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This study explored interpersonal influences on electrophysiological responses during the anticipation of
tactile stimulation. It is well-known that broad, negative-going potentials are present in the event-related
potential (ERP) between a forewarning cue and a tactile stimulus. It has also been shown that the alpha-
range mu rhythm shows a lateralized desynchronization over central electrode sites during anticipation
of tactile stimulation of the hand. The current study used a tactile discrimination task in which a visual
cue signaled that an upcoming stimulus would either be delivered 1500 ms later to the participant’s
hand, to a task partner’s hand, or to neither person. For the condition in which participants anticipated
the tactile stimulation to their own hand, a negative potential (contingent negative variation, CNV)
was observed in the ERP at central sites in the 1000 ms prior to the tactile stimulus. Significant mu
rhythm desynchronization was also present in the same time window. The magnitudes of the ERPs
and of the mu desynchronization were greater in the contralateral than in the ipsilateral hemisphere
prior to right hand stimulation. Similar ERP and EEG changes were not present when the visual cue
indicated that stimulation would be delivered to the task partner or to neither person. The absence of
social influences during anticipation of tactile stimulation, and the relationship between the two brain
signatures of anticipatory attention (CNV and mu rhythm) are discussed.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

Increasing efforts are being dedicated to studying the role of
somatosensory processes in social perception (see Keysers et al.,
2010; Zaki et al., 2016, for review), including the question of
whether brain networks involved in somatosensory processing
are active in response to observing tactile stimulation of others.
Shared activations in primary (SI) and secondary somatosensory
cortex (SII) during direct somatosensory stimulation and during
observation of another person being touched have been reported
in a number of studies employing functional magnetic resonance
imaging (fMRI; Blakemore et al., 2005; Ebisch et al., 2008;
Keysers et al., 2004; Kuehn et al., 2014; Schaefer et al., 2009), with
additional activation in anterior cingulate cortex (ACC) and ante-
rior insular (AI) when experiencing or witnessing painful stimula-
tion (Costantini et al., 2008; Jackson et al., 2006; Lamm et al.,
2009). In addition to these fMRI findings, there is a growing litera-
ture examining related questions using electroencephalographic
(EEG) and magnetoencephalographic (MEG) techniques. Much of
this work has focused on the mu rhythm, which occurs in the alpha
frequency range at central electrode sites overlying sensorimotor
cortices. Mu rhythm suppression has been documented during
the experience of touch (Cheyne et al., 2003; Gaetz and Cheyne,
2006), and during the observation of social touch (Peled-Avron
et al., 2016) and pain (Cheng et al., 2008; Perry et al., 2010;
Riečanský et al., 2015; Whitmarsh et al., 2011). Furthermore, view-
ing painful stimulation elicits stronger mu desynchronization than
watching non-painful tactile stimulation (Höfle et al., 2013; Perry
et al., 2010; Whitmarsh et al., 2011; Yang et al., 2009).

These findings of neural activation during observation of touch
have been used to support the broader notion that we relate to
others’ experiences in part through mapping the sensations (e.g.,
tactile sensations) experienced by other people onto our own
sensory representations (Keysers et al., 2010). However, despite
much interest in this idea, the necessary conditions under which
such shared activations might occur remain poorly understood,
and the specific role of activation of somatosensory cortex in
understanding others’ somatic states is not clear (Chan and
Baker, 2015; Lamm et al., 2015). One limitation of prior work in
this area is that most studies have examined changes in brain
activity at a relatively coarse temporal resolution. Different stages
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of a ‘‘touching” event (either seen or felt), such as the anticipation
of stimulation, the motion of an object or a hand approaching the
stimulation location, and the contact itself, might be associated
with the activation of different neural circuitries. To explore the
specifics of shared somatosensory activations, it may be useful to
isolate and examine these various stages. In this respect, the high
level of temporal resolution provided by EEG methods can be help-
ful in unraveling the complexities of the similarities and differ-
ences in cortical activity between somatosensory stimulation to
oneself and stimulation of others.

In the current study we take a novel approach by applying EEG
techniques to examine the anticipatory processes that occur fol-
lowing a cue signaling the impending presentation of a tactile
stimulus to self or other. Although prior studies of shared
somatosensory activations have generally not considered anticipa-
tory responses, there is a growing literature on the dynamics of
EEG responses during anticipation of sensory stimulation (Arnal
and Giraud, 2012). Another novel aspect of the current study
comes from the fact that prior work in this area has often
employed short video stimuli depicting another person being
touched. Here we focus on anticipation of tactile stimulation using
a protocol in which touch was not observed, but instead was sig-
naled through a visual cue that indicated the impending delivery
of a tactile stimulus to oneself or to another person. Very few stud-
ies have employed this kind of protocol. An fMRI study on empathy
for pain (Singer et al., 2004) employed a visual cue to signal that an
impending painful or non-painful electrical stimulus would be
delivered a few seconds later to the hand of either oneself or one’s
partner. Responses to the painful stimulation being delivered to
the partner were noted in the anterior cingulate cortex (ACC) and
anterior insula (AI), areas associated with empathy, arousal, and
anxiety (Lamm and Singer, 2010), However, due to a lack of tempo-
ral resolution of fMRI data, the specific anticipatory aspects of
these responses were not clear. It also remains an open question
whether there are commonalities in neural responses over
somatosensory areas during anticipation of tactile stimulation
being delivered to oneself or another person. In the present study
we examine this question by tracing changes in EEG alpha band
power and changes in slow potentials in the event-related poten-
tial (ERP) during anticipation of an impending tactile stimulus.

There is increasing interest in the role of the alpha rhythm (8–
14 Hz in adults) in anticipatory neural processes (Arnal and Giraud,
2012; Anderson and Ding, 2011; Haegens et al., 2012; Jones et al.,
2010; van Dijk et al., 2008). Much of the work in this area has
involved the anticipation of visual targets in spatial attention tasks,
in which a cue signals the impending appearance of the target and
further indicates the location (e.g., the left vs. right side of the mon-
itor screen) at which the target can be expected to appear. During
the epoch between the cue and the target, an event-related desyn-
chronization (ERD) in alpha power is typically seen over occipital
scalp sites contralateral to the cued location (Kelly et al., 2006;
Sauseng et al., 2005; Thut et al., 2006; Worden et al., 2000), with
some studies also reporting an ipsilateral event-related synchro-
nization (ERS) of the posterior alpha rhythm (Rihs et al., 2009).
With regard to anticipation of tactile stimuli, a similar desynchro-
nization following a cue has been reported for the alpha-range mu
rhythm over central electrode sites. For instance, if a cue signals
impending stimulation of the left hand, an anticipatory desynchro-
nization is seen in the alpha frequency range over the contralateral
(right) central electrode site. The extent of anticipatory mu desyn-
chronization is correlated with tactile discrimination and detection
accuracy (Anderson and Ding, 2011; Jones et al., 2010; Linkenkaer-
Hansen, 2004; Schubert et al., 2009), as well as with the expected
intensity of tactile stimulation (Höfle et al., 2013). Across both
visual and somatosensory modalities, the anticipatory desynchro-
nization of alpha-range rhythms (over posterior and central sites
respectively) has been proposed to indicate an attentional mecha-
nism involving an increase in local sensory cortex excitability,
which increases the perceptual salience of incoming tactile stimuli
(Foxe and Snyder, 2011).

In addition to the alpha rhythm, another anticipatory compo-
nent in the EEG signal is a slow negative potential that is com-
monly known as the contingent negative variation (CNV; Brunia
et al., 2012; Tecce, 1972; Van Boxtel and Bocker, 2004; Walter
et al., 1964). The CNV is a slow buildup of a negative-going EEG
potential during the interval between a warning/cue stimulus
(S1) and a target stimulus (S2), which has been interpreted as
reflecting the deployment of attention (Babiloni et al., 2003;
Bickel et al., 2012; Hamano et al., 1997; Tecce, 1972), timing pro-
cesses (e.g. gauging expected duration of cue-target interval; Jang
et al., 2016; Macar and Vidal, 2009; Mento, 2013; van Rijn et al.,
2011) or changes in alertness (Pauletti et al., 2014; Posner, 2008).
The CNV is commonly observed over frontal-central regions prior
to the delivery of auditory or tactile stimuli (Chennu et al., 2013;
Kononowicz and Penney, 2016; Pauletti et al., 2014), and has a
strong parietal-occipital distribution preceding visual targets
(Gómez et al., 2007). The amplitude of the CNV is modulated by
several factors, including whether the target stimulus (S2) requires
a motor response, which elicits larger CNV amplitudes than non-
motor responses (Bareš et al., 2007). Other studies have reported
that the complexity of tasks is associated with CNV amplitude
(Kranczioch et al., 2010; Cui et al., 2000). CNV amplitude is also
reduced by insertion of distractors (Tecce and Scheff, 1969), but
not attenuated by stimuli repetitions (Pauletti et al., 2014).

Studying mu ERD and the CNV has yielded useful insights into
the neural processes that are active during the anticipation and
subsequent perception of somatosensory stimulation. However,
whether similar electrophysiological responses can also be
observed during the anticipation of other peoples’ somatosensory
experiences has not yet been investigated. Vicarious activations
elicited in somatosensory cortex during direct observation of tac-
tile stimulations to others suggested an important role of
somatosensory cortex in social perception and empathy (Keysers
& Gazzola, 2009; Schaefer et al., 2009). However, the necessary
conditions for such vicarious activation, as well as the time course
of such activation, remain unknown. It is possible that social per-
ception also influences anticipatory neural activities prior to the
onset of actual tactile events, which would suggest a role for atten-
tion networks and thalamo-cortical circuitries. In the present
study, EEG was recorded from undergraduate participants while
they completed a simple tactile-discrimination task with an exper-
imenter. Prior to each tactile stimulus, cues were presented on a
screen signaling whether tactile stimulation would be presented
to the participant, their partner, or neither. Analyses focused on
changes in the mu rhythm and the amplitude of the anticipatory
CNV between the onset of the visual cue and the tactile target
stimulus. If vicarious activation in response to others’ somatosen-
sory states occurs during the anticipation of a tactile stimulus
delivered to another person, mu rhythm ERD and a CNV potential
would not only be observed when participants are expecting tactile
stimulation to themselves, but would also be measureable during
anticipation of stimulation of their task partner.

The insights gleaned from this study can add to our understand-
ing of social influences on anticipatory neural processes, and can
expand current understanding on vicarious activation and social
empathy. A supplementary goal of the current analyses was also
to examine the relations between mu rhythm ERD and the
anticipatory negativities. Despite the fact that these two
anticipatory measures are usually elicited in similar experimental
paradigms and occur over similar time frames, the relation
between them is not clear (Green and McDonald, 2010;
Grent-’T-Jong et al., 2011).
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2. Results

2.1. Behavioral results

Throughout the task, participants received ‘‘short” (3 succes-
sive) or ‘‘long” (5 successive) tactile pulses. For each trial which
they received tactile stimulation, they were asked to report
whether the stimulus was of the long or short variety. Mean behav-
ioral accuracy for discriminating the tactile target stimuli (long vs.
short pulses) was 93.71% (SD = 3.71), indicating that participants
were engaged with the task.
2.2. EEG band power results

In order to examine event-related changes in alpha band power,
event-related spectral perturbation (ERSP) in the 8–14 Hz fre-
quency band was compared using ANOVA across three conditions
(self/other/nobody) for the �1000 ms to �500 ms window relative
to delivery of the tactile stimulus. As shown in Fig. 1, for anticipa-
tion of stimulation to the right hand, significant differences in
alpha ERSP between conditions were apparent at various elec-
trodes across frontal, central, and parietal recording sites (specifi-
cally electrodes Fz, FC1, C3, Cz, C4, CP5, CP1, CP2, P3, and P7;
Fig. 1. Alpha band (8–14 Hz) ERSP for the three conditions (self/other/nobody) during
Within each section, time-frequency plots (lower panels) are shown for contralateral ce
during the window of �1000 ms to �500 ms before tactile stimuli were delivered (boxed
the three conditions are indicated (C).
p < 0.01). Prior to stimulation of the left hand, significant differ-
ences in alpha ERSP between conditions were observed at elec-
trodes C3, C4, CP5, and CP6 (p < 0.05). As seen on the topographic
maps in Fig. 1, these significant differences were driven by a
greater desynchronization when participants were anticipating
tactile stimulation to themselves (‘‘self”) compared to when they
were anticipating tactile stimulation to their task partner (‘‘other”)
or to no one (‘‘nobody”). Pair-wise comparisons showed no signif-
icant differences in alpha ERSP fluctuation between the ‘‘other” and
‘‘nobody” conditions at any of the electrodes prior to left and right
hand stimulation.

Further analysis of ERSP in the alpha band focused on electrodes
C3 and C4, in order to ascertain the dynamics of the sensorimotor
mu rhythm during anticipation of tactile stimulation. Fig. 2 shows
mean mu (8–14 Hz) power at C3 and C4 from the onset of the cue
to 500 ms post-stimulus. Analyses focused on the time window
between �1000 ms and �500 ms prior to tactile stimulation. Mean
mu rhythm power in this time window was computed and was
used as the dependent variable in a repeated-measures ANOVA
with the following factors: Condition (self/other/nobody), Elec-
trode (C3/C4), and Block Type (left hand/right hand). The mean
ERSP values from this analysis are shown in Fig. 3.

Results revealed a significant main effect of Condition (F (2,44)
= 79.808, p < 0.001), and a significant interaction between Block
the anticipatory period, shown for the right hand (A) and left hand (B) separately.
ntral electrodes in each condition. Topoplots (upper panels) show mean alpha ERSP
area on time-frequency plots). Electrodes that show significant differences between



Fig. 2. Mean mu rhythm (8–14 Hz) ERSP at C3 and C4 from the onset of the visual cue (�1500 ms) to 500 ms post-stimulus.
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Type � Electrode (F (1,22) = 8.081, p = 0.009). In terms of the main
effect, Tukey’s post hoc tests showed that mu desynchronization
for the ‘‘self” condition was significantly larger than for the ‘‘no-
body” and ‘‘other” conditions (p < 0.001), with no difference
between the ‘‘nobody” and ‘‘other” conditions (p = 0.982). Concern-
ing the interaction effect, follow-up repeated-measures ANOVAs
for each Block Type showed significant main effects of Electrode
only for blocks in which stimuli were presented to the right hand
(F (1,22) = 8.499, p = 0.008), during which mu desynchronization
was greater at C3 than at C4. No significant difference in mu desyn-
chronization was found between C3 and C4 during blocks when
the tactile stimuli were delivered to the left hand (F (1,22)
= 0.636, p = 0.434).

2.3. ERP results

Fig. 4 shows the topographic distribution of the anticipatory
negativity (CNV) in the ERP that was elicited following the cue.
For blocks in which stimuli were delivered to the right hand, the
magnitude of the CNV was significantly greater for the ‘‘self” con-
dition than for the ‘‘nobody” or ‘‘other” conditions at specific fron-
tal, central, and central-parietal recording sites (electrodes FC1, C3,
Cz, CP5, CP1, and CP2; p < 0.001). During blocks in which stimuli
were delivered to the left hand, a significantly stronger CNV was
observed over central sites (C3 and C4) for the ‘‘self” condition
compared with the ‘‘nobody” and ‘‘other” conditions (p < 0.01).
Fig. 5 shows the ERPs that were elicited at C3 and C4 during the
interval between the onset of the visual cue and the onset of the
subsequent tactile stimulus.

Mean ERP amplitude was computed across a 800 ms window
from �900 ms to �100 ms for each subject, and then used as the
dependent variable in a repeated-measures ANOVA with the fol-
lowing factors: Condition (self/other/nobody), Electrode (C3/C4),
and Block Type (left hand/right hand). The mean amplitude values
from this analysis are shown in Fig. 6.

Results showed a significant main effect of Condition (F (2,44)
= 25.486, p < 0.001), and a significant 3-way interaction between
Condition � Block Type � Electrode (F (2,44) = 10.734, p < 0.001).
Tukey’s post hoc tests showed that the anticipatory negativity for
the ‘‘self” conditionwas significantly larger than for both the ‘‘other”
and ‘‘nobody” conditions (p < 0.001), while no difference was found
between the ‘‘other” and ‘‘nobody” conditions (p = 0.555). To follow
up the significant interaction between Condition, Block Type, and
Electrode, two-way analyses of variance were conducted for each
condition. A significant interaction between Block Type � Electrode
was found for the ‘‘self” condition (F (1, 22) = 19.457, p < 0.001), but
therewere no significant findings for the ‘‘other” and ‘‘nobody” con-
ditions (p > 0.05). Pairwise comparisons with false discovery rate



Fig. 3. Mean ERSP for mu rhythm (8–14 Hz) power in each condition during the window of�1000 ms to �500 ms prior to the onset of tactile stimuli. Negative values reflect a
reduction in mu power (desynchronization) relative to a 500 ms pre-cue baseline, which was only observed in the ‘‘self” condition. When stimuli were delivered to the right
hand (left panel), greater mu desynchronization was found at C3 than at C4.

Fig. 4. The topographic distribution of anticipatory ERP (i.e., CNV) amplitude across the three conditions during the window of �700 ms to �500 ms (right panel). The left
panel illustrates electrodes showing significant differences between the conditions (p < 0.01, light blue; p < 0.001, dark blue).
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correction revealed that when the tactile stimuli were delivered to
the participant’s right hand, CNV amplitude was significantly larger
at C3 than C4 (p = 0.012). There was no significant difference in
amplitude between C3 and C4 during blocks when stimuli were
delivered to the participant’s left hand (p = 0.962).
A final set of analyses was conducted to explore the correlations
between the extent of alpha ERD and the amplitude of the anticipa-
tory ERP, again with a focus on central electrodes. The mean ERP
amplitudes andmeanERSPbetween�1000 ms to0 ms (tactile stim-
ulus onset time) for the ‘‘self” condition were extracted and sub-



Fig. 5. Mean ERP waveforms at electrodes C3 and C4 for each condition. Shadows surrounding each line represent standard errors.
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jected to Pearson’s r correlation statistics. For blocks in which the
tactile stimuli were presented to the right hand, correlations
between these two measures approached statistical significance
(r = �0.381, p = 0.073 at C3 and r = �0.360, p = 0.091 at C4). For
stimulation of the left hand, correlations were more clearly non-
significant (r = 0.047, p = 0.830atC3and r = �0.119, p = 0.589atC4).
3. Discussion

There is sustained interest in the involvement of somatosensory
processes in social perception (Keysers et al., 2010). This line of
research has often involved testing whether the neural systems
involved in somatosensory processing are activated in response
to tactile stimulation of another person (Blakemore et al., 2005;
Ebisch et al., 2008; Jackson et al., 2006; Keysers et al., 2004;
Kuehn et al., 2014; Schaefer et al., 2009). Much of this prior
research on shared activation of somatosensory circuits has
focused on recording brain activity during the observation of touch
to others. The current study relied less on visual aspects, instead
using a cued tactile stimulation paradigm to explore EEG activity
elicited during the anticipation of a tactile stimulus that was not
observed. More specifically, a visual cue signaled the delivery of
an impending tactile stimulus, and anticipatory EEG activity across
the cue-target interval was compared across three different condi-
tions: During anticipation of tactile stimulation of the participant’s
own hand, during anticipation of tactile stimulation delivered to
another person’s hand, or during anticipation of a stimulus that
did not result in tactile stimulation to either person.
Analyses of the EEG data focused on two particular anticipatory
responses – event-related desynchronization in the alpha fre-
quency band and the contingent negative variation in the event-
related potential. Alpha band ERD as well as a CNV response were
clearly observable while participants anticipated the delivery of
tactile stimulation to their own hands, which is consistent with
results from previous EEG studies on anticipation of somatosen-
sory stimuli (Babiloni et al., 2003; Foxe and Snyder, 2011). Similar
ERD and CNV responses were not observed in the other two condi-
tions. In the statistical comparisons between conditions, it was
apparent that the differences in alpha-range desynchronization
and CNV amplitude between the ‘‘self” condition and the other
two conditions were localized over central and central parietal
recording sites. Follow-up analyses focused on the central elec-
trodes C3 and C4, which roughly overly the sensorimotor hand
areas and at which the alpha-range mu rhythm is typically
recorded.

For mu ERD and CNV amplitude at central sites, hemispheric
differences in the anticipatory responses were dependent on
whether stimuli in a given block were presented to the left or right
hand. During blocks in which stimuli were delivered to the right
hand, CNV amplitude and mu ERD were stronger at the contralat-
eral central site than at the ipsilateral site. There was no significant
hemispheric difference in CNV and mu ERD during blocks in which
stimuli were delivered to the left hand. We suspect that this lack of
lateralization effects during the left hand blocks may be related to
the fact that the dominant hand all the participants in this study
was the right hand. Furthermore, the pre-target cues in the study
were not informative about which hand would receive tactile



Fig. 6. Mean CNV amplitude for each condition at electrodes C3 and C4. Mean amplitude was computed from a 800 ms window from �900 ms to �100 ms for each
participant.
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stimulation. Instead, participants received that information at the
beginning of each block. Therefore, the spatial location of tactile
stimuli stimulation may not be as salient as in other EEG studies
in which contralateral activity was reported. These studies typi-
cally presented spatial location cues on a trial-by-trial basis, with
the participant directing attention to either their left or right hand
prior to each tactile stimulus (Anderson and Ding, 2011; Haegens
et al., 2012).

Our goal in this study of exploring possible social influences on
brain activity during anticipation of tactile stimuli was inspired by
two observations. One was the vicarious activation in somatosen-
sory cortices when participants witness stimulation to other peo-
ple or actions of others, in terms of BOLD signals in fMRI studies
and mu ERD in EEG studies (Keysers et al., 2010; Peled-Avron
et al., 2016). The other observation was the anticipatory brain
potentials that have been documented to occur prior to the deliv-
ery of tactile stimulation to one’s own hand (Linkenkaer-Hansen,
2004; Schubert et al., 2009). In the present study we asked whether
participants might also exhibit signs of these anticipatory poten-
tials if stimulation was delivered to another person’s hand. How-
ever, the results clearly showed that an anticipatory mu ERD as
well as the CNV response only occurred for the ‘‘self” condition,
and not for the ‘‘other” condition, which in turn did not differ from
a condition in which nobody received tactile stimulation.

In terms of reasons why anticipatory EEG and ERP responses
were not observed for the ‘‘other” condition, we raise two possibil-
ities. Firstly, studies that reported vicarious activation in primary
or secondary somatosensory cortices (SI/SII) often involved partic-
ipants viewing others’ hands or feet being touched (Blakemore
et al., 2005; Ebisch et al., 2008; Jackson et al., 2006; Keysers
et al., 2004; Kuehn et al., 2014; Schaefer et al., 2009). Therefore,
directly witnessing the somatosensory events or depictions of
stimulation to body parts may be a necessary component in evok-
ing vicarious anticipatory activation in somatosensory cortices
(Keysers et al., 2010, for review). The absence of a concurrent
visual depiction of the tactile stimulation in the current study
may be one of the reasons why we did not observe activations dur-
ing the anticipation of stimulation to another person.

A second possibility for the lack of anticipatory components
seen prior to stimulation of the other person is the lack of an inter-
personal connection between the participant and their task part-
ner. In the current study, the participants and their partner (who
was an experimenter) had the same instructions to identify the
type of tactile stimulus (short vs. long) that they received on a
given trial. The task instructions had emphasized that participant
and their partner were working together to achieve the best possi-
ble joint score on the tactile discrimination task. However, this
instruction alone may not have been effective at promoting a par-
ticular connection between the participant and the other person.
Participants were not aware of the accuracy or inaccuracy of their
partner’s responses, and the discrimination task was relatively
easy. Therefore, this setup might not be as effective as other
designs, such as the joint Simon task (Sebanz et al., 2003) in pro-
moting a sense of working together toward a shared goal. Future
studies on anticipatory activations to stimulation of self vs. other
could use variations on established joint tasks to promote a sense
of connection between the participants. Another possibility is to
employ participants who share strong social bonds with each
other, such as friends or couples. This suggestion also relates to
findings concerning empathic responses to tactile stimulation of



G. Shen et al. / Brain Research 1659 (2017) 8–18 15
others (Lamm et al., 2015; Singer et al., 2004), which can also
involve responses in brain networks related to affective processes.

Correlational analyses explored the relations between the
extent of the anticipatory mu desynchronization and the ampli-
tude of the CNV response that both occurred during the window
between the cue and the tactile stimulus. Although some correla-
tions were close to statistical significance, the overall relations
were relatively weak, suggesting that individual differences in
anticipatory mu desynchronization do not clearly map onto indi-
vidual differences in CNV amplitude. This null finding is consistent
with results from earlier studies examining anticipatory brain
potentials and alpha desynchronization prior to the presentation
of a visual target (Green and McDonald, 2010; Grent-’T-Jong
et al., 2011). In the current study, there were further differences
between mu desynchronization and the CNV in terms of their tem-
poral and topographic distributions. For instance, visual inspection
of the waveforms suggests that the onset of the CNV was around
200 ms later than the onset of mu desynchronization. In addition,
the CNV had a more frontal distribution than the mu response,
which was observed mainly at central-parietal recording sites.

One issue for further investigation concerns similarities and dif-
ferences in the lateralization of the mu desynchronization and CNV
responses. Both types of responses were most clearly lateralized to
the contralateral central electrode during blocks of trials in which
stimuli were presented to the right hand. For mu ERD, this con-
tralateral effect was found regardless of condition (self/other/
nobody) while for the CNV, the lateralization was only apparent
during the ‘‘self” condition in which stimuli were delivered to
the participant’s right hand. These differences suggest that antici-
patory lateralization of the mu rhythm may be less dependent on
whether the anticipated target stimulus is delivered to self or other
(or nobody), while the CNV response is more sensitive to anticipa-
tion of sensory effects that are specifically directed toward the self.

Although mu ERD and the CNV can be elicited in similar para-
digms, and both components likely involve attentional mecha-
nisms, they may reflect different functional roles, with possible
non-linear interactions. Current consensus suggests that desyn-
chronization of alpha-range oscillations reflect an attention-
modulated inhibition/gating mechanism, which stems from rhyth-
mic GABAergic activity generated by local sensory cortex and
thalamo-cortical circuitries (de Munck et al., 2009; Foxe and
Snyder, 2011; Klimesch, 2012; Klimesch et al., 2007; Ritter et al.,
2009; Sadaghiani and Kleinschmidt, 2016). In terms of the origin
of the mu rhythm specifically, various studies using high-density
EEG or MEG have identified somatosensory cortex as one source
of mu ERD (Anderson and Ding, 2011; Cheyne et al., 2003; Gaetz
and Cheyne, 2006; Whitmarsh and Jensen, 2011). In comparison,
the functional role and neural generators of CNV are less well
understood, partly because the CNV is often intermingled with
readiness potentials that reflect motor preparation (Cui et al.,
2000), and with other stimulus-preceding negativities related to
feedback and reward (Kotani et al., 2015).

Several studies have suggested that the CNV is generated by a
combination of control mechanisms involving a frontal-parietal
attentional network as well as local sensory cortices (Hamano
et al., 1997; Giesbrecht et al., 2006; Gómez et al., 2007; Macaluso
et al., 2003; Nagai et al., 2004; Pauletti et al., 2014). However, while
their functional and anatomical mechanisms remain unclear, there
may be some complex non-linear interactions between alpha
rhythms and slow potentials such as the CNV (Kononowicz and
Penney, 2016; Mazaheri and Jensen, 2008; Van Boxtel and
Bocker, 2004). Further studies using high-density EEG or simulta-
neous EEG and fMRI recording might help disentangle the relations
between anticipatory CNV and mu ERD and may shed further light
on the complexities of anticipatory brain responses. A few fMRI
studies on perceptual anticipatory activities have reported
activations in multiple brain areas during anticipation of sensory
stimuli, including modality-specific contralateral primary sensory
cortices, as well as right anterior insular and frontal-parietal atten-
tion networks (Carlsson et al., 2000; Langner et al., 2011).

In conclusion, this study tested whether anticipatory responses
to impending tactile stimulation could be detected before tactile
stimulation of oneself or of another person. The results revealed
robust anticipatory mu desynchronization and CNV responses
before participants received tactile stimulations to their own hand.
We did not observe clear anticipatory signals prior to tactile stim-
ulation being delivered to another person’s hand, possibly due to a
lack of visual depictions of somatosensory events and the limited
interpersonal connections between participants and their task
partners. Finally, the absence of a clear correlation between CNV
and mu ERD magnitudes, as well as subtle differences in temporal
and topographic distributions between CNV and mu ERD, sug-
gested different, but possibly overlapping, neural mechanisms
underlying these two signatures of anticipatory processing.
4. Experimental procedures

4.1. Participants

A total of 25 undergraduate participants (18 females, mean
age = 20.57, SD = 2.54) participated in the study. All were right-
handed, with normal or corrected-to-normal vision, and had no
history of neurological abnormality. Data from 23 participants
were used for final analysis. One dataset was excluded because
of hardware problems, and another was excluded due to insuffi-
cient artifact-free trials (less than 25 trials/condition).

4.2. Tactile stimulation

Tactile stimuli were delivered to the distal tip of participants’
left and right index fingers using an inflatable membrane mounted
in a plastic casing. This stimulation method has been used in prior
EEG and MEG studies (Pihko et al., 2009; Saby et al., 2015). The
membrane was inflated by a short burst of compressed air deliv-
ered via flexible polyurethane tubing (3 m length, 3.2 mm outer
diameter). The compressed air delivery was controlled by STIM
stimulus presentation software in combination with a pneumatic
stimulator unit (both from James Long Company) and an adjusta-
ble regulator that restricted the airflow to 100 psi. To generate
each tactile stimulus, the STIM software triggered a solenoid in
the pneumatic stimulator to open for 10 ms. Expansion of the
membrane started 20 ms after the trigger onset, and peaked
20 ms later. The task used was a tactile discrimination task in
which 50% of the stimuli were ‘‘short” (3 tactile pulses in rapid suc-
cession) and 50% of the stimuli were ‘‘long” (a series of 5 pulses).

4.3. Procedure

Participants were fitted with an EEG cap, and were seated com-
fortably in front of a computer next to an experimenter, who acted
as their partner for the tactile discrimination task. The experi-
menter was also fitted with tactile stimulators on their left and
right index fingers and the participant was given instructions
about the task. At the start of each trial, participants viewed a fix-
ation image that lasted for 2000 ms, followed by a visual cue that
signaled the imminent delivery of a tactile stimulus (see Fig. 1).
Three different kinds of cues were presented: 1) a circle, which
indicated that the tactile stimulus would delivered to the partici-
pant; 2) a square, which indicated that the stimulus would be
delivered to the experimenter (other); 3) a triangle, which indi-
cated that neither the participant or the experimenter would
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receive any stimulus (see Fig. 1). For trials in which neither person
was stimulated, participants were told that similar pulses would
be sent through a polyurethane tube that ran between the partic-
ipant and experimenter and was not attached to anything.

The delay between the onset of the visual cue and the delivery
of the tactile stimulation was 1500 ms. During this interval, white
noise was played through open field speakers in order to mask any
sounds produced by the solenoids. At 500 ms following the onset
of the tactile stimulation, a screen showing ‘‘Respond” was dis-
played. For trials in which they received tactile stimulation, partic-
ipants needed to verbally report whether they received a short
pulse or a long pulse. The verbal reports were recorded for later
analysis. The experimenter also provided similar verbal reports
for the relevant trials in which he or she was cued to receive tactile
stimulation. These verbal reports occurred within a 2000 ms win-
dow following the display of the ‘‘Respond” screen. There was then
a 1000 ms delay during which the screen was black, following
which the fixation point appeared to signal the beginning of a
new trial.

Stimulation of the left hand and the right hand was carried out
in separate blocks. Each block consisted of 54 trials (18 trials for
each of the self/other/nobody conditions in random order) and
there were six blocks in total (3 for the left hand and 3 for the right
hand). Prior to the beginning of the experiment, participants were
informed that they would be carrying out the task together with
the other person, and that it was the joint responsibility of both
partners to achieve a high accuracy rate on the task (Fig. 7).

4.4. EEG recording

EEG signals were recorded from 29 electrode sites (Fp1, Fp2, F3,
F4, Fz, F7, F8, C3, C4, Cz, T7, T8, P3, P4, Pz, P7, P8, O1, O2, M1, M2,
Fc1, Fc2, Fc5, Fc6, Cp1, Cp2, Cp5, Cp6) using a Lycra stretch cap
(Electro-Cap, Eaton, OH, USA) placed according to the international
10–20 system. Vertical electro-oculogram (EOG) activity was col-
lected from electrodes placed above and below the left eye. Scalp
electrode impedances were kept under 25 KX. All EEG and EOG
channels were continuously recorded with a sampling frequency
of 512 Hz. Hardware bandpass filter settings were 0.1 Hz (high-
pass) and 100 Hz (low-pass) and the gain was 4000 for EEG chan-
nels and 1000 for EOG. The EEG signals were collected referenced
to Cz with an AFz ground, and were re-referenced offline to the
average of the left and right mastoids.

4.5. Data analysis

4.5.1. Pre-processing of EEG data
EEG analysis was performed using the EEGLAB 13.5.4b toolbox

(Delorme and Makeig, 2004) implemented in MATLAB. Following
Fig. 7. An example of one trial sequence. A trial was initiated by a fixation cross follo
presented: 1) a circle, indicating the stimulus would be delivered to the participant; 2) a
meant that a stimulus would occur but it would not be delivered to either person. The
re-referencing to the average of the left and right mastoids, epochs
were extracted from the continuous EEG data. Each epoch was
3000 ms in duration, beginning 500 ms before cue onset and end-
ing 1000 ms after the onset of the tactile stimulus. Independent
component analysis (ICA) was conducted to remove eye movement
artifacts (Hoffmann and Falkenstein, 2008). Visual inspection of
the EEG signal was used to reject epochs containing movement
artifact. The mean number of artifact-free trials per condition
was 48 (SD = 4.72), There was no significant difference in the num-
ber of usable trials across conditions (p = 0.160).
4.5.2. Time-frequency analysis
Time-frequency decompositions of single trial data were con-

ducted using event-related spectral perturbation (ERSP) analysis
(Makeig, 1993), for a 2500 ms window that ran from �2000 ms
prior to the onset of the tactile stimulus to 500 ms after tactile
stimulation onset. ERSP was computed using a Morlet wavelet
decomposition over a frequency range of 5–25 Hz, with 100 over-
lapping windows starting with a 3-cycle wavelet at the lowest fre-
quency. The baseline was defined as the 500 ms period
immediately before cue onset (i.e., �1500 to �2000 ms prior to
the onset of tactile stimulation). Event-related desynchronization
(ERD) is indicated as an ERSP decrease relative to the baseline. In
order to assess anticipatory effects induced by the different cues,
changes in alpha (8–14 Hz) ERSP were compared between the
three conditions (self/other/nobody) across all electrodes using
two different levels of significance (p < 0.05 and p < 0.01). Results
were corrected for multiple comparisons by controlling the false
discovery rate (FDR). To examine lateralization effects during
anticipation, repeated measures ANOVA with Greenhouse-Geisser
correction was used to compare averaged alpha ERSP during a win-
dow of �1000 ms to �500 ms at the left and right central elec-
trodes (C3 & C4).
4.5.3. ERP analysis
To prepare the data for ERP analysis, the artifact-free epochs

were filtered with a low-pass filter at 30 Hz, and were then aver-
aged and baseline corrected relative to the 500 ms pre-cue base-
line. The contingent negative variation (CNV) was identified as
the slow negative wave between the cue and tactile stimuli. The
calculation of mean amplitude was calculated by averaging across
a 800 ms window from �900 ms to �100 ms prior to the unset of
tactile stimuli for electrodes C3 and C4. Repeated-measures ANO-
VAs on mean CNV amplitudes were conducted with the factors
Electrode (C3/C4), Hand (left/right), and Condition (self/other/
nobody). Greenhouse-Geisser adjustments to the degrees of free-
dom were performed. Post-hoc analysis was conducted using
pair-wise t-test with FDR corrections.
wed by a visual cue and then a target tactile stimulus. Three kinds of cues were
square, indicating the stimulus would be delivered to the other person; 3) a triangle
tactile stimulation was followed 500 ms later by a response prompt.
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