A Causal Role for Primary Motor Cortex in
Perception of Observed Actions

Clare E. Palmer', Karen L. Bunday', Marco Davare'?, and James M. Kilner'

Abstract

B It has been proposed that motor system activity during
action observation may be modulated by the kinematics of
observed actions. One purpose of this activity during action ob-
servation may be to predict the visual consequence of another
person’s action based on their movement kinematics. Here, we
tested the hypothesis that the primary motor cortex (M1) may
have a causal role in inferring information that is present in the
kinematics of observed actions. Healthy participants completed

INTRODUCTION

It is now well established that the motor system is active
during both action execution and action observation
(Gallese, Fadiga, Fogassi, & Rizzolatti, 1996; di Pellegrino,
Fadiga, Fogassi, Gallese, & Rizzolatti, 1992). A portion of
the human ventral premotor cortex (PMv), often thought
to be analogous to F5 in the monkey, was the first area
in which mirror neurons (neurons that fire during action
execution and action observation) were identified; yet it
is now clear that populations of neurons throughout
the motor system, including PMd and M1, respond to
both action execution and observation (Kilner & Lemon,
2013). However, there is currently a lack of consensus as
to the functional role of this motor system activity during
action observation. The majority of studies in this field
have tested the hypothesis that motor system activity in
some way facilitates the perception of the observed action
goal (Ferrari, Rozzi, & Fogassi, 2005; Gallese et al., 1996).
More recently, it has been suggested that, as well as a
possible role in understanding the goal of an observed
action, motor system activity during action observation
might enable us to predict the kinematics of the observed
action (Kilner, 2011; Kilner, Friston, & Frith, 2007). Put
simply, our ability to infer the goal of an observed action
is dependent upon first inferring how that action is per-
formed. There is increasing behavioral evidence from
human studies that suggests that we are very sensitive
to changes in the kinematics of actions (Ansuini, Cavallo,
Bertone, & Becchio, 2014; Patel, Fleming, & Kilner, 2012;
Alaerts, Senot, et al., 2010; Becchio, Sartori, & Castiello,
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an action perception task before and after applying continuous
theta burst stimulation (cTBS) over left M1. A neurophysiolog-
ical marker was used to quantify the extent of M1 disruption
following cTBS and stratify our sample a priori to provide an
internal control. We found that a disruption to M1 caused a
reduction in an individual’s sensitivity to interpret the kinemat-
ics of observed actions; the magnitude of suppression of motor
excitability predicted this change in sensitivity. i

2010; Neal & Kilner, 2010; Sartori, Becchio, Bara, &
Castiello, 2009; Daprati, Wriessnegger, & Lacquaniti,
2006), and some evidence suggests that activity in the pri-
mary motor cortex (M1) is modulated by the kinematics of
an observed action (Press, Heyes, & Kilner, 2011; Alaerts,
Swinnen, & Wenderoth, 2010). This proposed role of the
motor system in being sensitive to the kinematics of an
observed action is consistent with how neuronal discharge
is modulated during action execution (Moran & Schwartz,
1999; Rizzolatti et al., 1988; Georgopoulos, Schwartz, &
Kettner, 1986). Indeed, the kinematics of executed actions
can be decoded from activity in both PMv and M1 (Bansal,
Truccolo, Vargas-Irwin, & Donoghue, 2012).

It has been shown that we are able to infer an individ-
ual’s subjective state based on the kinematics of their
movements (Patel et al., 2012). In this study, observers
were able to correctly infer the confidence of participants
carrying out a forced-choice discrimination task using
only the observed movement kinematics, namely move-
ment speed. A follow-on study (Macerollo, Bose, Ricciardi,
Edwards, & Kilner, 2015) then compared healthy par-
ticipants and movement disorder patients on the same
task. They found that movement disorder patients were
significantly worse in their ability to infer confidence from
fast movement speeds that differed most from their own.
Although this result is consistent with a potential role of
action execution networks in inferring information from
the kinematics of observed actions, it is unclear whether
this behavioral effect is contingent upon activity in the
motor cortex.

The aim of this study was to identify a causal role for
M1 in this task by disrupting motor excitability using
continuous theta burst stimulation (¢TBS) over M1. cTBS

Journal of Cognitive Neuroscience 28:12, pp. 2021-2029
doi:10.1162/jocn_a_01015

(19¥89€81/1202/2 \/82/sPd-Bl01E/UOOlNPS W }0B.IP//:dRY WOl papeojumoq

) B UD0

120z Jequierdag g} uo3senb Aq 4pd'GL0LO



has been traditionally thought to have an inhibitory effect
on the output of the targeted area and is therefore used as
a “virtual lesion” technique; however, recent studies have
shown that this effect is very variable (Hamada, Murase,
Hasan, Balaratnam, & Rothwell, 2013; Huang, Edwards,
Rounis, Bhatia, & Rothwell, 2005). To quantify this inter-
subject variability, we recorded motor-evoked potentials
(MEPs) throughout the task as a neurophysiological
marker of the effect of ¢cTBS on corticospinal excitability
(CSE). This enabled us, first, to a priori stratify our sample
and, second, to correlate changes in CSE with our behav-
ioral effect. We hypothesized that a disruption to M1
would impair an individuals’ ability to infer subjective
information from the kinematics of observed actions.

METHODS
Participants

Twenty-four healthy participants (13 men, 11 women)
aged 21-35 years old (mean = SD: 24.91 = 3.83) took
part in this study. Participants had no history of neuro-
logical or psychiatric illness and had no medical reason
to exclude them from having TMS. All participants were
right-handed and gave written informed consent before
taking part. This study was approved by the UCL research
ethics committee, and all testing took place at the UCL
Institute of Neurology, Queen’s Square.

Experimental Design

Each participant carried out an action observation behav-
ioral task before and after the application of cTBS. Single-
pulse TMS was applied at varying time points throughout
the experiment to provide a neurophysiological marker
of the effect of cTBS on motor excitability. A baseline
measurement of CSE (20 MEPs) was taken before cTBS.
Following this, ¢TBS was applied over left M1 for 40 sec.
The participants then repeated the action observation
task. To measure the effect of ¢TBS on CSE, 20 MEPs
were measured at three time points following ¢TBS: 10 min
after repetitive stimulation, midway through the behav-
joral task (approximately 25 min poststimulation), and on
completion of the behavioral task (approximately 40 min
poststimulation; see Figure 1A for protocol).

Behavioral Task

The task was programmed in MATLAB R2013b (The
MathWorks, Natick, MA). Participants watched 390 videos
divided into two blocks in a pseudorandomized order. In
each video, an actor picked up a marble from the center
of a table and moved it onto a marker on either the left or
the right. The videos were filmed during a previous study
in which these participants carried out a two alternate
forced-choice discrimination task and were asked to indi-
cate their decision by moving the marble (Patel et al.,
2012). In this study, the participants’ task was to estimate
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Figure 1. Experimental procedure. (A) Timeline of experimental protocol. The action observation task (gray squares) was completed twice,

before and after ¢TBS. Blocks of 20 MEPs were recorded using single-pulse TMS at baseline and at three time points starting 10 min post-cTBS
(red circles). (B) Still frames of the action observation task. Participants (7 = 24) watched videos in which an individual performed a two alternative
forced-choice discrimination task. The left and right sides were assigned to the two choices. The participants in the video had to move the marble
to either side to indicate their decision. White arrows indicate hand movement. Movement speed was calculated from the time the hand was
released from its starting point (Frame 2) to the time the marble was placed on the left or right of the screen (Frame 4). Observers were instructed
to rate the confidence of the participant making the decision in the video after each trial on a scale of 1-100 from “not confident” to “very confident”
(Frame 5).
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how confident they thought the actor in the video was in
each decision observed. Participants were instructed to
rate the confidence of the actor by moving a cursor along
a 0-100 scale bar (Figure 1B). The gender of the actor and
the choice location were equally balanced across the
videos. Videos were filmed with a bird’s eye view of the
table so only the actors’ hands were visible. All the videos
were edited to ensure that the time from the start of the
trial to picking up the marble remained the same, and
therefore, any difference in RT before picking up the mar-
ble could not be used to deduce confidence; the only pa-
rameter available to measure confidence was movement
speed. Execution time (ET) was used as a proxy for move-
ment speed and was calculated as the time from the mo-
ment the marble was removed from its original marker to
the time it was placed on one of the choice markers.
Catch trials in which the actor hesitated or dropped the
marble were removed post hoc. Each participant carried
out the task twice before and after cTBS.

Single-pulse TMS

EMG activity was recorded from the right first dorsal
interosseous (FDI) muscle using Ag/AgCl cup electrodes
in a belly-tendon montage. The EMG signal was ampli-
fied 1000X, low-pass filtered at 3 Hz, sampled at 5 kHz,
and stored for offline analysis (CED 1401 with signal soft-
ware, version 5.10, Cambridge Electronic Design, Cambridge,
UK) A Magstim 200 stimulator (Magstim, Carmarthenshire,
UK) was used to deliver monophasic TMS pulses to the
hand area of the left primary motor cortex (M1). The
figure-of-eight coil (9 cm diameter) was held tangentially
to the head over the optimal “hotspot” for producing
MEPs. Resting and active motor thresholds (RMT, AMT)
were recorded for each participant. Motor threshold was
defined as the minimum intensity of the stimulator output,
which produced an MEP greater than 50 pV on 6 of 10 con-
secutive pulses. AMT was determined while participants
produced a steady isometric contraction against an inert
object to produce a constant EMG output at 10% of their
maximum voluntary contraction. The AMT was used to
determine the intensity of stimulator output for cTBS;
the Magstim Rapid2 (Magstim) was used to find the AMT.
Baseline measurements were taken at a stimulator out-
put intensity, which produced a mean MEP amplitude of
~1 mV. The same intensity was used throughout the
experiment to record MEPs. RMT = 41.76 * 7.43% of
maximum stimulator output (MSO; Magstim 200). AMT =
50.28 = 7.44% of MSO (Magstim Rapid2; AMT > RMT
due to different stimulators used). Baseline stimulator
intensity = 48.16 = 9.10% of MSO (Magstim 200).

Continuous Theta Burst Stimulation

CcTBS was delivered using a Magstim Rapid2 stimulator
(Magstim) as a sequence of 200 bursts at a rate of 5 Hz
(total duration 40 sec). Each burst consisted of three

stimuli given at 50 Hz. The stimulator output intensity
for cTBS was 80% of AMT (Huang et al., 2005).

MEP Analysis

Twenty MEPs were recorded at baseline and then at three
time points following c¢TBS: (1) 10 min post-cTBS, (2)
after Block 1 of the behavioral task, and (3) after Block
2 on completion of the behavioral task. The peak-to-peak
amplitude for each individual MEP was measured. MEPs
were excluded if there was EMG activity (>0.1 mV) 100 msec
before the TMS pulse was given (3.85% of total MEPs).
One participant was excluded because of high back-
ground EMG activity throughout the baseline resulting
in significantly fewer MEPs being analyzed (one-sample
¢t test: £(23) = 55.75, p < .001; mean difference in
number of MEPs at baseline = 5.83). MEPs were log-
transformed at the first level to normalize the data and
then retransformed at the second level to maintain the
original units for MEPs (mV). Magnitude of MEP sup-
pression was calculated as the difference between the aver-
age normalized MEP amplitude at baseline and the grand
average of normalized MEP amplitude at three time points
post-cTBS. MEP amplitude was stable across time points
poststimulation: A repeated-measures ANOVA revealed
no significant main effect of Time, and none of the pairwise
comparisons were significant (p > .1). An inhibitory
response to cIBS was defined as a magnitude of MEP sup-
pression greater than 0 and a facilitatory response less than
0 (Lopez-Alonso, Cheeran, Rio-Rodriguez, & Fernindez-
del-Olmo, 2014; Hamada et al., 2013). Baseline MEP am-
plitudes were also compared between groups using a
two-tailed independent samples ¢ test to ensure that there
was no baseline difference between groups.

The stability of MEP amplitudes across the three time
points post-cTBS was determined using a one way re-
peated-measures ANOVA. To see if the MEP values were
reliable as well as stable over time post-cTBS, a correla-
tion analysis between the average MEP amplitudes for
each participant at each time point was conducted for
all pairwise combinations of time point (e.g., T1 vs. T2,
T2 vs. T3, T1 vs. T3). To determine whether MEP ampli-
tudes were consistently decreased or increased within
participants dependent on their overall categorization
into either the inhibitory or facilitatory groups, nonpara-
metric sign tests were conducted between the difference
in MEP amplitude from baseline at each time point and
the grand average difference in MEP amplitude from
baseline (used to categorize participants).

Behavioral Data Analysis

Confidence ratings were ordered based on ET from fast-
est to slowest and grouped into 10 bins per participant.
ET bins were divided to have as close to equal numbers
as possible. The first block, which had a total of 190
videos, had 19 in each bin, and the second block with
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192 videos had 19 in Bins 1-9 and 21 in the last bin. The
range of ETs in each bin were as follows: 863-1023 msec
(Bin 1); 1023-1064 msec (Bin 2); 1068-1103 msec (Bin 3);
1103-1128 msec (Bin 4); 1129-1154 msec (Bin 5); 1154—
1178 msec (Bin 6); 1178-1223 msec (Bin 7); 1224-1259 msec
(Bin 8); 1269-1325 msec (Bin 9); 1329-1655 msec (Bin 10).
The mean confidence rating of each bin was plotted
against ET. The gradient of this line was used as a mea-
sure of sensitivity to movement speed. The mean confi-
dence rating across conditions for each participant was
deducted from the mean confidence rating at each bin
for each condition for each participant to normalize the
scores and remove any between-subject variance in use
of the confidence scale.

The outcome measure “change in gradient” (difference
in gradient [sensitivity] before and after cIBS) was ana-
lyzed between participants (inhibition and facilitation
groups based on change in mean MEP amplitude post-
cTBS) using a two-tailed independent samples ¢ test.
Post hoc tests were then carried out to provide more
details about the specificities of this effect. One-sample
t tests were conducted to identify whether the change
in gradient for each group was significantly different
from zero. Nonparametric permutation tests were also
conducted to corroborate the findings from the para-
metric tests using a statistical test that makes no assump-
tion as to the underlying distribution of the observed
data. Here, for the change in gradient data, the condition
labels (inhibition group or facilitation group) were ran-
domly permuted and the group mean difference calcu-
lated 1,000,000 times. Only unique group means were
selected in ensuring that the permuted distribution was
not biased. The distribution of mean differences was cal-
culated, and the position of the true mean difference was
determined to identify if the difference between the
groups was significant. The same analysis was conducted
separately for the inhibition and facilitation groups using
the pre- and post-cTBS data points to determine in each
group if the change in gradient observed was significantly
increased or decreased from zero. Baseline sensitivity to
observed movement speed before cIBS was also com-
pared between groups using a two-tailed independent
samples ¢ test to ensure that there was no baseline differ-
ence between groups.

A linear regression analysis was used to determine the
predictive relationship between (1) “observed movement
speed” and “inferred confidence ratings,” and (2) “change
in mean MEP amplitude” and “change in gradient.” Although
there are alternative predictions one could make regard-
ing the shape of these relationships, based on previous
literature (Patel et al., 2012), for the purpose of this study
these relationships are assumed to be linear.

The response to indicate confidence required a motor
action with higher confidence ratings requiring a greater
number of key presses along the 0-100 scale bar. To en-
sure that any changes in sensitivity to movement speeds
were not caused simply by an impairment at the motor level
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reducing the overall number of key presses produced, mean
confidence ratings in the fastest three time bins (highest
confidence ratings) were compared before and after cTBS
using paired sample ¢ tests for the inhibition group. For
all outcome measures, assumption of a normal distribution
(using the Shapiro-Wilk test of normality) was verified.

RESULTS
Effect of cTBS on CSE

MEPs recorded from the right FDI of each participant be-
fore and after cTBS provided a physiological measure of
the efficacy of ¢TBS in disrupting the motor cortex. The
change in cortical excitability following cTBS was highly
variable between participants and over time in an individ-
ual participant. Representative MEP waveforms averaged
over 20 MEPs (baseline) or the grand average (3 X 20
MEPs) post-cTBS are shown from two individuals, which
had differential responses to ¢TBS (Figure 2A, 2B). Of 24
participants, 15 showed post-cTBS inhibition (mean =
SD: 37.2 * 21.4% decrease) and 9 showed post-cTBS fa-
cilitation (42.8 = 29.6% increase; Figure 2C) defined by a
positive or negative change in the grand average post-
c¢TBS MEP amplitude from baseline (see Methods for
more details on categorization). There were no signifi-
cant differences between the two groups in baseline
MEP amplitude, #(22) = —0.817, p = .423 (mean differ-
ence in MEP amplitude: 0.15 = 0.09 mV) before cTBS.

To ensure MEP amplitudes were stable across time
points poststimulation, a one-way repeated-measures
ANOVA was conducted; this revealed no significant main
effect of Time, and none of the pairwise comparisons were
significant (p > .1). Correlation analyses, conducted to
determine the reliability of the MEP amplitudes over time
post-cTBS, revealed significant positive relationships be-
tween average MEP amplitudes at all time points (T1 vs.
T2:7 = .71, p < .001; T2 vs. T3: 7 = 54, p = .018; T1 vs.
T3: 7 = .65, p < .001). Moreover, sign tests conducted to
determine whether MEP amplitudes were consistently
decreased or increased, dependent on their overall cate-
gorization into either the inhibition or facilitation groups,
were all significant (T1: p = .0075; T2: p = .0034; T3: p =
.0063), which demonstrates that the sign of the differ-
ence between the average MEP amplitude at each time
point and the baseline MEP amplitude was consistently
the same as the sign associated with the group into which
participants were categorized.

Effect of cTBS on Sensitivity to Action Kinematics

ETs from all the videos shown were divided into 10 bins,
and the mean confidence rating across all participants for
each bin was plotted before and after cTBS (see Figure 3).
In all cases, movement speed significantly predicted inferred
confidence ratings, 7* = .98, F(1, 237) = 47237, p < .001;
as observed movement speed increased, participants’
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Figure 2. Changes in CSE
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confidence ratings increased replicating previous find-
ings (Macerollo et al., 2015; Patel et al., 2012). The gra-
dient of this regression was used as a measure of
sensitivity in this study. A participants’ sensitivity to
movement speed was thus defined as the rate of change
in confidence over unit change in movement speed with
the assumption that a shallower gradient represented a
decrease in sensitivity.

As noted previously, the effects of ¢cTBS over M1 are
highly variable across individuals. By recording MEPs
throughout the task, we were able to stratify our sample
based on the effect of ¢cTBS on CSE and correlate this
with changes in behavior. Participants were divided into
an inhibition or facilitation group based on a positive or
negative change in mean MEP amplitude following cTBS.
There was a significant difference in the change in gradi-
ent (sensitivity) following cTBS between the inhibition
and the facilitation groups, ¢(22) = —2.1, p = .047.
Post hoc # tests demonstrated that the inhibition group
showed a significant reduction in sensitivity to observed
movement speed following cTBS, #(14) = —2.25, p =
.041 (mean change in gradient = —0.0095 = 0.016;
Figure 3B; not corrected for multiple comparisons),
whereas the facilitation group showed a slight but non-
significant increase in sensitivity, #(8) = 0.92, p = .39
(mean change in gradient = 0.0041 = 0.013). There were
no significant differences between the two groups in the
baseline measures of sensitivity to observed movement
speed, £(22) = —1.492, p = .150 (mean difference in gra-
dient: —0.011 = 0.006) before ¢TBS.

In addition, nonparametric permutation tests, which
make no assumption as the distribution of the underlying
data, were used to corroborate the above findings. The
permutation test revealed a significant group difference
in change in gradient following cIBS between the inhibi-
tion and facilitation groups (p = .018). Moreover, the
same test was conducted separately for each group to de-
termine if the difference in sensitivity to movement was
significantly increased or decreased following cTBS. The
analysis revealed that the true mean difference was signif-
icantly less than zero for the inhibition group (p = .011)
and not significantly different from zero for the facilita-
tion group (p = .168). This supports our original finding
that sensitivity to observed movements is significantly
reduced from zero in the inhibition group (p < .05
corrected for multiple comparisons).

Here, it is clear that the nonparametric tests were
more sensitive at detecting significant differences in the
behavioral data, which suggests that there may be no
clear bimodality in the observed MEP data. Indeed, a re-
gression analysis conducted across all of the data re-
vealed a significant correlation between the change in
mean MEP amplitude and a change in sensitivity across
all participants, such that change in MEP amplitude sig-
nificantly predicted the change in sensitivity to observed
movements (parametric: r? = 21,r= 47, p = .022; non-
parametric: 7, = .48, p = .019; Figure 4).

2026 Journal of Cognitive Neuroscience

To ensure that the reduction in sensitivity to move-
ment speed in the inhibition group was not simply
caused by a motor impairment leading to a reduction
in the number of key presses needed to produce the
highest confidence ratings, mean confidence ratings at
each movement speed time bin for the three fastest bins
(which required the greatest number of key presses)
were compared before and after ¢TBS for the inhibition
group using paired sample # tests, and no significant dif-
ferences were found (p > .5). It is clear that the decrease
in sensitivity to movement speed after cTBS was not
caused by a reduction in the participants’ own move-
ments. In fact, the overall mean confidence rating after
cTBS for the inhibition group significantly increased,
demonstrating that overall these participants generated
a greater number of key presses (#(13) = —2.811, p =
.015). There is a greater cluster of responses at the upper
end of the confidence scale for these participants, as they
are less sensitive to different observed movement speeds
and therefore rate them all as more similar via the proxy
that we have used in this experiment, confidence; this is
what underlies the decrease in gradient following cTBS
in the inhibition group.

DISCUSSION

Here we have shown that a disruption to M1 excitation
following the application of cIBS altered an individuals’
sensitivity to infer information from the kinematics of an
observed action. Participants were divided into two sub-
groups based on a decrease or increase in M1 excitation
post-cTBS. We found a significant difference in behavior
between the two groups as well as a correlation between
the magnitude of change in MEP amplitude and the

0.03
=
[
£ 0.02
3 ° .
E o %01 -
o0 > =
> @ -
g' o ol ="
2 -08 -06 -04 -02.-p" 02 04 06 0.8
oS e - ®
23 ® e’ -~ @1
e -=" ®
= .- e
2 g ° -0.02
» @ [ ]
£ -0.03
()
[=2]
=
g -0.04
[&]

° -0.05

-0.06

Change in mean MEP amplitude post-cTBS (mV)

Figure 4. Magnitude of MEP suppression predicts change in sensitivity
to movement speed following cTBS. A linear regression analysis
demonstrates a significant predictive relationship between the mean
change in MEP amplitude and change in sensitivity (gradient) following
CcTBS (parametric: = .21, p = .023; nonparametric: 7y = —.048,

p = .019). Facilitation group: green; inhibition group: red.
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degree of change in sensitivity to movement speed. This
result demonstrates, first, the variability in the cortical
response to cIBS and, second, the importance of having
an independent physiological measure that can explain
some of this variability.

Previous studies have demonstrated large interindivid-
ual variability in response to TMS protocols that test syn-
aptic plasticity in the human motor system (LOpez-Alonso
et al., 2014; Hamada et al., 2013; Ridding & Ziemann,
2010). In fact, Hamada et al. (2013) systematically inves-
tigated the variability of ¢TBS effects in a large subject
sample and found that only 42% of participants showed
the expected inhibitory response whereas the remaining
58% surprisingly showed a facilitatory response (Hamada
et al.,, 2013). Despite this, many “virtual lesion” studies do
not use a neurophysiological marker to quantify whether
the disruptive TMS protocol used has efficiently affected
the ROL. In this study to account for this variability, MEPs
were recorded from the hand before and after cTBS, as in
Hamada et al.’s (2013) study, to provide one measure of
the extent to which the motor cortex was disrupted by
the repetitive stimulation. MEP amplitude was averaged
over three time points following cTBS to provide the best
estimate of the change in CSE caused by the cTBS over
time. It is still unclear how cTBS interacts with motor cor-
tex activity and CSE; however, in this study MEP ampli-
tude provided a readily quantifiable measure of one
effect of ¢cTBS on CSE, which can be used to infer levels
of motor cortex activity. In addition, it is important to
stress that in this study the MEPs were recorded when
the participants were at rest and not when they were per-
forming the observation task. Therefore, any differences in
the MEP cannot be attributed to modulations in the mo-
tor system during action observation. The magnitude of
change in cortical excitation, measured by MEP amplitude,
predicted an individuals’ sensitivity to the kinematics of
observed actions. This provides further support for the
individual variability in response to ¢TBS and the impor-
tance of quantifying the effect of the stimulation to avoid
Type 2 errors. Cortical excitability is much harder to quan-
tify outside the motor system; therefore, it is essential that
reliable behavioral tests for other ROIs are developed as
a readout of the efficiency of repetitive TMS protocols.

The vast majority of virtual lesion studies using repet-
itive stimulation typically include a sham control group to
determine the specificity of the ROI in causally influenc-
ing any change in behavior recorded. One caveat of sham
controls is that they either involve no stimulation or stim-
ulation to another area, which is fundamentally different
from the real stimulation condition. In the current study,
a positive or negative change in MEP amplitude following
cTBS was used to categorize participants into a facilita-
tion or inhibition group. This between-subject categoriza-
tion provided the optimal internal control for our study
and negated the requirement for a control sham condi-
tion. Here the facilitation and inhibition groups received
the same type and duration of cTBS stimulation; there-

fore, any differences in behavior between these groups
can be attributed to the orthogonal measure of MEP
modulation. This also removes any potential order con-
founds. All participants completed the action observation
task twice in the same order, before and after cTBS;
therefore, it could be argued that any changes in perfor-
mance post-cTBS are due to boredom or lack of attention.
However, as we only see a decrease in sensitivity in a
subset of the sample who show a negative change in
MEP amplitude, it is unlikely that this can explain the data.

Despite the facilitation group showing an almost equal
mean increase in MEP amplitude as the inhibition group
showed decrease, the “facilitators” did not show a signif-
icant behavioral difference in sensitivity to observed kine-
matic information before and after cTBS, #(8) = 0.92,p =
.39 (mean gradient before ¢TBS: —0.038 + 0.014; mean
gradient after ¢TBS: —0.042 = 0.019). However, a signif-
icant regression between magnitude of MEP suppression
and change in sensitivity supports a shift in behavior in
the facilitation group in the appropriate direction. One
explanation for this may be that the facilitation group
had too few participants to reach significance. Alter-
natively, this dichotomy may be due to the mechanisms
underlying cTBS and the specific populations of inter-
neurons being activated. The recruitment of early and
late I-waves has been highlighted as a key indicator of
whether an individual will show an inhibitory or facilita-
tory response to TBS protocols (Hamada et al., 2013),
which suggests that differential circuits may be activated
in the inhibition and facilitation groups. Moreover, an
inhibitory effect on CSE following ¢TBS has been asso-
ciated with an increase in spontaneous beta oscillatory
activity over M1 and subsequent increase in RT in a cued
finger-tapping task; however, those showing facilitation
of CSE displayed a decrease in RT, but no significant
change in spontaneous beta power (McAllister et al.,
2013). Inhibition of neurons, which causes a decrease
in CSE, may have a larger overall effect at promoting
high-frequency synchronous network activity than activa-
tion of neurons, which cause an increase in CSE. Differ-
ences in synchronous activity over M1 following cTBS
may therefore provide a more optimal method of catego-
rizing participants and accounting for the differential
behavior seen here than CSE alone.

This study provides evidence of a causal role of the
primary motor cortex in action perception. Initial studies
of mirror neurons (Gallese et al., 1996; di Pellegrino
et al., 1992) did not find any evidence of these neurons
in M1, and it was therefore assumed that M1 had no role
at all in action perception. Subsequent to this, three stud-
ies have reported modulation of neuronal activity in M1
during action observation (Vigneswaran, Philipp, Lemon,
& Kraskov, 2013; Dushanova & Donoghue, 2010; Tkach,
Reimer, & Hatsopoulos, 2007). In addition, it is well
established that MEPs in hand muscles resulting from
single-pulse TMS of M1 are facilitated during action
observation tasks in a muscle-specific manner (Fadiga,
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Fogassi, Pavesi, & Rizzolatti, 1995) and beta power mod-
ulations during action observation are known to have
their source in M1 (Koelewijn, van Schie, Bekkering,
Oostenveld, & Jensen, 2008). However, the functional
role of this activity remained unclear. The results of our
study provide evidence that M1 is functionally employed
during action observation and that activity in M1 during
action observation is related to the kinematics of an ob-
served action. This finding would be consistent with the
predictive account of motor system activation during ac-
tion observation, which posits that mirror neurons fire as
part of a generative model that predicts the sensory con-
sequences of an action. Within this model, the motor sys-
tem is active during action observation, as it is the best
model to generate a prediction of how the observed
hand will move through space: the kinematics of the ob-
served action. According to this account, disruption to the
motor system during action observation should disrupt an
individuals’ ability to form an accurate prediction of the
kinematics of an observed action. The results of this study
support this view; however, it must be emphasized that
this study was designed to explore the role of M1 in action
observation and not to specifically identify if M1 plays a
predictive or reactive mechanism in action observation.
Future work is necessary to tease apart the mechanistic
role of M1 within this predictive coding account.

There have been a number of studies that have used
“virtual lesion” techniques to identify causal roles of dif-
ferent areas of the motor system in action observation
(for a review, see Avenanti, Candidi, & Urgesi, 2013). In
particular, the inferior frontal cortex has been implicated
in integrating the spatial and temporal features of ob-
served kinematics (Tidoni, Borgomaneri, di Pellegrino, &
Avenanti, 2013; Pobric & Hamilton, 2006), and the dorsal
premotor cortex appears to play a role in correctly pre-
dicting the temporal consequences of an occluded ob-
served action (Stadler et al., 2012). However, within this
literature, no study has been reported that has examined
the necessary role for the primary motor cortex in inferring
information from observed kinematics, which is the focus
of this study. In addition, importantly, these brain stimu-
lation studies lack an orthogonal marker of cortical excit-
ability to identify the extent of disruption caused by the
repetitive lesioning technique, an innovative and highly
necessary method that we have employed here.

However, although we know that M1 function was
disrupted in this study through the subsequent modula-
tion of the MEP, it is possible that the perceptual change
reported here could be due to disruption in areas with
dense connectivity with M1. During action execution it
has been suggested that neurons within the PMv encode
the direction of an action in space necessary to acquire a
specific target (goal); this information is then transmitted
to M1 and combined with muscle and joint information
to determine how that action would be carried out (kine-
matics). This putative gradient of movement processing
may be mirrored within the action observation network,
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suggesting a strong reliance of M1 on PMv for kinematic
processing. The precise nature of the interplay between
PMv and M1 during action observation should form the
basis of future studies; for example, paired-pulse condi-
tioning can be used to determine the magnitude of dis-
ruption in the PMv in response to cTBS over M1 to
confirm these conclusions.

Here we have shown an effect of ¢TBS of M1 on action
perception; this could either be due to a specific disrup-
tion to the motor system or nonspecific effect in percep-
tual or decision-making domains. There is compelling
evidence that the effects seen here are indeed due to
disruption of processes in M1. A previous study using the
same stimuli (Macerollo et al., 2015) found the same
decrease in sensitivity to kinematic information that we
found in the inhibition group in a sample of patients with
movement disorders compared with healthy age-matched
controls. In this previous study, the participants were
asked to complete a control task in which participants were
asked to judge the time when a target traveling at a con-
stant speed would reappear after disappearing behind an
occluder. There was no significant difference in perfor-
mance between the patient and control groups on this
task, suggesting that the behavioral effect seen in the
action observation task was specifically due to a disruption
of the participant’s own kinematic motor representation
rather than motion perception in general. Despite the
absence of a similar control task in the current study, using
this information it can be inferred that the worsening in
behavior seen in the inhibition group was due to a similar
specific disruption of the motor system caused by rTMS.
Future studies could aim to determine the specificity for
M1 in the processing of kinematic actions.

In summary, this is a novel study demonstrating for the
first time that M1 has a causal role in the perception of
kinematic information from observed actions. It sheds
new light in defining the role of M1 in action perception
and within the interconnected “mirror neuron network.”
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