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Recent research suggests that attributing human movement to ambiguous and static Rorschach stimuli
(M responses) is associated with EEG mu suppression, and that disrupting the left inferior gyrus (LIFG;
a putative area implicated in mirroring activity) decreases the tendency to see human movement when
exposed to the Rorschach ambiguous stimuli. The current study aimed to test whether disrupting the
LIFG via repetitive transcranial stimulation (rTMS) would decrease both the number of human movement
attributions and EEG mu suppression. Each participant was exposed to the Rorschach stimuli twice, i.e.,
during a baseline condition (without rTMS but with EEG recording) and soon after rTMS (TMS condition
with EEG recording). Experimental group (N = 15) was stimulated over the LIFG, while the control group
(N = 13) was stimulated over the Vertex. As expected, disrupting the LIFG but not Vertex, decreased the
number of M attributions provided by the participants exposed to the Rorschach stimuli, with a signifi-
cant interaction effect. Unexpectedly, however, rTMS did not significantly influence EEG mu suppression.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

Mirror neurons are a particular class of cortical cells, originally
discovered in area F5 of the monkey premotor cortex, which fire
both when the monkey performs an action and when it observes
another individual performing the same action (di Pellegrino
et al., 1992; Gallese et al., 1996; Rizzolatti et al., 1996; Cook
et al., 2014). A similar neurological network likely exists in
humans, although there is some debate as to where the mirror
neurons are located (Molenberghs et al., 2009, 2012). In general,
the evidence supporting the presence of a human mirror neuron
system (MNS) is mainly indirect (Dinstein et al., 2007;Hickok,
2009;Lingnau et al., 2009;Rizzolatti and Craighero, 2004). Func-
tionally, the MNS is hypothesized to represent the neurological
substrate of a mirror-matching mechanism that allows individuals
to quickly and pre-rationally understand the actions performed by
others (for a review, see Pineda, 2005; Rizzolatti and Craighero,
2004; Gallese et al., 2011). Previous neurophysiological experi-
ments have shown that when individuals observe an action per-
formed by another agent their motor cortex becomes active, in
the absence of any visible motor activity, as a function of learning
(Heyes, 2011). In fact, studies by Fadiga et al. (1995), and Strafella
and Paus (2000)demonstrated that observation of complex actions,
such as grasping and writing, provided changes in corticospinal
excitability. Furthermore, when observing other acting individuals
and their expressive and intense meaning, an embodied interper-
sonal link automatically and implicitly occurs (Gallese, 2009).
Therefore, some researchers (Gallese et al., 2004; Rizzolatti and
Craighero, 2004; Oberman et al., 2005; Iacoboni, 2009; Rizzolatti
et al., 2001) have suggested that the MNS may provide the neuro-
physiological substrate for higher cognitive human functions such
as action understanding, perspective taking, and empathy.

Although several studies on MNS properties investigated the
specificity of the changes in motor corticospinal excitability during
the observation of an action by using video clips with overt actions,
the motor simulation process can likewise be induced by the
observation of static images of actions, e.g., in works of art
(Proverbio et al., 2009; Sbriscia-Fioretti et al., 2013; Yao et al.,
2007). An event related potential (ERP) study reported a direct
relation between the observation of static images and the activa-
tion of the cortical motor system (Proverbio et al., 2009). More
specifically, during the presentation of pictures representing
human actions with different degrees of dynamism, a higher motor
cortical activation occurred for observation of pictures with more
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dynamic actions than for observation of pictures representing less
dynamic actions. Along the same lines, an EEG study (Yao et al.,
2007) evaluated the extent to which mirroring activity occurred
during the observation of modern abstract artwork by Lucio Fon-
tana, using event-related sensory-motor alpha desynchronization
(ERD) as index of motor simulation. Consistent with Proverbio
et al.’s (2009) findings, when compared to the observation of the
other type of images, the observation of Fontana artworks was
associated with a significantly stronger ERD.

Furthermore, by using single and paired-pulse TMS, Battaglia
et al. (2011) reported that (a) the observation of an action in an
artistic representation activated the corticomotor system and (b)
the mental rehearsal of observation of a painting induced a similar
degree of corticomotor activation. Likewise, a recent study on
implied motion (Concerto et al., 2015) showed that observation
of a static image pulled out from a video depicting movement
increased Motor Evoked Potentials (MEP) size and decreased the
short-interval intracortical inhibition (SICI), which suggests that
observation of highly dynamic images may implicate an overall
facilitation in primary motor cortex. Also in line with these find-
ings, Sbriscia-Fioretti et al. (2013) reported that activation of sen-
sorimotor cortical circuits during the exposure to the static
works art by Franz Kline was related to an increased ERP mean
amplitude. These results were interpreted by the authors as indica-
tive of an embodied simulation of the artist’s actions in the produc-
tion of the artwork.

1.1. Mu suppression, ambiguous Rorschach stimuli, and movement
attributions

Based on these previous studies indicating that the MNS might
be engaged by exposure to static artworks or designs, it has been
recently suggested that exposure to ambiguous Rorschach inkblots
might be sufficient to activate MNS activity, even in the absence of
evident, visual indicators of movement, as far as the observer expe-
riences a ‘‘feeling of movement.” More specifically, using EEG mu
suppression as a proxy biomarker for mirror neuron activation,
Giromini et al. (2010), Pineda et al. (2011), and Porcelli et al.
(2013) showed that EEG mu suppression occurred concomitantly
with the participants perceiving/feeling human movement while
exposed to ambiguous, Rorschach inkblot stimuli. Interestingly,
the presumed embodied simulation produced by the Rorschach
cards seemed to occur very early, suggesting that the ‘‘feeling of
movement” was induced at a preconscious level, before the partic-
ipants had time to formulate their Rorschach attributions, i.e., prior
to reporting that they saw humanmovement or M responses in the
inkblot designs (Pineda et al., 2011). The authors interpreted these
findings as indicative of the existence of a link between EEG mu
suppression, embodied simulation, and attribution of human
movement to ambiguous stimuli.

According to various Rorschach experts (e.g.; Klopfer and
Kelley, 1942; Piotrowski, 1957; Rorschach, 1921), seeing human
movement in the ambiguous stimuli (e.g., ‘‘this inkblot reminds
me of two people playing paddy-cake” or ‘‘here I see a person danc-
ing flamenco”), would rely on an ongoing identification mecha-
nism. Other Rorschach determinants (i.e., form, color, and
shading) may reflect distinct perceptual features recognized
directly from the actual characteristics of the inkblots, while
human movement responses (or M responses) are added to the
stimulus field, presumably as a result of imagined activity (Exner,
2003). Several studies support the validity of the M responses as
linked to an identification mechanism (e.g., Meyer et al., 2002;
Viglione et al., 2012; Mihura et al., 2012; Giromini et al., 2016).
The inter-rater reliability of the M response also is excellent
(Cicchetti, 1994), indicating that two independent raters, blind to
each other’s evaluation, code for the presence or absence of M
responses reliably, with intraclass correlation coefficients (ICC)
ranging from 0.96 to 0.97 (Meyer et al., 2002; Mihura et al.,
2012; Pignolo et al., 2017; Viglione and Taylor, 2003; Viglione
et al., 2012).

Important to our goal, about two years ago, Ando’ et al. (2015)
reported that disrupting the left inferior frontal gyrus (LIFG), a
putative area of the mirror neuron system (Keuken et al., 2011;
Pobric and Hamilton, 2006), via repetitive Transcranial Magnetic
Stimulation (rTMS) decreased significantly the number of human
movement attributions (or M responses) to the Rorschach ambigu-
ous stimuli. According to the authors, this finding would be in line
with Giromini et al.’s (2010) findings that the LIFG plays a key role
in MNS functioning. Also in line with the hypothesis that the LIFG
and MNS are involved in the attribution of M responses to the
ambiguous Rorschach stimuli, Giromini et al. (2017a,b) recently
reported on an fMRI study, in which M responses were associated
with increased activity in a MNS region of interest that included a
small portion of the LIFG.

1.2. The current study

Giromini and colleagues (Giromini et al., 2010; Pineda et al.,
2011; Porcelli et al., 2013) discussed their EEG findings as support-
ive of a link between mirroring activity and attribution of human
movement to spontaneous Rorschach stimuli (M responses).
Ando’ et al. (2015) also proposed, based on rTMS results, a relation-
ship between the LIFG, the MNS, and the production of M
responses. However, none of these studies demonstrated that dis-
rupting the LIFG would affect both the production of M responses
to the Rorschach and its presumably associated biometric, mu
rhythm suppression. Hence, the aforementioned inferences con-
cerning the existence of a link between MNS-related areas (such
as the LIFG), mu suppression, and attribution of human movement
to ambiguous stimuli, currently remain indirect.

The present study aimed at filling this gap in the literature, by
testing the effects of rTMS over LIFG on Rorschach responses and
EEG mu suppression. More specifically, we administered a subset
of Rorschach inkblot stimuli to a student population twice, i.e., dur-
ing a baseline condition and soon after rTMS. As for the rTMS con-
dition, the experimental group was stimulated over the LIFG, the
control group was stimulated over the Vertex. Compared to
Ando’ et al.’s (2015) study, our investigation also overcomes a tech-
nical limitation, i.e., while the earlier study did not implement a
neuronavigation system (p. 138), the current study did.
2. Results

2.1. rTMS effects on human movement responses

As reported in Table 1 and Fig. 1, disrupting the LIFG, but not
Vertex, decreased the number of M codes produced by the partic-
ipants during exposure to the Rorschach stimuli. In fact, a mixed 2
(between-subjects factor, site: LIFG vs. vertex) by 2 (within-
subjects factor, condition: baseline vs. rTMS) ANOVA reported a
statistically significant interaction effect, [F (1, 26) = 24.60, p <
.001, Partial g2 = 0.486]. Importantly, within the control group,
the baseline and rTMS (vertex) conditions provided a strikingly
similar number of M codes [t (12) = �0.693, p = .502, d = �0.12];
but, within the experimental group, the number of M codes after
rTMS (LIFG) was significantly lower than at the baseline condition
[t (14) = 5.77, p < .001, d = 1.47].

2.1.1. Additional analyses
Given that the LIFG includes Broca’s area (BA 44, corresponding

to F7 of the 10–20 EEG system) (Nishitani and Hari, 2000), we



Fig. 1. M attributions to the Rorschach provided by the control and experimental
groups, at baseline and after inhibitory repetitive transcranial stimulation (rTMS).
Disrupting the left inferior frontal gyrus (LIFG), but not Vertex, decreased the
number of M responses in the ambiguous and static Rorschach stimuli.

Table 1
Human Movement (M) responses by group and condition: descriptive statistics.

Control Group (Vertex) Experimental Group (LIFG)

Baseline
Range 2–5 2–5
M 3.61 3.60
Median 3.00 4.00
S.D. 1.04 0.98

rTMS
Range 2–6 0–5
M 3.76 1.80
Median 4.00 1.00
S.D. 1.42 1.47

Note. Descriptive statistics are reported for the number of human movement
responses (M codes) produced by the participants included in the control and the
experimental groups, at baseline and after repetitive transcranial magnetic stimu-
lation (rTMS).
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examined whether the rTMS effects had reduced general verbal
production following disruption of LIFG. Indeed, the LIFG plays
an important role in language at different stages of object naming
acting as a top-down regulator system (e.g., Kan and Thompson-
Schill, 2004; Nozari and Thompson-Schill, 2013), and is associated
with the various mechanisms involved at different representa-
tional levels, i.e., phonological, semantic, and syntactic (Novick
et al., 2005; Hamilton and Martin, 2005, 2007). Furthermore, ano-
dal tDCS or high frequency TMS over the LIFG could speed up
responses while cathodal tDCS or low frequency TMS could reduce
the verbal production and can slow the language processing, so the
possible effects of phonological information, and thereby of phono-
logical facilitation1 too (Antal et al., 2004; Pisoni et al., 2017),
needed to be addressed in our study. We thus inspected the effects
of rTMS over the LIFG on general verbal production (i.e., the number
of spontaneous attributions to the Rorschach stimuli), regardless of
what types of responses were reported by the participants.

Our results, however, showed that the number of verbal
responses did not change across conditions2: in fact, we also tested
1 Phonological facilitation effect is characterized by shorter picture naming
latencies when both stimuli are phonologically related than when they are not
related.

2 The control group reported a mean value of 7.53 (SD = 2.18) in baseline condition
and a mean value of 7.76 (SD = 1.65) in TMS condition. The experimental group
reported a mean value of 7.80 (SD = 1.74) in baseline condition and a mean value of
7.20 (SD = 1.65) in TMS condition.
a 2 � 2 mixed ANOVA with site (LIFG, Vertex) as between-subjects
factor and condition (baseline vs. rTMS) as within-subjects factor,
and the total number of responses as the dependent variable. These
additional results showed that the experimental and control groups
produced a strikingly similar total number of responses. Indeed, the
interaction effect was not statistically significant [F (1, 26) = 0.977, p
= .332, Partial g2 = 0.036]. Thus, the reduction in the number of M
responses after rTMS over LIFG cannot be explained by a general
reduction of verbal production.
2.2. rTMS effects on mu rhythm

A mixed, 2 (between-subject: vertex vs. LIFG) by 2 (within-
subject: baseline vs. rTMS) ANOVA was performed to inspect the
effects of rTMS on EEG mu suppression. Different from our hypoth-
esis, neither the interaction effect [F (1, 24) = 0.020, p = .888, Partial
g2 = 0.001] nor the main effects, F (1, 24) = 0.580, p = .454, Partial
g2 = 0.024, were statistically significant. Examination of Fig. 2
and Table 2 trends, however, reveals that while mu suppression
occurred during the baseline condition, no mu suppression at all
was observed for the rTMS conditions (neither for the LIFG nor
for the Vertex conditions). Furthermore, it should be noted that
these data were highly dispersed, as shown in Fig. 2.
3. Discussion

Past research suggests that attributing humanmovement (M) to
ambiguous stimuli associates with EEG mu suppression (Giromini
et al., 2010; Pineda et al., 2011; Porcelli et al., 2013), and that dis-
rupting the left inferior gyrus (LIFG) diminishes the tendency to see
human movement when exposed to ambiguous, Rorschach stimuli
(Ando’ et al., 2015). The current study sought to test whether dis-
rupting the LIFG via repetitive transcranial stimulation (rTMS)
would decrease both the number of M responses produced while
inspecting ambiguous stimuli, and EEG mu suppression. Our find-
ings support our hypotheses only partially.

As expected, after disrupting the LIFG, but not vertex, a reduc-
tion in the number of M attributions provided by the participants
exposed to the Rorschach stimuli occurred. Noteworthy, this result
replicates – this time by using a neuronavigational system – the
findings previously reported by Ando’ et al. (2015). As such, one
may reasonably conclude that the LIFG plays a key role in the attri-
bution of human movement to ambiguous stimuli such as the
Rorschach inkblot designs.

On the other hand, the hypothesis that disrupting the LIFG via
rTMS would influence EEG mu suppression did not find support
in our study. In fact, the disruption of the LIFG did not significantly
affect the extent to which EEG mu suppression occurred. This find-
ing deserves particular attention and a number of considerations
should be discussed.

First, some technical issues reduced the power of our study, so
that a type II error might be present. Indeed, because the after-
effects of rTMS likely lasted 7–8 min only, very few data points
were available for our EEG data analysis. Furthermore, the sample
size (N = 26) was relatively small. Also, as shown in Fig. 2, the
available EEG data appeared to be highly variable. Therefore, future
studies with larger sample sizes and additional EEG data points
could in fact obtain different results from what was observed in
this study.

Second, examination of Fig. 2 reveals that Mu suppression
tended to be more evident during baseline than during the rTMS
conditions, albeit not significantly so. The reduction of Mu sup-
pression as a consequence of rTMS over the LIFG was expected.
Conversely, one might wonder why rTMS over the Vertex affected
Mu suppression as well. A possible explanation is that stimulating



Fig. 2. Mu suppression values. Mu suppression in the control and experimental
groups, at baseline and after inhibitory repetitive transcranial stimulation (rTMS).

Table 2
Mu suppression by group and condition: descriptive statistics.

Control Group (Vertex) Experimental Group (LIFG)

Baseline
Range �1.46 to 1.23 �0.82 to 1.07
M �0.20 �0.15
Median �0.27 �0.20
S.D. 0.83 0.53

rTMS
Range �1.66 to 3.04 �1.48 to 1.62
M 0.03 0.01
Median �0.25 0.02
S.D. 1.13 0.75

Note. Descriptive statistics are reported for Mu suppression in the control and the
experimental groups, at baseline condition and after repetitive transcranial mag-
netic stimulation (rTMS).
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over the Vertex site did not preserve l oscillations because the
Vertex is located exactly where EEG mu suppression is typically
recorded, i.e., Cz (Elfenbein et al., 2007; Pineda, 2005; Keuken
et al., 2011). Additional studies, with bigger sample sizes, different
control sites, and more EEG data points might further investigate
this hypothesis.

A third, possible, explanation for the lack of effect on EEG mu
suppression is that the LIFG is just one of the multiple brain areas
involved in mirroring processes, and therefore interfering with its
activity only partially affects the MNS. Indeed, several brain
regions outside the classic, fronto-parietal, MNS network seem to
be involved in embodied simulation and mirroring processes
(Molenberghs et al., 2009, 2012). For example, using single-cell
recording, Mukamel et al. (2010) found that the medial temporal
lobe includes several neurons with ‘mirror-like’ properties. Like-
wise, Tarhan et al. (2015) observed that lesions in the posterior
middle temporal gyrus associated with impairment of both action
production and action recognition in a sample of left-hemisphere
stroke patients. Perhaps more importantly, in a recent fMRI study
conducted by Giromini et al. (2017a,b), Rorschach M responses
associated with activity in various brain regions outside the classic,
fronto-parietal MNS network, and the LIFG was only partially
engaged by M responses. All in all, thus, it is possible that we did
not observe an effect on EEG mu suppression simply because the
MNS network goes far beyond the rTMS target of our study (i.e.,
the LIFG). Future studies, targeting brain regions other than the
LIFG, should thus further test this hypothesis.

In terms of possible problems associated with our study, in
addition to the limited amount of EEG data points available for
the analysis of mu suppression, some other shortcomings of our
research deserve mentioning. First, we could not investigate
exactly the mu power when the subject was producing M
responses vs other Rorschach determinants given that each partic-
ipant was asked not to talk or move in order to minimize the risk of
artifacts. Therefore, it was not possible to examine a possible direct
link between the variation of the mu power and verbal production
of M responses during the after effects of TMS. Second, only a sub-
set of Rorschach cards was utilized for this study. Although this
choice is consistent with previous studies (Ando’ et al., 2015;
Giromini et al., 2010), the ecological validity, vis-à-vis standard
Rorschach procedures, might be questioned. Third, given that all
participants were college students, the extent to which our find-
ings might be generalized to other populations awaits additional
research. Fourth, our use of inhibitory rTMS only may be ques-
tioned. Indeed, previous studies showed that anodal tDCS or high
frequency TMS might interfere negatively with complex cognitive
task involving various aspects of perception, recognition, working
memory and verbal production such as the Rorschach test (e.g.,
Pascual-Leone and Hallett, 1994; Hong et al., 2000; Koch et al.,
2003). Hence, future studies might include a third condition, in
which high frequency TMS is used, too.
3.1. Conclusion and final remarks

Our findings confirm that the LIFG plays a key role in the mental
processes underlying the attribution of human movement to
ambiguous or unstructured, visual stimuli. Importantly, our use
of the Rorschach inkblot stimuli allowed us to focus on the cogni-
tive processes underlying the ‘‘feeling of movement” in situations
in which a person is asked to understand, elaborate, and/or attri-
bute meaning to ambiguous stimuli. From this standpoint, our
findings indicate that the LIFG plays a key role in the subjective
interpretation of visual stimuli that may be perceived either as sta-
tic or in motion.

On the other hand, our study fails to demonstrate that the LIFG
also is important to the mu rhythms, although some technical
details might have influenced this outcome. Because Giromini
and colleagues (Giromini et al., 2010; Pineda et al., 2011; Porcelli
et al., 2013) found an association between production of Rorschach
M responses and EEG mu suppression, Keuken et al. (2011) found
an association between disruption of LIFG and EEG mu suppres-
sion, and Ando’ et al. (2015) found an association between disrup-
tion of LIFG and production of Rorschach M responses, the most
intriguing challenge posed by our findings is to understand why
in our study disrupting the LIFG reduced the number of M
responses without influencing EEG mu suppression.

The degree to which mirror neurons are involved in the videos
and tasks utilized by Keuken et al. (2011) is likely greater com-
pared to attributing human movement to the Rorschach task.
Indeed, mirroring activity tends to be more evident when the
movement in the visual field is more explicit (Gallese, 2009;
Strafella and Paus, 2000). As such, it is possible that our study
failed to find an association between the disruption of the LIFG
and EEG mu suppression simply because our baseline condition
(i.e., in the absence of rTMS) did not involve a strong activation
of mirror neurons. Said differently, it is possible that the extent
to which EEG mu suppression occurred during the baseline (i.e.,
in the absence of rTMS) and soon after rTMS did not dramatically
change simply because producing M responses to the Rorschach
activates the MNS only partially or to a moderate degree, whereas
in Keuken et al.’s (2011) tasks the MNS was more evidently
engaged. In this view, the lack of power of our design probably
played a key role in determining our results, and future studies
might in fact lead to different conclusions.



Table 3
Demographic composition of control and experimental groups.

Control Group (Vertex) Experimental Group (LIFG)

Gender (phi = 0.11 p = . 55)
M n = 3 (76.90%) n = 5 (33.3%)
F n = 10 (23.10%) n = 10 (66.7%)

Race
Caucasian n = 7 (53.80%) n = 10 (66.70%)
Other n = 6 (46.20%) n = 5(33.3%)

Age t (26) = �0.480, p = .64)
Range 18–28 18–31
M 20.23 20.80
SD 2.80 3.38

Years of Education t (26) = �0.184, p = .85)
Range 12–21 12–18
M 14.38 14.53
SD 2.40 1.89

LIFG = Left Inferior Frontal Gyrus.
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Alternatively, one could speculate that EEG mu suppression is
only loosely associated with Rorschach M responses and with LIFG
activity, whereas the LIFG is crucial to attributing a human move-
ment to the ambiguous Rorschach stimuli. For example, it is possi-
ble that the LIFG gets involved when one tries to figure out what an
ambiguous stimulus resembles, and that mentally describing a
given scenario as involving human movement versus different, sta-
tic scenarios requires additional LIFG activity. This hypothesis
would explain why rTMS over the LIFG selectively reduced the
number of M responses in our study, despite its effects on EEG
mu suppression being small.

In our view, however, the most likely interpretation is that our
study simply did not have enough power to detect medium-sized
effects, so that the effects of rTMS over LIFG could be observed
on Rorschach M responses and not on EEG mu suppression simply
because the latter is characterized by a much smaller effect size.
Regardless, the most noteworthy contribution of our study is that
it replicated and extended Ando’ et al.’s (2015) previous findings
indicating that the LIFG plays a key role in the attribution of human
movement to ambiguous stimuli such as the Rorschach inkblot
designs.

4. Experimental procedures

4.1. Participants

Thirty-two right-handed healthy students ranging in age from
18 to 31 years were recruited from the Departments of Cognitive
Science and Psychology at the University of California, San Diego
(UCSD) via an online recruitment system. Participants had no his-
tory of neurological or psychiatric illness and had never been
administered the Rorschach test. Handedness evaluation was
based on the Edinburgh Handedness Inventory (EHI; Oldfield,
1971). Potential participants were screened for inclusion/exclusion
criteria based on recommended and safe use of TMS (Rossi et al.,
2009). Four individuals were excluded from the study due to miss-
ing data. The final sample comprised of twenty-eight right-handed
healthy individuals (8 males, 20 females), ranging in age from 18 to
31 years (M = 20.54; SD = 3.08). Two participants were excluded
from the EEG data analysis portion of the study because of the
presence of multiple artifacts during EEG recording, thus, the final
sample for EEG analysis was comprised of 26 subjects. Participants
gave their written informed consent to participate in the study,
which was approved by the Institutional Review Board of the
University of California, San Diego.

4.2. Procedure & data preparation

Each participant was exposed to a set of ambiguous Rorschach
inkblot designs on a screen, twice, i.e., during a baseline condition
(without rTMS but with EEG recording) and soon after rTMS (TMS
condition with EEG recording)3. The time period between these two
conditions was 4 weeks. During stimulus presentation, a black
screen was shown for two seconds, and then the Rorschach stimuli
were shown singularly. During the first 15 s of exposure to each
Rorschach card, participants were instructed not to talk or move in
order to record the electrophysiological activity appropriately.

The Experimental group (N = 15) received stimulation over the
LIFG, while the Control group (N = 13) received stimulation over
the Vertex 4 (see Table 3). Vertex was chosen as the control site since
3 Baseline and TMS conditions were counterbalanced. Therefore, half of the sample
started with the baseline session followed by the stimulation session and the other
half started with the stimulation session followed by the baseline session.

4 Participants were randomly assigned to either the experimental or the control
group.
it is often used to test for non-specific rTMS effects (Foltys et al.,
2001; Nyffeler et al., 2006; Keuken et al., 2011). For both the Control
and Experimental groups, 1 Hz rTMS at 90% of resting Motor Thresh-
old (rMT) was applied for fifteen minutes (�900 pulses). Following
stimulation, participants were exposed to the Rorschach cards on
the computer monitor while EEG data were recorded.
4.2.1. Repetitive transcranial magnetic stimulation (rTMS)
TMS is a noninvasive technique used to apply magnetic pulses

to the brain (Rossi et al., 2009). The pulses are administered by
passing currents through a coil placed upon the subject’s scalp
and induces electrical activity in the underlying cortical tissue.
Induced electrical activity can result in neuronal depolarization
or hyperpolarization depending on the stimulation parameters.
When a train of pulses is delivered multiple times within one ses-
sion, the stimulation method is referred to as ‘‘repetitive TMS”
(rTMS). High frequency rTMS (>5 Hz) has excitatory or depolariz-
ing effects. Conversely, low-frequency rTMS, meaning stimulus
rates of 1 Hz or less produces inhibitory or hyperpolarizing effects.

In this study, rTMS was performed with a MagPro X100 Stimu-
lator (MagVenture Co., 303 Perimeter Center North, Suite 300
Atlanta, GA 30346 USA) and a MCF-B65 Butterfly coil. To define
the rMT, for each participant, the coil was positioned over the sub-
ject’s left primary motor cortex (M1) at the optimum scalp position
to elicit motor evoked potentials (MEPs) in the contralateral abduc-
tor pollicis brevis muscle (APB). rMT is defined as the minimum
stimulus intensity that produces MEPs >50 lV (peak-to-peak
amplitude) in at least 5 out of 10 responses, and it is determined
while the target test muscle is at rest. MEP responses to individual,
successive stimuli when elicited in active muscles using threshold
intensities may fluctuate in amplitude from 0 to about 1 mV. We
started with a stimulus intensity of 35% of the maximal stimulator
output (MSO) with the coil placed over the optimal site for stimu-
lation. To determine rMT, stimulus intensity was gradually
increased in steps of 5% MSO until TMS consistently evoked MEPs
with peak-to-peak amplitudes of >50 lV in each trial. Thereafter,
stimulus intensity was gradually lowered in steps of 1% MSO until
there were less than 5 positive responses out of 10 trials (Groppa
et al., 2012). The motor threshold (that varies in each subject)
was detected only once in each subject before starting the
stimulation.

In the Experimental group, 1 Hz rTMS was applied at 90% of rMT
for fifteen minutes (900 pulses) over the LIFG prior to the task. The
same stimulation and duration was used over the Vertex in the
Control group. Offline low-frequency stimulation rTMS was
applied with the aim of inducing a longer lasting suppression of
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neural activity (Rossini et al., 1994, 2015; Salatino et al., 2014). This
approach (called offline-TMS) has the advantage of not requiring
rTMS at the same time as task performance and of removing many
of the non-specific concurrent effects of online TMS, such as non-
specific behavioral and attentional effects. In general, the duration
of the rTMS hyperpolarization is expected to be about half of the
total stimulation time, depending on the stimulation parameters
and coil characteristics (Nowak et al., 2008). Hence, we expected
that a stimulation duration of 15 min would provide a hyperpolar-
izing window of about 7–8 min (Mottaghy et al., 2003; Hansenne
et al., 2004) during which time subjects were asked to perform
the Rorschach test and EEG recorded. We used the Brainsight tar-
geting system to more accurately determine Vertex and LIFG sites.
Brainsight TMS enables a TMS coil to be positioned over a specified
target location based upon a subject’s MRI image. Using and enter-
ing the coordinates of Vertex and LIFG, TMS sites were located
using the Brainsight TMS –MRI coregistration system (Rogue
Research). For LIFG, the following Talairach coordinates were used:
�42.5, 11.6, 19.9.5 The Vertex was defined as a point midway
between the inion and the nasion and equidistant from the left
and right intertragal notches.

Next, we moved the coil close to the target while seeing the
views in the continuously updated window showing the coil loca-
tion. More in detail, the bull’s eye view showed the distance from
the target to the coil’s projected axis. A value of zero indicated that
the coil was pointing directly at the target. The target areas where
localized before starting the TMS session.

The target location for rTMS in the left inferior frontal gyrus was
the pars opercularis and the focal point was marked. The hand-
held coil was securely positioned over the left temple, centered
over this focal point, and oriented such that the maximal induced
current flowed approximately in the anterolateral direction.

There were specific reasons for choosing the LIFG as the target
site. The pars opercularis of the IFG is considered to be the human
homolog of the monkey area F5, which is the region where mirror
neurons were first discovered (Rizzolatti and Craighero, 2004). Fur-
thermore, previous studies (Ando’ et al., 2015; Elfenbein et al.,
2007; Keuken et al., 2011; Pobric and Hamilton, 2006) have shown
that rTMS over the LIFG conditioned the processes related to mir-
roring activity, and Pineda (see review, 2005) also hypothesized
that the Mu rhythm is associated with IFG activity (Keuken et al.,
2011). Therefore, several empirical observations suggest that the
LIFG may be linked to embodied simulation and MNS activity
(Hobson and Bishop, 2016; Molnar-Szakacs et al., 2006).

4.2.2. Electroencephalography (EEG)
EEG is a technique for recording and interpreting the electrical

activity of the brain by multiple electrodes placed on the scalp. In
this study, electrodes were applied to the face above and below the
left eye to monitor the electrooculogram (EOG). Data were col-
lected from 32 electrodes (i.e., FP1, FP2, F7, AF3, F3, FZ, F4, AF4,
F8, T7, FC5, C3, FC1, Cz, FC2, C4, FC6, T8, P7, CP5, P3, CP1, PZ,
CP2, P4, CP6, P8, PO3, O1, OZ, O2, PO4) embedded in a cap, using
the international 10–20 system of electrode placement. EEG was
recorded and analyzed using a Biosemi data acquisition system
(band pass 0.1–30 Hz).

4.2.3. Rorschach stimuli
The Rorschach test consists of ambiguous, inkblot designs, and

in this study Rorschach stimuli were shown on a screen situated
at a distance of 96 cm, at a size of 17–24 cm, similar to the original
Rorschach cards. Participants were informed that they would see a
5 We based on previous literature and focused on those studies including the use of
rTMS (e.g., Amunts et al., 1999; Pitcher et al., 2008; Pobric and Hamilton, 2006) for
choosing the coordinates for the LIFG.
series of inkblot designs with the task to think of what they might
be. Additionally, consistent with Rorschach Performance Assess-
ment System administration (R-PAS; Meyer et al., 2011), they were
asked try to see two or three different things per each card. The
three selected cards were shown one at a time. After 15 s of expo-
sure to each of these Rorschach cards, participants were asked to
describe what they saw in the card, and at that point the experi-
menter verbatim transcribed their responses.

Stimuli were presented using Presentation software and all
event markers were sent to the EEG data acquisition system. The
experiment took place in an appropriate and isolated room. Given
that the offline effect of rTMS, as a rule, has duration about half of
the total (i.e., 15 min) stimulation time (Mottaghy et al., 2003;
Hansenne et al., 2004), only 7–8 min were available for the rTMS
condition. Thus, to maximize the variability in our dependent vari-
ables (i.e., the number of M responses) within that limited amount
of time, we selected a small subset of stimuli from the entire set of
Rorschach inkblots, to obtain the maximum number of allowed
responses per card. Consistent with Giromini et al. (2010) and
Ando’ et al. (2015), we used the three Rorschach cards6 that more
frequently elicit spontaneous attribution of human movement (cards
II, III, and VII; Exner and Erdberg, 2005). This choice was in order to
avoid an unwanted floor effect (i.e., lack of variability due to absence
of M responses). The Rorschach test was administered by an expert
clinician and two independent raters coded for the presence vs.
absence of M responses. The percentage of agreement was 95%,
the ICC was 0.94; statistics were computed on the overall number
of M responses per respondent.
4.3. EEG data analysis

Before analysis, the data were evaluated manually and cleaned.
All obviously malfunctioning channels were removed first, basing
the more difficult decisions on moving kurtosis. Then, eye-blink
and muscle artifacts were removed using frequency distribution,
location, dipole distribution, etc. to make our decisions. Instead
of removing segments of unusable data, we bandpassed the data
into the mu range first, and ran Independent Component Analysis
(ICA). Independent components were removed that corresponded
to muscle and eye artifact based on outlying probability across
channels, locality, shape of dipole-shaped scalp maps, magnitude,
frequency distribution, (especially those components skewed
towards extremely low and high frequencies) and relative kurtosis.
With this framework, it was found that many components coded
for very brief, topographically local, anomalous bursts of power.
We erred on the side of leaving in, as long as the distributions
across these features were smooth, and not likely to be noise.
Because the analysis is based on mu suppression within-subject,
any consistent patterns of noise (like attentional components,
high-power saccades, or a chronic, low power twitch somewhere
on the head) that otherwise resemble brain-related components
were naturally corrected. For this reason, the focus was on anoma-
lous noise.

We computed a baseline for every subject by extracting base 10
mu power over every channel, from the half-second preceding the
presentation of the first card, and integrated the power over that
time period. The same integrated base 10 mu power was calculated
for all 15 s periods following the presentations of the three cards.
In total, three integrated base 10 mu power values were calculated
for every channel; each of these values given by the 15 s following
a corresponding card presentation, for a total of 45 s worth of data.
Each of the power values was then divided by 30 to create an aver-
age power over 0.5 s, (15/30 = ½) so as to compare to the baseline
6 The order of the Rorschach cards was randomized.
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condition (black screen, i.e., the first 500 ms of the total exposure
time; Pineda et al., 2011). Hence, per session, we had 32 channels
worth of baseline mu power, and 3 sets of 32 channels worth of
card-condition mu power. Dividing each of the conditional sets
by the baseline, and taking the base-ten log of each of the resulting
values gave us our three mu suppression values for each channel
(scalp locations C3, Cz and C4), for each session. Data were seg-
mented into epochs of 1 s beginning at the start of the segment,
and Fast Fourier Transforms were performed on the epoched data.
As a common procedure for this type of study (Altschuler et al.,
2000; Pineda, 2005; Pineda and Hecht, 2009), a ratio was used to
control for variability in absolute mu power as a result of individ-
ual differences such as scalp thickness, electrode placement, and
impedance, as opposed to differences in brain activity. Since ratio
data are typically non-normal, as a result of lower bounding, a
log transform was used for analysis. A log ratio of less than zero
indicates suppression, whereas a value of zero indicates no sup-
pression and a value greater than zero indicates enhancement.
Thus, we hypothesized that during baseline and rTMS over the Ver-
tex condition mu suppression would occur; whereas we expected
the mu suppression would not occur when the rTMS was applied
over the LIFG. Previous studies (Giromini et al., 2010; Pineda
et al., 2011; Porcelli et al., 2013) suggested that Mu suppression
tends to be even stronger at the beginning of the exposure time
than at the end. In fact, mu wave suppression occurred very early,
during the first seconds of exposition to the cards (before the ver-
bal articulation of the M response), and remained so for the entire
exposure time.
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