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Abstract
The mirror neuron system and the theory of mind network have both been suggested
to be at the basis of understanding the actions of others. However, it remains
unclear what network is involved in processing what information about observed
actions. In the current repetitive transcranial magnetic stimulation study, we show
that a perturbation of the inferior parietal lobe, a node of the mirror neuron system,
increases response latencies in judging the haptic goal of an action as well as the
mental state of the actor. A perturbation of the temporo-parietal junction, a node
of the theory of mind network, selectively increases the response latencies during
processing of the actor’s mental state. It can be concluded that the mirror neuron
system is necessary but not sufficient to process a mental state conveyed in an
action efficiently.

3.1

Introduction

Humans have the well demonstrated ability to take the perspective of another
person to deduct intentions simply by observing his or her actions. The neuronal
networks underlying perspective-taking on one side and action observation on the
other side are well described. However their unique contribution in deciphering
intentions conveyed in actions remains unclear (Keysers and Gazzola, 2007, 2014).
The so-called theory of mind network is activated when it is necessary to take
another person’s perspective, for example during the verbal ’false belief’ task, and
includes the temporo-parietal junction, temporal poles, superior temporal sulcus,
medial prefrontal cortex and precuneus (Saxe and Kanwisher, 2003). A separate
extensive body of literature describes neuronal systems involved in action observation including the so-called mirror neuron system spanning across the inferior
parietal lobe, dorsal and ventral premotor cortex, primary somatosensory cortex
and cerebellum (Caspers et al., 2010; Gazzola and Keysers, 2009). Mirror neurons
are a specific subgroup of motor neurons that respond to the execution but also
the observation of an action in monkeys (di Pellegrino et al., 1992; Gallese et al.,
1996; Rizzolatti et al., 1996) and humans (Keysers and Gazzola, 2010; Mukamel
et al., 2010). Their discovery supports the motor simulation theory, stating that a
simulation of an observed action in our own motor system intentionsis part of the
processes triggered by action observation (Gallese and Goldman, 1998).
Interestingly, the theory of mind network and the mirror neuron system are largely
spatially distinct and are seldom reported to coactivate in a task (Overwalle and
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Baetens, 2009). Nevertheless, it seems intuitive that information from the mirror
neuron system are transferred to the ToM network while observing an action that
conveys a mental state, for example reaching for a object with hesitation can be
interpreted as a person’s uncertainty.
However, the hypothesis that the ToM system is necessary to decode intentions from
motor observations is challenged by the proposal that the automatic matching of
observed action and motor representation in the mirror neuron system is sufficient
to engage in perspective-taking and infer intentions (Beudel et al., 2011; Rizzolatti
and Craighero, 2004). First evidence for this assumption came from single-cell
recordings in non-human primates. In a seminal study, neurons were described
that fired if food was moved towards the mouth to eat it, but not if it was moved
inside a container (Fogassi et al., 2005), suggesting that the intention of the action
(eating) is computed on the mirror neuron level. Further evidence for intention
processing is given by the fact that mirror neuron regions are preferentially involved
in goal-directed actions (Agnew et al., 2012) and are sensitive to the logical sequence
of events (Fabbri-Destro et al., 2008; Johnson-Frey et al., 2004; Rosenbaum et al.,
2007).
Thus, a chiasm in describing neuronal networks involved in perspective-taking has
emerged in the neuroimaging literature: some scholars ascribe perspective-taking
primarily to the theory of mind network, while others ascribe it primarily to the
mirror neuron system. This chiasm raises the question whether there is a qualitative
difference in the type of information processed in both networks during perspectivetaking. It has been suggested that the mirror neuron system acts as a precursor of
mentalizing abilities (Gallese and Goldman, 1998). From a developmental point
of view, there is evidence that the perspective-taking skills based on the mirror
neuron system develop earlier in childhood than the skills based on the theory of
mind network (Gobbini et al., 2007). A number of theoretical efforts have aimed to
reconcile the contribution of both networks, by suggesting that in cases in which
we read the mind of another by analyzing their actions, one would expect the
mirror neuron circuit to work in concert with theory of mind regions, whilst the
two networks would become rather independent, if people observe actions that
suggest no particular mental state or if people deduce mental states from verbal
material (Keysers and Gazzola, 2007). In another perspective, the goal of an action
is attributed to the mirror neuron system, whereas the reason behind the action is
attributed to the theory of mind network (Rizzolatti and Fogassi, 2014).
Our current experiment evaluates the proposal that mirror neuron systems and
theory of mind regions would jointly process the sight of actions that reveal a
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complex mental state, by testing whether perturbing nodes of the mirror neuron
system (inferior parietal lobe: IPL) and theory of mind network (temporo-parietal
junction: TPJ), by means of transcranial magnetic stimulation (TMS), will influence the processing of the goal of an action and/or the reason behind an observed
motion pattern.
The stimuli used for this experiment were based on earlier functional magnetic
resonance imaging (fMRI) experiments of our group that aimed to pinpoint what
brain regions encode the goal of an action vs. what mental state the actor has.
These studies suggest that deducting the goal of an action, in this case the choice
of an object based on an actor’s hand aperture, recruits the mirror neuron system.
Further, displays of natural hesitations triggered the recruitment of the mirror neuron system and the theory of mind network. These neuroimaging studies can reveal
the activation of these brain regions during the processing of goals and hesitations,
however, they cannot examine whether either of these regions directly contribute to
the perception of goals and hesitations. Transcranial magnetic stimulation however
does allow to test whether an activated network is actually necessary to perform
the task at hand and thus allows to draw conclusions about the contributions
of both networks to the given tasks. We hypothesis that perturbations to the
IPL will impair processing of the goal and conveyed reason in terms of decreased
performance and/or increased response latencies, as both can only be conducted
from the actual motor act. We further suggest that perturbations to the TPJ
will impair processing of the conveyed action goal as it requires a higher level of
abstraction to deduct the goal of the motor action.
Importantly, we introduced a control task that had neither a motion nor a mentalizing component, used the vertex as a control stimulation site (Jung et al., 2016)
and used functional localizers (classical verbal ToM task (Dodell-Feder et al., 2011;
Dufour et al., 2013; Saxe and Kanwisher, 2003; Saxe and Wexler, 2005) and action
observation and execution task (Arnstein et al., 2011; Gazzola and Keysers, 2009;
Gazzola et al., 2007a,b)) to ensure the selection of subject-specific and task-relevant
target areas. Both target areas of interest have been shown to be susceptible to
TMS. For example, moral judgment was impacted after stimulation of the right
TPJ (Jeurissen et al., 2014; Young et al., 2010) and the generation of learned motor
sequences is affected after stimulation of the right rostral IPL (Burke et al., 2013).
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3.2
3.2.1

Methods
Participants

All 35 participants, who volunteered for this study, were screened for exclusion
criteria to undergo MRI scanning and repetitive TMS stimulation. One participant
was excluded from the study because he did not meet the TMS safety criteria. The
passive motor threshold was measured in all other participants. The TMS coil was
placed into a fridge two hours prior to each repetitive TMS session and cooling,
by means of cooling packs, was applied throughout the stimulation. However,
pretests revealed that the maximum stimulus intensity that allowed a stimulation
without overheating of the TMS coil was 65% of the machine output. Thus,
another inclusion criterion for this study was a passive motor threshold of 72%
or less (given that rTMS stimulation had to be delivered at 90% of the motor
threshold). 18 participants met this criterion (mean MT: 57% ± 6%, range: 39% –
65%). One participant dropped out of the experiment after the first rTMS session,
two participants were excluded due to excessive head motion during the rTMS
stimulation and one participant was not able to perform the behavioral task above
chance level.
The 14 participants (8 female, 6 male) included in the statistical analyses had
a mean age of 22 ± 2 years (range: 19–27 years) and a mean handedness of 70
± 35 (Oldfield, 1971). All participants completed the Interpersonal Reactivity
Index (IRI) questionnaire to obtain a measurement of their perspective taking skills
(Davis, 1983). This measurement is important to check our assumption that the
task accuracy and response latency measures of our experimental tasks are actually
related to perspective-taking abilities. The assumption is checked by means of
Pearson correlations between the IRI perspective taking scores and the behavioral
task measures. All participants signed an informed consent in accordance to the
declaration of Helsinki prior to the experiment.

3.2.2

Experimental sessions

The experiment was divided into four sessions on four different days. During the
first session MRI scans were acquired to obtain functional localizers for the TMS
target regions. On the same day, the passive motor threshold was determined
and a training for the behavioral task was performed. During the sessions 2 to 4,
15 minutes of offline repetitive TMS stimulation was applied to one of the three
TMS stimulation sites (IPL, TPJ, vertex) and the behavioral task was performed
consecutively.
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3.2.3

MRI scan and functional localizer

We decided to use functional localizers to determine personalized sites for the TMS
coil placements. The TPJ is a region that is anatomically not well defined and
the functional localizer allows furthermore to account for a participant’s specific
anatomical and functional organization within the regions of interest. To obtain
the functional localizers, participants underwent a MRI scanning session, including
one anatomical and four functional runs. First, a high-resolution, structural 3D
spoiled gradient image (170 slices; scan resolution = 256 × 256; field of view =
232) was acquired for image co-registration. The four functional imaging runs
were conducted using an echo planar T2*-weighted gradient sequence covering 41
sequential axial slices (echo time = 28 ms; slice thickness = 3.5 mm; flip angle =
70◦ ; repetition time = 2000 ms; scan resolution = 64 × 62; field of view = 224
mm). The first two functional runs consisted of two runs of the well documented
false belief – false photograph task (Dodell-Feder et al., 2011; Dufour et al., 2013;
Saxe and Kanwisher, 2003; Saxe and Wexler, 2005). The experimental condition
(false belief) of this task, is known to activate nodes within the ToM network,
especially the right TPJ (Saxe and Kanwisher, 2003). Run 3 consisted of an
action observation and run 4 of an action execution task utilized in several studies
to localize the motor MNS (Arnstein et al., 2011; Gazzola and Keysers, 2009;
Gazzola et al., 2007a,b). The activation during the observation task, masked by
the activation during the execution task, allows a consistent mapping of the mirror
neuron system in individual subjects (see: Gazzola and Keysers, 2009; Chapter
2). Data analysis was executed in BrainVoyager QX 2.2 (Brain Innovation B.V.,
Maastricht, The Netherlands).
Image processing included the following steps. The T1-weighted anatomical
image was used to create a surface reconstruction of the right hemisphere at
the grey-white matter boundary. This reconstruction was used as a virtual
representation of each participant’s brain in order to localize the target points
for stimulation in space and monitor the distance between TMS coil and target
point. To prepare the reconstruction, the T1 image underwent an iso-voxel
transformation, was manually pre-segmented, underwent imhomogeneity correction
and was transferred into AC–PC (anterior commissure – posterior commissure)
space. The AC–PC space conserves the subject-specific anatomical features of the
participant’s brain and thus allows individualized TMS target sites.
The functional images were slice-time corrected using a cubic spline interpolation.
Motion correction, spatial smoothing (8 mm full width halt maximum filter) and a
temporal high-pass filter were applied using standard settings. The functional
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images were coregistered to the structural image. After image preprocessing, a
box-car function convolved with the hemodynamic response function was utilized
to model the experimental conditions and a general linear model was used generate
the contrasts of interest.
To localize the subject-specific TMS target site, the statistical map generated from
the false belief > false photograph contrast considering the two ToM runs were
projected onto the reconstructed right hemispheric surface. For each participant,
the right TPJ was easily identifiable as a large cluster spanning over the posterior
IPL and caudal parts of the superior temporal sulcus. The initial level to threshold
the respective activation was set to qFDR<0.05. For all participants, the threshold
was increased or decreased until a focal area of activation remained. A so-called
target point was set onto this focal activation. Target points are markers for a
specific stereotactic coordinate on the reconstructed hemispheric surface that mark
the location to which TMS should be applied. The precision of the stimulation can
be monitored as the distance of the beam and the coil itself from the target point.
To get a good estimation of the coil-to-surface distance during the rTMS sessions,
in some cases the target point was strategically moved from a deep sulci location
onto the rim of the spatially closest gyrus.
In order to localize the right IPL, the activation during the action execution run
was thresholded at qFDR<0.05 and converted into a binary mask. Then, the
action observation run was visualized using the complex action – complex control
contrast (see: Arnstein et al., 2011) and masked with the binary mask generated
from the execution run. Unlike the TPJ, the IPL cannot be visually defined as
an individual cluster of activation, as activation often spreads into the primary
somatosensory cortex in Brodmann area 2. Therefore the search area for the target
point was anatomically restricted to the anterior part of the supramarginal gyrus,
the area corresponding to cytoarchitectonic area PF/PFt, where mirror neurons
were described in monkeys (Fogassi et al., 2005).
The vertex was included as a control stimulation site and its target point was set
to the most medial portion of the right postcentral gyrus (Jung et al., 2016). The
actual stimulation was applied slightly more medial over the medial longitudinal
fissure to further decrease the chance of a stimulation effect on the surrounding
tissue.
The mean values and standard deviations of the target point coordinates
for the TPJ and IPL (Talairach space) can be found in Table 3.1. The
TPJ coordinates are in accordance to the coordinates described using the
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same set of stimuli (Saxe and Wexler, 2005). The average ILP coordinate
falls into the region PFt, a region involved in hand observation and imitation (Caspers et al., 2010; Molenberghs et al., 2012; Overwalle and Baetens,
2009) and the human analog of the macaque mirror neuron region PF, where
mirror neurons have been suggested to code motor intentions (Fogassi et al., 2005).
Table 3.1: Mean vales and standard deviations of TMS target points. Coordinates are
given in Talairach space.

TPJ
IPL

3.2.4

x
49.5 (5.5)
54.7 (5.2)

y
-59.4 (4.3)
-29.1 (4.1)

z
23.4 (6.4)
37.7 (5.4)

Passive motor threshold and training

The passive motor threshold was measured to determine the intensity of TMS
application required for each participant. An electromyogramm was measured from
the right first dorsal interosseous (MP36 BIOPAC Systems Inc., Goleta, USA; 43 ×
35 mm Hydrogel electrodes). The starting intensity was set to 50% machine output
and single TMS pulses were applied to the approximate position of the left primary
motor cortex. The output intensity was increased in 5% steps until a motor evoked
potential (MEP) was recorded. The coil position was adjusted to the position of
maximal motor evoked potential amplitude. At this optimal scalp position, the
intensity was fine-tuned until it met the passive motor threshold criterion (50% of
MEPs reaching at least a 50 µV peak-to-peak amplitude). The maximal acceptable
motor threshold level was set to 65% machine output (see section: 3.2.1). The
motor evoked potentials were recorded in AcqKnowledge 4.1 (Biopac Systems, Inc.,
USA) using a 30–250 Hz Notch filter and a sampling rate of 5000 kHz.
Afterwards, a short training of the behavioral task (described in detail in 3.2.6) was
provided. The aim was to get the subject familiar with the design and operation
of the task, so that the performance during the first rTMS session would not be
influenced by the participant being unfamiliar with the task. We presented one
block of five videos of each condition and asked the participant to answer the
associated questions. None of these videos appeared in the actual experiment.

3.2.5

Stimuli creation

The stimuli for the behavioral experiment consisted of short movie clips (duration
880–5800 ms), showing actors reaching into an opaque box and clasping either a
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small or large ball hidden inside the box. The overall goal was to create a set of 3
× 30 videos, in which the participant either had to pay attention to the goal of the
action (Which ball does the actor target?; condition: Goal), the confidence during
the ball selection process (Does the actor hesitate?; condition: Hesitation) or the
identity of a white letter, which was artificially added to the movies (Which letter
does appear?; Condition: Control).

Vi
deo2

Vi
deo1

When recording the stimuli, 10 different actors (7 female/3 male) were asked to
pick one of two colored balls within the box, one of them big (Ø 10 cm), the other
one small (Ø 3.5 cm). To determine which ball to choose, two different instructions
were given. The actor was either asked to grab the big or the small ball or the
actor was instructed to pick the ball with the least saturated color. The second
instruction was designed to be more challenging and elicit natural hesitation.
Neither the face of the actor nor the balls were visible at any time during the clip.
Thus, the goal and the mental state of the actor could only be deducted from hand
motion parameters: hand opening and aperture to judge the size of the targeted
ball and velocity profile and motion directions to detect hesitations (Figure 3.1).

Figure 3.1: Snapshots from two videos. Video 1 (upper row) does depicts a hesitation,
the letter q and the selection of the big ball. Video 2 (lower row) depicts no hesitation,
the letter x and the selection of the small ball.

Videos with low visual quality (shadows, blurriness) or usage of left hand were
discarded. In order to select the final set of nine videos per actor (3 Goal, 3
Hesitation, 3 Control) for the TMS sessions, three raters familiar with the task
rated the videos by guessing which instruction given to the actor (pick the big
ball! – pick the small ball! – pick the ball with the least saturated color!). The
usage of different actors allowed us to retrieve a set of videos with easily readable
and more ambiguous motion parameters. Ambiguity was necessary to achieve our
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target performance level of 70% – 75%, which lies above chance level and below
ceiling effect. However, we only included videos in the final set of stimuli that were
classified correctly by at least one of the raters. For the control task, a small white
letter was programmed to appear either on the left or right part of the actors chest
(Figure 3.1). The letter was either a small ‘q’ or a small ‘x’ and was displayed for
20, 40 or 60 ms exactly halfway throughout each video.
A stimuli validation with 6 subject unfamiliar with experiment yielded performances
(mean ± SD) of: 70% ± 9% (Goal), 74% ± 6% (Hesitation), 72% ± 10% (Control).
The same set of videos was used for all three rTMS sessions, because stimuli
like natural movements cannot be used to create three perfectly matched sets of
videos for the three rTMS sessions. Although, the appearance order of videos
was randomized for each session, a significant reduction in response latencies over
sessions was observed (see: Figure 3.2), which was accounted for by detrending the
data (see: 3.2.8).

3.2.6

rTMS sessions

This study was set-up as a repeated-measures design. Each participant executed
three tasks (Goal, Hesitation, Control) following rTMS applied to one out of three
stimulation sites (TPJ, IPL, vertex). Each participant went to three TMS sessions,
each targeting a different stimulation site, on three separate days. The order of
stimulation sites was counterbalanced across participants. The minimum time
between two rTMS sessions was two days to avoid the influence of stimulation
aftereffects. For this study, a Magstim Rapid2 stimulator and a figure of eight
70mm coil were used (The Magstim Company Ltd, Whitland, UK).
The participant was seated in front of a monitor that was used to display the neuronavigation tracking throughout rTMS application and the consecutive behavioral
part of the experiment. The TMS coil positioning system (Zebris Medical GmbH,
Isny im Allgäu, Germany) was used for neuronavigation by coregistration of the
head of the participant to the TMS coil. The TMS coil was fixed in place but
constantly monitored and the position was adjusted manually if necessary to ensure
maximal closeness between coil and target point during stimulation. External
cooling was applied to the TMS coil throughout the stimulation. The handle of
the coil was pointing backwards at a 45 degree downwards angle for the TPJ and
IPL sessions and pointing backwards during the vertex session. During the rTMS
sessions, the participants received a 900 pulses 1 Hz rTMS at 90% MT on one out
of the three potential stimulation sites. Repetitive, low-frequency (1 Hz) TMS
stimulation evokes a reduction of motor cortex excitability on a group level (Chen
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et al., 1997; Maeda et al., 2000; Pascual-Leone et al., 1998; Wassermann, 1998;
Wassermann et al., 1996).
After the stimulation, participants performed the behavioral task, which lasted
on average 6.52 ± 0.31 minutes with a range of 5.74 to 7.31 minutes. Thus, the
behavioral tasks were all completed within the 7.5 minute time window of inhibitory
effect typically considered to be induced by the chosen TMS settings (Knecht et al.,
2003). One experimental run consisted of a written explanation of the task, the
display of 90 videos (30 videos per condition) and the participants answer selections.
Importantly, each video included all visual features to complete any of the three
tasks (Figure 3.1). The current condition was indicated before each video by
displaying one of the three experimental questions: Big ball? – Hesitation? –
Letter q? Videos of the same condition were presented in blocks of five. No more
than two blocks of the same condition were presented sequentially. After each
video the participant selected an answer in a ‘Yes’ or ‘No’ fashion, according to
the question asked (Big ball? – Hesitation? – Letter q?). The question screen was
presented after each video without delay, there was no time limit given to respond.
Participants used a foot pedal to give their answers, omitting any pronounced
movement of the hands during the experiment. To avoid motor preparation during
the video, it was indicated after each movie whether the right or the left pedal
indicated a ‘Yes’ in a random way. The behavioral task was displayed using the
Presentation R 16.1 software (Neurobehavioral Systems, Inc., Berkeley, USA).

3.2.7

Data analysis

3.2.7.1

Effect over days in chronological order

The performance during the behavioral experiment was assessed in terms of task
accuracy and response latencies (Figure 3.2). Due to our experimental design
we expect an effect of experimental session (day1 – day2 – day3), independently
of which stimulation site was targeted. Firstly, the repetitive usage of identical
stimuli is likely to cause a trainings effect. Secondly, external factors as fatigue,
food intake and inattentiveness may influence the performance across sessions. By
randomizing the order of stimulations the mean response latencies will not be
affected by these effect, however they can still increases the variability across the
sample. Therefore, we decided to first test the effect of day on task performance
and response latencies. All statistical analysis were performed using IBM SPSS
Statistics 23 (IBM Corporation, Armonk, USA). The threshold for all statistical
tests is α = 0.05, unless stated otherwise. Results are reported as mean ± standard
error of the mean, unless stated otherwise.
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In a 3 × 3 repeated-measures ANOVA design, no main effect of day in chronological
order (F(2,12) = 0.30, p = n.s.), task (F(2,12) = 3.45, p = n.s.) or interaction
effect between day in chronological order and task (F(4,10) = 0.13, p = n.s.) were
found for task accuracy. However, response latencies (Figure 3.2) were found to
differ between days (F(2,12) = 9.60, p<0.01, partial eta squared = 0.62) and
tasks (F(2,12) = 20.00, p<0.001, partial eta = 0.77). Importantly, there was no
interaction effect between day and task (F(4,10) = 1.53, p = n.s.), which means
that the decrease in response latencies over days was not significantly different
for the three tasks. Response latencies linearly decreased from day 1 to day 3
(F(1,13) = 19.30, p<0.01, partial eta squared = 0.60). Planned contrasts revealed
that response latencies did not differ between the Goal and Hesitation condition
(F(1,13) = 0.84, p = n.s.). On the other hand, response latencies in the Control
task were reduced compared to the Goal task (F(1,13) = 19.63, p<0.01, partial
eta squared = 0.60) and the Hesitation task (F(1,13 = 41.00, p<0.001, partial eta
squared = 0.76).
This observation is important for the further analysis of the response latencies.
If the control task shows faster response latencies than the Goal and Hesitation
task after vertex stimulation, differences in response latencies following TPJ and
IPL stimulation cannot be interpreted directly. However detrending the data
by subtracting the Control task latencies from the Goal and the Hesitation task
latencies on a session by session basis can be used to assess whether the differences
in response latencies are influenced by TMS target site. The lack of a task × day
interaction suggests that a subtraction of response latencies per session is a valid
procedure.
The procedure of detrending offers the possibility to remove the effect of day and
thereby reduce variability. For example, if a participant was tired and therefore
had generally increased response latencies on one of the three experimental days,
the differences in response latencies are less susceptible to the general effect of
tiredness than the raw latency values. This assumption was explored but means of
Pearson correlation coefficients between the response latencies of the three tasks
(Goal, Hesitation, Control) during the same session (vertex stimulation), that
were significant and strongly positive (r(Goal, Hesitation) = 0.80, p<0.01; r(Goal,
Control) = 0.60, p<0.05; r(Hesitation, Control) = 0.86, p<0.001). The Control
task response latencies explain 36% of the variation of the Goal task latencies and
84% of the variation in the Hesitation task latencies. Therefore, detrending the
Goal and Hesitation response latencies using the Control response latencies can be
used to reduce the between session variability. Pearson correlations between task
accuracy for the three tasks did not reach significance.
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Figure 3.2: Task accuracy and response latencies per task (Goal, Hesitation, Control)
and experimental day in chronological order. Participants were exposed to repetivie
transcranial magnetic stimulation of one of three target sites (inferior parietal lobe,
temporo-parietal junction, vertex) on each experimental day in a randomized order. Error
bars show the standard error of the mean.

3.2.8

Calculation of detrended and unbiased data

Given the results of the task × day analysis, the response latencies (RL) of the Goal
and Hesitation task for each participant and each experimental day are detrended
using the response latencies on the Control task. For example, detrending of the
latency scores on the Goal task after TPJ stimulation were calculated using the
Formula A for participant i:
RL(GoalT P J _detrend )i = RL(GoalT P J )i − RL(ControlT P J )i
However, this analysis makes the assumption that the performance on the control
task is not influenced by the stimulation site. Showing that this assumption is
met is not trivial. For example, the response latencies of the Control task after
target area (IPL, TPJ) stimulation are slightly, though not significantly, decreased
compared to baseline stimulation (vertex). During detrending (Formula A), this
decrease is not accounted for and may bias the detrended values to overestimate
the effect of target area stimulations.
To ensure that the detrended values are unbiased, the detrended response latencies
of each participant are corrected for the group mean difference of the Control
task response latency during the respective target sites (IPL, TPJ) and baseline
(vertex) stimulation. Thus the complete computation of raw values into detrended,
unbiased values is given in Formula B for participant i (n = 14):
RL(GoalT P J _detrend_unbiased )i = RL(GoalT P J )i − RL(ControlT P J )i −
 Pn

Pn
RL(Controlvertex )
RL(ControlT P J )
i=1
i=1
−
n
n
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To test whether this procedureactually reduces noise variance, due to individual
and session variance, we calculated the change in variance between the detrended
and raw data. The standard deviation dropped by 59% for the HesitationT P J
latencies and by 48% for the HesitationIP L latencies. The standard deviation
dropped by 52% for the GoalT P J latencies and by 52% for the GoalIP L latencies.

3.3

Results

To test whether the stimulation site had an effect on the task performance
we employed two 3 × 3 repeated-measures ANOVA designs with the factors
stimulation site (TPJ, IPL, vertex) and task (Goal, Hesitation, Control), separately
for task accuracy and normalized latencies. For the task accuracy, there was no
significant effect of stimulation site (F(2,12) = 3.45, p = n.s.), task (F(2,12) =
0.22, p = n.s.) or interaction between stimulation site and task (F(4,10) = 1.05,
p = n.s.). However, we can conclude that the level of task difficulty were well
matched between conditions, especially for the tasks of interest (accuracies (mean
± SD): Goal: 74% ± 6%, Hesitation: 76% ± 8%, Control: 81% ± 10%).
In terms of raw response latencies (Figure 3.3A), we observe a main effect of task
(F(2,12) = 20.75, p<0.001, partial eta squared = 0.78) and an interaction effect of
stimulation site and task (F(4,10) = 3.88, p<0.05, partial eta squared = 0.61), but
no main effect of stimulation site (F(2,12) = 0.56, p = n.s.). Post-hoc analyses
reveal that the average response latencies during the control task with 612 ± 29
ms were significantly shorter than during the Goal task with 706 ± 44 ms (F(1,13)
= 21.72, p<0.001, partial eta squared = 0.63), and the Hesitation task with 731 ±
42 ms (F(1,13) = 41.57, p<0.001, partial eta squared = 0.76).
We explored the interaction effect by testing for significant changes in response
latencies after TPJ and IPL stimulation compared to vertex stimulation and for
the Goal and Hesitation task compared to the control task. The differences in
response latencies between the Hesitation and control task were larger after TPJ
compared to vertex stimulation (F(1,13) = 7.20, p<0.05, partial eta squared =
0.36), and also after IPL compared to vertex stimulation (F(1,13) = 6.23, p<0.05,
partial eta squared = 0.32). When the Goal task response latencies are compared
to the control task latencies, the difference between IPL and vertex stimulation
only showed a trend (F(1,13) = 3.05, p = 0.1).
In conclusion, the control task has the shortest raw response latencies and an
increase in raw response latencies after IPL and TPJ stimulation was found when
the task required the deduction of a hesitation from hand movements.
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Figure 3.3: Task-dependent increase in response latencies due to repetitive TMS
stimulation of the right inferior parietal lobe (IPL) and temporo-parietal junction (TPJ).
A) Raw response latencies. Lines indicate significant post-hoc tests. B) Unbiased and
detrended response latencies, by subtraction of the response latencies during the letter
recognition control task. Lines represent post-hoc tests. Error bars show the standard
error of the mean. * = p<0.05; n.s. = not significant.

Looking at the detrended and unbiased response latencies (Figure 3B), we find a
significant effect of stimulation site (F(2,12) = 4.20, p<0.05, partial eta squared =
0.41) and a significant interaction effect of stimulation site and task (F(2,12) =
4.89, p<0.05, partial eta squared = 0.45). To test our hypothesis formulated in
the introduction, we performed planned contrasts (paired-sample t-tests) to check
whether IPL simulation had an impact on the Goal and Hesitation task, while TPJ
stimulation only impacted on the Hesitation task.
TPJ stimulation lead to a significant increase in response latency compared to
vertex stimulation in the Hesitation task (t(13) = 2.3, p<0.05), but not in the
Goal task (t(13) = 0.9, p = n.s.). IPL stimulation lead to a significant increase in
response latency compared to vertex stimulation in the Hesitation task (t(13) =
2.4, p<0.05), but this increase did not reach significance in the Goal task (t(13) =
1.64, p = n.s.). However when directly comparing the response latencies after TPJ
and IPL stimulation, the IPL stimulation significantly increases response latencies
compared to the TPJ stimulation in the Goal task (t(13) = 3.1, p<0.01), but this
increase in not statistically significant in the Hesitation task (t(13) = 1.6, p = n.s.).

In conclusion, the analysis of detrended and unbiased response confirms that TMS
stimulation of both IPL and TPJ has an effect on the processing of hesitations.
Additionally, the analysis reveals that TMS stimulation of the IPL, but not TPJ,
is likely to have an impact on the analysis of goals conveyed in an action. In this
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context, the lack of a significant difference between response latencies of the Goal
task after vertex stimulation and IPL stimulation is likely due to the high standard
deviation in the Goal task after vertex stimulation (147.1, standard deviation in
the Hesitation task after vertex stimulation: 89.1). Effect sizes for the significant
tests are medium to high.
Finally, we were interested whether the normalized response latencies are associated
with perspective-taking skills. Pearson correlation coefficients were calculated
between the normalized response latencies and the IRI perspective-taking scores
(Figure 3.4). For this analysis, normalized response latencies after vertex stimulation
were used, to omit an effect of TMS on a target region. Participants with high
perspective-taking scores showed short response latencies while judging the hand
aperture of the actor in order to deduct the goal of the action (r = -0.64, p<0.05)
and during hesitation detection (r = -0.60, p<0.05).

Figure 3.4: Association between perspective-taking skills and response latencies.
Perspective-taking skills are measured using the intrapersonal reactivity index (Davis,
1983). Response latencies relate to the difference in response time between the two tasks of
interest (deducting the goal of an action (left graph), detecting a gestural hesitation (right
graph)) and the control task. The vertical dashed line separates participants with faster
responses during the control task (left) and participants with faster response latencies on
the Goal or Hesitation task. Pearson correlation coefficients (r) and associated p-values
are reported in the grey boxes. All response latencies were measured after stimulation of
the control site (vertex), such that an effect of transcranial magnetic stimulation on the
task-relevant regions does not influence the correlation analyses.

3.4

Discussion

The chiasm of two brain networks, the ToM network and the mirror neuron system,
described as neuronal correlates of perspective-taking in the neuroimaging literature
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begs the question which information are processed in which network. In the current
transcranial magnetic stimulation study, we found some evidence that perturbations
of a node of the mirror neuron system (IPL) increased response latencies when
judging the goal of an action, however we gained no evidence that the TPJ is
involved in this process. When judging the mental state of an actor, perturbations
to the IPL as well as to a node of the ToM network (TPJ) resulted in increased
response latencies. In this discussion, TMS applied to a node of a network will be
used interchangeably with TMS applied to a functional network, based on findings
that show spread of repetitive TMS along task-based functional (Shafi et al., 2013;
Valchev et al., 2016) and functional resting-state networks (van der Werf et al.,
2010).
Two observations can be drawn from these results. Firstly, extracting information
conveyed in motor acts requires the mirror neuron system, likely regarding the
goal of an action but also the mental state of the actor. This finding is in line
with previous studies describing the processing of goal within the mirror neuron
system (Agnew et al., 2012; Fabbri-Destro et al., 2008; Fogassi et al., 2005; JohnsonFrey et al., 2004; Rosenbaum et al., 2007). Furthermore, it supports the motor
simulation theory (Gallese and Goldman, 1998) by demonstrating that not only
haptic comprehensible goals (hand aperture informs about the size of an object
to be grasped), but also more abstract concepts (hesitant hand informs about the
perceived difficulty of a task instruction) rely, at least in part, on an intact mirror
neuron system to be optimally computed. However secondly, the mirror neuron
system does not seem to be sufficient to efficiently process these more abstract
concepts because a perturbation of the TPJ also causes an increase of response
latency.
Combining both observations, we find support for several theoretical concepts and
empirical findings concerning both networks. Our findings are in line with the
idea that when reading the mind of another person by observing their actions, the
mirror neuron system and the theory of mind network both play a role (Keysers
and Gazzola, 2007) and that the mirror neuron system works as a precursor (in
a functional connectivity sense) of abstract mentalizing (Gallese and Goldman,
1998). We further find evidence that the goal of an action can potentially be
estimated within the mirror neuron system, whereas mental states associated with
the action require involvement of the theory of mind network (Rizzolatti and
Fogassi, 2014). In this context, it is interesting to mention that there is evidence
that the perspective-taking skills based on the mirror neuron system develop earlier
in childhood than the skills based on the theory of mind network (Gobbini et al.,
2007).
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Because our protocol includes the perturbation of the motor mirror neuron system,
we aimed to diminish the effect of TMS on the motor aspect of the participants’
response. Thus, response choices were given via a foot pedal, while the stimuli
and the localizer task for the neuronavigation system contained hand actions.
Furthermore, we alternated the assignment between the two response choices (Yes,
No) and the foot pedals (left, right) to avoid motor preparation of the response
during the stimuli. Consequently, the responses were not given right after the
appearance of the relevant clue but with a certain delay. While clues about the
hesitation were delivered throughout the duration of the stimuli, the hand aperture
was always presented at the last frames and the letter halfway through each stimuli.
This might help to explain why the control task had the shortest response latencies
even after vertex stimulation. The letters were presented halfway throughout each
movie, given the participant additional time to chose a response (Yes, No), even
though the motor response itself (left, right) could not be prepared.
However, the use of the control task response latencies to normalize and unbiased
the response latencies of the Goal and Hesitation task allowed us to neglect
response latency differences between the control task and the tasks of interest
(Goal, Hesitation). The usage of a control stimulation site (vertex), gives us
additional confidence that the TMS effect is network-specific. Additionally, we
gathered evidence that the response latencies are associated with perspectivetaking properties. The differences in response latencies between the Letter control
task and the Goal deduction, as well as between the Letter control task and the
Hesitation detection task correlated positively with the perspective taking scale of
the intrapersonal reactivity index, which measures “spontaneous attempts to adopt
the perspectives of other people and see things from their point of view” (Davis,
1983). Thus, we gained confidence that differences in response latencies depending
on the TMS target site are an indirect measure of perspective-taking abilities.
In the current study, we did not observe an effect of TMS on task accuracy. It
is possible that the measurement of 30 binary values per participant and session
was not sensitive enough to capture the TMS effect. It is reasonable that a strong
perturbation is necessary to affect a binary choice between a narrow or wider
hand aperture in the Goal task or a confident or hesitant hand movement in the
Hesitation task, while a lesser perturbation can affect the efficiency of the processing
in terms of response latencies.
Conclusion
In a nutshell, our current experiment suggests that the mirror neuron system is
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necessary but not sufficient to process an abstract mental state in a task that
recruits the mirror neuron system and theory of mind network as evident from fMRI
analyses. More research is needed to clarify whether this finding can be generalized
to other task stimuli that evoke the activation of both networks simultaneously, for
example gestural communication (Liew et al., 2011; Schippers et al., 2010), social
information conveyed in action kinematics (Becchio et al., 2012), and communicative
intentions (Ciaramidaro et al., 2014). Another open question beyond the scope of
the current experiment is how the two networks interact and how the results of
their computations are integrated to evoke an decision about the actors’ mental
state. One candidate region is the inferior frontal gyrus, which has been shown to
be sensitive to the context of grasping actions (Iacoboni, 2005).

