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Motor imagery alone drives corticospinal excitability during concurrent action

observation and motor imagery

Abstract

We studied the motor simulation processes involwetbncurrent action observation
and motor imagery (AO+MI) using motor evoked poistinduced by transcranial
magnetic stimulation. During congruent AO+MI, peigiants were shown videos of a
model’s hand performing rhythmical finger movemerasd they imagined moving
the same finger of their own hand in synchrony witie observed finger. During
incongruent AO+MI, the imagery task involved a €iffnt finger from the observed
one. As expected, congruent AO+MI yielded robusilitatory effects, relative to
baseline, only in the effector involved in the taskcongruent AO+MI produced
equally pronounced effects in the effector that vesgaged in Ml, whilst no
corticospinal facilitation was found for the effectcorresponding to the observed
action. We further replicated that engaging in p&€ without Ml does not produce
reliable effects. These results do not supporptioposal that observed and imagined
action are both simulated at the level of the primaotor cortex. Rather, motor
imagery alone can sufficiently explain the observeiflects in both AO+MI
conditions. This bears clear implications for tipplacation of AO+MI procedures in

sport and neurorehabilitation.
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1. Introduction

Action observation (AO) and motor imagery (MI) amo covert forms of action
processing that both engage motor cortical reg{ptasdwick et al., 2018). Jeannerod
(2001) suggested that AO and MI can both be regaaddforms of motor simulation,
that is, both involve the unfolding of the relatttion representation in real time but
in the absence of overt movement (see also Sav&ads, 2019). Whilst AO and Mi
have, until recently, been largely studied by safgaresearch communities, there is
now accumulating evidence demonstrating that huncansengage in AO and Ml
simultaneously (here called ‘AO+MI’, Vogt et al.023; Eaves et al., 2016). In the
present study, we explored if AO+MI tasks mightdlwe concurrent, separable motor
representations of the observed and of the imaguetédn (here referred to aBual
Action Simulation’ or DAS). That is, we tested the hypothesis tHadeoved and

imagined action are simulated in parallel (Vogakt 2013; Eaves et al., 2012, 2014,
2016).

Our motivation was twofold: on the one hand, weenvgeeeking to contribute
to the emerging, broader literature on multiple @onotepresentations. Initial
supporting evidence for the brain’s capacity towdate multiple motor actions comes
from studies on joint action (e.g., Menoret et 2015; Richardson et al., 2018), and
from the recent fMRI study by Cracco et al. (2000 were able to decode each of
two different, concurrently observed hand postunepremotor as well as posterior
parietal cortices. On the other hand we were sigadif interested in the
neurocognitive mechanisms of AO+MI processes, wheoe such evidence is
currently available. Whilst there is robust eviderfor the involvement of motor
cortical processing in pure AO (Rizzolatti & Singdi@, 2016; Hardwick et al., 2018;
Naish et al., 2014) and in pure MI (Guillot et £#2016; Hetu et al., 2013), it is
currently not clear if, during AO+MI tasks, bothetrAO- and the MI-component
involve separable motor simulation processes. Atebetinderstanding of the
neurocognitive architecture of AO+MI processesndeed highly desirable with a
view on optimising applications of AO+MI procedurgs motor rehabilitation and
sports training (Vogt et al., 2013; Eaves et 816). Before we expand on research
design and hypotheses, we briefly summarise thatiegiresearch on AO+MI.

The available studies indicate robust facilitatogffects of AO+MI

instructions on motor cortical processing relativgpure AO or pure MI (Eaves et al.,



2016). Whilst the majority of studies focussed ommiediate effects of AO+MI
instructions on neurophysiological parameters sagthe BOLD signal in functional
Magnetic Resonance Imaging (fMRI), event-related sydehronisation in
electroencephalography, or the amplitude of moteoked potentials (MEPS),
researchers have also begun to study the behalvieffeats of AO+MI instructions
on motor learning (Binks et al., 2018; Marshallagét 2019; Romano-Smith et al.,
2018; Scott et al., 2018). Interestingly, the alitwave’ of neuroimaging studies on
AO+MI (Berends et al., 2013; Macuga and Frey, 20N&delko et al., 2012; Villiger
et al., 2013) was undertaken with a clear motivatio assess the suitability of
AO+MI procedures in motor rehabilitation, whereheit AO or MI procedures are
typically still applied in an isolated, non-integgd manner (Vogt et al., 2013).
However, none of the available studies on AO+MIledno test the DAS hypothesis.
Alternative accounts to the DAS hypothesis of AO+Mie certainly
conceivable. Whilst we had little doubt that the-8éémponent of AO+MI would
involve motor cortical structures, the same might Ime true for the AO-component.
Specifically when imagined and observed action raseidentical, the latter might
either be largely ignored, or when it is task-ralaty it might merely be used as an
external visual guide for M, rather than activgtia separate motor representation.

This alternativevisual guidance hypothesisf the AO-component of AO+MI would

appear plausible on a number of grounds: Firsg geries of neuroimaging studies,
Lingnau and colleagues have recently shown thatctitegorisation of observed
actions is primarily achieved by occipito-tempocaltex and not by motor cortical
regions (e.g., Lingnau and Downing, 2015; Wurm let 2017). Second, although
there is a large body of evidence available for ithelvement of motor cortical
structures during AO (Naish et al., 2014; Rizzol&ttSinigaglia, 2016), we would
pertain that a good part of the related researclheraction observation network’
might have been contaminated by participants speotasly engaging in Ml during
AO (Vogt et al., 2013; DiGruttolla, 2018). Third,is unclear if, and at which levels
of the motor cortical system, separate simulatiohthe observed and the imagined
action can be maintained over a time window of ssveeconds, as is typical in
practical applications of AO+MI in sports and naetmabilitation.

The aim of the present study is to provide a frsipirical assessment of the
DAS and of the (alternative) visual guidance hypsts of AO+MI which served as a

fallback. Our approach is to establish separateaheuvarkers for the observed and the



imagined action, and to study to what extent eitharker shows enhanced activity
during AO+MI. A shortcoming of most existing stuslies their exclusive usage of
congruent AO+MI, where the observed and imagin¢d@€ are essentially the same,
making it difficult to then establish separate éunarkers for each component. Here
we contrasicongruent and incongruent AO+MI conditiofsAO+MI and iIAO+Ml,

for short), where in the latter, participants olsseone action (e.g., movement of the
index finger) and imagine a different action (erggvement of the little finger). We
use Motor Evoked Potentials (MEPS) recorded from éffectors, induced via single-
pulse Transcranial Magnetic Stimulation (TMS) apasate neural markers for the
AO- and MI-components.

In addition to the cAO+MI and iAO+MI conditions, walso included a
Baseline conditionn which participants observed a static hand, el & apure AO

condition (‘AQ’) where participants watched a movement af thdex or little finger
and were asked to disengage from MI. We aimed tilitlde possible motor
simulation processes of the observed action inethways: First, in all AO+MI
conditions participants were asked to synchrorisg imagined finger movement,
over a number of movement cycles, to the movemérihe observed (different)
finger, as to strengthen visuo-motor encoding efltiter. Second, participants were
asked to distribute their attention evenly betwéssm AO and MI components of
AO+MlI. Third, in all conditions involving action @ervation, we used an oddball
task where participants were asked to detect cmtalsdeviant finger movements, as
to encourage processing of the movement type, rétha only its timing.

We made the following predictions:

* CcAO+MI: the effector engaged in AO+MI should exhibit iresed MEP
amplitudes, whilst for the non-engaged effector, M&mplitudes should be
substantially lower and near baseline level.

* 1AO+MI: Here the DAS hypothesis predicts that MEPs for NHe and the
AO-task components are both enhanced to a simiteng relative to baseline
levels, since each task should engage separate siotolation processes. In
contrast, the visual guidance hypothesis predibst tMEPs would be
primarily enhanced for the MI-component, whilst MERor the AO-
component would be significantly lower. That is,cacling the visual



guidance hypothesis the results of IAO+MI shoulgeesially mirror those of
CAO+MI.
* CcAO+MI vs. iIAO+MI: When contrasting the two AO+MI conditions directly

the DAS hypothesis can be assessed via two fuielses: First, the differences
in MEP amplitudes between engaged and non-engaffedtog in the
cAO+MI condition should be stronger than the diéferes between MI- and
AO-engaged effectors in the iIAO+MI condition (i.ean interaction
prediction). Second, the DAS hypothesis would methat MEP amplitudes
of the engaged effector in the cAO+MI condition sldobe yet stronger than
those of the MI-engaged effector during iIAO+MI, @nduring cAO+MI the
two simulation processes should converge onto @neeseffector. However,
since such a result might be counteracted by ce#ifiects on corticospinal
excitability, we only regarded the latter predioti@s supplementary.

* Pure AO.Given that previous studies where pure AO wasrestdéd with
other instruction conditions, and notably with AOkMften obtained weak or
no effects of pure AO against baseline (e.g., Ceagal., 2018; Wright et al.,
2014, 2018), and that we explicitly discouragedip@ants from MI during
the pure AO condition, we had no strong groundpraalict enhanced MEPs
in this condition relative to baseline, other thaur inclusion of an oddball
detection task and the legacy of earlier positindihgs (Naish et al., 2014)
that were, however, likely confounded by spontasedilt As such, the pure
AO condition was not central to the present stahg it was mainly included

for control purposes.

2. Materialsand methods

2.1. Participants

Thirteen healthy volunteers (ten females) aged @ 9¢€ars took part (mean age 20.9
years). According to the Edinburgh Handedness horgn(Oldfield, 1971), twelve

participants were right-handed and one was amhidest(but identified herself as
right-handed). Five additional participants wereleded from the study based on

preestablished criteria, namely: inaccessible mb#ord area (n=2); MEP data from



the two recorded muscles either not obtainableatrcomparable (n=2), and TMS
system failure (n=1). A sample size of n=13 yield86 power to detect a moderate-
to-large effect size of d=0.68 in a within-groupmtast. The latter was the lowest
effect size found in a precursor study by Wrighalet(2014) who studied differences
in CSE between baseline and AO, MI, and congrugdMA conditions involving an
index finger movement.

Before the experiment, participants gave their temitinformed consent and
completed the Lancaster University TMS screenimghfavhich identified that none
of the participants showed any contraindicationTdS. All participants reported
having normal or corrected-to-normal vision and neurological/psychiatric
disorders. Participants’ responses to an abbreliatesion of the Movement Imagery
Questionnaire-3 (MIQ-3; S.E. Williams et al., 20y#®lded an average score of 4.3
(SD = 0.99, range = 3.6 to 6). This indicated overadutral’ abilities in performing
kinaesthetic Ml (“not easy nor hard”). The expennta procedures were approved by

the Lancaster University ethics committee.

2.2. Design

The experiment comprised four basic conditionsigcoent action observation and
motor imagery (CAO+MI), incongruent action obsermat and motor imagery

(IAO+MI), pure action observation (AO), and obsédiwa of a static hand (‘Baseline’;
see Fig. 1A). In the first three conditions, pap@nts watched either a rhythmical
abduction/adduction movement of the index or tligelifinger of a model’s right

hand. This resulted in six blocks with differentiae observation tasks. In addition,
we included two separate, identical Baseline blocKse experiment was divided into
two sessions with a short pause in between, anll sassion included all eight

blocks, resulting in a total of 16 blocks to be @dated by each participant.
2.3. Stimuli and apparatus
Participants were seated in a comfortable chaar gquiet room with their left hand on

their lap and their right hand resting on the talslefront of them in pronate

orientation (see Fig. 1B). The to-be-observed fimgevements were presented on a



A) Observe Imagine B) Setup

cAO+MI

iAO+MI

pure AO

C) Stimulation Protocol

Fig. 1- Experimental conditions and setup. Panel A illustrates the four experimental
conditions, congruent AO+MI (cAO+MI), incongruent AO+MI (1IAO+MI), pure AO
(not involving MI), and Baseline (observation of a static hand). The three action

Baseline

cUSa

observation conditions involved display of a rhythmically moving index finger, or
little finger (not shown) over 90 s. During cAO+MI, participants engaged in MI of the
same finger of their own hand as that shown on the display, and during iAO+MI, they
engaged in MI of a different finger (i.e., AO of index and MI of their little finger as
illustrated, or AO of the little finger and MI of their index, not shown). Panel B shows
the experimental setup, and Panel C illustrates the stimulation protocol with TMS
pulses being delivered every 5 to 7 cycles (see Sections 2.3 and 2.5).

23.5-inch LCD display (resolution: 1920 x 1080 pixels), which was positioned at
approximately 80 cm viewing distance. The display was controlled by an Apple ‘Mac
mini’ computer (Apple, CA, USA) running a dedicated stimulus presentation
programme written in Matlab (version 2017a, MathWorks, Inc.) and using the
Psychophysics Toolbox (version 3, Brainard et al., 1997).

The video stimuli were recorded using a Panasonic Lumix G digital video
camera (resolution: 1280 x 720 @ 50 Hz) and showed the dorsal surface of a female
right hand performing rhythmical abduction/adduction movements of either the index
finger or the little finger at 1 Hz over 90 cycles. That is, each block lasted 90 s. A
small white fixation point was attached to the proximal phalanx of the model’s middle

finger. The hand was displayed in egocentric, vertical orientation, and its location was



clearly distinct from the participant’s own handation (Fig. 1B). During recording,

the model synchronised her outwards (extension)emawnts to a metronome set to
60 bpm so that the beats coincided with extensieak pvelocity. We used three

standard videos and five videos containing two loed aberrant events for the
oddball detection task. The three standard vidBos/ed regular movements of either
the index or little finger, or a static hand. I tatter (Baseline) video, every 1000ms
the white fixation point turned red for 100ms. Thias designed to allow participants
to anticipate the possible time points of TMS station in a similar way as with the

videos containing finger movements. The videos ttee oddball detection task

contained either two or three aberrant movemenisadne of a standard movement
cycle at quasi-random time points. These were redhgngle lifting movement of the

index or little finger, or a single ‘hop’ movemewhere the finger both lifted and

abducted/adducted. A single video was used fob#szline oddball detection task,
where the colour of the fixation point changed toebor green, rather than to the
standard red, for 100 ms. Participants were askedate the individual aberrant
movements or colours when they occurred.

The Apple Mac mini computer was also used to trigbe delivery of TMS
pulses at or just after peak velocity of fingeresmsgion. For doing so, an equidistant
series of expected time points of peak velocity fig$ created for each video. This
was then carefully inspected in real time for tenapaccuracy and, where there were
notable deviations from the regular beat in theewidecording, this was either

replaced by another recording, or the related sanvpb adjusted.

2.4. Procedure and tasks

The experiment consisted of TMS- and EMG-setup &s#ions 2.5 and 2.6), a
practice session, and two experimental sessiansf, &hich were run consecutively

over approximately 90 minutes.

2.4.1. Practice session

First, participants were asked to overtly perforhytihmical abduction/adduction
movements of their index or little finger in synchy with that of the model’s hand.
We then asked them to overtly move their index dmglong with an observed

movement of the little finger as to introduce amdgtice incongruent movements. In



a second step, participants were trained in baghnbtor and kinaesthetic aspects of
MI, where they were asked to imagine actively atitig each movement, as well as
to imagine the kinaesthetic and tactile sensatiamslved. With this in mind, the
experimenter went through an abbreviated versiach@MIQ-3 (S.E. Williams et al.,
2012) for reasons of both practice and a briefsssaent of kinaesthetic Ml abilities.
Stinear et al. (2006) had shown that this formmoagery, but not visual imagery,
elicits corticospinal facilitation. Third, parti@pts were asked to practice the
congruent AO+MI (cAO+MI) condition, followed by théncongruent AO+MI
(IAO+MI) condition, with a balanced mix of videoe@ving movements of the index
or little finger. DuringcAO+MI, participants’ task was to imagine moving the same
finger of their right hand as they saw moving oa thsplay in front of them. During

IAO+MI, participants imagined moving the ‘opposite’ finderthe observed finger,

that is, when they watched a video of an index dngovement, they imagined
moving their own little finger (Fig. 1B). In both@+MI conditions, participants were
asked to synchronise their imagined finger movemeith the observed finger
movement as to ensure that observed and imagirshectidn movements, as well as
the respective adduction movements, occurred samediusly. Importantly, we also
instructed participants to divide their attentiorely between the observed and the
imagined action. Fourth, the oddball detection task introduced (see Section 2.3),
which we used in all conditions involving actionsebvation, in order to facilitate the
detailed processing of the observed movementsh,Rife introduced th@ure AO
condition, where participants were asked to pabsigbserve the displayed finger
movement and to disengage from any MI, and fintlBaselinecondition, where
participants watched the picture of a static hahahhg with the related oddball colour
detection task. In all conditions, participants evaxssked to keep their gaze on the
fixation point in the video, as to control for difential attentional foci across
participants which may modulate corticospinal exduiity (CSE; Carson and Collins,
2017).

2.4.2. Main experimental sessions

Each of the two consecutive main sessions compriBedeight blocks of the
experimental design with a duration of 90 s perckloshort pauses between the
blocks, and a pause of five minutes between thesegsions when participants filled

in the Edinburgh Handedness Inventory (Oldfield/1)9 Two different pseudo-
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random block orders were used for the first andhnparticipant, and the block orders
for the remaining participants followed latin sqegrParticipants initiated each block
by pressing the space bar on the computer keyba#indheir left hand. At the end of
each block, they were given feedback on whethey tie correctly identified all
oddball events. Throughout the study participargseweminded to attend equally to
observed and imagined movement and to keep botkymt, given that phase
consistency between sensorimotor representatiasiseevby AO and Ml is thought to
facilitate CSE (Sakamoto et al., 2009).

2.5. Transcranial magnetic stimulation

Single-pulse TMS stimulation was triggered by thien8lus presentation programme
at peak velocity of finger extension every 5 to @uement cycles in a jittered fashion
to reduce participants’ anticipation (Fig. 1C). Tiret pulse was delivered randomly
only at the &, 4", or 6" cycle to allow participants to settle into eacktaA total of
n=16 pulses was delivered in each block, equatng=32 MEPs per experimental
condition and observed finger, and n=64 MEPs ferBlaseline condition which was
run in two blocks per session. No TMS pulse wasvdedd during an oddball
movement or in the cycle following this.

TMS was applied using a figure-of-eight coil (70 rdrameter) connected to a
DuoMAG MP magnetic stimulator (DEYMED Diagnosticz€th Republic), which
delivered monophasic pulses to the hand represemtat the primary motor cortex
(M1) contralateral to the right hand. The colil vieedd tangential to the scalp with the
handle pointing posterior-laterally at 45° to thedine, resulting in a posterior—
anterior-induced current flow under the junction tbe two coil wings. This is
regarded as the best orientation to activate intditeans-synaptic corticospinal
neurons (Brasil-Neto et al., 1992), which increasies responsiveness of MEP
amplitudes to factors which may influence CSE Isyvaluch as motor simulation
(Loporto et al., 2013). The motor hotspot was idexat as the scalp site from which
MEPs with the most robust and comparable peak-td-@enplitudes were recorded
simultaneously from the first dorsal interosseokBIj and abductor digiti minimi
(ADM) muscles. This was found by repeatedly stirtinfathe approximate location
of the hand representation of the M1 and adjugtiegcoil position and orientation in

small steps at a stimulator output of 50-60%. Ctheemotor hotspot was identified, it
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was marked as a target using a stereotaxic neugaimn system (BrainSight,
Rogue Research Inc, Montreal, Canada). The neugatgon system enabled the
accurate replication and maintenance of coil pasitig over the motor hotspot
throughout the experiment, as even slight coil mosets can significantly influence
MEP amplitudes (Sandbrink, 2008). The next step wasstablish each participant’s
resting motor threshold (rMT). The rMT was definad the lowest stimulation
intensity that elicited peak-to-peak MEP amplitudésat least 50v in 5 out of 10
consecutive trials from the FDI and ADM (Rossinaét 2015). This was achieved by
starting at the percentage intensity used to Ipealhe motor hotspot, which was
decreased in 1%-5% increments until the rMT wasrdanhed (Rothwell et al., 1999).
During the experiment, the stimulation intensitysve@t to 120% of each participants’
rMT. The mean rMT was 48% (x5) and the mean teshsity was 57% (£6) of the

maximum stimulator output.

2.6. Electromyographic recording

TMS-evoked MEPs were measured using pairs of AglAsglf-adhesive surface

electrodes (24-mm diameter), which recorded theompgelectromyographic (EMG)

signal of the FDI and ADM muscles. We chose thege muscles, as TMS pulses
over the hand representation of the M1 can eliciERd in both muscles

simultaneously. Electrodes were attached in a tefsdly montage. Two active

electrodes were attached over the right FDI and ADWb reference electrodes
attached over the tendon of FDI and ADM, and a gdoelectrode was attached over
the ulnar styroid process of the right wrist aebattrically neutral site. EMG activity

was monitored and recorded using TruTrace EMG witampling rate of 12.5 kHz

(DEYMED Diagnostic, Czech Republic). The EMG sigmads amplified and band-

pass filtered (DC-2000 Hz) with an adaptive notitterf of 50Hz to remove power

line contamination. As the presence of EMG actiuityhe muscles prior to receiving

a TMS pulse is known to increase subsequent MERitaicigs (Watkins et al., 2003),

pre-stimulus background EMG activity was contindgusonitored throughout each

experimental block, and participants were frequenéiminded to keep their right

hand relaxed.

2.7. Data analysis

12



The MEP time series were exported to a data extracbutine written in Matlab, and
the mean peak-to-peak amplitudes of MEPs recorded the FDI and ADM were
then calculated. Means were based on n=6 MEP<pel ¢f the design and session.
The mean Baseline amplitudes of the two muscle wety moderately different,
FDI: 2.20 + 0.15 8EM mV, and ADM: 1.96 £ 0.11 mV. As expected, inter-
participant variability was large, and so the m&#aP amplitudes were normalized
using thez-score transformation separately for each partitigad muscle to enable
comparison for all analyses. All data satisfied matusion criterion of standardized
residuals < £3.0. All variables were then considenermally distributed based on
visual inspection of Q-Q plots.

All statistical analyses were performed using SR&$sion 24, IBM Corp.).
Effect sizes were reported as partial eta-squané()l, @nd the level of significance
was set tan<0.05. For comparisons with more than two levelgrees of freedom

were adjusted using the Greenhouse-Geisser method.

3. Results

3.1. Baseline blocks

Before collapsing the two separate Baseline blogkthin each session where
participants were shown a static hand, we testegdesible effects of Muscle (FDI
or ADM), Session (1 or 2%, and Block (i or 2'%). No significant main effects or
interactions were found (als < 2.95, allp’s > .11), thus it was deemed justified to
collapse the MEPs across the two Baseline blockisiveach session. This resulted

in a single, robust Baseline condition with separaeans for Muscle and Session.

3.2. Plan of analysis

The main focus in the present study is the comparisetween the cAO+MI and
IAO+MI conditions: according to the DAS hypothedEPs for the (separable) Mi-

13



and AO-components of iIAO+MI should show similar misigdes, whereas MEPS in
cAO+MI should be significantly larger for the effec engaged in AO+MI than for
the non-engaged effector. In contrast, the visualance hypothesis, which served as
a fallback, predicts that the results of IAO+MI galtbmirror those of CAO+MlI, that
is, the AO-component of iIAO+MI should generate digantly smaller MEPs than
the MI-component.

For the statistical analysis, we used a three-fedtaepeated measures
ANOVA with the factors Muscle, Session, and Comatitwith subsequent focussed
comparisons (Section 3.4.: ‘Main analysis’). Thdtela factor comprised five
conditions, namely the four cells of the cAO+MI ard+MI conditions plus the
Baseline. Crucially, the DAS hypothesis predictsirgreraction between congruency
(cAO+MI vs. IAOMI) and Engaged effector. This wastied using a contrast-contrast
interaction (Rosenthal & Rosnow, 1985) which comsgdi the four cells of the
cAO+MI and IAO+MI conditions. In addition, we ramd sets of selected pairwise
comparisons between conditions (Section 3.4.1.)hdnfirst set, we tested if the MI-
engaged effector in cAO+MI showed enhanced MEP #éndgs relative to Baseline,
and we contrasted the MEP amplitudes of the MI-gadaffector in IAO+MI against
those in cAO+MI: here the DAS hypothesis would feget larger MEPs in the
latter condition, since AO- and MI-components skocbnverge. The second set of
pairwise contrasts focussed on the two remainirly of the AO+MI conditions:
Here the DAS hypothesis predicts that the AO-endagféector in IAO+MI should
show enhanced MEP amplitudes relative to the ngaged effector in cAO+MI.
Since the pure AO condition mainly served contiugiposes, we analysed effects in a
separate ANOVA.

3.3. Results overview

The z-scores for the mean peak-to-peak MEPs aatbsgperimental conditions are

shown in Figure 2. Essentially, there is a cleaistbhn between two strong MEP
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Figure 2 - Main results. Mean z-transformed MEP amplitudes (WEEM for each
experimental condition, collapsed across the twasises and across FDI and ADM
muscles. Abbreviations: AO: action observation; Miotor imagery; AO+MI:
simultaneous AO and MI. In the congruent AO+MI cibiodh, participants engaged in
MI of the same effector as the one they observedimgpwhilst their other effector
was non-engaged. In incongruent AO+MI, participamitserved movement of one
effector (AO-engaged) and imagined moving theireotiffector (MIl-engaged). The
pure AO condition involved observation of one maveffector (AO-engaged). The
Baseline condition involved observation of a staaod. A figure showing the results
separately for each muscle is provided in the Sampphtary materials.

amplitudes for the effector that was engaged in Whjlst all other MEPs were
substantially lower. As predicted, in cAO+MI the MEamplitudes were markedly
enhanced for the effector engaged in cAO+MI, comgahe non-engaged effector.
Unexpectedly, however, this result was mirroredtly iIAO+MI condition, where
MEPs for the effector that was engaged in MI weegkedly stronger than MEPs for
the AO-engaged effector.

For ease of exposition, Figure 2 does not showdbkalts separately for the
FDI and ADM muscles since no related significaninmetfects or interactions with

this factor were found. For the interested readdigure including the factor Muscle
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is provided in the Supplementary materials. Notat ttve distinguish between
‘effector’ (as independent variable) that coulddpgiaged or non-engaged in AO, MI,
or AO+MI tasks, and recorded ‘muscle’ (FDI and ADWhich were always recorded

simultaneously).
3.4. Main analysis

For the main analysis we employed a three-factaegeated measures ANOVA
comprising the factors Muscle (FDI or ADM), Sess{@fi or 2'%), and Condition with
five levels: engaged and non-engaged effector@t&kO+MI condition, Ml-engaged
and AO-engaged effector of the iIAO+MI conditionadahe Baseline. Importantly,
the ANOVA indicated a highly significant overall fe€t Condition, F2.9, 34.8=
13.23,p< .001,112p = .52. In contrast, the main effects of Muscle &a$sion were
not significant,F(, 12= 0.83,p = .38,1%, = .07, and F, 12= 2.49,p = .14,1%, = .17,
respectively, and none of the interactions appreddignificance (alFs < 0.51; all
ps > 0.69).

The DAS hypothesis was tested directly in a foodissentrast-contrast
interaction (Rosenthal & Rosnow, 1985) comprisinge tfactors Congruency
(congruent vs. incongruent AO+MI condition) and Bged effector (note that this
factorial structure, as apparent in Fig. 2, waattéined’ in the above ANOVA).
Regarding the latter factor, in the cAO+MI conditithe factor levels were ‘effector
engaged in AO+MI’ vs. ‘non-engaged effector’, amdthe iIAO+MI condition the
levels were ‘MI-engaged effector’ vs. ‘AO-engagdteetor’. Against the prediction
of the DAS hypothesis, this contrast-contrast axt&on was not significang, 12)=
0.90,p= .36,112p = .07. That is, the pattern of results in the iA@-€ondition did not
differ significantly from that in the cAO+MI conditn. Furthermore, the effects of
Engaged effector were even more robust numeridgalthe iAO+MI condition,F,
12)= 30.7,p < .001,n%, = .719, than in the cAO+MI conditiofi, 12= 11.27,p =
0.006,1]2p = .484. These results fail to provide any suppartthe DAS hypothesis,

whilst they are compatible with the visual guidahgpothesis.

3.4.1. Pairwise comparisons between conditions
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In two sets of planned contrasts we further tesidcted conditions of the above
ANOVA against the Baseline. In the first sdtge planned comparison between the
effector engaged in cAO+MI and the Baseline conditivas highly significantt,
12)= 25.48p< .001,112p = .68, as expected. Interestingly, the contrasivéen the
Ml-engaged effector in cAO+MI vs. iIAO+MI was nogsificant, F(1, 12)= 0.33,p =
.57,1]2p = .03. As can be seen in Fig. 2, MEP amplitudeshe MI-engaged effector
in IAO+MI indeed approached these of the engagéecefr in cAO+MI. Also this
result tentatively violates the DAS hypothesis.

In the second set of contrasts, the planned cosyarbetween the non-
engaged effector in cAO+MI against Baseline wasifigant, F1, 12= 6.40,p = .03,
nzp: .35, indicating slightly facilitated MEP ampldes even in the non-engaged
effector during cAO+MI. Finally, the comparison Wween the non-engaged effector
in cAO+MI and the AO-engaged effector iIAO+MI condits was not significanE;,
12)= 1.63,p= .23,1]2p =.12. MEP amplitudes in the latter condition wateéBaseline
level and numerically even below the MEPs in tha-eagaged effector in cAO+MiI
(see Fig. 2). Again, this result fails to suppbg DAS hypothesis.

3.5. Pure AO

Effects of the pure AO condition were analysed separate, three factorial repeated
measures ANOVA which mainly served control purpogéss included the factors
Muscle, Session, and Condition (AO-engaged effedtoe non-engaged effector of
the pure AO condition, and Baseline). In shortrelable effects for pure AO were
found: the main effect of Condition was not sigrafit, F(1.ss, 2255 = 1.76, p = .20,

nzp = .13, neither were the remaining main effects of Musaild Session significant,
or any of the interactions (afls < 1.83; allps > .19). Whilst Fig. 2 suggests a trend
towards enhanced MEPs for the effector engagediricdexceed Baseline levels, the
related contrast analysis indicated that this wass statistically reliableF1, 12) =
3.15,p= .10, n°, = .21). Finally, also the contrast between AO-engagedi raon-
engaged effector was not significafit, 12) = 1.04, p = .33, 1%, =.08.
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In summary, in addition to the striking facilitayoeffects of Ml across cAO+MI and
IAO+MI conditions, only one further statisticallglrable effect was found, namely

enhanced MEPs for the non-engaged effector in cAQagdinst Baseline.

4. Discussion

The objective of this study was to test two competinypotheses: (1) the hitherto
untested Dual Action Simulation (DAS) account of A as proposed by Eaves et
al. (2012, 2016) and Vogt et al. (2013), and (2 tsual guidance hypothesis of
AO+MI. Our results provide clear support for theual guidance hypothesis that Ml
is the dominant driver of corticospinal facilitation AO+MI tasks. Conversely, the
data provide no support for the DAS hypothesis. fdwilts for IAO+MI are novel,

and the findings for the other conditions are hygbbnsistent with the available
research literature. This gives us confidence & ghesent methodology and in the

specific results obtained for iIAO+MI.

4.1. Congruent AO+MI

As predicted, we found large MEPs for the engadit®r during cCAO+MI, and the
difference in MEP amplitudes between the engagktter and Baseline was highly
significant. This result was specific for the eng@geffector, as indicated by a highly
significant effect of engaged vs. non-engaged #dfein this condition. These
findings are entirely consistent with previous eesl on the effects of combined
cAO+MI on CSE (e.g., Ohno et al., 2011; Sakamotalgt2009; Tsukazaki et al.,
2012; Wright et al., 2014, 2018), as well as witle telated neuroimaging studies
(Berends et al.,, 2013; Macuga and Frey, 2012; Medet al., 2012; Taube et al.,
2015; Villiger et al., 2013). Although the MEP artydles for the non-engaged
effector were markedly below those for the engagféector, they were still reliably
above Baseline levels (Section 3.4.1). A tentagxplanation for this unexpected
finding is related to task complexity. This has maiown to increase general levels
of excitability in M1 (Kuhtz-Buschbeck et al., 2Q0glouthon et al., 2015; Roosink
and Zijdewind, 2010), and task complexity was moly higher in the cAO+MI
condition than in the Baseline condition.
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4.2. Incongruent AO+MiI

To our knowledge, the present study provides th& fieurophysiological data on
IAO+MI. The MEP amplitudes during iAO+MI closely mored those during
cAO+Ml, in that MEPs for the MI-component of iAO+Mipproached those for the
focussed effector in cAO+MI, whilst MEPs for the AOmponent of iIAO+MI were
significantly lower than for the MI-component, ahédre they were at Baseline level.
These main findings of the present study fail tppsut the DAS hypothesis, whilst
they are fully compatible with the visual guidanogpothesis, which served as a
fallback in the present study.

Unexpectedly, there was a trend towards even I0MEP amplitudes for the
AO-component of iIAO+MI relative to the non-engagtector in cAO+MI (Fig. 2).
This low MEP amplitude is of particular interestyan that the DAS hypothesis
would have predicted a substantially higher amgétuThe present result cannot be
explained in terms of task complexity, which shob&lat least comparable, or even
higher in iIAO+MI than in cAO+MI. More likely, th@articularly low CSE for the
AO-component of IAO+MI might reflect that accessldwer-level motor processing
was inhibited for the observed action: Whilst th&®O#MI condition required
sustained visual attention towards oddball movesm)grdrticipants needed to engage
in MI of a different effector, and inhibiting anyator processing of the observed
action would have helped task completion. It shdwddclear, however, that this is
plainly a post-hoc interpretation of an unexpedtedd in the data, and that separate,
dedicated studies would be required to explore qudative inhibitory processes
further. The present result is, however, well ineliwith the current literature on
inhibition of surrounding effectors during Ml (s&ish et al., 2014; Aoyama et al.,
2017; Bruno et al., 2018).

4.3. Motor imagery is the main driver in AO+MI

Previous research clearly indicated that pure Ml eahance CSE (see Wright et al.,
2014; Mouthon et al., 2015), and that it can engag®ary and secondary motor
regions (Hardwick et al., 2018; Hetu et al., 20Milst TMS studies that included
both MI and AO conditions typically reported simildEP magnitudes (e.g., Clark et
al., 2004; Leonard and Tremblay, 2007; Roosink Aijgkewind, 2010; J. Williams et
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al.,, 2012; Wright et al., 2014), the present caitrbetween the strong MEP-
amplitudes for the MI-component of iIAO+MI againgith Baseline and the pure AO
condition is possibly the most robust differencporéed so far in a single study.
Given the sensitivity of MEP amplitudes to the tipeint of TMS pulse delivery
(Borroni et al., 2005; Cengiz et al., 2018), and difficulty of precisely stimulating
certain timepoints in an imagined trajectory, weuldosuggest that previous studies
likely underestimated CSE levels for pure MI, deethe likely greater temporal
variability of TMS pulses in Ml than in AO, relagvto the aimed-for landmark in the
imagined or observed movement. The present studymsed this problem since the
MI was visually guided.

Once again, our findings leave little doubt thak Whs the main driver in
IAO+MI. Distributing the MI- and AO-components assodifferent effectors allowed
us to assess respective levels of CSE relativelggandent of each other. The finding
that Ml-related MEP amplitudes were not differestass iIAO+MI and cAO+MiI
conditions further suggests that Ml was likely atbe main driver in cAO+MI:
apparently, CSE during cAO+MI was not enhanced H®y ¢oncurrent, congruent
action observation, relative to the MI-componenirmyiAO+MI. This does not mean
that such an enhancement might not be found fardtsks. Also, other approaches
might allow assessing AO- and MI-components of cA@hbre directly in future. At
this point in time, however, the best available kirmgy assumption is that the visual

guidance hypothesis applies to incongruent asagetiongruent AO+MlI.

4.4. Dual action simulation — quo vadis?

The DAS hypothesis assumes motor simulation foh lsomponents of AO+MI, not
only for the MI-component. However, across condiiove found (1) that pure AO
did not generate reliably stronger MEP amplitudestive to Baseline or to the
unfocussed effector in the pure AO condition, (&ttthe AO-component in IAOMI
was also at Baseline level, and (3) that CSE waenlvanced by action observation
in the cAO+MI condition, relative to the MI-compartein IAO+MI, as just
discussed. These null-results were obtained desegiteral design features introduced
to facilitate motor simulation of the observed agfinamely the usage of an oddball
detection task, instructions to pay equal attenteoboth components of the AO+MI

tasks, and the requirement to temporally coordineb@gined and observed
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movements. The latter two measures only appligdddwo AO+MI conditions, thus
we had good reasons to expect corticospinal fatom for the AO-component in
these tasks, even in case that the pure AO conditauld not be effective.

Whilst the above null-results might appear to stencdontrast with the legacy
of related studies on pure AO beginning with Fadegaal. (1995; for review see
Naish et al., 2014), a number of recent TMS studiesctly contrasted AO+MI and
pure AO conditions and these also yielded nulletffdor pure AO (e.g., Cengiz et
al., 2018; Wright et al., 2014, 2018; see alsoetkeellent discussion in Wright et al.,
2014). Importantly, the convergent results of theselies and the present one were
obtained despite considerable variation in procederg., unlike Wright et al., 2014,
we used a fully counterbalanced order of conditi@mgoing rhythmical movements,
an oddball detection task, a crossed effector desilgere each effector could be
either focussed or unfocussed, and neuronavigédroroil positioning). These results
nicely corrobate Vogt et al.’s (2013) concern tisgtontaneously performed AO+MI
is an important and largely ignored confound in wynaselated behavioural and
neuroimaging studies” (p. 10). That is, in manythod earlier studies testing putative
‘pure’ AO, effects might have been unduly boostgdspontaneous and unnoticed
AO+MI. In support of this proposal, DiGruttola (Z)linterviewed their participants
after a session of pure AO, and about half of theigpants reported that they had
spontaneously engaged in concurrent Ml (i.e., itAD. In contrast, in our study
participants were instructed to disengage from Wtirdy the pure AO condition (or in
IAO+MI, MI was directed to a different effectorpé AO-effects disappeared.

As a consequence, we can only reiterate the pledlgeassess the large body
of behavioural and neuroimaging work on putativeepAO regarding confounding
spontaneous concurrent Ml (Vogt et al., 2013). &@mple, Hardwick et al.’s (2018)
recent meta-analysis of neuroimaging studies inelicaa considerable overlap
between activations during AO and MI: such a figdia rather unsurprising in case
that the included studies on presumed ‘pure AO’hhigave involved spontaneous
AO+MI. In contrast, when AO and MI instructions ameore carefully controlled,
differences between these forms of motor simulagoa likely to become more
apparent (e.g., Vogt et al., 2016).

Finally, the body of recent work by Lingnau andleayues (e.g., Lingnau and
Downing, 2015; Wurm et al.,, 2017) indicates a prynaole of lateral

occipitotemporal regions (and not motor regions)aution categorisation. These
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findings further support the notion that AO and Mihen properly instructed and
controlled for confounds, might turn out to be eatbifferent kettle of fish.

In our view, the above considerations do in no wasalidate the potential
benefit of AO+MI instructions in neurorehabilitaticand sports training over and
above pure MI training. Indeed, visual guidanceMifshould particularly help in
situations where novel skills are acquired, or wher-acquisition requires sustained
practising. However, the specific explanatory framagk of DAS is put into question
by the present results. The present results tharglsh contrast to the support for
multiple motor representations provided by studiasjoint action (Menoret et al.,
2015) and observation of multiple actions (Craccal ¢ 2018). In addition, Colton et
al. (2018) recently demonstrated that observinguaexpected, incongruent finger
movement whilst imagining a short sequence of ngpwaine’s own fingers can induce
action slips, that is, overt execution of eithee thbserved or the imagined action.
Thus, under appropriately designed conditions, eskactions are indeed capable of
‘inserting an action intention’ and to facilitateotor execution, - which can also be
interpreted as evidence for multiple motor reprées@ns. One reason why we did
not find such effects in the present study mightthm our AO+MI tasks involved
concurrent AO and Ml over a relatively long timeipd, compared to the momentary
and unpredictable appearance of the action stimuColton et al.’s (2018) study.
Surely, further research is needed to identify boendary conditions for possible
DAS processes during AO+MI tasks, joint action, abdervation of multiple actions

more fully.

4.5. Limitations and future research

Assessing corticospinal excitability via MEPs pdesg a restricted window into
motor cortical processing, namely to the primarytanaortex and potentially its
inputs from fronto-parietal circuits. As such oundings do not exclude that
concurrent action representations during AO+MI rhigé found at higher levels of
the motor hierarchy. A more encompassing assessaighe DAS hypothesis can
thus be expected from whole-brain neuroimaging odthsuch as fMRI or
Magnetoencephalography (MEG). One interesting tuestere is whether activated
areas during pure MI or pure AO might show greategrlap than during IAO+MI

tasks where these representations might spatidjsegate.
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A second limitation is the relatively simple fimgmovement task that has
been employed here due to its suitability for joiiMS-stimulation of two separately
controllable muscles, and to its widespread usagedvious research. More complex
actions, such as prehensile or manipulative actionght yield different results to
those presented here.

A further limitation might be seen in the numbémparticipants used (n=13),
and the related limited power to detect relativsathall effects. In particular, we would
concede that with a substantially larger sample,might have found a significant
effect of pure AO against the Baseline, where #as not significant in the present
study. However, we would firstly note that our dgsiwas certainly sufficiently
sensitive to demonstrate effects of Ml, and givieat tMl and AO are comparable
tasks in that both refer to motor processes withoulving overt execution, we see
no a priori grounds why our design should have da@d CSE during M| over CSE
during AO. Second, our finding of weak CSE duringgpAO replicates the related
null-effects in the studies by Cengiz et al. (20480 Wright et al. (2014; 2018).
Taken together, these studies corrobate the oligervay Vogt et al. (2013) that
earlier research which reported significant CSEeaf of pure AO might have
overestimated putative effects of pure AO sincentpmeous AO+MI was not
controlled for (see Section 4.4). In contrast, he present study participants were
asked to disengage from Ml in the pure AO condijtiand CSE was only marginal.
Surely, more research would be needed to idenbsibple conditions under which
robust CSE effects of pure AO conditions, unconttechby spontaneous MI, might
be found. Third, whilst an effect of pure AO mighave been detectable with a
substantially larger participant sample, such altesould by no means invalidate our
main finding, namely the - admittedly unexpectedbust asymmetry of the MI- and
AO-components during iIAO+MI.

Finally, one could argue that the temporally eg&sh rhythmical nature of the
present AO+MI task might have been suboptimal tgage motor representations of
the observed action. Whilst this becomes very agyarhen contrasting the present
task with that used by Colton et al. (2018, seevapave would argue that the present
task bears stronger similarities with applicationé AO+MI in sports and
neurorehabilitation, where displays of physical reises are typically also fairly
predictable (e.g., Scott et al., 2018).
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5. Conclusions

Exploring a dual action simulation account of camgrit AO+MI processes is
hampered by the likely overlap of neural populaiarf the putatively involved
simulations of the observed and imagined actiomehee employed an incongruent
AO+MI task to overcome this limitation. Corticosplnexcitability was found to be
markedly unbalanced for the two components of iIAQ+Which were assessed via
separate effectors. The results indicate that Mkédy the main, if not the only driver
in AO+MI tasks. The lack of support for a dual antisimulation account does in no
way put into question the potential relevance of M) procedures in
neurorehabilitation and sports training. For thagplications of AO+MI, the present
study highlights the crucial role of motor simudetiof one’s own action via M,
where concurrent AO most likely functions as aremxal visual scaffolding of M,
and not as a separate and potentially competingmsonulation. Action observation
therapy (Buccino et al., 2014) might well work ofs iown, but evidence is
accumulating that spontaneous Ml (i.e., AO+MI) migk the unrecognised driver of

its therapeutic effects.
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