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The action observation network has been proposed to play a key role in predicting the action intentions (or goals)
of others, thereby facilitating social interaction. Key information when interacting with others is whether
someone (an agent) is moving towards or away from us, indicating whether we are likely to interact with the
person. In addition, to determine the nature of a social interaction, we also need to take into consideration the
distance of the agent relative to us as the observer. How this kind of information is processed within the brain is
unknown, at least in part because prior studies have not involved live whole-body motion. Consequently, here we
recorded mobile EEG in 18 healthy participants, assessing the neural response to the modulation of direction
(walking towards or away) and distance (near vs. far distance) during the observation of an agent walking. We
evaluated whether cortical alpha and beta oscillations were modulated differently by direction and distance
during action observation. We found that alpha was only modulated by distance, with a stronger decrease of
power when the agent was further away from the observer, regardless of direction. Critically, by contrast, beta
was found to be modulated by both distance and direction, with a stronger decrease of power when the agent was
near and facing the participant (walking towards) compared to when they were near but viewed from the back
(walking away). Analysis revealed differences in both the timing and distribution of alpha and beta oscillations.
We argue that these data suggest a full understanding of action observation requires a new dynamic neurosci
ence, investigating actual interactions between real people, in real world environments.

1. Introduction

about motor principles of movement is obtained by representing
observed action in the same areas of the brain as those used for motor
execution. However, the overlap in motor brain areas activated during
both action observation and real execution concerns not only the kine
matics of a given action, but also includes the goal of the action (Riz
zolatti and Fogassi, 2014). Indeed, action observation has been proposed
to play a key role in predicting others’ action intentions or goals, and in
the understanding of actions performed by other individuals (Schippers
and Keysers, 2011; Hamilton, 2013; Buccino et al., 2001, 2004; Wheaton
et al., 2004; Rizzolatti and Fogassi, 2014).
One aspect that we need to evaluate when interacting with others is
whether the observed action is directed away from or towards us,
allowing for cooperative interaction (for a review see Rizzolatti and
Fogassi, 2014). In these terms, the direction of the observed action
performed by other people with respect to the perceiver, becomes

In face-to-face daily social interactions, we constantly decipher and
predict others’ behaviour in order to produce appropriate responses.
Research over the past 30 years has identified neural substrates sup
porting the processing of actions performed by other individuals in a
wide sensorimotor brain network, including the occipital-temporal,
parietal and premotor cortex, known as the action observation
network (Grafton et al., 1996; Cross et al., 2009; Buccino et al., 2001;
Caspers et al., 2010; Hari et al., 1998; Rizzolatti and Sinigaglia, 2010;
Cattaneo and Rizzolatti, 2009; Hari and Kujala, 2009; Decety and
Grèzes, 2006; Gallese et al., 2004). This action observation network
represents observed action in the motor system of the observer (Rizzo
latti et al., 2001; Sinigaglia, 2013). According to the theory of motor
perception (Rizzolatti and Craighero, 2004), our implicit knowledge
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critically relevant. Our interactions, furthermore, are not always medi
ated by language, and in such circumstances, we need to select the
relevant cues to understand the intentions of others in relation to our
own goal. According to the sensorimotor communication model (Pez
zulo et al., 2013, 2019) during interactions that are not mediated by
language, the main source of information is represented by motor signals
such as kinematics, sent by other individuals. According to this model,
the action direction, the body posture and the kinematics all convey
relevant information without the need for previous knowledge or a
shared communicative code between individuals (see also Sebanz et al.,
2006). The encoding of these motor aspects of an observed action can be
activated under a large variety of circumstances in real life, with or
without our awareness, and play an essential role in the understanding
of others’ intentions (Pezzulo et al., 2019; Sebanz et al., 2006). From this
perspective the ability to predict other’s actions in social interactions is
suggested to be supported by the action observation network (di Pelle
grino et al., 1992; Rizzolatti et al., 2001) and in particular by the pos
terior area of the parietal cortex (Bonini et al., 2010; Fogassi et al.,
2005). Consistent with this view the role of the posterior parietal cortex
in understanding intentions of others has been demonstrated during
action observation in primates (Bonini et al., 2010; Fogassi et al., 2005)
and in humans (Koul et al., 2018; Patri et al., 2020). These investigations
have, however, been mainly carried out using recorded videos or upper
limb movements. In real world scenarios, by contrast, we predict and
understand others’ behaviour by looking at live whole-body motion,
which include the simultaneous processing of complex bodily cues, such
as direction and whole-body kinematics of the action, embedded in a
context. To the best of our knowledge, there are no studies investigating
how the direction of an observed live whole-body action might modulate
brain activity in a perceiver.
Aside from the direction of the observed action, another feature that
might play a relevant role during the observation of others’ actions is the
position in space of a moving agent with respect to the observer. Indeed,
research with monkeys has shown that action observation network
activation is modulated by the distance of the observed moving agent,
and that ‘mirror’ neurons are selectively activated when the observed
action is performed in the monkey’s peripersonal space (Caggiano et al.,
2009; Bonini et al., 2014). Generally, peripersonal space designates the
immediate space surrounding the body, in which we can directly
interact with objects or other agents, whereas extrapersonal personal
space designates the space beyond our reach (Holmes and Spence, 2004;
Rizzolatti et al., 1997; di Pellegrino and Làdavas, 2015). The processing
of the peripersonal space and our ability to act in it is shaped by multiple
factors, such as the presence of a tool (Canzoneri et al., 2013), the en
ergetic cost associated with the task (Witt, 2011), and the goal of the
intended action (Wamain et al., 2016). To date, studies of peripersonal
and extrapersonal spaces in humans have been focused mainly on
cognitive processes related to the perception of manipulable objects
(Culham et al., 2008; Proverbio, 2012). However, in real-world life, we
not only interact with objects, but we also interact with other in
dividuals, performing movements that involve the whole body. Conse
quently, a key aim of the current study was to examine cortical
activation in the context of naturalistic whole-body movements.
The presence of other individuals has been investigated in social
psychology studies, according to which invasion of the ‘personal space’
surrounding the body by other individuals causes private discomfort
(Iachini et al., 2014; Bogdanova et al., 2021). By contrast, however, few
studies have considered the ‘social’ aspect of the proximity of other
conspecifics to our peripersonal reachable space for the purpose of ac
tion interaction (for a recent review see Bogdanova et al., 2021). For
example, Fini et al. (2014, 2015) found that the mere presence of
another body in the visual scene extended the perceptual judgments of
the ‘near’ space from an egocentric perspective, and Iachini et al. (2014)
showed that only the presence of other conspecifics, but not objects,
reduced the perception of the extent of the peripersonal space. Similarly,
Teneggi et al. (2013) showed that the mere presence of another

individual, but not of an artificial stimulus (i.e., a mannequin) in the
extrapersonal space, narrows the boundary of the peripersonal space,
suggesting that the boundary of one’s peripersonal space representation
can be shaped by the presence of others in social interactions. Addi
tionally, Teneggi and colleagues showed that when participants inter
acted cooperatively (compared to a condition in which they were
interacting non-cooperatively), the peripersonal space of the self,
merged with the other’s peripersonal space, suggesting that the repre
sentation of the peripersonal space is not only influenced by the pres
ence of other individuals, but also by the nature of the social interaction.
As far as we are aware, to date no studies have shown how the di
rection of an observed agent, and the distance of that active agent with
respect to the observer, might modulate the cortical activity during ac
tion observation. As mentioned above, one reason for this is that action
observation neuroimaging studies tend to use videos, rather than live
actions, and hence the effect of proximity of the observed agent could
not be studied. Thus, the objective of the present study was to investi
gate whether the direction and distance of a passive observer with
respect to a natural agent moving towards and away from the observer
would modulate the cortical rhythms commonly associated with action
observation (alpha 8–12 Hz and beta 13–25 Hz oscillations). Previous
studies of action observation have revealed event-related desynchroni
zation (i.e., suppression of spectral power) over occipital, parietal, and
sensorimotor brain areas (Arnstein et al., 2011; Avanzini et al., 2012;
Muthukumaraswamy et al., 2004; Babiloni et al., 1999). Consequently,
here we predicted that alpha and beta oscillations recorded during live
whole-body action observation would be modulated by the direction of
the agent with respect to the observer. Additionally, we expected that
oscillations in the alpha and beta frequency bands would be modulated
by the distance of the agent from the observer, with a stronger sup
pression when the moving agent is close to the observer compared to
when they are far away from the observer. Such modulation would
indicate that the action observation network in the brain is particularly
sensitive to the proximity of the observed agent.
In the present study we used a natural walking task, which in this
case meant that participants observed a human agent walking towards
or away from them. As pointed out by Angelini et al. (2018), a general
bias of action observation investigations has been to focus on upper limb
body effector actions, whereas lower limb movements have been typi
cally less explored. This is perhaps not surprising considering that the
direct evidence for the mirror neuron network is largely based on
reaching and grasping movements. The focus on upper limb movements
may have arisen due to an assessment bias, caused by the inadequacy of
methodologies for measuring dynamic executed actions of people
moving around compared to observed lower limb actions. However, as
discussed above, observation of movements that involve an agent
approaching or walking away from the observer are critically relevant
for perceiving the impending interaction with others (e.g., Rizzolatti and
Fogassi, 2014), akin to the basic survival principle of working out
whether a lion is a threat because it is walking towards you, rather than
away. As far as we are aware, where previous studies of action obser
vation have involved walking, the paradigms involved participants
viewing videos of human (Cochin et al., 1998), or animated pictures
(Ulloa and Pineda, 2007; Zarka et al., 2014) of walking, rather than the
observation of actual walking made by an agent present in the same
room as the observer. As suggested by previous literature (for a review
see Cevallos et al., 2015), experiments involving ecological valid stimuli
(e.g., observing a human actor instead of animated pictures) might have
an important role in revealing action perception mechanisms, not least
because brain responses during action observation of videos may be less
consistent compared to live actions (Järveläinen et al., 2001; Reader and
Holmes, 2016; Prinsen and Alaerts, 2019; Rizzolatti and Fogassi, 2014).
To date, only one recent study examined action observation of live
action walking (Kaneko et al., 2021). However, in that study, the actor
walked on a treadmill and only one observer point of view (lateral
perspective) was investigated. By contrast, in the present study, we
2
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investigated how action observation network activity is modulated by
the passive observation of an actor walking towards or away from the
observer. In Kaneko et al.‘s treadmill study (2021), it was found that
action observation of walking modulates both alpha and beta oscilla
tions over sensorimotor areas, but only when participants were
requested to observe and simultaneously imagine the movement (kin
aesthetic motor imagery), compared to passive observation. These
modulations were found to be coupled with the observed gait cycle
phases. Therefore, in the present study we also investigated whether
coupling between the observed gait cycle and cortical oscillations in the
alpha and beta frequency bands is dependent on the direction of the
action with respect to the observer.
2. Methods
2.1. Participants
Twenty healthy participants (18 female; age range = 18–44 years;
mean age = 21.4 years, SD = 5.6 years) took part in the experiment. Due
to the presence of prominent artifacts in EEG recordings, the data of two
participants were excluded. The remaining data of eighteen subjects (18
female; age range = 18–44 years; mean age = 21.67 years, SD = 5.9
years) were used in the analysis reported. All the participants had no
history of neurological disorder. Before starting the experiment, all the
participants gave their written informed consent. Ethical approval was
provided by the Research Ethics Panel of the University of Stirling.
2.2. Material and procedure
EEG data were continuously recorded using a 32 channels mobile
EEG amplifier (ANT-neuro, Enschede, The Netherlands). Participants
completed 40 trials for each condition. During the observation of
walking conditions, participants stood 1 m away at the head of a carpet,
watching the walking actions of a model walking up and down. The
observed model was a female (M.M.) and walked in two directions: to
wards the participant and away, performing six steps on the 6 m carpet
in each trial for a total of 80 trials divided in two blocks. The model wore
the insoles of the Pedar-x System (novel.de, Munich, Germany), a
bluetooth pressure distribution measuring system for monitoring local
loads between the foot and the shoe, which allowed the extraction of
temporal parameters of gait for this study. Each insole was connected to
a controller-box attached to the model’s waist with a belt. An Arduino
board connected to the TTL port of the EEG amplifier and to the sync-box
of the Pedar-x was used to synchronize the recording of the two devices.
At the beginning of each recording, a pulse was sent from the Pedar-x to
the EEG in order to temporally align the two recordings. The onset/end
of each trial was defined using the Pedar-x recording to timestamp the
EEG data. The start of the trial was defined by the first step taken by the
model on the carpet, recorded by the Pedar-x foot pressure insoles sys
tem. At the end of the path, the model took a step off the carpet, which
corresponded to the end of the trial. Between each trial, the model
turned outside the carpet and waited a few seconds (1–2 s) before
starting a new walking path. Trials in which the model walked towards
the observer (action observation (AO) of walking Towards condition, 40
trials) were separated offline from trials in which the model walked
away, and the observer viewed the back of the model (AO of walking
Away condition, 40 trials) in order to compare the two directions in the
following analysis. Fig. 1 shows the two experimental conditions.
The conditions of this study were nested and counterbalanced with
the conditions of another study, planned to be reported elsewhere, and
included the following other conditions: Actual Execution of walking (in
which the participant themselves walked up and down the carpet),
Motor Imagery of walking (in which the participant imagined walking
up and down the carpet) and Mental Counting (in which the participant
counted to six paced by a metronome). None of these other conditions
can be analysed with regards to the parameters of interest in this study

Fig. 1. Representation of the two experimental conditions.

(distance and direction), as they are part of a separate study, and are
therefore not included in this manuscript.
2.3. EEG acquisition and processing
EEG data was continuously recorded from 32 Ag/AgCl electrodes
caps connected to a portable amplifier (ANT-neuro, Enschede, The
Netherlands) at a sampling rate of 500 Hz and bandpass filtered at
0.01–250 Hz. Electrodes were positioned according to the International
10–20 system: FP1, FPz, FP2, F7, F3, Fz, F4, F8, FC5, FC1, FC2, FC6, M1,
T7, C3, Cz, C4, T8, M2, CP5, CP1, CP2, CP6, P7, P3, Pz, P4, P8, POz, O1,
Oz, O2, with AFz electrode as ground and CPz electrode as reference.
The electrode impedances were reduced below 5 kΩ before the
recording. EEG data analyses were performed using custom scripts
written in MATLAB 2019 (The MathWorks) incorporating the EEGLAB
toolbox (Delorme and Makeig, 2004). Data from the mastoid channels
(M1 and M2) were removed from the analysis, and all remaining EEG
data was filtered using a 0.1 Hz–40 Hz bandpass filter. EEG channels
with prominent artifacts were automatically selected (kurtosis >5 SDs)
and interpolated, and all channels were then re-referenced to the
average. The choice of a common average reference was determined by
the heavy presence of noise in the mastoid channels (M1 and M2), which
were removed. Data were downsampled to 250 Hz and an extended
infomax Independent Component Analysis (ICA, Makeig et al., 1995)
was performed to identify and remove non-brain signals.
Brain-related-ICs were identified using the IClabel plugin (Pion-To
nachini et al., 2019). Components exceeding a 90% probability of being
eye, muscle, heart, line noise, and channel noise were rejected. Only
brain ICs with dipoles located inside the head and a residual variance
lower than 15% were kept. An average of (mean ± SD) 7.19 ± 1.6 ICs
across conditions was retained for the analysis.
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2.4. Event related spectral perturbation (ERSP) analysis

4000 ms). Middle line single channel time frequency spectrograms (Cz,
Pz, POz, Oz; Fig. 2) were visually inspected to identify relevant changes
in the spectral power. In a data-driven manner, plots suggested two main
spectral changes from baseline (event related desynchronization and
event related synchronization) occurring in a range from 8 to 25 Hz. We
defined the two frequency bands of interest namely alpha (8–12 Hz) and
beta (13–25 Hz).

EEG data were segmented in 4.5s epochs from − 500 ms before and
4000 ms after the start of the trial (time 0). Single channel spectrograms
were time warped to the median latency of the end of the trial across
participants for each condition, which corresponded to 3056 ms for the
AO of walking towards condition and 3258 ms for the AO of walking
away condition. As the design included naturalistic observation of
walking, and the participants observed a model which was continuously
walking the path in both directions, we did not have a pre-stimulus
baseline as the model was always present in the visual scene. There
fore, event related spectral perturbation (ERSP) was extracted using a
Fast Fourier Transform (FFT), computed as the mean difference between
single trial log spectrograms for each channel and each participant
across conditions and the mean power of the overall trial (from 0 to

2.5. Statistical analyses
Alpha and beta oscillations were analysed by pooling the activity of
neighbouring electrodes in relevant regions of interest (ROI) over
sensorimotor (FC1, FC2, C3, C4, CZ, CP1, CP2) and parietal-occipital
(P3, P4, PZ, O1, O2, OZ, POZ) areas. Both AO conditions were exam
ined in two separate statistical analyses, described below.

Fig. 2. Time-frequency spectrograms of midline channels (in order Cz, Pz, POz, Oz) across conditions. The onset of the trial is at 0 ms. Time warped median latencies
are indicated by the grey lines (3258 ms for the AO of walking Away condition and 3056 ms for the AO of walking Towards condition).
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(a) Effect of direction and distance. In order to investigate the effect
of both the direction of the action with respect to the observer
and the distance of the model from the observer on cortical
activation in the alpha and beta frequency bands during AO, the
overall length of each time-warped epoch was divided in 3 dis
tances: the near, the middle and the far distances. The distance of
the model with respect to the observer was operationalised a
posteriori, dividing the length of the overall trial in 3 time win
dows which matched the position of the model with respect to the
observer. Significant changes in the spectral power were assessed
with 2 × 3 × 2 Repeated Measures ANOVAs with Condition (AO
of walking Away, AO of walking Towards), Distance (near,
middle, far) and ROIs (central, parietal-occipital) as within sub
ject factors, separately for each frequency band.
(b) Cortical modulation depending on gait phases. In order to
investigate whether cortical activation during AO is modulated
by the gait phases, the model’s heel strike latencies were
extracted from the Pedar-x step analysis output and were used to
analyse the EEG data of the participants (observers). To explore
whether alpha and beta modulations were related to the direction
of the observed gait cycle, a gait cycle performed by the model (i.
e., 3 consecutive heel strikes) was selected during the first time
window of AO conditions (i.e., at the beginning of the trial). EEG
data were segmented into epochs relative to the observed first
heel strike (time 0) and single trial spectrograms were time
warped to the median of the second and the third consecutive
heel strike. Each gait cycle was then divided in percentage
following the standard division of Perry and Davis (1992): stance
phase (0–60%) and swing phase (60–100%). These phases were
subdivided into: loading response (0–10%), mid-stance
(10–30%), terminal stance (30–50%) and pre-swing (50–60%)
for the stance phase; and initial swing (60–73%), mid-swing
(73–87%) and terminal swing (87–100%) for the swing phase.
ERSP was computed for each gait phase as the difference between
each log spectrogram and the mean of the baseline (mean activity
of the overall gait cycle) for each channel and participant within
each condition. We assessed through two separate 2 × 7 × 2
Repeated Measures ANOVAs with Condition (AO of walking
Away and AO of walking Towards), Gait Phase (loading response,
mid-stance, terminal stance, pre-swing, initial swing, mid-swing,
terminal swing) and ROIs (central, parietal-occipital) as within
subject factors, separately for each frequency band.

when the observer was near to the model compared to when the model
was in the middle of the walk (t(17) = 2.855, p = .033) and a marginally
significant difference when the model was near compared to far (t(17) =
2.855, p = .066). There was no significant difference in alpha modula
tion between the middle and far distance (p = .872).
A main effect of ROIs [F(1, 17) = 6.139, p = .049, η2p = 0.209]
showed an overall stronger decrease of alpha power over parietaloccipital areas compared to central brain areas.
A significant interaction between ROIs and Distance [F(1, 17) =
4.383, p = .020, η2p = 0.205, see Fig. 3, panel (a)] showed a significantly
stronger decrease of alpha power over parietal-occipital compared to
central areas when the model was near to the observer (t(17) = 3.382, p
= .012), but showed no significant differences for the middle and far
distances (p = .596).

Statistical analyses were performed using SPSS statistical package.
For all analyses, the Greenhouse – Geisser correction was applied
whenever the sphericity assumption was violated and post-hoc paired
sample t-tests were adjusted using Bonferroni correction to investigate
significant main effects and interactions.

3.1.2. Beta
The ANOVA revealed a main effect of Distance [F(1, 17) = 9.293, p
= .001, η2p = 0.353] with an overall stronger decrease of beta power
when the model was near to the observer compared to when the model
was in the middle (t(17) = 3.415, p = .009) and far from the observer (t
(17) = 4.056, p = .003). There was no significant difference in beta
modulation between the middle and the far distance (p = .279) (see
Fig. 3, panel (b)).
A significant interaction between Condition and Distance [F(1, 17)
= 5.103, p = .016, η2p = 0.231, see Fig. 4] showed that a stronger
decrease of beta power occurred when the model was near and walking
towards the observer (i.e., the model facing the observer) compared to
when the model was near and walking away from the observer (i.e., the
model showing her back to the observer), (t(17) = 2.713, p = .035).
Post-hoc paired sample t-tests did not reveal any statistically significant
difference between beta modulation across the two directions when the
model was in the middle (p = .264) compared to when far (p = .060).
A significant interaction between Condition and ROIs [F(1, 17) =
8.424, p = .0, η2p = 0.331] showed a significant stronger decrease of beta
power over parietal-occipital areas when the model was walking to
wards the participants compared to the condition in which the model
was walking away (t(17) = 2.189, p = .043). In the condition of AO of
walking Away, there was a stronger decrease in beta power over central
areas compared to parietal-occipital areas (t(17) = 2.816, p = .012).
A significant interaction between ROIs and Distance [F(1, 17) =
10.083, p = .001, η2p = 0.372, see Fig. 3, panel (b)] showed a significant
stronger decrease of beta power over parietal-occipital areas compared
to central when the model was near to the observer (t(17) = 3.539, p =
.009) and a stronger decrease over central areas compared to parietaloccipital areas when the model was far from the observer (t(17) =
3.539, p = .015). There was no significant difference in beta modulation
over central and parietal-occipital areas when the model was in the
middle distance (p = .806).

3. Results

3.2. Cortical modulation depending on the direction of gait phase/cycle

As can be seen in Fig. 2, which illustrates the time frequency spec
trograms of Cz, Pz, POz, Oz channels, the two AO conditions showed a
distinct pattern of power decrease and increase. The main differences
appear to be confined to the extremities of the epoch (areas highlighted
in the black rectangles in Fig. 2) in which the model was near or far from
the observer, indicating an effect related to the proximity of the moving
agent. Furthermore, the two patterns appear to be reversed depending
on the direction of the observed action (highlighted in the black rect
angles in the plots in Fig. 2).

3.2.1. Alpha
Fig. 5 shows alpha modulation during the gait cycle across the two
different conditions. As we can see from the graph, alpha modulation
presents an inverse pattern depending on the direction of the observer
with respect to the direction of the gait cycle of the model. Furthermore,
the graph indicates that alpha modulation is stronger in the condition in
which the model was walking towards the observer. The ANOVA did not
reveal any significant main effect of Condition (p = .730) or Gait Phase
(p = .209) or ROIs (p = .716). A significant two-way interaction between
Condition and Gait Phase [F(1, 17) = 3.206, p < .05, η2p = 0.159]
indicated that, averaged across central and parietal occipital ROIs, dif
ferences in alpha modulation occurred during the first gait cycle of both
AO conditions. Paired-sample post-hoc t-tests showed a significantly
stronger decrease of alpha power in AO of walking Towards compared to
AO of walking Away during the mid-stance, just before the second heel

3.1. Effect of direction and distance
3.1.1. Alpha
The ANOVA revealed a main effect of Distance [F(1, 17) = 4.859, p
= .016, η2p = 0.222] with an overall stronger decrease of alpha power
5
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Fig. 3. Significant two-way interactions between ROIs and Distance as indicated by the ANOVA. (a) Alpha percentage change from the baseline across ROIs and
Distance (with relative standard error bars and dashed linear trendline). (b) Beta percentage change from the baseline across ROIs and Distance (with relative
standard error bars and dashed linear trendline).

Fig. 5. Alpha percentage change from the baseline averaged across central and
parietal-occipital ROIs, across AO conditions and gait phase. Dashed lines
represent the alignment between time points of the different gait phases across
two conditions, respectively defined: load (0–10%), mid-stance (10–30%),
terminal stance (30–50%), pre-swing (50–60%), initial swing (60–73%), midswing (73–87%) and terminal swing (87–100%).
Fig. 4. Significant two-way interaction between Condition and Distance as
indicated by the ANOVA. Specifically, the graph shows beta percentage change
from the baseline averaged across central and parietal-occipital ROIs, across
Conditions and Distance (with relative standard error and dashed linear
trendline). Scalp topographies of beta activity for each condition (AO of
walking Away; AO of walking Towards) across distances (near, middle, far) are
shown on top of the relative bars. As can be seen from the trendlines, there was
a weak modulation of beta power when the model was moving away from the
observers. On the contrary, there was a strong modulation when the model
moved towards the observers, approaching them.

3.2.2. Beta
The ANOVA did not reveal significant main effects of Condition (p =
.562), Gait Phase (p = .818) or ROIs (p = .304). Additionally, the
ANOVA did not reveal any significant interactions between factors (p >
.05).
4. Discussion
This study establishes that during the observation of a live agent
walking away or towards the observer, the action observation network is
sensitive to both the direction of the action and the distance of the
observer relative to the moving agent. By examining the time course and
distribution of the cortical activation associated with action observation,
we revealed distinct patterns of modulation in the alpha and the beta
frequency bands depending on the distance and direction of the
observed action. This dissociation between the two frequencies suggests
that alpha is tuned to spatial and visual information, such as a person’s

contact (t(17) = 2.823, p = .035). During the pre-swing and initial swing
(just after the second heel contact) a significantly stronger decrease of
alpha power occurred in AO of walking Away compared to AO of
walking Towards (pre-swing: t(17) = 2.679, p = .042; initial swing: t
(17) = 2.504, p = .028). The ANOVA did not reveal any other significant
interaction between factors (p > .05).
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proximity, whereas beta is tuned to those situations in which we are
approached by other people when moving in the real world
environment.
The analysis revealed that alpha recorded during action observation
was modulated only by the distance of the model from the observer,
demonstrated by a stronger decrease of power over parietal-occipital
brain areas when the model was nearest to the observer compared to
further away, regardless of direction. This pattern is analogous to ob
servations in previous primate research, which has shown that mirror
neurons of the brain area F5 responded selectively to object-directed
actions performed in the peripersonal space of the monkey (Caggiano
et al., 2009; Bonini et al., 2014). Similarly, human EEG studies, inves
tigating peripersonal and extrapersonal space, reveal alpha suppression
of power over parietal areas when participants estimate the reachability
of manipulable objects placed within compared to outside their peri
personal space (without making overt action) (Wamain et al., 2016).
Furthermore, suppression of occipital alpha and beta power has been
associated with the processing of the saliency of objects placed in the
visual scene (Vanni et al., 1997), the anticipation of forthcoming stimuli
(Bauer et al., 2014; Cravo et al., 2013) and increased general excitability
(Schubring and Schupp, 2019). These data are also supported by brain
imaging studies which showed that the parietal-occipital brain areas are
involved in the encoding of objects placed within the reachable space of
the hand (Gallivan et al., 2009). Taken together these findings suggest
that brain activation is moderated by the location of an object in the
space relative to the subject, as well as being enhanced when the object
is within peripersonal space and the subject can directly interact with
the object (Wamain et al., 2016). Building on these earlier data, the
present research findings demonstrate that the proximity of a moving
agent approaching the peripersonal space of an observer moderates
neural activity within the action observation network.
One important outcome of the current study is further clarification of
the circumstances under which the action observation network operates.
In the present study design, the movement of the model did not imply
the use of any object or any explicit goal-directed behaviour towards the
subject, thus our results suggest that even in the absence of an object or
an explicit intention of an interaction, alpha and beta oscillations over
parietal-occipital areas are selectively modulated by the proximity of
others. As previously shown by a large body of evidence, the parietaloccipital cortex is part of the action observation network involved in
the representation of space for action (Colby and Goldberg, 1999;
Husain and Nachev, 2007), in motor planning (Andersen et al., 1997;
Andersen and Cui, 2009; Buneo and Andersen, 2006; Busan et al., 2009),
in the action observation of object and non-object directed actions
(Iacoboni et al., 2004; Evangeliou et al., 2009; Buccino et al., 2001) and
in processing social information during action observation (Tunik et al.,
2007; Pobric and Hamilton, 2006). The present data furthermore sug
gest that when the model is far away, an increase of power occurs both in
the alpha and in the beta bands, suggesting a reverse oscillatory pattern
compared to when the model is near to the observer. We speculate that
this distinctive pattern of activity suggests the involvement of atten
tional processes, visible in the relative increase of alpha spectral power
when the agent is farther away from the perceiver, when attentional
demands are more likely be reduced (Foxe and Snyder, 2011; Talsma
et al., 2010). These results are consistent with the accounts that suggest
alpha power is inversely related to effortful attentional processing, such
that increased power reflects a reduction in cognitive load (Foxe et al.,
1998; Vanni et al., 1997; Van Diepen et al., 2019). At least in part,
however, the apparent increase in alpha power visible during the
moment in which the model is farther away from the perceiver might
also reflect the fact that the baseline was computed over the entire
epoch. As can be seen in Fig. 3, alpha power values relative to the
baseline are negative when the model is near the observer and positive
when the model is farther away from the observer. Regardless, our re
sults support the view that alpha oscillations over parietal-occipital
areas reflect a mechanism which underlies the processing of relevant

visual and spatial information of the observed action, such as the dis
tance of another agent from the observer.
Crucially, the present results demonstrated that, differently from
alpha, oscillations in the beta frequency band are modulated not only by
distance, but also by the direction of the observed action. The analysis
revealed a stronger decrease of beta spectral power over parietaloccipital brain areas when the model was facing the participant (AO
of walking towards) compared to when observed walking from the back
(AO of walking away). Furthermore, beta power suppression was more
prominent during approach when the model was near and walking to
wards the participant. Beta oscillations have previously been shown to
be an index of the activity of the action observation network in humans
(Cochin et al., 1998; Hari et al., 1998). The direction of the action (but
not distance) was previously considered in an EEG study of action
observation of video recorded meaningless hand gestures by Kilner and
colleagues, which showed that beta was modulated by the direction of
the model in respect to the observer (Kilner et al., 2009). Indeed, Kilner
et al. (2009) found a stronger beta power suppression over sensorimotor
areas only when the model was facing the participant, compared to in a
condition in which the model was facing away. This finding has been
interpreted as a modulation in visuospatial attention driven by the social
relevance of the observed action. Kilner et al. (2006) described a similar
pattern in the alpha frequency band over parietal areas, which was
modulated by the side of the screen in which the movement occurred,
suggesting that alpha oscillations might reflect visual and spatial rele
vant information of the observed movements. However, our results
partially differ from Kilner et al. (2009) with regards to the modulation
of beta frequency band, as we found that beta power suppression was
stronger over parietal and occipital areas (compared to central brain
areas) and this modulation was sensitive to the walking direction.
Conversely, Kilner et al. (2009) found beta suppression over sensori
motor areas when the model was facing the participant. The divergence
between the present results and the findings of Kilner et al. (2009) might
be due to the difference in task, which in the present study involve the
live action of walking toward a person, whereas in Kinlner et al. (2009)
participants observed a video of a standing person performing arm
movements. Thus, in the present study the relevance of a real-world
dynamic action directed towards the participants might have driven
the different brain activations. More broadly, this finding highlights
that, in order to understand cortical processes during action observation,
it is necessary to investigate whole-body dynamic movements, as they
are in real life.
The current finding is important because it demonstrates that the two
cortical rhythms have partially distinct roles during action observation.
In a further dissociation, we found that only oscillations in the alpha
frequency band were modulated by the gait phases of the observed
model. It has been shown that cortical activity in the alpha and in the
beta frequency bands over the sensorimotor cortex is locked to gait
phases (Gwin et al., 2011; Seeber et al., 2014; Wagner et al., 2012). A
similar modulation has been reported during the simultaneous obser
vation and imagination of treadmill walking (Kaneko et al., 2021; to our
knowledge the only other study that integrated brain signals of the
observer with the live movements of the observed). Indeed, in their
recent study Kaneko et al. (2021) reported beta power suppression at the
stance and mid-swing phases, and alpha and beta power increases at the
terminal stance, when participants were required to imagine walking
and observe a model walking on a treadmill from the lateral perspective.
The data reported in the present study suggest that only oscillations in
the alpha, but not in the beta frequency band, are modulated by the gait
phases during action observation, and that this modulation depends on
the direction of the action performed by the model. These results are
consistent with evidence showing that beta power suppression, typically
observed during movement execution, is not associated with the effector
(Salmelin et al., 1995), movement type (Wheaton et al., 2009; Stančák
and Pfurtscheller, 1997) or to movement complexity (Leocani et al.,
2001), suggesting that rather than reflect a pure motor process, beta
7
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power suppression might index cognitive aspects of motor control
(Kilavik et al., 2013). Conversely, in the present study alpha oscillations
were modulated by gait phase. This result is in line with the findings of
Kaneko et al. (2021), showing that alpha and beta power modulation are
coupled with gait phases, but only when action observation was per
formed concurrently with the kinaesthetic imagery of walking (the
imagination of the ‘feeling’ of walking without actually doing it) and not
during action observation alone or during resting state. In the present
study, participants were instructed only to observe, but not simulta
neously imagine, the movement. Therefore, as the task only involves
action observation, and not the imagination of walking, which might
enhance the motor activation, we found that only alpha oscillations
were modulated by gait parameters, most likely reflecting the processing
of visual and temporal gait related information (see Liang et al., 2018).

(i.e. the presence of an agent near to our peripersonal space), beta os
cillations reflect processing that filters and discriminates between rele
vant and possibly social motor information of action performed by
others (i.e., the direction of the interaction).
Overall, the changing pattern of brain oscillations revealed in the
current study provides neural evidence for the significance of in
teractions between people, and highlights that in order to understand
social interactions we need to investigate dynamic real-world behav
iour. To do this, it is necessary to employ methodological approaches
suited to a new dynamic social neuroscience, such as mobile neuro
imaging techniques, bringing experimentation into the real world.
Author contributions
M.M., D.K., M.G.E, D.I.D. and M.I. conception and design of the
study; M.M. performed the experiment; M.M. analysed data; M.M., D.K.,
M.G.E., D.I.D. and M.I. interpreted results and all authors contributed to
the manuscript.

4.1. Implications and conclusion of the present study
Due to the novelty of employing both a dynamic (mobile) brain
imaging method and a novel experimental design, this study was able to
significantly advance our understanding of the cognitive and neural
processes supporting observation of real-world action. The live presence
of the moving agent meant that we could examine the neural correlates
of the dynamic features of action observation, where the moving agent
was closer or further away from the observer. We showed that alpha and
beta suppressions were stronger when actions were performed near to
the observer - close to the participant’s peripersonal space - compared to
actions performed far away from the observer. It is also notable that
earlier studies in non-human primates have shown that the action
observation network is activated when the observed action is performed
in the peripersonal compared to extrapersonal space (Caggiano et al.,
2009; Bonini et al., 2014), providing support for the claim that the
distance of another person modulates the activation of brain areas
included in the action observation network.
Furthermore, our data showed that in real world action observation
of a person approaching or walking away, the direction of the observed
action is tracked by changes in parietal brain area beta oscillations, as
we found a stronger beta suppression of power over parietal-occipital
brain areas when the model is facing the participant. Previously, ac
tion observation investigations used only videos, not live actions, and
furthermore showed only part of the body when displaying movements
usually of the upper limb. Here, by contrast, we used a live action
involving the actual presence (and therefore whole body) of the moving
agent, typical of real life social interactions. The fact that we found that
in live action observation the action observation network responds to
both direction and proximity, highlights the need to examine this kind of
real life interaction to fully characterise action observation. The present
findings suggest that in daily life action observation, the observer is
monitoring and assessing multiple sources of information from the
observed action, including the orientation of the agent moving towards
the observer and the distance between the observer and the approaching
agent.
Finally, our study suggests that alpha and beta oscillations are
dissociable, playing distinct roles during action observation. Previous
studies have not typically separated the two bands, describing the two
rhythms together as the index of a general mechanism involved in the
regulation of inhibition/activation of cortical visual, somatosensory,
and sensorimotor brain areas (Pfurtscheller & Lopes da Silva, 1999).
However, recent evidence points towards different functional and
topographical distribution for alpha and beta activity (Stolk et al.,
2019). Indeed, alpha rhythm has been proposed to signal the allocation
of attention toward relevant task-related information (Foxe and Snyder,
2011; Brinkman et al., 2014; Babiloni et al., 2006), while beta oscilla
tions are thought to be related to motor activation (Ronnqvist et al.,
2013). Our results provide additional support for these accounts (e.g.,
see Kilner et al., 2009) and demonstrate that whereas alpha oscillations
signal the brain response to salient visual aspects of an observed action
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