidence for a distributed hierarchy of action representation in the brain.
Hum Mov Sci. 2007; 26: 590-616. https://doi.org/10.1016/j.humov.2007.05.009 PMID: 17706312

Sartori L, Betti S, Chinellato E, Castiello U. The multiform motor cortical output: Kinematic, predictive
and response coding. Cortex. 2015; 70: 169—178. https://doi.org/10.1016/j.cortex.2015.01.019 PMID:
25727547

PLOS ONE | https://doi.org/10.1371/journal.pone.0177457 May 16,2017 21/21


http://www.ncbi.nlm.nih.gov/pubmed/8800951
https://doi.org/10.1016/j.neuron.2009.01.002
https://doi.org/10.1016/j.neuron.2009.01.002
http://www.ncbi.nlm.nih.gov/pubmed/19186161
https://doi.org/10.1016/j.tins.2006.04.001
http://www.ncbi.nlm.nih.gov/pubmed/16697058
https://doi.org/10.1007/s00221-006-0756-4
http://www.ncbi.nlm.nih.gov/pubmed/17091293
http://www.ncbi.nlm.nih.gov/pubmed/11749979
http://www.ncbi.nlm.nih.gov/pubmed/12667530
http://www.ncbi.nlm.nih.gov/pubmed/7971119
https://doi.org/10.1037/0096-3445.133.3.339
http://www.ncbi.nlm.nih.gov/pubmed/15355143
https://doi.org/10.1016/j.neuroimage.2007.11.030
https://doi.org/10.1016/j.neuroimage.2007.11.030
http://www.ncbi.nlm.nih.gov/pubmed/18178107
https://doi.org/10.1007/s00221-001-0905-8
https://doi.org/10.1007/s00221-001-0905-8
http://www.ncbi.nlm.nih.gov/pubmed/11797080
https://doi.org/10.1007/s00221-004-2120-x
https://doi.org/10.1007/s00221-004-2120-x
http://www.ncbi.nlm.nih.gov/pubmed/15690157
https://doi.org/10.1016/j.humov.2007.05.009
http://www.ncbi.nlm.nih.gov/pubmed/17706312
https://doi.org/10.1016/j.cortex.2015.01.019
http://www.ncbi.nlm.nih.gov/pubmed/25727547
https://doi.org/10.1371/journal.pone.0177457

