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Abstract
How does prior experience with action change how we perceive a similar action performed by
someone else? Previous research has examined the role of sensorimotor and visual experiences in
action mirroring during subsequent observation, but the contribution of somatosensory
experiences to this effect has not been adequately examined. The current study tests whether prior
somatosensory stimulation experienced during action production modulates brain activity during
observation of similar actions being performed by others. Specifically, changes in alpha- and beta-
range oscillations in the electroencephalogram (EEG) during observation of reaching actions were
examined in relation to the observer’s own prior experience of somatosensory stimulation while
carrying out similar actions. Analyses revealed that alpha power over central electrodes was
significantly decreased during observation of an action expected to result in somatosensory
stimulation. Conversely, beta power was increased when an observed action was expected to result
in somatosensory stimulation. These results suggest that somatosensory experiences may uniquely
contribute to the way in which we process others people’s actions.
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1. Introduction
1.1 Action observation

A great deal of evidence shows that when we see other people acting, our own sensorimotor
systems are activated—a phenomenon that has been suggested to play a role in our
understanding and interpretation of others’ actions (Rizzolatti and Sinigaglia, 2010). Recent
years have seen a surge of interest in delineating the nature and function of brain systems
that show common activation during the observation and execution of action (Iacoboni,
2009; Keysers and Gazzola, 2009). When we observe other people performing actions, a
network of brain systems is active that allows us to process and interpret the action we are
seeing. Some of the cortical areas active during action observation are also active when we
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perform actions ourselves, such as the somatosensory and motor cortices, the frontal gyrus,
and the inferior parietal lobe (Bonini et al., 2010; Gallese et al., 1996; Kilner et al., 2009).
This common activation of sensorimotor systems in response to acting and the observation
of action relates to suggestions of a putative human mirroring system, which is thought to
include ventral premotor cortex, the anterior inferior parietal lobe, somatosensory areas such
as BA2, and the middle temporal gyrus (Gazzola and Keysers, 2009).

Alpha (8-13 Hz) and beta (14-30 Hz) rhythms in the electroencephalogram (EEG) have been
extensively studied in the context of action processing, due to mounting evidence that
suppression of power within these frequency ranges is related to the activation of
sensorimotor cortex (Cheyne, 2012; Gaetz and Cheyne, 2006; McFarland et al., 2000;
Muthukumaraswamy et al., 2004). The alpha rhythm generally shows regional decreases in
power (i.e., event-related desynchronization, or ERD) during the execution of action
(Neuper et al., 2006; van Wijk et al., 2012) as well as during the observation of action
(Avanzini et al., 2012; Orgs et al., 2008; Perry and Bentin, 2009; Quandt et al., 2012),
suggesting that it may be useful in the study of the linkages between self-movement and the
perception of others’ movements. Although the specific role of the beta rhythm in action
processing is debated, oscillations in this frequency range are also closely linked to action
production and action perception (Gaetz and Cheyne, 2006; Hari and Salmelin, 1997). While
the alpha and beta frequency bands often display relatively similar characteristics in relation
to action processing, there is also evidence for functional dissociations between the two,
which is consistent with their different cortical origins (Shao et al., 2012).

A variant of the alpha rhythm, known as the mu rhythm, oscillates within the typical alpha
frequency band (8-13 Hz) and is maximal over central electrode sites at rest (Niedermeyer,
1997). The mu rhythm has been suggested as a possible index of mirror system functioning,
given that it is sensitive to somatosensory variations in action execution, motor imagery
(McFarland et al., 2000), and observation of movement (Muthukumaraswamy et al., 2004;
Perry and Bentin, 2009; Perry et al., 2010). This desynchronization is generally strongest at
electrodes contralateral to the hand being used to perform the action (Babiloni et al., 1999;
Neuper and Pfurtscheller, 1999; Perry and Bentin, 2009; Perry et al., 2011; Quandt et al.,
2011; Quandt et al., 2012). While the precise relation between mu suppression and the
activation of sensorimotor cortex is not well understood, combined fMRI/EEG studies have
provided evidence that the mu rhythm is associated with activity in the primary
somatosensory cortex (Arnstein et al., 2011; Ritter et al., 2009). In contrast, the beta rhythm
originates in the pre-central (motor) gyrus (Hari and Salmelin, 1997; Salmelin and Hari,
1994), although the accuracy of this distinction has been questioned (van Ede et al., 2011).

The mu rhythm is functionally distinct from alpha-range rhythms at other scalp regions (e.g.,
the classical occipital alpha rhythm), and several studies have suggested that it is particularly
sensitive to the somatosensory components of action or action observation (Arroyo et al.,
1993; Kuhlman, 1978; Muthukumaraswamy et al., 2004). In addition, recent work has
shown that the sensorimotor alpha and beta rhythms appear to be modulated by the
anticipated sensorimotor outcome of another person’s unfolding action (Fontana et al., 2011;
Kilner et al., 2007; van Ede et al., 2010).

1.2 Experience and action processing
A number of recent studies have examined the role of the observer’s own sensorimotor
experiences on subsequent neural processing during action observation. Several studies have
demonstrated that when an observer is highly trained in performing an action, the action
observation network is more activated during observation of that action (Behmer, Jr. and
Jantzen, 2011; Calvo-Merino et al., 2005; Orgs et al., 2008). Much of the work in this area
compares action experts (e.g., professional dancers) to novices, such that the differences
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between groups are the result of years of experience, including motor experience,
somatosensory experience, visual experience, and possibly different levels of familiarity
with or knowledge about the action being observed.

A number of short-term training studies have attempted to identify what specific
characteristics of action experience might serve to modulate action processing during
subsequent observation. For example, people who rehearsed a set of new dance movements
showed greater activation of premotor cortex while they observed the rehearsed dance
moves, compared to when they observed unrehearsed dance moves (Cross et al., 2009). In
another study, participants who learned novel drawing actions showed greater frontal EEG
activation during observation of actions they had previously performed compared to other
novel actions they had not been trained on (Marshall et al., 2009). These studies and others
in which participants are trained with novel actions (Cross et al., 2012; Quandt et al., 2011)
suggest that the somatosensory and motor experiences involved in learning a new action
may drive an increase in sensorimotor system engagement during subsequent observation.
This notion is supported by recent work showing that learning to associate varied
sensorimotor characteristics with actions changes how an observer processes gestures
referring to those actions (Quandt et al., 2012). However, one factor common to all of these
studies is a lack of differentiation between somatosensory and motor components of action
experience, and so it remains unclear to what extent these two aspects of experience are
contributing to these effects.

1.3 Somatosensory experience
While it is clear that sensorimotor experience with actions changes neural processing during
observation of similar actions, the specific question of how somatosensory experience
affects subsequent action processing remains largely unaddressed. The primary
somatosensory cortex on the postcentral gyrus is involved in the immediate processing of
somatosensation such as tactile, proprioceptive, or nociceptive input. Adjacent to the
primary somatosensory cortex on the parietal operculum, the secondary somatosensory
cortex is involved in higher-order processing such as integration of nociceptive or non-
nociceptive somatosensory input, visceral sensation, and tactile attention (Eickhoff et al.,
2006; Hagiwara et al., 2010). Processing somatosensory input is associated with a decrease
in the amplitude of the mu rhythm, likely through activation of somatosensory cortex
(Arnstein et al., 2011; Babiloni et al., 2006; Babiloni et al., 2010; Haegens and Luther, 2012;
Hari, 2006; Proverbio, 2012).

Observing someone else being touched is associated with activation of primary and
secondary somatosensory cortex (Bolognini et al, 2013; Gazzola and Keysers, 2009;
Keysers et al., 2004; Keysers and Gazzola, 2009; Keysers et al., 2004; Kuehn et al., 2012;
Meyer et al., 2011; Rossetti et al., 2012; Schaefer et al., 2009; Schaefer et al., 2012), which
may convey to the observer an implicit sense of the tactile and proprioceptive qualities of
the touch. However, there is less research concerning the contribution of somatosensory
influences during the observation of goal-directed action, rather than passive touch, an issue
which is likely due to the complications involved in separating out the effects of afferent and
efferent influences from one another (Hommel, 2004).

Despite evidence for the activation of somatosensory cortex during action observation, it
remains unknown whether prior somatosensory experiences contribute uniquely to this
activation. If somatosensory experience facilitates subsequent vicarious activation of the
sensorimotor system, then it is likely that many previous studies demonstrating the effect of
sensorimotor experience on subsequent action processing are partially driven by the
somatosensory experiences gained during action learning. In the current study we use EEG
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methods to more specifically address how prior somatosensory experience relates to the
activation of the action observation network during subsequent action observation.

1.4 The current study
Prior work has suggested that action experience modulates cortical activity during
subsequent action observation, and that somatosensation may play an important role in
social perception (e.g., Keysers et al., 2010). Here we aimed to combine these two lines of
research to examine whether a person’s first-person experiences with the somatosensory
consequences of an action would change EEG patterns during observation of similar actions
being performed by another person. Participants were given experience reaching into yellow
and blue boxes—one of which was empty and one of which contained feathers to provide
tactile stimulation. By repeatedly performing these reaching actions, participants formed an
association between the color of the box and the somatosensory consequences of reaching
inside of it. Participants then completed an imitative task in which they observed video clips
depicting an actor reaching inside a similar-looking yellow or blue box, and they then
performed the corresponding action (e.g., they saw the actor reach inside a blue box, and
then they reached inside the blue box). There was no information regarding the content of
the boxes (i.e., containing feathers or not) visible in the video clips. Thus, any differences in
EEG during the observation of these clips would be based solely upon participants’ own
experiences with the yellow and blue boxes, and their implicit expectation of the tactile
consequences of reaching inside a yellow or blue box.

Initial analyses examined whether participants’ expectations regarding the somatosensory
consequences of the observed actions would modulate alpha and beta rhythms, with a focus
on activity on scalp regions overlying somatosensory cortex. We also analyzed EEG during
the execution of the reaches into the two boxes, to assess differences in alpha (particularly
the central mu rhythm) and beta rhythms during two actions differing primarily in their
tactile consequences. The study was designed to test the following hypotheses concerning
action observation: 1) Alpha-range power (8-13 Hz) will be more suppressed at electrodes
overlying somatosensory cortex during observation of a reach into a box that the observer
associates with tactile stimulation, compared to a box expected to be empty; and 2) The
effects observed for the alpha rhythm based on tactile expectations will be present not only
during the time the actor’s hand is inside of the box, but also during observation of reaching
toward the box, in line with the predictive or anticipatory properties of the mu rhythm. We
also examined whether the beta rhythm (14-30 Hz) would be sensitive to prior
somatosensory experiences during the observation of actions. This investigation of beta was
somewhat more exploratory in nature, given the lack of consensus concerning the precise
role of this rhythm in somatosensory processing.

2. Results
2.1 Observation of Action

2.1.1 Alpha Band (8-13 Hz)—During observation of an actor’s hand resting on the table
prior to movement, the hand reaching into a box, and the hand retracting (see Figure 1),
alpha power was significantly more suppressed for trials expected to result in tactile
stimulation (OT), based on the participant’s own experiences with a similarly-colored box,
compared to trials expected to result in no tactile stimulation for the actor (ON trials). This
effect was significant at electrodes F3, F7, T7, CP1, P3, Pz, and CP6 at the p<.05 threshold,
and at C3 and CP5 at the p<.01 threshold. Figure 2 shows an overview of action observation
results, and Figure 3 shows the results from the left central electrode (C3).
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2.1.2 Beta Band (14-30 Hz)—During observation of the actor’s reaches, beta power was
significantly more suppressed during observation of ON trials compared to OT trials at
electrodes F3, F7, CP1, P3, Pz, T7, and CP6 at the p<.05 threshold, and C3 and CP5 at the
p<.01 threshold (see Figures 2 and 3).

2.2 Execution of Action
2.2.1 Behavioral Results—The mean duration of participant’s reaches into the boxes
was significantly longer when they were reaching into the box containing tactile stimulation
(ET condition, mean = 1.94 s, SD = .38) compared to reaching into an empty box (EN
condition, mean = 1.82 s, SD = .37; t(27) = 3.15, p = .004). Inter-individual variability also
varied between conditions, such that the standard deviation of reaching duration for the EN
trials (mean SD = .46, SD = .33) was significantly greater than for ET trials (mean SD = .40,
SD = .24; t(27) = 2.19, p = .038).

2.2.2 EEG Results for Action Execution—EEG analyses for the execution of the
reaching actions into the box yielded no significant differences between the ET condition, in
which the participant executed a reach into the box containing tactile stimulation, and the
EN condition, in which the participant reached into a box containing no stimulation. An
example of the ERSP for each execution condition from electrode C3 is shown in Figure 4.

3. Discussion
3.1 Alpha-range desynchronization

When participants observed an actor reaching inside the box expected to contain tactile
stimulation, the upper alpha rhythm (10-12 Hz) showed greater desynchronization than
during the observation of reaches expected to result in no tactile stimulation. While the scalp
distribution of this effect varied slightly between epochs, the differences between the ON
and OT conditions were most reliable at central and centro-parietal electrodes in the left
hemisphere (C3 and CP5). This finding may reflect differential mu rhythm activity between
the two conditions, which would be consistent with studies showing that the amplitude of
the central mu rhythm is particularly sensitive to somatosensory information (Cheyne, 2012;
Hari, 2006) and is linked to activity in primary somatosensory cortex (Arnstein et al., 2011;
Gaetz and Cheyne, 2006; Ritter et al., 2009). Given these associations, our findings suggest
the possibility that somatosensory cortex was more strongly activated during observation of
a reach into the box expected to contain feathers than a reach into the box expected to be
empty, with these expectations resulting from the participant’s own prior experiences. This
novel finding further suggests that somatosensory experiences alone (without substantive
variation in motor or visual experience) may therefore contribute uniquely to the effects of
action experience on subsequent action processing.

While the effect of somatosensory experience was most reliable at centro-parietal sites, the
frontal, central, and parietal distribution of electrodes showing a broader sensitivity of alpha-
range power to somatosensory experience is consistent with some prior work (Dowman et
al., 2008; Stančák et al., 2005, Shao et al., 2012). Additionally, the pattern of results clearly
shows that the effect of expected somatosensory input was most evident over the left
hemisphere, which is consistent with recent work showing that alpha-range modulation
based on prior experience during action observation is strongest over the hemisphere
contralateral to the observed hand (Quandt et al., 2011; Quandt et al., 2012). However, we
also note that most studies in this area have not systematically manipulated spatial factors
which would help distinguish between alternative explanations of hemispheric effects.
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Effects in the alpha frequency band were present during the first three epochs of the
observed actions—including the time the hand was resting in front of the box, the reach
toward the box, and while the hand was inside the box. The lack of specificity in timing of
this effect is somewhat surprising, since that sensorimotor activation during action
observation might be expected to be tied to the onset of action, rather than the observation of
a scene in which action is implied (i.e., seeing a hand resting on a table in front of a box).
However, while desynchronization of the alpha rhythm was closely linked to the onset of the
hand entering the box for both conditions (see Figure 3), the differences between conditions
were apparent before the reach began, which suggests that changes in neural activation may
broadly reflect the consequences of upcoming actions. This finding is consistent with work
suggesting that changes in the alpha rhythm have a predictive component, desynchronizing
in anticipation of the onset of observed action (Hari, 2006; Pineda, 2005).

It is important to note that since the protocol required participants to reproduce the actions
they were observing shortly after each video clip ended, the experiment involved an
imitative paradigm. Thus, we cannot be certain whether the effects seen during action
observation are related solely to processing of others’ actions, or to the preparation of the
action they were preparing to perform. The observed actions were also highly predictable—
every time a participant saw the hand resting in front of a box, the hand reached into the box
following a short delay, which may have increased the anticipation or expectation about the
presumed somatosensory consequences of the action. Future work should consider
implementing some variation in predictability in order to see whether anticipatory action
processing differs under less predictable circumstances, as demonstrated by Haegens at al.
(2011).

One other related interpretation of our results concerns the relation between alpha
suppression and anticipatory attention directed towards upcoming tactile stimulation. Recent
work suggests that attention to upcoming tactile stimuli is associated with suppression of
oscillatory activity over contralateral somatosensory cortex (Bauer et al., 2012; van Ede et
al., 2012). It is possible that our findings may reflect similar processes and that such a
difference between conditions was based upon the participant’s prior experience with
reaching into the boxes and the associations that each participant had formed with the
yellow and blue boxes. Future work in this area should further explore how attentional
mechanisms may modulate cortical activity during action observation, and what implications
this has for the understanding of embodied action processing. In addition, in order to
localize the source of the effects found in the current study, future work could consider
using functional imaging techniques.

3.2 Beta-range synchronization
At left centro-parietal electrodes (and to a lesser extent, at some frontal and bilateral parietal
electrodes), analyses revealed significantly greater beta-range synchronization during
observation of reaches expected to result in tactile stimulation than during observation of
reaches expected to result in no stimulation. While it is common to see beta rhythm
desynchronization in response to tactile stimulation (Avanzini et al., 2012; McFarland et al.,
2000; van Ede et al., 2012), our results are not consistent with those findings. However,
there is also evidence of synchronization in the beta band in response to tactile stimulation
(Cheyne et al., 2003; Neuper and Pfurtscheller, 2001; Pfurtscheller et al., 2001).
Furthermore, it is important to note that the ~20 Hz beta rhythm is generally dominant in the
primary motor cortex (Hari, 2006; Stančák et al., 2006), in contrast to the somatosensory
sources of the mu rhythm, which likely explains why the two rhythms are often functionally
dissociated (Haegens et al., 2012; Hari and Salmelin, 1997; Shao et al., 2012).
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The beta-range effects seen here are notable because the expectation of tactile stimulation
modulated beta power during all epochs of observation. As seen in Figures 2 and 3,
differences in beta power were evident during observation of the hand resting on table, and
throughout the remaining duration of the video clips. This suggests that the EEG correlates
of the expectation regarding the tactile consequences of action have a predictive component
—occurring in advance of the actual action, much as was seen for the alpha-range findings.
This anticipation is consistent with prior work showing prestimulus modulation of the beta
rhythm in anticipation of tactile stimulation (van Ede et al., 2010).

3.3 Execution of action
We predicted that there would be greater alpha and beta desynchronization during the
execution of reaches into the box containing tactile stimulation than during reaches into the
empty box, but this hypothesis was not supported. Instead, there was no significant
difference in the EEG patterns between the types of execution epochs. However, the overall
changes in power during the execution of reaching actions are consistent with other studies
reporting brief desynchronization followed by sustained synchronization in the alpha and
beta range (Hari, 2006). Similar rebound effects following movement have been reliably
observed in other studies (Avanzini et al., 2012; Cheyne, 2012; Hari, 2006; Neuper et al.,
2006).

One candidate explanation for why the EEG analyses showed no differences between the ET
and EN conditions is that the participants’ reaching actions varied significantly between the
conditions in mean duration and in the variability of duration. Since the reaches performed
by participants were longer when they were reaching into a box with tactile stimulation, but
more variable when they were reaching into an empty box, it is possible that the variation in
action timing blurred any differences in EEG activation that may have been present between
conditions.

Another possible explanation for why the two execution conditions did not differ lies in the
dynamics of the actions that the participants were performing. In the majority of
experiments examining alpha and beta power during action execution, the actions being
performed are very small-scale—for example, lifting the index finger (Hari, 2006) or
performing pincer grasps (Muthukumaraswamy et al., 2004). In the current study,
participants were performing actions that required movement (at a minimum) of the hand,
arm, and shoulder. Although participants were instructed to keep their bodies as still as
possible, the actions necessarily caused some degree of movement throughout the body,
putting our actions on a different scale than most existing work. A recent study by McGarry
et al. (2012) found significant alpha and beta synchronization while participants picked up a
piece of paper and ripped it, and the authors suggested the effect might be due to the large-
scale nature of the movement. In addition, the predictability of the sensory effects of the
participants’ reaching actions may have also contributed to the presence of sensory
attenuation, as suggested in other recent studies (Hughes et al., 2013; Roussel et al., 2013).

4. Experimental Procedures
4.1 Participants

Twenty-seven undergraduates (17 females; mean age = 23.08 years; SD = 5.68) participated
in the experiment in exchange for course credit. All were right handed according to the
Edinburgh Handedness Inventory (Oldfield, 1971), had no history of neurological
abnormality, and had normal or corrected-to-normal vision. All participants gave informed
consent prior to participation, and the University’s Institutional Review Board approved the
study protocol prior to data collection.
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4.2 Apparatus
Two boxes were created for use in the video clips and during the experimental session. Each
box was 31 cm (width) by 36 cm (height) by 50 cm (length) in size, with opaque white sides
and interchangeable colored front panels. There was one yellow front panel, and one blue
front panel, and each panel could be attached to either of the boxes. The front panels had
openings measuring 18 cm (width) by 15 cm (height), and a perpendicular panel extending 7
cm over the opening that was designed to obscure the participant’s view into the box. One
box was empty, such that when reaching inside the box, a person’s hand would not come
into contact with any objects. The other box contained two feather dusters arranged such that
a hand could easily pass through them, and a person reaching into the box would feel the
feathers brush against all sides of the fingers, hand, and wrist.

4.3 Trial structure
We created video clips depicting an actor using his right hand to reach into the yellow and
blue boxes. A total of four video clips were created (two for each color), and one clip was
included in each trial (see Figure 1). Trials started with a fixation point (1 s), followed by a
black screen (1 s). The video clip then began, showing the actor’s right hand resting on a
table, in front of either the yellow or blue box. After 1.5 s, the actor initiated movement and
reached into the box until most of his forearm was in the box, at which point he retracted his
arm and replaced his hand on the table. The duration of the actor’s movements varied
slightly between each of the four video clips. The duration of the reach varied between 433
ms and 600 ms (mean = 500 ms; SD = 72 ms), and the hand was in the box for between
1160 and 1350 ms (mean = 1253 ms; SD = 86 ms). Participants then saw a black screen for
2.5 s, and a red star appeared on the screen (1 s duration) as a prompt for them to perform a
reach into the same-colored box in front of them. Following the participant’s action, the next
trial started. At no time was the inside of the box in the video clip visible to participants, so
participants were unaware of whether or not the boxes in the videos contained any tactile
stimulation. Video clips were recorded at 30 frames per second. The protocol included three
blocks of 20 trials each, for a total of 60 trials. In each block, half the trials depicted reaches
into yellow boxes, and half depicted reaches into blue boxes. Three randomized trial orders
were created. Two “distracter” trials were also created (one yellow, one blue) which were
not included in any analysis and were designed to keep the participant’s attention directed
toward the video clips. The distracter trials were identical to the other trials, except that at
the frame when the arm was furthest into the box, the clip froze for 2 s. Four of these trials
(two of each color) were included in each block, for a total of 12 during the experiment. The
protocol regarding these trials is described below.

4.4 Experimental Session
Prior to their arrival, each participant was randomly assigned to a color-somatosensation
association (e.g., the yellow box contains tactile stimuli, the blue box is empty). The
interchangeable colored front panels were then placed on the corresponding boxes, and
remained in place for the entirety of the experimental session. The boxes were covered with
a sheet at the time of the participant’s arrival, in order to limit their visual experience with
the boxes and prevent them from looking inside them. Each participant was also randomly
assigned to one of three trial orders. Upon arrival, participants were seated at a table with the
two boxes in front of them, and a video screen (43.5 cm diagonal) visible above the boxes,
approximately 85 cm away from the participant’s head. Participants were first familiarized
with the two boxes, and were asked to reach once into each box. They were then instructed
to watch the videos carefully, and when prompted by the appearance of the red star on the
screen, to perform the corresponding action (i.e., after watching the actor reach into the blue
box, the participant should reach into the blue box on the table in front of her). They were
instructed to reach with their right hand, with fingers together and palm facing to the left,
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and to try and perform the action at the same speed as the actor in the videos. On distracter
trials, participants were told to not perform any action, and simply wait for the next trial to
begin. An experimenter viewing a live video feed of the testing room checked performance
on each trial to ensure that the participants followed all instructions. Prior to data collection,
participants completed a practice block of ten trials (including two distracter trials) to ensure
that they understood the task.

4.5 EEG Acquisition
EEG was collected from 27 electrode sites using a Lycra stretch cap (Electro-Cap, Eaton,
OH, USA) with Electro-Gel conducting gel. The sites recorded from were Fp1, Fp2, F3, F4,
Fz, F7, F8, FC1, FC2, C3, C4, Cz, CP1, CP2, T7, T8, P3, P4, Pz, P7, P8, O1, O2 and the left
and right mastoids. Vertical electrooculogram (EOG) activity was collected from electrodes
placed above and below the left eye. The EEG signal was amplified by optically isolated,
high input impedance (>1 GΩ) bioamplifiers from SA Instrumentation (San Diego, CA,
USA). Scalp electrode impedances were kept under 25 kΩ. Bioamplifier gain was 4000 for
the EEG channels, 1000 for the EOG channels, and the hardware filter settings were .1 Hz
(high-pass) and 100 Hz (low-pass), with a 12 dB/octave rolloff. The EEG signal was
collected referenced to Cz with an AFz ground.

4.6 Event Mark Generation
The video clips used in the observation trials contained brief audio tones denoting the onset
and offset of each phase of interest. Specifically, audio tones were placed at the video
frames corresponding to the following events: initiation of the reaching action, the fingertips
entering the box, and the fingertips exiting the box as the actor retracted his hand. These
tones (which were not audible) triggered the precise placement of event markers in the
digitized EEG record, and were later used to extract epochs for the action observation
analysis (see Section 4.8). A device monitoring the audio track of the video clips generated
an immediate TTL pulse at tone onset, which was sent to the acquisition device to be
digitized alongside the EEG. In order to record the timing of the participant’s own action,
the boxes were equipped with a custom infrared beam device (James Long Company,
Armonk, NY). On one side of each box, the infrared emitter sent an infrared beam to a
sensor on the other side of the box (23 cm distance). When the hand entered the box, the
beam was broken and an event mark was placed, and when the beam was restored as the
hand left the box, another event mark was placed. These event marks were used to extract
epochs from the EEG for execution analysis (as described in Section 4.8).

4.7 Data Processing
EEG signals were analyzed using MATLAB (The Mathworks, Inc., Natick, MA) and the
open source toolbox EEGLAB (Swartz Center for Computational Neuroscience, La Jolla,
CA; http://www.sccn.ucsd.edu/eeglab). The raw EEG signal was re-referenced offline to the
average of the left and right mastoids, and independent components identified as reflecting
blink activity were removed from the EEG (Delorme, 2004; Hoffmann and Falkenstein,
2008).

4.8 Data reduction
For each trial, two epochs were extracted, one encompassing the observation of the actor’s
reach, and one encompassing the execution of the corresponding action. Two types of
observation epoch were created, with conditions based on the color-stimulation association
formed by the participants’ own experiences with the boxes (e.g., yellow box is empty, blue
box contains feathers):
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1. Observation of action with expected tactile stimulation (OT condition), from −2000
to +2000 ms surrounding the zero-point at which the actor’s hand entered the box
expected to contain stimulation.

2. Observation of action with no expected tactile stimulation (ON condition), from
−2000 to +2000 ms surrounding the zero-point when the actor’s hand entered the
box expected to be empty. These observation epochs encompassed the observation
of the hand resting on the table, the hand reaching toward the box, the hand moving
within the box, and the retraction of the hand from the box (see Figure 2 for precise
timing).

Two types of execution epochs were also created based upon the presence of tactile
stimulation in the box that the participant was reaching into:

(3) Execution of the reach inside the box with tactile stimulation (ET condition),
from −2000 to +2000 ms surrounding the zero-point at which the participant’s
hand entered the box containing stimulation;

(4) Execution of the reach inside the box containing no tactile stimulation (EN
condition), from −2000 to +2000 ms surrounding the zero-point at which the
participant’s hand entered the empty box. The execution epochs encompassed
the time when the participants were waiting for the prompt to perform the
action, their reach toward the box, the movement of their hand inside the box,
and the retraction of their hand from the box. All epochs were visually
inspected, and any epochs containing gross artifacts from biological or
environmental noise were rejected from further analysis.

4.9 Data Analysis
4.9.1 Behavioral Analysis—The amount of time each participant’s hand was inside the
box for each trial was calculated using the event marks described in section 2.6. These
durations were averaged across conditions (ET and EN), and SPSS Statistics (IBM, Armonk,
NY) was used to test for significant differences in action timing between the conditions.

4.9.2 Time-frequency Analysis—The study function in EEGLAB was used to analyze
changes in EEG power across time and frequency (Delorme, 2004). The baseline for all
observation epochs was defined as -2999 to -2000 ms, relative to time zero as defined in
Section 2.8. For the observation epochs, this baseline corresponded to presentation of a
fixation point and a black screen. The baseline for all execution epochs was -3499 to -2499
ms, corresponding to a time when the participant was viewing a black screen and waiting for
the prompt to perform the reaching action. Event-related spectral perturbation (ERSP;
Makeig, 1993) was then computed to visualize the dynamics of the power spectra during the
epochs in two dimensions (time and frequency). ERSP was computed using 200 overlapping
windows that were 800 ms wide (overlap = 760 ms), starting with a 4-cycle wavelet at the
lowest frequency. The ERSP images show mean changes in spectral power (expressed as
dB) for alpha and beta bands relative to the defined baseline. Analyses were performed to
assess statistical significance between conditions (OT vs. ON and ET vs. EN) across the
alpha (8-13 Hz) and beta (14-30 Hz) frequency ranges.

4.9.3 Statistical Analysis—Significant differences between conditions were assessed by
comparing ERSPs. We used a non-parametric bootstrap statistical method to determine the
significance between differences in ERSPs at each electrode channel depending on the
expectation of tactile stimulation (OT vs. ON conditions) or the presence of actual tactile
stimulation (ET vs. EN conditions). We performed tests at two different statistical
thresholds, p<.05 and p<.01, and all analyses were corrected for multiple comparisons using
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the False Discovery Rate correction (Benjamini & Hochberg, 1995). Conditions were
determined to differ significantly from one another at a certain time and frequency if there
was any significant difference found using the bootstrap comparison.

5. Conclusions
Taken together, the results revealed that action processing is modified by the observer’s
previous tactile experiences with the action they are observing. The increased suppression of
alpha range frequencies over contralateral somatosensory cortex during observation of
actions expected to result in tactile stimulation suggests greater activity of the
somatosensory system compared to the observation of an action that is not expected to result
in tactile stimulation. Additionally, findings reveal beta-range increases in power when
tactile stimulation is expected, suggesting a functional dissociation between the alpha and
beta frequency bands. Overall, these results demonstrate the contribution of somatosensation
to the facilitation of action mirroring processes during action observation, and provide
support for further investigating the somatosensory properties of the EEG mu rhythm.
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• We examined the effect of somatosensory experience on action processing.

• Participants viewed actions that varied in expected somatosensory
consequences.

• Mu power was lower when observed actions had more tactile consequences.

• Beta power was greater when the actions had more tactile consequences.
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Figure 1. Experimental setup and presentation of video stimuli
A) The participant was seated in front of a computer screen and the two boxes. Removable
front panels on the boxes were used to create one of two conditions: blue – tactile
stimulation / yellow- no stimulation, or yellow – tactile stimulation / blue – no tactile
stimulation. B) Schematic depicting the structure of each trial. Video clips depicted an actor
performing a reach into a yellow or blue box. After a brief delay, the appearance of a star
prompted the participant reach into the box of the same color. The boxes visible in the video
clips were angled such that it was impossible to see if there was tactile stimulation inside the
box.
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Figure 2. Differences in alpha and beta power during observation of reaching actions
Alpha-(8-13 Hz) and beta-range (14-30 Hz) power during the observation of reaching
actions. Scalp maps are shown for each epoch of interest, including the hand resting on the
table, reaching into the box, and retracting away from the box (time is shown in ms). For
each epoch, the two observation conditions are compared: observation of reaches into the
box expected to contain no tactile stimulation, based on the participant’s experiences with
the box of the same color (ON), and the observation of reaches into the box expected to
result in tactile stimulation, based on the participant’s experiences (OT). The third scalp map
in each group depicts the electrodes for which there was any significant (white dots = p<.05,
red dots = p<.01, FDR corrected) difference between the two conditions during that epoch.
The nose is located at the top of the scalp maps.
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Figure 3. EEG power at C3 during observation of action
Time-frequency plot at electrode C3 during observation of reaches expected to result in no
tactile stimulation (ON) and reaches expected to result in tactile stimulation (OT). Time zero
is the time at which the actor’s hand entered the box. The first dashed line (-500 ms) is the
onset of the actor’s reaching action, and the second dashed line (+1253 ms) is the time at
which the actor’s hand was no longer in the box. Blue colors indicate a decrease in power
relative to the baseline (measured in dB). The third panel depicts the results of a significance
test between the two plots. Dark red signifies a significant difference between power at a
specific time and frequency, as tested by bootstrap significance testing with FDR corrections
applied (p<.01).
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Figure 4. EEG power at C3 during execution of action
Time-frequency plot at electrode C3 during the participant’s reaches into boxes that either
did not contain tactile stimulation (EN) or boxes that did contain tactile stimulation (ET).
Time zero is the time at which the hand entered the box. The dashed line is the average time
at which the participant’s hand was no longer in the box (see Section 2.2.1 for details). Blue
colors indicate a decrease in power relative to the baseline (measured in dB); red colors
indicate an increase in power relative to the baseline. There were no significant differences
between the two conditions.
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