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Combined action observation and motor imagery (AOMI) facilitates corticospinal excitability (CSE). This study used single-pulse
transcranial magnetic stimulation (TMS) to explore changes in CSE for coordinative AOMI, where the observed and imagined actions are
related but not identical, for a single-leg sit-to-stand (SL-STS) movement. Twenty-one healthy adults completed two testing sessions
including baseline (BL), action observation (AO), and motor imagery (MI) control conditions, and three experimental conditions where
they observed a slow-paced SL-STS while simultaneously imagining a slow- (AOMIyjco), medium- (AOMIyoco), oF fast-paced (AOMI; oco) SL-
STS. A TMS pulse was delivered to the right leg representation of the left primary motor cortex at three stimulation timepoints aligned
with peak electromyography (EMG) activity of the knee extensor muscle group for the fast- (T1), medium- (T2), and slow-paced (T3) SL-STS
during each condition. Motor evoked potential (MEP) amplitudes were recorded from the knee extensor muscle group as a marker of
CSE for all stimulation timepoints and conditions. A main effect for experimental condition was reported for all stimulation timepoints.
MEP amplitudes were significantly greater for AOMIyjco at T1 and T3, and AOMIyoco and AOMI oco at all stimulation timepoints, when
compared with control conditions. This study provides neurophysiological evidence supporting the use of coordinative AOMI.

Keywords: dual-action simulation hypothesis; motor evoked potential; movement simulation; transcranial magnetic stimulation; visual

guidance hypothesis.

Introduction

Action observation (AO) and motor imagery (MI) are effec-
tive interventions for enhancing movement execution and
(re)learning in rehabilitation and care settings (eg Buccino
2014; Nicholson et al. 2019; Herranz-Gémez et al. 2020). These
improvements have been explained by motor simulation theory,
which posits that AO and MI activate brain areas associated with
movement planning, production, and control, and thus have
the capacity to increase functional connectivity across these
motor networks (Jeannerod 2001). In support of this proposition,
research employing a range of neuroscientific modalities [ie
functional magnetic resonance imaging (fMRI), functional near-
infrared spectroscopy (fNIRS), electroencephalography (EEG),
and transcranial magnetic stimulation (TMS)] demonstrates
increased corticomotor activity for both AO and MI compared
to control/baseline conditions (see eg Grosprétre et al. 2015;
Hardwick et al. 2018; Condy et al. 2021). Literature to-date
has typically compared these two forms of motor simulation,
showing that brain activation patterns for AO and MI are distinct,
but overlapping (Hardwick et al. 2018), and that both AO and
MI facilitate corticospinal excitability (CSE) as a marker of
corticomotor activity compared to control conditions (eg Clark
et al. 2004; Williams et al. 2012). After an initial review by Vogt
et al. (2013), a body of work has investigated the behavioral
outcomes and underlying neurophysiological mechanisms

associated with combined action observation and motor imagery
(AOMI).

AOMI involves a person observing human movement and
simultaneously imagining the physiological sensations and
kinesthetic experiences associated with executing the same or
a different movement (Eaves et al. 2016b; Eaves et al. 2022). A
recent meta-analysis by Chye et al. (2022) synthesized literature
on highly-coordinated AOMI (AOMlIyco), Where a person watches
amovement demonstration and imagines the feeling of executing
an identical movement in the same perspective in time with the
viewed content. This meta-analysis reported improved movement
outcomes and facilitation of CSE for AOMI compared to AO
and control conditions, but not compared to MI conditions. The
behavioral and neurophysiological findings from Chye et al.’s
(2022) meta-analysis suggest that AOMlIuico benefits motor
execution by inducing plastic-like changes in the motor system,
benefitting physical execution of the movement in a similar
manner to physical training (Chye et al. 2022; Grilc et al. 2024).
This sentiment is supported in a rehabilitation context, as studies
employing TMS show that AOMIyico leads toincreased facilitation
of CSE for whole-body functional movements such as walking
(eg Kaneko et al. 2018) and balance (eg Mouthon et al. 2015,
2016), and studies employing AOMIpico as a training intervention
report improved muscle strength (Scott et al. 2018), rehabilitation
outcomes (Marusic et al. 2018), and postural control (Taube et al.
2014) across the lifespan.
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While empirical support for AOMlyico is growing, there is lim-
ited research on alternative forms of AOMI. Vogt et al. (2013)
proposed that AOMI can occur along a spectrum, whereby AO
and MI serve different roles during AOMI depending on the level
of coordination between the two. At one end of this spectrum is
congruent AOMI, where the content and/or visual perspective are
identical for AO and MI components of AOMI. The term AOMIyico
has been adopted instead of congruent AOMI in this study, as AO
and MI components are likely never fully congruent during AOMI
due to differences in aspects such as modality, imagery ability,
body structure, and movement pattern between the observed and
imagined movements (Frank et al. 2020). On the other end of the
spectrum lies conflicting AOMI, where the content and/or visual
perspective for AO and MI components of AOMI are opposing (eg
watching movement and imagining being still and relaxed). In
between these endpoints lies coordinative AOMI, where the content
and/or visual perspective for AO and MI components of AOMI is
similar. For this type of AOM], the level of coordination between
the observed or imagined actions can vary on a range of move-
ment parameters, including the type, direction, speed, force, and
accuracy of the movement (Chye et al. 2022). For example, Grilc
et al. (2024) investigated two forms of coordination: one based
on the direction of motion (eg observing a knee extension while
imagining a dorsiflexion), and another based on the functional
coordination between the two movements (eg observing a knee
extension while imagining a plantarflexion) during coordinative
AOMI of lower-limb movements.

Two main theoretical hypotheses have been proposed to
explain the underlying mechanisms for coordinative AOMI. The
first is the dual-action simulation hypothesis (DASH) account
for AOMI proposed by Eaves et al. (2016b). Drawing from the
Affordance-Competition Hypothesis (Cisek 2007), the DASH sug-
gests that individuals generate separate motor representations
for the observed and imagined actions during AOMI, and that
these are maintained as parallel sensorimotor streams that either
merge or compete depending on the level of coordination between
the observed and imagined actions. For AOMIyico these likely
merge as one sensorimotor stream, producing more widespread
activation in the premotor cortex compared to AO or MI alone.
For lowly-coordinated AOMI (AOMIioco), where there is little
overlap between the AO and MI components, the DASH proposes
that visuo-motor representations for the observed and imagined
actions are likely to compete as separate sensorimotor streams,
resulting in similar corticomotor activity to performing the AO or
MI tasks in isolation, depending on which simulation process
is prioritized. For moderately-coordinated AOMI (AOMInoco),
the visuo-motor representations of the observed and imagined
movements may either merge or compete. This is dependent on
the amount of transferable sensorimotor information between
the two simulated movements and the relevance of these to the
ongoing movement plan. Based on this proposition, AOMIyoco
can result in more widespread premotor activity via merged
sensorimotor streams, or similar activity to AO or MI alone
through prioritization of one competing sensorimotor stream.

The visual guidance hypothesis (VGH; Meers et al. 2020)
has been proposed as an alternative account for the processes
involved in coordinative AOMI. The VGH argues that the imagined
action is prioritized, with the observed action serving as an
external visual stimulus that may facilitate or disrupt the
imagined action during coordinative AOMI. According to the VGH,
the increased corticomotor activity reported in previous literature
for AOMlIyico (see Chye et al. 2022 for a recent meta-analysis)
is due to the observed action displaying the same movement

and acting as a visual primer that forms a stronger motor
representation for the imagined action. For AOMIioco, the VGH
suggests that a motor representation will only be formed for the
imagined action due to the observed action displaying another
movement and acting as a visual distractor. Unless ignored, this
will disrupt the generation and maintenance of the imagined
action, meaning corticomotor activity will be reduced compared
to independent MI. In a similar vein to AOMlIoco, the VGH
proposes that a motor representation will only be formed for
the imagined action during AOMImoco due to the observed
action displaying another movement. However, the observed
action might act as a visual primer or visual distractor during
AOMlyioco depending on the amount of transferable sensorimotor
information between the two simulated movements, leading
to either increased, similar, or decreased corticomotor activity
compared to independent MI.

Single-pulse TMS (Rothwell 1997) is the most prevalent neuro-
scientific modality adopted in the AOMI literature as it has high
temporal resolution and can be used to determine the specific
contributions for observed and imagined actions during AOMI
(Chye et al. 2022). However, only three studies have used TMS
to examine the neurophysiological markers for coordinative AOMI,
and reported somewhat conflicting findings (Bruton et al. 2020;
Meers et al. 2020; Grilc et al. 2024). Bruton et al. (2020) used
a coordinative AOMI task where participants observed an index
finger abduction-adduction movement while imagining the same
movement with their little finger. They found that CSE was facili-
tated in the muscles controlling both the observed and imagined
movements, when controlling for visual attention on the observed
movement, supporting the DASH. Conversely, using a similar
finger movement task, Meers et al. (2020) found that CSE was
only facilitated for the muscles involved in the imagined finger
movement, with no such facilitation for the observed finger move-
ment during coordinative AOM], in line with the VGH. In a recent
TMS study, Grilc et al. (2024) utilized two different coordinative
AOMI tasks where coordination between the observed and imag-
ined actions was based on different movement parameters. Both
coordinative AOMI tasks involved observation of a knee extension
movement, with one task involving imagined plantarflexion of
the foot (ie coordinated based on functional coupling), and one
task involving imagined dorsiflexion of the foot (ie coordinated
based on movement direction). CSE was facilitated in the muscle
controlling the imagined foot movement for both coordinative
AOMI conditions, regardless of movement parameter, but no such
facilitation was identified for muscles controlling the observed
knee extension, aligning with the finding of Meers et al. (2020) and
the VGH. Given the contrasting support for the predictions of the
DASH (Bruton et al. 2020) and VGH (Meers et al. 2020; Grilc et al.
2024), both hypotheses warrant further empirical investigation by
examining the neurophysiological markers of coordinative AOMI.

The limited research on coordinative AOMI may be due, in
part, to the challenge of clearly defining the parameters that
govern coordination between the two simulated actions. It is
important to draw from literature on AO or MI when considering
possible movement parameters that might influence the ability
to coordinate observed and imagined actions, and the subsequent
neurophysiological markers for coordinative AOMI. Several studies
have explored neurophysiological markers for AO and MI tasks
with different force requirements, showing that CSE is increased
as a function of force production during both observed (eg Alaerts
et al. 2010, 2012; Helm et al. 2015) and imagined actions (eg
Mizuguchi et al. 2013; Helm et al. 2015). There are mixed findings
regarding movement speed during AO, with studies reporting



decreased CSE (Moriuchi et al. 2014, 2017), no change in CSE
(Moriuchi et al. 2017), and increased CSE (Kitamura et al. 2023) as
movement speed is increased for various upper-limb movements.
Given the close relationship between movement force and
speed for dynamic actions, where greater force often results in
greater acceleration and thus velocity, manipulating one of these
parameters is of potential interest during coordinative AOMI.

This study aimed to test the DASH (Eaves et al. 2016b) and
VGH (Meers et al. 2020) propositions for coordinative AOMI by
comparing CSE responses during AOMI conditions where coordi-
nation between the observed and imagined actions varied based
on movement speed. In this experiment, all coordinative AOMI con-
ditions involved observation of a slow-paced single-leg sit-to-stand
(SL-STS) movement but varied in the speed of the simultaneously
imagined SL-STS. Specifically, AOMlIyico involved simultaneous
imagery of a slow-paced SL-STS, AOMIyoco involved simultane-
ous imagery of a medium-paced SL-STS, and AOMIioco involved
simultaneous imagery of a fast-paced SL-STS during observation
of a slow-paced SL-STS, with audio sonification used to guide the
imagery speed (see Castro et al. 2021a; Castro et al. 2021b).

If the propositions of the DASH (Eaves et al. 2016b) are accurate,
it is hypothesized that: H1; CSE facilitation will be increased
for the AOMIyico condition at T3 [ie the stimulation timepoint
corresponding to peak electromyography (EMG) activity for the
slow-paced SL-STS] due to the merging of sensorimotor streams
for AO and MI of the same action and movement speed. H2;
CSE facilitation will be increased for the AOMIyoco condition
at both T3 and T2 (ie the stimulation timepoint corresponding
to peak EMG activity for the medium-paced SL-STS) due to the
maintenance of sensorimotor streams for AO and MI of the same
action with similar movement speeds. H3; CSE facilitation will
not be increased for the AOMI;oco condition at any stimulation
timepoint due to the competition between sensorimotor streams
for AO and MI of the same action with different movement speeds.

If the propositions of the VGH (Meers et al. 2020) are accurate,
it is hypothesized that: H1; CSE facilitation will be increased for
the AOMIpico condition at T3 because the observed action will
enhance the motor representation formed for the imagined action
when the same movement type and speed are employed for both
AO and MI simultaneously. H2; CSE facilitation will be increased
for the AOMIyoco condition at T2 due to prioritization of the
imagined action during simultaneous AO and MI of the same
action with similar movement speeds. H3; CSE facilitation will be
increased for the AOMI;oco condition at T1 due to prioritization of
the imagined action during simultaneous AO and MI of the same
action with different movement speeds.

Materials and methods

Participants

Based on previous AOMI studies employing TMS (eg Wright et al.
2018; Bruton et al. 2020; Grilc et al. 2024), 21 healthy adults aged 21
to 43 yr (14 male, 17 right-handed, Mage =29.29 4+ 6.78 yr) took part
in this study. All participants underwent screening and provided
written informed consent prior to data collection. The screening
included completion of the TMS Adult Safety Screen (TASS; Keel
etal. 2001), the Physical Activity Readiness for Everyone Question-
naire (PAR-Q+; Warburton et al. 2011), and the Movement Imagery
Questionnaire-3 (MIQ-3; Williams et al. 2012). All participants
were free of any physical, medical, and neurological conditions,
with normal or corrected-to-normal vision and thus safe to take
part in the study based on responses to the TASS and PAR-Q+.
MIQ-3 scores indicated that the final study sample could easily
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generate internal visual (6.14 £ 0.66), external visual (5.71+1.27),
and kinesthetic (5.57 +£1.22) imagery, confirming their ability to
complete the experimental tasks.

Target movement

Rising from a chair, often referred to as sit-to-stand (STS), is a task
that requires strength, balance, and coordination. In elderly indi-
viduals, especially those with functional limitations, STS perfor-
mance is associated with various measures of physiological func-
tion (Schenkman et al. 1996; Lord et al. 2002) and the demands of
this movement can approach or exceed strength capacity (Hughes
et al. 1996). This poses a high risk of falls (Robinovitch et al. 2013),
making it a task of significant importance, especially in the main-
tenance of independent living for older adult populations (Slaugh-
ter et al. 2015). Although a normal STS is a relatively unchalleng-
ing task for young individuals, it becomes challenging in a manner
that resembles the differences between young and older adults
performing a normal STS if performed on a single leg (SL-STS). For
example, young adults exhibit a significantly longer movement
duration during SL-STS relative to normal STS, with movement
duration becoming negatively rather than positively correlated
with strength for this adapted movement (Thongchoomsin et al.
2020). For these reasons, the SL-STS was chosen as the target
movement in this study.

Experimental design

This study was conducted in accordance with the ethical guide-
lines and approval of the ethical committee at the host university
(ethical approval number LSC 21-346). All study procedures are
reported using parts A, B, and C of the Guidelines for Reporting
Action Simulation Studies checklist (Moreno-Verdu et al. 2024)
and experimental code and materials can be accessed via the
Open Science Framework: https://osf.io/qs2ym/. A repeated mea-
sures design was employed where participants completed six
conditions, split into three control conditions and three experi-
mental conditions, with all conditions repeated across two testing
sessions. The three control conditions were: (i) a baseline (BL)
condition where participants looked at a fixation cross placed
on a static image depicting the SL-STS from the video stimuli
(50% of trials) or a blank background (50% of trials), (ii) an action
observation (AO) condition where participants were required to
observe a video of a model performing a slow-paced SL-STS move-
ment, and (iii) a motor imagery (MI) condition where participants
were required to imagine the feelings and sensations associ-
ated with performing a slow-paced SL-STS movement. The three
experimental conditions were: (iv) a highly-coordinated AOMI
(AOMlyico) condition where participants were asked to simultane-
ously observe a slow-paced SL-STS movement while imagining the
feelings and sensations of performing the same slow-paced SL-STS
movement, (v) a moderately-coordinated AOMI (AOMIyoco) con-
dition where participants were asked to simultaneously observe
a slow-paced SL-STS movement while imagining the feelings and
sensations of performing a medium-paced SL-STS movement, and
(vi) a lowly-coordinated AOMI (AOMIioco) condition where par-
ticipants were asked to simultaneously observe a slow-paced SL-
STS movement while imagining the feelings and sensations of
performing a fast-paced SL-STS movement.

The six conditions were presented in a semi-randomized
order across participants (see Fig.1 for a visual depiction of
the experimental design), consistent with previous TMS studies
investigating different forms of AOMI (eg Bruton et al. 2020;
Grilc et al. 2024). The BL condition was delivered across five
blocks of six trials (ie blocks 1, 3, 5, 7, and 9) to account for
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Condition Instruction
BL We would like you to direct your attention to the fixation cross and observe this image
AO We would like you to observe this video of a single leg sit to stand
BL We would like you to direct your attention to the fixation cross and observe this image
I We would like you to imagine the feelings and sensations associated with performing a
single leg sit to stand in time with the audio
BL We would like you to direct your attention to the fixation cross and observe this image
We would like you to observe this video of a single leg sit to stand while simultaneously
AOMlyco imagining the feelings and sensations associated with performing a single leg sit to stand
at the same speed in time with the audio
BL We would like you to direct your attention to the fixation cross and observe this image
We would like you to observe this video of a single leg sit to stand while simultaneously
AOMlyoc0 imagining the feelings and sensations associated with performing a single leg sit to stand
at a speed that is 25% faster in time with the audio
BL We would like you to direct your attention to the fixation cross and observe this image
We would like you to observe this video of a single leg sit to stand while simultaneously
AOMl o0 imagining the feelings and sensations associated with performing a single leg sit to stand

at a speed that is 50% faster in time with the audio

T1 T2 T3

2T

T1 72 T3

by

pasue|eqiaiuno)

4000 8000 12000 14000

Time (ms)

Fig. 1. A visual representation of the ten experimental blocks completed during each testing session. Note: The TMS was delivered at the point of peak
EMG activity in the knee extensor muscle group for the models performing the fast-paced (T1), medium-paced (T2), and slow-paced (T3) SL-STS for
either the second or third cycle of every AOMI trial, and at the same timepoint for trials in control conditions. The ordering of the TMS delivery was

randomized and counterbalanced across trials for each experimental block.

a possible ordering effect across the experiment by recording
comparator MEP amplitude data before each condition containing
movement simulation tasks. The AO condition was presented as
block 2, before any MI instructions were provided, to reduce the
likelihood of participants engaging in spontaneous or deliberate
MI during this condition (see Bruton et al. 2020). The MI condition
was presented as block 4, after AQ, as it was deemed necessary
to have first exposed participants to visual stimuli of a SL-STS
to facilitate their MI of the action due to their naivety with
this movement. The three experimental conditions involving
coordinative AOMI tasks were presented last (ie blocks 6, 8, and
10), with the order of these counterbalanced across the study
sample to avoid the possibility of an ordering effect for these
conditions.

Stimuli development

Timings for the slow-, medium-, and fast-paced SL-STS movements
depicted in the video and audio stimuli used in this study were
determined through pilot testing given the novelty of the selected
target movement. Five pilot participants (4 male, 1 female)
completed five successful trials of the SL-STS under instructions
to move (i) as slowly as possible (ie slow-paced), (ii) at a “normal”
pace (ie medium-paced), and (iii) as quickly as possible (ie fast-
paced). During these trials, a marker on the C7 vertebra was
tracked to identify movement start and end points using a 12-
camera Vicon Vantage motion capture system (Vicon, Oxford, UK)
sampling at 100 Hz. Surface EMG activity was recorded for the
vastus lateralis (VL), vastus medialis (VM), and rectus femoris
(RF) quadricep muscles using a single bipolar silver-chloride
gel-electrode configuration on each muscle (2-cm diameter, 2-cm

inter-electrode distance; Dual Electrode, Noraxon, Arizona, USA)
to detect the point of peak EMG activity for the slow-, medium-, and
fast-paced SL-STS movements. Quadricep muscles were selected
as the target muscles because they are a large contributor to
forces during the STS (Miyoshi et al. 2005; Ahmadi-Ahangar et al.
2018). On average across the pilot participants, the slow-paced SL-
STS trial lasted 3.76 + 1.23-s, the medium-paced SL-STS trial lasted
2.344+0.38-s, and the fast-paced SL-STS trial lasted 1.69+0.29-
s. Since the average medium-paced SL-STS trial had a duration
which was closer to the duration of the fast-paced SL-STS trial, it
was decided that the medium-paced SL-STS would be best repre-
sented by the midpoint between the slow and fast-paced SL-STS
(ie 2.73-s).

Once the timings for the three SL-STS speeds were established,
one male and one female model were recruited for development
of the video stimuli. The models were video recorded performing
the slow-, medium-, and fast-paced SL-STS movement in the
sagittal plane (see Fig.2) using a Panasonic camera (HC-W570,
1,920 x 1,080 resolution and 50 frames per second). A metronome
was used so that both models could match the selected tim-
ings for all three movement speeds as closely as possible. After
reviewing footage captured for the models, the research team
agreed upon each model’s best trial for the different SL-STS
speeds by considering the time-discrepancy between the target
and executed trial durations, and the perceived smoothness of
the executed SL-STS movement. The stimulation timings were
calculated based on the EMG data collected from the best trials
of the two models. Using a bespoke MATLAB (R2020a, The Math-
Works) script, the peak EMG activity for each muscle at the three
different speeds was identified for both models. The absolute peak
time was then determined and normalized as a percentage of the
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Fig. 2. A visual depiction of the male (top) and female (bottom) models performing the slow-paced SL-STS used as the video stimuli in the AO control
condition and AOMI experimental conditions used in this study. Note: The timing differed across the models, with the male model taking 3,740 ms and
the female model taking 3,660 ms to complete the slow-paced SL-STS used in the video stimuli.

total movement duration. These normalized values were averaged
across muscles for each speed and model. Movement durations
for slow, medium, and fast speeds were defined based on the slow
movement duration, with the medium duration calculated as 75%
of the slow movement time and the fast duration defined as 50%
of the slow movement time respectively for each model. Finally,
the stimulation times were derived by relating the average nor-
malized peak activity to these predefined durations (see https://
osf.io/n7p2a for formula used). The calculated movement dura-
tion times were used to produce movement sonification files on
the open-source software Audacity (Audacity Team version 2.4.1)
to guide MI timing during conditions where this was required (ie
the MI control condition and three experimental conditions) in
line with the procedures of Castro and colleagues (Castro et al.
2021a; Castro et al. 2021b).

Experimental procedure
Surface electromyography preparation and recording

Prior to EMG placement, the skin was prepared by shaving and
cleaning the area where EMG electrodes were placed. The EMG
system adopted for stimuli development was used to measure
EMG activity for three KE muscles (ie vastus lateralis [VL], vastus
medialis [VM], rectus femoris [RF]) of the participants’ right leg
during the main experimental protocol. The EMG sensors (DTS-
EMG sensors, Noraxon, USA) and electrodes were attached to
the muscle belly of the target muscles based on the SENIAM
(Hermens et al. 1999) guidelines. Noraxon wireless sensors
(bandwidth of 20 to 450 kHz, 92 dB common mode rejection
ratio and> 1,015 2 input impedance) transmitted the EMG
signals to a desktop receiver (TeleMYO DTS EMG; Noraxon,
Arizona, USA), and these were sampled at 2 kHz via an analogue-
to-digital convertor (Micro 1401-3) and desktop PC utilizing
Spike2 software (Cambridge Electronic Design, Cambridge,
UK).

Transcranial magnetic stimulation preparation
Optimal scalp position

The TMS preparation procedures adhered to methodological
guidelines, as recorded via a methodological reporting checklist
for TMS experiments (Chipchase et al. 2012) and the methods
employed in this study were adapted from established protocols
(Grilc et al. 2024). Participants were asked to wear a tight-fitting
polyester cap with the center of the scalp (ie Cz), defined by the
intersection of lines from inion to nasion and from left to right
tragus, measured and marked as the top-right most corner of a
3 x 3 cm grid drawn for identification of the optimal scalp position
(OSP). A single-pulse double-cone coil TMS (110 mm diameter)
connected to a Magstim 200? monophasic magnetic stimulator
was originally placed at Cz and oriented to direct current flow
from anterior to posterior. The TMS coil was manually moved
around the 3 x 3 cm grid in 0.5 cm intervals posterior and lateral
from Cz, and four stimulations were delivered at each site to
identify the OSP that produced the largest and most consistent
MEP amplitudes across the three KE muscles. OSP sites ranged
from 0.5 to 2.5 cm posterior and 0 to 1.5 cm lateral to Cz, with the
median OSP coordinates recorded as 1 cm posterior and 0.5 cm
lateral across the study sample.

Resting motor threshold

The resting motor threshold (RMT; excitability of the KE muscle
representation of the motor cortex at rest) was determined follow-
ing the guidelines of Rossini et al. (2015). This involved gradually
reducing the stimulation intensity in 5% increments from the
participants’ OSP. Once the threshold range was approached, the
intensity was adjusted in finer 1% increments to more precisely
identify the RMT. The RMT was defined as the lowest intensity at
which a minimum of five out of ten trials elicited MEP amplitudes
exceeding 50 uV in at least two out of the three KE muscles. Con-
sistent with previous TMS literature on AOMI, the experimental
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Fig. 3. Experimental setup from two perspectives. The left image shows the experimenter positioning the TMS coil over the participant seated on the
Cybex dynamometer, facing the screen. The right image offers an overhead view, approximating the participant’s perspective with the coil in place.

stimulation intensity was set at 110% of the RMT (Wright et al.
2018; Bruton et al. 2020; Grilc et al. 2024) to minimize direct wave
stimulation (Loporto et al. 2013). The mean RMT was 64+11%
and the mean experimental stimulation intensity was 71+12%
of the maximum stimulator output, both similar values to that of
a recent TMS experiment investigating AOMI in lower-leg muscles
(see Grilc et al. 2024).

Experimental setup

The participants were seated comfortably on an isokinetic
dynamometer chair (HUMAC NORM, CSMi, Stoughton, MA) in
a dimly-lit Biomechanics Laboratory at the host university, with
their upper body loosely strapped in place to reduce movement
or repositions during the experimental block and maintain a
consistent viewing position between blocks. The video stimuli
were presented on an 80” adjustable screen (LED Interactive
Multi-Touch Display, model 86GT-4K, SHENZHEN Hitevision
Technology Co., Ltd) placed 130 cm directly in front of the
participant (Fig. 3) using DMASTR DMDX display software (Forster
and Forster 2003).

Familiarization

A familiarization phase was incorporated for all conditions where
MI was instructed (1e MI, AOMIcho, AOMIMoco, and AOMILOC())
to aid the participants’ engagement with the upcoming experi-
mental tasks. During this phase, participants watched five repe-
titions of a model performing the SL-STS at the required speed
while seated on an adjustable stool with arms placed diagonally
across their chest. After this, the participants physically prac-
ticed the movement for five repetitions, matching their speed
to the speed of the model in the demonstration video. A fur-
ther five physical repetitions were then completed, with audio
sonification added to the video of the model performing the
SL-STS at the speed to be imagined. The final step involved
the participants receiving instructions to engage with MI of the
SL-STS in time with the audio sonification of the movement
while being presented with a video of a slow-paced SL-STS for the
experimental conditions, or image of a blank screen for the MI
condition.

Experimental protocol

The experimental protocol was repeated across two 3-h testing
sessions, at least 48 h apart. This design ensured the collection of
sufficient data points for the study while minimizing participant
fatigue and discomfort. In each testing session, the participants
completed ten experimental blocks consecutively, with the five
BL blocks lasting 90-s and the five main experimental blocks (ie
AO, MI, AOMIcho, AOMIMQco, and AOMILoco) lasting 450-s per
block. A 180-s rest period was included after each of the main
experimental blocks, and participants were encouraged to leave
the testing chair to prevent eye strain and muscular discomfort
before familiarizing themselves with the stimuli and task for the
next experimental block. Prior to beginning the experiment, par-
ticipants were asked to read the on-screen instructions carefully,
refrain from voluntary movement during the experimental blocks,
and to attend fully to the stimuli presented. Understanding of
these instructions was verbally confirmed before the start of each
block. The 30-trial main experimental block incorporated a rest
period after each set of 10 trials. Written and verbal reminders of
the specific instructions for the condition were provided before
the participant completed each set of 10 trials. All trials were
displayed on the LCD screen using DMASTR DMDX display soft-
ware (Forster and Forster 2003) and lasted 10,980 ms for female
participants and 11,220 ms for male participants. For the AO
control condition and three AOMI experimental conditions (see
Figs. 1 and 2 for stimuli and instructions), the trials showed three
repetitions of a slow-paced SL-STS (3,660 ms per cycle for females,
3,740 ms per cycle for males). When observing the slow-paced
SL-STS, participants were instructed to simultaneously imagine
the feelings and sensations associated with a slow- (AOMluico),
medium- (AOMIyoco), or fast-paced SL-STS (AOMIoco) using audio
sonification files lasting 100%, 75%, and 50% of the slow-paced
SL-STS duration for respective guidance. For the MI condition,
the participants observed a blank screen and engaged with MI
following the same instructions and audio sonification as the
AOMIyico condition.

TMS data collection

Using a script run through Spike 2 software, a single TMS pulse
was delivered once per trial during the second (female=3,661



to 7,320 ms, male=3,741 to 7,580 ms) or third (female=7,321
to 10,980 ms, male=7,581 to 11,220 ms) cycles of the observed
slow-paced SL-STS movement used in the three experimental and
AO conditions, and at the corresponding timepoints for the trials
for the BL and MI control conditions. Participants were stimu-
lated during two cycles of the SL-STS movement to reduce the
predictability of the stimulation and subsequent anticipatory
behavior of the participants (Loporto et al. 2012). TMS stimulation
timepoints represented the point of peak EMG activity for the
two models when physically performing the different paced SL-
STS trials used to produce the video and audio stimuli for this
study. TMS stimulation timepoints corresponding to the fast- (T1;
female =450 ms, male=550 ms after cycle onset), medium- (T2;
female =610 ms, male=720 ms after cycle onset), and slow-paced
SL-STS (T3; female=800 ms, male=1,300 ms after cycle onset)
were randomly ordered and counterbalanced within-conditions. A
3-s transition period was implemented between experimental tri-
als to maintain an inter-stimulus interval greater than 10-s to let
the effects of the preceding TMS pulse diminish (Chen et al. 1997).

Social validation data collection

Ratings of perceived MI ability were recorded using a 7-point
Likert scale from 1 (very easy to feel) to 7 (very hard to feel) at
the end of the familiarization phase, during the break periods
between each block of 10 trials, and at the end of the experi-
ment for the conditions involving engagement with MI processes
(ie MI, AOMlIpico, AOMIyoco, and AOMI oco). After finishing the
TMS data collection for the second testing session, participants
recorded social validation data in a similar fashion to recent AOMI
experiments using TMS (eg Riach et al. 2018; Bruton et al. 2020;
Grilc et al. 2024). Initially, participants recorded responses on a
bespoke social validation questionnaire, where they rated per-
ceived sex and ownership of the modeled SL-STS movements dis-
played in the conditions with an AO component (ie AO, AOMlyico,
AOMlyioco, and AOMIoco) using three 5-point Likert scales from
1 (totally disagree) to 5 (totally agree). Participants then took part in
a semi-structured social validation interview designed to under-
stand their experiences across the different conditions and check
for compliance with the intended manipulations.

Data analysis
TMS data processing

Peak-to-peak MEP amplitudes were recorded from three KE mus-
cles (VM, VL, and RF) of the participants’ right leg on a trial-by-trial
basis for T1, T2, and T3 TMS stimulation timepoints per condition
from both testing sessions. After extracting the data from Spike
2, and separating the data based on TMS stimulation timepoint, a
two-part screening process was used to determine successful tri-
als. First, trials were screened for the presence of an MEP response,
and any trials that did not evoke an MEP amplitude of sufficient
magnitude (ie 50 V) were removed. Itis well-established that MEP
amplitudes are increased for a target muscle if the EMG activity in
that muscle is above resting state levels at, or immediately prior
to, the time of TMS stimulation (Hess et al. 1987; Devanne et al.
1997). To control for this, EMG activity was recorded for 200 ms
prior to the delivery of each TMS pulse and any trials where
the EMG amplitude exceeded normal baseline values (mean +2.5
SD) for that TMS stimulation timepoint, condition and muscle
were removed (eg Wright et al. 2014, 2018; Riach et al. 2018). For
the study sample, a mean value of 4.71 (+ 3.93) trials for the
VM muscle, 6.66 (+ 6.05) trials for the VL muscle, and 2.35 (£
2.59) trials for the RF muscle were removed per TMS stimulation
timepoint and condition. This resulted in the sample having a
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mean value of 19.22 (+ 4.69) trials with an uncontaminated
MEP response in one or more KE muscles, providing a reliable
estimate of CSE per TMS stimulation timepoint and condition
(Cuypers et al. 2014).

For each stimulation timepoint and on a muscle-by-muscle
basis, raw MEP amplitudes from successful trials were normalized
using a Z-score transformation to account for large intra- and
inter-participant variability at rest (eg Wright et al. 2014; Bruton
et al. 2020; Grilc et al. 2024). For each participant, this involved
standardizing the MEP amplitude of each successful trial rela-
tive to all other successful trials at that stimulation timepoint
across both testing sessions. Following normalization, the mean
amplitude for all successful trials at each timepoint (T1, T2,
and T3) was represented by a Z-score of zero, with condition-
specific values reflecting how many standard deviations they
deviated from this mean. Once Z-scores were computed for each
muscle at each timepoint, a trial-wise mean Z-score MEP ampli-
tude was calculated across the three KE muscles. This mean
was based on data from three muscles for 70.41% of trials, two
muscles for 19.83%, and one muscle for 9.76% of trials. Finally,
for each participant, a mean Z-score MEP amplitude was calcu-
lated per condition at each stimulation timepoint for statistical
analysis.

TMS data analysis

The Z-score MEP amplitude data for the KE muscles was normally
distributed at each TMS stimulation timepoint, permitting the
use of analysis of variance (ANOVA) statistical tests. An omnibus
two-way repeated measure 3 (Stimulation Timepoint: T1, T2, and
T?)) x 6 (Condition: BL, AO, MI, AOMIcho; AOMIMoco; AOMILOCO)
ANOVA and three separate one-way repeated measure ANOVA (ie
one per stimulation timepoint) were run using the rstatix package
(Kassambara 2023) and the data was visualized using the ggplot2
package (Wickham 2016) in R studio statistical software (version
4.3.2). Bonferroni contrasts were used for post-hoc pairwise
comparisons. Outlier analysis was conducted using interquartile
range values, and data points identified as outliers were removed
from the three ANOVA analyses (T1=2, T2=2, T3=3 outliers).
To test for a potential ordering effect across the experiment, a
one-way repeated measure ANOVA test with five levels (BL block:
block 1, block 3, block 5, block 7, and block 9) was conducted for
Z-score MEP amplitude data recorded in BL experimental blocks.
For this comparison, the Z-score transformation was conducted
based on the data from the 60 BL trials collected across the two
testing sessions. A one-way repeated measures ANOVA analysis
performed on the BL condition Z-score MEP amplitude data
revealed no significant main effect of block, Fy, 75=1.01, P=0.41,
np2 =0.05.

Social validation data analysis

A one-way repeated measures ANOVA with four levels (Condition:
MI; AOMlyico; AOMIyoco; AOMI oco) was run on the perceived MI
ability data collected from the social validation questionnaire to
investigate differences across the conditions with MI processes.
An independent samples t-test (Participant Sex: male; female)
was run on the perceived body ownership, masculinity, and fem-
ininity data collected from the social validation questionnaire to
investigate differences in male and female participants’ ratings
of the movements displayed across the conditions with AO pro-
cesses. Interview data was transcribed, coded, and grouped on a
question-by-question basis to offer detailed explanations for the
MI ability ratings from the social validation questionnaire.
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Results
MEP amplitude data

The omnibus two-way repeated measures ANOVA performed on
the Z-score MEP amplitude data revealed a significant main effect
of condition (F(s, 75 =13.56, P < 0.001, ng? =0.413), no main effect of
stimulation timepoint (F(; 44,2153 =1.23, P =0.30, ng? <0.001), and
a significant interaction effect between condition and stimulation
timepoint (F1o,150)=1.96, P =0.04, ng?=0.03). One-way repeated
measures ANOVA analyses performed on the Z-score MEP ampli-
tude data for each stimulation timepoint revealed a significant
large main effect of condition for all three TMS stimulation time-
points (T1: F(s o0 =8.28, P <0.001, 5,2 =0.31, T2: F3.04 5469 = 8.32,
P <0.001, 72 =0.31, T3: F(5 g5 = 18.4, P < 0.001, 5,2 =0.51). Post-hoc
pairwise comparisons between the experimental conditions (ie
AOMluico, AOMImoco, and AOMIipco) and control conditions (ie
BL, AO, and MI) across the three TMS stimulation timepoints are
reported below.

Highly-coordinated AOMI (AOMlI;yco)

Post-hoc pairwise comparisons at T3 (Fig. 4), the TMS stimulation
timepoint corresponding to the slow-paced SL-STS, showed that
Z-score MEP amplitudes were significantly larger in the AOMIyico
condition compared to the BL (P <0.001) and AO (P <0.001) con-
ditions, but not the MI condition (P=0.29). Post-hoc pairwise
comparisons at T2 (Fig. 5), the TMS stimulation timepoint cor-
responding to the medium-paced SL-STS, showed no significant
differences between the AOMIyco condition and the three control
conditions (Ps > 0.05). Post-hoc pairwise comparisons at T1 (Fig. 6),
the TMS stimulation timepoint corresponding to the fast-paced
SL-STS, showed that Z-score MEP amplitudes were significantly
larger in the AOMIyjco condition compared to the BL (P=0.01) and
AO (P <0.001) conditions, but not the MI condition (P=0.34).

Moderately-coordinated AOMI (AOMIyioco)

Post-hoc pairwise comparisons at T2 (Fig. 5), the TMS stimulation
timepoint corresponding to the medium-paced SL-STS, showed
that Z-score MEP amplitudes were significantly larger in the
AOMlyoco condition compared to the BL (P=0.01) and AO (P=0.02)
conditions, but not the MI condition (P=0.07). Post-hoc pairwise
comparisons at T3 (Fig.4), the TMS stimulation timepoint
corresponding to the slow-paced SL-STS, showed that Z-score MEP
amplitudes were significantly larger in the AOMIyoco condition
compared to the BL (P <0.001), AO (P<0.001) and MI (P=0.02)
conditions. Post-hoc pairwise comparisons at T1 (Fig. 6), the TMS
stimulation timepoint corresponding to the fast-paced SL-STS,
showed that Z-score MEP amplitudes were significantly larger
in the AOMIyoco condition compared to the BL (P=0.04) and AO
(P=0.01) conditions, but not the MI condition (P=0.56).

Lowly-coordinated AOMI (AOMI; oco)

Post-hoc pairwise comparisons at T1 (Fig. 6), the TMS stimula-
tion timepoint corresponding to the fast-paced SL-STS, showed
that Z-score MEP amplitudes were significantly larger in the
AOMI oo condition compared to the BL (P <0.001), AO (P <0.001),
and MI conditions (P <0.001). Post-hoc pairwise comparisons at
T2 (Fig. 5), the TMS stimulation timepoint corresponding to the
medium-paced SL-STS, showed that Z-score MEP amplitudes were
significantly larger in the AOMI; oco condition compared to the BL
(P=0.01), AO (P=0.01), and MI conditions (P=0.02). Post-hoc pair-
wise comparisons at T1 (Fig. 6), the TMS stimulation timepoint
corresponding to the slow-paced SL-STS, showed that Z-score MEP
amplitudes were significantly larger in the AOMI;oco condition

compared to the BL (P <0.001), AO (P <0.001), and MI conditions
(P <0.001).

Social validation data
Questionnaire responses

A one-way repeated measures ANOVA analysis performed on the
perceived MI ability data revealed a significant effect of condition
(F3,60=14.23,P < 0.001, an =0.14). Post-hoc pairwise comparisons
showed that perceived MI ability scores were significantly largerin
the AOMIy;co condition compared to the MI (P < 0.001), AOMIyioco
(P <0.001), and AOMI;poco (P <0.001) conditions. All participants
felt like they were looking at a same-sex model, with male partic-
ipants recording a mean response of 1.67 (+0.50) indicating total
agreement that the model they watched was male, and female
participants recording a mean response of 1.83 (+0.41) indicating
total agreement that the model they watched was female. Despite
the acknowledgement that the models were the same-sex as the
participants, only six participants (28.57%) felt like they were
watching their own performance of the slow-paced SL-STS.

Interview responses

The interview data provided additional detail about the pref-
erences and strategies adopted by the participants across the
experimental conditions. Participants provided mixed responses
about perceived MI ability across the conditions where MI was
instructed. Sixteen participants (76.19%) suggested MI was easiest
in the AOMIyco condition, with most participants outlining
that the synchrony between the observed video and the audio
sonification of the SL-STS reduced the difficulty of the cognitive
task and facilitated their imagery of the movement (eg “It
was playing at the correct speed, so I didn’t even need to do
that [synchronize], so all my attention could be focused on
imagining the feeling and sensations” [participant 3]). Conversely,
13 participants (61.90%) indicated that MI was most difficult in
the AOMIyoco condition and 8 participants (38.10%) reported
that AOMIoco was the most challenging condition in terms of MI
ability. Participants who found MI most difficult during AOMImoco
noted that the close overlap between the speed of the AO and MI
processes made it harder to time and maintain the imagined
medium-paced SL-STS (eg “I think the one where I imagined the
middle speed with the slow video [AOMlyoco], that was a bit
challenging. Maybe because the speeds were much closer as well,
so it's a bit more challenging to imagine, to make sure that I'm
not slowing the image to match the video” [participant 12]). In a
somewhat contradictory manner, participants who found MI most
difficult during AOMI;oco suggested the scale of the difference
between AO and MI processes, and the sheer speed of the imagery,
made it hard to accurately generate the imagined fast-paced SL-
STS (eg “I found that one the hardest because it was too distanced
between the two [observed and imagined movements] and it was
negatively impacting the movements [ was imagining due to the
mixed signals” [participant 5]).

All participants confirmed that they could successfully engage
with MI when instructed to across the experiment. Fourteen
participants (66.67%) stated that their MI consisted of only kines-
thetic aspects for all conditions (eg “there’s [imagining] the initial
sort of force production bit, which is really tight on the quadriceps,
and then once you're sort of almost fully extended, that's when
[imagining] the feelings of being balanced comes into it.” [par-
ticipant 3]). However, seven participants (33.33%) indicated that
they sometimes generated visual images as well as kinesthetic
images of the SL-STS, with this largely taking place in the MI
condition due to a lack of visual stimuli, or in the AOMI conditions
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Fig. 4. Box and violin plot with raw data points displaying Z-score normalized MEP amplitudes from the knee extensor muscle group at the stimulation
timepoint corresponding to the slow-paced SL-STS (T3) for the three control and three experimental conditions. Note: Thick horizontal black lines
represent the median average and white diamonds represent the mean average for each box plot. Individual participant data points are represented
by circular markers. BL—Baseline; AO—Action observation; MI—Motor imagery; AOMIyco—Highly-coordinated action observation and motor imagery;
AOMIyoco—Moderately-coordinated action observation and motor imagery; AOMI; oco—Lowly-coordinated action observation and motor imagery;

*P <0.05, *P < 0.01, **P <0.001.

when attempting to reset their timing or attention to the task. Of
these, three participants (14.29%) imagined seeing herself/himself
performing the SL-STS from a first-person visual perspective
while maintaining kinesthetic imagery (eg “That [third-person] is
the perspective I have of that person doing it [in the video], but not
of me doing it, because I'm not on the outside of me, so I imagine
seeing and feeling it as if I'm practicing” [participant 7]). Four par-
ticipants (19.05%) imagined seeing herself/himself performing the
SL-STS from a third-person alongside their kinesthetic imagery
(eg “There were probably moments where I was imagining things
from a sagittal plane as the video was showing, but I think a lot of
the time my focus was on imagining the feeling of and the kind of
sensations involved” [participant 16]).

Discussion

This study aimed to test the DASH (Eaves et al. 2016b) and VGH
(Meers et al. 2020) propositions for coordinative AOMI by comparing
CSE responses during highly-, moderately-, and lowly-coordinated
AOMI for a SL-STS movement. Task-related MI ability and social
validation data were also collected to help explain the cognitive
processes underpinning any differences in CSE response during
these different types of coordinative AOMI. CSE was facilitated for
AOMlyico at T3, indicating a combined effect for the observed and
imagined slow-paced SL-STS. CSE was facilitated for the AOMIyoco
condition at T3 and T2, indicating an effect for the observed slow-
paced SL-STS and the imagined medium-paced SL-STS, respectively.



10 | Valappil et al.

" " . |
l | |
100 *% * |
a | | |
& 0.75-
() ©
o
Q
@
e $
ﬁ 0.50 °
® - F ® 8}
] O ® ®
.':;', 0.25 ‘
g ° S 3 @ e
: s & o
& | ') ‘
= 0.00- $ - 2
g ¢ ® Q
o ® = 0
S i 3 ®
2 .25
R . I
= 0 © )
o (&) o
2 -0.50- ,
£ 8 .
m ® ®
[
(4]
c
¥ -0.75-
-1.00
BL AO M AOMlico AOMIvoso AOMI 000

Experimental Condition

Fig. 5. Box and violin plot with raw data points displaying Z-score normalized MEP amplitudes from the knee extensor muscle group at the stimulation
timepoint corresponding to the medium-paced SL-STS (T2) for the three control and three experimental conditions. Note: Thick horizontal black lines
represent the median average and white diamonds represent the mean average for each box plot. Individual participant data points are represented
by circular markers. BL—Baseline; AO—Action observation; MI—Motor imagery; AOMIyco—Highly-coordinated action observation and motor imagery;
AOMIyoco—Moderately-coordinated action observation and motor imagery; AOMI; oco—Lowly-coordinated action observation and motor imagery;

*P <0.05,**P <0.01.

CSE was facilitated for AOMI oo at T3 and T1, indicating an effect
for the observed slow-paced SL-STS and the imagined fast-paced SL-
STS. However, CSE was facilitated for AOMIyoco and AOMI; oco at
all three timepoints, AOMI; oco reported the greatest CSE facilita-
tion at all three timepoints, and facilitation was inversely related
to the level of coordination for AOMI at T3 and T2. These findings
suggest the increased speed of MI drove the facilitation in CSE
across the study as a whole. Overall, the findings lend possible
support to both the DASH and VGH propositions for coordinative
AOMI, as discussed below.

In this experiment, AOMIuico involved the simultaneous obser-
vation and imagery of a slow-paced SL-STS movement. Our find-
ings align with both the DASH (Eaves et al. 2016b) and VGH (Meers
et al. 2020) propositions for AOMIuico as CSE facilitation was
increased for this condition at T3, the stimulation timepoint at
which the observed and imagined aspects were incongruence for

the observed and imagined slow-paced SL-STS, compared with BL
and AO, but not MI control conditions. This finding agrees with a
body of literature showing CSE facilitation for AOMIyico relative
to control and independent AO conditions (eg Wright et al. 2018;
Bruton et al. 2020; Grilc et al. 2024). Based on the propositions
of the DASH (Eaves et al. 2016b), the CSE facilitation reported for
AOMlyico is caused by the two motor representations for AO and
MI of the slow-paced SL-STS merging as one sensorimotor stream,
leading to widespread activity in the premotor cortex. This merger
is likely to cause increased activity in overlapping brain regions
for AO and MI, while also increasing activity across a wider
neural network that involves brain areas solely recruited during
AO and MI for the slow-paced SL-STS during AOMlIyico (Hardwick
et al. 2018; Filimon et al. 2015). An alternative explanation is
provided by the VGH (Meers et al. 2020), which argues that the
CSE facilitation during AOMIyco is indicative of a stronger motor
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Fig. 6. Box and violin plot with raw data points displaying Z-score normalized MEP amplitudes from the knee extensor muscle group at the stimulation
timepoint corresponding to the fast-paced SL-STS (T1) for the three control and three experimental conditions. Note: Thick horizontal black lines
represent the median average and white diamonds represent the mean average for each box plot. Individual participant data points are represented by
circular markers. BL—baseline; AO—action observation; MI—motor imagery; AOMIyco—highly-coordinated action observation and motor imagery;
AOMIyoco—moderately-coordinated action observation and motor imagery; AOMI;oco—lowly-coordinated action observation and motor imagery;

*P <0.05, **P <0.01, **P < 0.001.

representation for MI of the slow-paced SL-STS due to the priming
effect of AO for the same slow-paced SL-STS. The social validation
data lends support to this assertion, as participants reported
significantly greater MI ability during the AOMIuico condition
compared to all other conditions where MI was instructed in
this experiment. Participants reasoned that MI was easier in this
condition due to the synchrony between the video demonstration
and sonification of the slow-paced SL-STS, indicating that the MI
component took priority during AOMIyico. In line with the find-
ings of a recent meta-analysis (Chye et al. 2022), CSE facilitation
at T3 was descriptively, but not significantly greater for AOMIuico
compared with MI of the slow-paced SL-STS. In combination, our
CSE and social validation data support the propositions of the
VGH that MI is primed during AOMIyico, but indicate that this

effect might be minimal, at least for complex whole-body actions
like the slow-paced SL-STS used in this study.

In the current study, AOMIuoco involved the observation of a
slow-paced SL-STS and simultaneous imagination of the feelings
and sensations involved with a medium-paced SL-STS. Our findings
align with the DASH (Eaves et al. 2016b) proposition for coordi-
native AOMI as CSE was facilitated for the AOMIyoco condition
at T3 compared with all three control conditions indicating an
effect for the observed slow-paced SL-STS, and at T2 compared
with BL and AO control conditions indicating an effect for the
imagined medium-paced SL-STS. This finding is similar to that
reported by Bruton et al. (2020) who showed CSE facilitation
for both observed and imagined muscles when controlling for
visual attention during coordinative AOMI of finger movements,
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but disagrees with the findings of Meers et al. (2020) and Grilc
et al. (2024) that showed CSE facilitation for imagined muscles
only during coordinative AOMI of finger movements and lower-limb
movements, respectively. Based on the propositions of the DASH,
the requirement to co-represent two related, but not identical,
movements during coordinative AOMI involves the maintenance of
two parallel sensorimotor representations for the observed slow-
paced SL-STS and imagined medium-paced SL-STS as a set of action
affordances. The findings for AOMIpoco in this study indicate that
it is possible to simultaneously co-represent two variations of the
same SL-STS movement that differ based on the speed (ie slow-
vs. medium-paced) of the simulated movement.

The social validation questionnaire and interview data col-
lected in this study indicated that participants found it difficult
to both observe the slow-paced and imagine the medium-paced SL-
STS movements during the AOMIyvoco condition because of the
close overlap between the speed of the movements. Based on
the propositions of the VGH (Meers et al. 2020), the imagined
medium-paced SL-STS is prioritized during AOMIyvoco, meaning the
motor representation is only maintained for this action and the
observed slow-paced SL-STS serves as a visual guide to facilitate
MI processes. If this proposition held true, CSE would only be
facilitated at T2 during AOMImoco, as per recent findings (Meers
et al. 2020; Grilc et al. 2024). This was not the case, as CSE
facilitation was increased at both T3 and T2 for this condition,
a finding that could be explained by attentional mechanisms
underlying engagement with AOMIyoco. It is possible that par-
ticipants directed their attention towards either the observed
or imagined SL-STS movements when engaging in AOMIyoco to
account for the cognitive demands of the task, and support the
generation and maintenance of imagery as the effortful form
of movement simulation. Indeed, eye movement (Bruton et al.
2020) and electroencephalographic data (Eaves et al. 2016a) shows
that individuals switch their attention between observed and
imagined actions during coordinative AOMI. The interview findings
reported here are consistent with this interpretation, suggesting
participants may direct more attention to either the observed or
imagined action on a trial-by-trial basis, resulting in CSE facili-
tation at T2 and T3 when aggregated across the AOMIyoco con-
dition in-full. It is noteworthy that CSE facilitation is increased
for AOMIyoco compared with AO at both T2 and T3, and MI at
T3, suggesting an additive effect beyond AO or MI processes in
isolation. This is indicative of co-representation of the two related,
but not identical, movements during AOMIyoco and disagrees
with the proposition that MI drives the CSE facilitation resulting
from coordinative AOMI (Meers et al. 2020; Grilc et al. 2024).

In the AOMIioco condition used in this study, participants
observed a slow-paced SL-STS and simultaneously imagined the
feelings and sensations involved with a fast-paced SL-STS. Our
findings disagree with the propositions of both the DASH (Eaves
et al. 2016b) and VGH (Meers et al. 2020) accounts for coordinative
AOMI as CSE was facilitated for the AOMI;oco condition at T3
and T1 compared with all other conditions, indicating an effect
for both the observed slow-paced and imagined fast-paced SL-STS
during AOMI;oco. This finding contrasts most TMS findings on
coordinative AOMI, as studies have typically reported increased
CSE facilitation for the imagined but not the observed action
(Meers et al. 2020; Grilc et al. 2024). Given the low coordina-
tion between the movement speeds used for AO and MI com-
ponents of AOMI;oco, the results also warrant comparison with
conflicting AOMI. In the only TMS study employing a conflicting
AOMI condition, Bruton et al. (2020) reported no increase in CSE
facilitation in the observed and imagined muscles compared to
control conditions (BL, AO). The authors also showed that CSE

facilitation was increased in the simultaneously observed and
imagined muscle during congruent AOMI, and imagined muscle
during coordinative AOMI, when compared to the conflicting AOMI
condition. This suggests that the AOMIjoco condition employed
in this study is more representative of coordinative than conflicting
AOMLI, but this does not explain the facilitation of CSE for both the
observed and imagined SL-STS movements during this condition.
It is possible that this reflects the maintenance of two parallel
sensorimotor streams for the observed and imagined actions,
even when there is a sizable temporal discrepancy between the
observed and imagined actions during AOMI;oco, aligning with
the sentiments of the DASH (Eaves et al. 2016b).

An alternative explanation, consistent with the VGH (Meers
et al. 2020), is that MI is driving the increased CSE facilitation
reported for AOMI oco at all three stimulation timepoints. The
level of force or effort of an imagined task is represented in
corticomotor activity, with higher force/effort demands leading
to increased CSE facilitation during MI (eg Tremblay et al. 2001,
Helm et al. 2015; Tatemoto et al. 2017). In this study, CSE increased
as imagery speed increased during coordinative AOMI for T2 and
T3, and the condition that required the participants to imagine
performing the fastest SL-STS (ie AOMIioco) had the greatest
CSE facilitation across all three stimulation timepoints. It was
expected that AOMIoco would lead to CSE facilitation at T1, as
this is the stimulation timepoint aligned to peak EMG activity
for a physically executed fast-paced SL-STS. CSE facilitation at T2
and T3 was not expected for this experimental condition. Able
imagers demonstrate smaller time differences, known as mental
chronometry, between physical performance and MI trials of the
same task (Guillot and Collet 2005). This is logical given the
shared neural pathways for movement execution and movement
simulation (Hardwick et al. 2018), but more difficult movement
tasks typically lead to greater temporal discrepancies between
imagined and executed movements (Guillot and Collet 2005). The
social validation data indicated that participants perceived their
imagery ability to be lowest during AOMIjoco, with the conflict-
ing speeds for the observed slow-paced and imagined fast-paced
SL-STS movements disrupting their imagery. Despite the use of
audio sonification to guide MI during coordinative AOMI in this
study (Castro et al. 2021a; Castro et al. 2021b) it is possible that
participants timing of the imagery was delayed across some trials
for the AOMI;oco condition due to the complexity of the task,
possibly explaining the increased CSE facilitation across all three
stimulation timepoints for this form of coordinative AOMI.

The findings reported for different forms of coordinative AOMI
in this study have important implications for motor (re)learning
in sports and rehabilitation settings. AOMIyjco is recommended
as the optimal form of motor simulation because it addresses
the limitations involved with AO (eg directs the attention of
the learner) or MI (eg provides visual movement information to
support the generation and maintenance of kinesthetic images)
when used alone, and has additive benefits towards motor skill
performance compared to these techniques in isolation (Chye
et al. 2022; Wright et al. 2022). These performance benefits are
supposedly underpinned by synaptic plasticity processes similar
to those observed during physical practice (Holmes and Calmels
2008). The two other types of coordinative AOMI employed in this
study (AOMIyoco and AOMIioco) facilitated CSE at stimulation
timepoints aligned with the observed and imagined movements.
They may therefore have the capacity to benefit (re)learning of
variations of the same action or joint actions (Vogt et al. 2013).
These coordinative AOMI conditions are a viable complementary
training method to physical therapy in rehabilitation settings and
could be used to promote the (re)learning of actions that are



currently impaired or missing from a person’s motor repertoire.
For example, a post-stroke patient may benefit from observing
videos of themselves accurately performing leg movements such
as the SL-STS with their non-affected limb, while simultaneously
imagining the feelings and sensations associated with performing
the same or similar leg movements at different speeds with their
impaired limb (eg McCormick et al. 2022). In such cases, AOMImoco
and AOMIipco could support motor (re)learning by promoting
Hebbian plasticity in a similar manner to that described above
for AOMIHICQ.

All four studies investigating coordinative AOMI have used TMS
to examine the neurophysiological mechanisms underpinning
this form of action simulation (see Bruton et al. 2020; Grilc et al.
2024; Meers et al. 2020; this study), yet behavioral research is
lacking. There is a need to empirically test the effectiveness
of AOMIyoco and AOMIipco as movement interventions across
populations and contexts in order to substantiate propositions
that these types of coordinative AOMI may be better than AOMIpico
for (re)learning variations of the same movement or joint actions
where interpersonal coordination is required (Eaves et al. 2022).
Longitudinal research incorporating both neurophysiological and
behavioral measures is required to verify the extent to which
repeated engagement in different types of coordinative AOMI pro-
motes functional connectivity and plasticity changes within the
brain, and the association between these neural adaptations and
any motor performance and learning improvements after a coor-
dinative AOMI intervention period (Bruton et al. 2020; Chye et al.
2022; Grilc et al. 2024).

Single-pulse TMS permits time- and muscle-specific measure-
ment of CSE facilitation (Rothwell 1997; Naish et al. 2014), and
thus allowed the contributions of each simulation state (ie the
observed and imagined actions) to be distinguished by exam-
ining the effects of different types of coordinative AOMI on MEP
responses in the KE muscle group at three stimulation timepoints.
However, this study was limited by only recording MEPs from the
lower-limb muscles (ie the KE muscle group) for the SL-STS during
the different coordinative AOMI conditions. Future studies should
topographically map and record EMG from a wider selection
of whole-body musculature to draw more conclusive evidence
regarding CSE facilitation for different types of coordinative AOMI.
Additionally, the single-pulse TMS technique adopted in this study
only provides an indication of activity associated with coordinative
AOMI within the motor and premotor cortices of the brain. Activ-
ity in other brain regions (eg rostral prefrontal cortex; Eaves et al.
2016a) would not have been represented in the MEP responses
recorded in this experiment. There is a need to explore the precise
anatomical substrates involved in different types of coordinative
AOMI using neuroscientific methods with superior spatial res-
olution to TMS, such as fMRI. fMRI research employing multi-
voxel pattern analysis has shown it is possible to distinguish
between different actions for MI and execution (Pilgramm et al.
2015; Zabicki et al. 2016). Applying this analysis to fMRI data for
different types of coordinative AOMI could further advance the
understanding of the neural mechanisms underpinning this form
of dual-action simulation and provide more conclusive evidence
regarding the propositions of the DASH (Eaves et al. 2016b) and
VGH (Meers et al. 2020) accounts for coordinative AOMI.

Conclusion

In conclusion, the findings of this study lend possible support to
both the DASH (Eaves et al. 2016b) and VGH (Meers et al. 2020)
propositions for coordinative AOMI. Specifically, in partial support
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of the DASH, all three coordinative AOMI conditions resulted in
increased CSE facilitation at the stimulation timepoint aligned
with the observed SL-STS, and at the respective stimulation time-
points aligned with the imagined SL-STS movements. This aligned
with propositions of the DASH that sensorimotor representations
for the observed and imagined SL-STS movements would merge
during AOMIyco and AOMIvoco due to the coordination between
the simulated SL-STS movements, but this was not expected
for AOMI; oco because of the increased competition between the
observed and imagined SL-STS movements. The current study
offers more conclusive support for the VGH account of coordi-
native AOMI as CSE was facilitated across all three stimulation
timepoints, and CSE increased as imagery speed increased across
the coordinative AOMI conditions, indicating that imagery is likely
driving the CSE facilitation present in the data. However, it is
important to note that the study design limits our ability to
distinguish between the contributions of AO and MI on a muscle-
specific basis during coordinative AOMI. This study provides novel
neurophysiological evidence supporting for the use of coordinative
AOMI as an alternative method for (re)learning of movements
that extend beyond a learner’s repertoire, or for joint actions that
require coordination with the movements of others.
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