¢ Human Brain Mapping 00:000-000 (2011) ¢

Seeing Touch in the Somatosensory Cortex: ATMS
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Abstract: Recent studies suggest the existence of a visuo-tactile mirror system, comprising the primary
(SI) and secondary (SII) somatosensory cortices, which matches observed touch with felt touch. Here,
repetitive transcranial magnetic stimulation (rTMS) was used to determine whether SI or SII play a
functional role in the visual processing of tactile events. Healthy participants performed a visual dis-
crimination task with tactile stimuli (a finger touching a hand) and a control task (a finger moving
without touching). During both tasks, rTTMS was applied over either SI or SII, and to the occipital cor-
tex. rTMS over SI selectively reduced subject performance for interpreting whether a contralateral vis-
ual tactile stimulus contains a tactile event, whereas SII stimulation impaired visual processing
regardless of the tactile component. These findings provide evidence for a multimodal sensory-motor
system with mirror properties, where somatic and visual properties of action converge. SI, a cortical
area traditionally viewed as modality-specific, is selectively implicated in the visual processing of
touch. These results are in line with the existence of a sensory mirror system mediating the embodied
simulation concept. Hum Brain Mapp 00:000-000, 2011.  © 2011 Wiley-Liss, Inc.

Keywords: crossmodal; mirror neuron system; visual

rTMS; primary somatosensory cortex;

processing; tactile observation; sensorimotor

*

*

INTRODUCTION

Animal and human studies have provided extensive evi-
dence for the existence of neural circuits in the sensory-
motor system that are involved not only in the processing
our own body-related experiences but also in our observa-
tions of others” body-related events. This has been widely
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demonstrated by seminal experiments in the motor do-
main showing that the observation of actions performed
by other individuals activates frontal and parietal cortical
areas that are typically involved in one’s own action plan-
ning and execution, the so called “mirror neuron system”
[Avenanti et al., 2007; Avikainen et al., 2002; Buccino et al.,
2004; di Pellegrino et al., 1992; Fadiga et al., 1995, 2005;
Gallese et al., 1996; Gazzola et al., 2007a; Hari et al., 1998;
Tacoboni et al., 2005; Raos et al., 2004; Rizzolatti and Craigh-
ero, 2004; Rizzolatti et al., 1999, 2001; Rossi et al., 2002]. These
shared representations for action observation and execution
seem to play a pivotal role in the understanding and imitation
of action [Rizzolatti et al., 2001] as well as in understanding
others’ intentions [lacoboni and Dapretto, 2006; Iacoboni
etal., 2005].

Beyond the domain of action, other brain systems with
mirror properties have been described, including systems
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that are involved in both the observation as well as the ex-
perience of emotions [Carr et al., 2003; Wicker et al., 2003]
and of pain [Avenanti et al., 2005; Botvinick et al., 2005;
Jackson et al., 2005, Morrison et al., 2004; Singer et al,,
2004; Valeriani et al., 2008; Wicker et al., 2003].

More recently, empirical evidence from functional imag-
ing studies in humans has revealed the existence of a
visuo-tactile mirror system, which matches observed touch
with felt touch. For instance, Schaefer and colleagues have
demonstrated that viewing one’s index finger being
touched while receiving corresponding tactile stimulation
results in a different activation of the primary somatosen-
sory region that maps the index finger, as compared to
conditions with no visual stimulation [Schaefer et al., 2005]
or with asynchronous visuo-tactile stimulation [Schaefer
et al., 2006].

Even more intriguing is a report that the mere observa-
tion of touch automatically induces activation of the neu-
ral circuitry that is normally involved in our experience
of touch. In other words, the observation of another per-
son being touched activates both the primary (SI) and
secondary somatosensory cortices (SII) [Blakemore et al.,
2005; Schaefer et al., 2009]. These activations are somato-
topically organised, following the so called sensory
homunculus magnification in SI. As a result, observation
of a face being touched activates the corresponding
“face” area of SI, whereas observation of touch to the
neck does not [Blakemore et al., 2005]. Moreover, the lat-
eralisation of SI responses typically occurring when being
touched on one side of the body is also present when
observing a lateralised touch. Observation of touch to
one side of another person’s body produces contralateral
SI activation [Blakemore et al., 2005; Schaefer et al., 2009].
In related work, another group [Keysers et al., 2004] used
fMRI to show that seeing a touch activates SII, but not
SI, with comparable neural responses when watching a
human body part being touched (i.e., the legs) as well as
touching an object. It seems that, for visually induced ac-
tivity, SII does not differentiate what object is being
touched (animate or inanimate). Conversely, some differ-
entiation between seeing a human being touched versus
an object being touched does emerge at the level of SI
[Blakemore et al., 2005], where induced activity appears
to be correlated with the degree of perceived intentional-
ity of the observed touch [Ebisch et al., 2008]. Finally, the
mirror activations of SI and SII seem unrelated to possi-
ble attribution of the observed touch to oneself (egocen-
tric view) or to somebody else (allocentric view) [Keysers
et al., 2004; Schaefer et al., 2009]. Activation in SI appears
to be roughly independent of how easily the observed
touch events can be integrated into one’s own body
scheme; however, slightly different patterns of responses
in SI are associated with the two different viewpoints
[Schaefer et al., 2009].

Overall, current evidence points to the existence of a
visuo-tactile mirroring system in the context of touch ob-
servation. On a broader behavioural level, this system

may be involved in anticipating the effects of tactile stim-
ulation on our body from a feed-forward perspective, as
well as in understanding the effects of tactile stimulation
on other individuals as part of the broader neural circuitry
for embodied simulation [Gallese, 2005, 2007; Grafton,
2009].

To date, the significance of somatosensory activity dur-
ing the observation of touch remains unclear, as it is not
known whether SI or SII (or both) can process visual infor-
mation related to tactile events in a functionally relevant
way. In the case of neuroimaging studies, only correlations
between brain and behaviour are indicated, but it is
unknown whether those somatosensory areas are causally
involved in the visual processing of touch events.

From a neurophysiological point of view, researchers
have shown that the somatosensory cortices exhibit proper-
ties that are relevant for visual functions related to tactile
events. First, some SI neurons code for arbitrary visual-tac-
tile associations. Animal studies have shown that SI neurons
in monkeys may fire both in response to a tactile stimulus as
well as in response to a visual stimulus that may have previ-
ously been associated with the tactile stimulus [Zhou and
Fuster, 1997, 2000]. Therefore, it is probable that mirror acti-
vation of SI for touch events may involve a local SI mecha-
nism. Additionally, the caudal part of SI features
multimodal receptive fields and direct connections with the
posterior parietal cortex (PPC), which contains bimodal
visuo-tactile neurons [Bremmer et al., 2001; Duhamel et al.,
1998; Holmes and Spence, 2004; Maravita et al., 2003; Naka-
shita et al., 2008; Rizzolatti et al., 1997]. In addition, SI also
receives visual inputs from the more caudal parts of the
PPC [Iwamura, 2000]. Therefore, the connectivity between
these regions may indeed be associated with the activation
of SI when viewing touch events.

Furthermore SII, which receives inputs from the adjacent
SI region and also directly from the thalamus, is responsi-
ble for tactile integration and is involved in higher-level
somatosensory processing [Haggard, 2006; Iwamura,
1998]. Therefore, SII has access to primary signal codes
from the mechanoreceptors. Recent studies have also iden-
tified SII as a site of integration between somatosensory in-
formation and information from other sensory modalities,
such as vision [Avikainen et al., 2002; Bremmer et al.,
2001; Carlsson et al., 2000].

Taken together, this evidence suggests that both the SI
and SII cortices possess mechanisms that could potentially
code visually presented touches. Nevertheless, it remains
to be established whether these areas are essential for the
visual processing of touch in the human brain. In this
study, we sought to address this issue by means of Trans-
cranial Magnetic Stimulation (TMS). TMS allows research-
ers to investigate causality in the brain-behaviour
relationship, by temporarily interacting with the activity of
neurons in brain areas that are underneath the magnetic
field, which is administered by a coil positioned over the
scalp [Miniussi et al., 2009; Pascual-Leone et al., 2000].
One advantage of TMS over other neuroimaging methods
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is that TMS can be used to demonstrate that a brain region
is causally essential for performing a given task.

In our study, high frequency repetitive TMS (rTMS) was
applied over SI and SII during two tasks: a control visual
discrimination task and a visual discrimination task
involving tactile stimuli. As a control stimulation site, we
also stimulated the occipital cortex (VI). We predicted that,
if the somatosensory cortices selectively mediate visual
functions in the tactile domain, rTMS over these areas
would selectively interfere with the visual processing of
tactile events, but it would have no effect on visual per-
ception when the visual stimulus does not include a tactile
component.

MATERIALS AND METHODS
Participants

Ten healthy participants took part in two tasks: Touch
and No-Touch (10 right-handed subjects; 9 females and 1
male; mean age: 24 =+3). All participants gave written
informed consent. They were naive to the experimental
procedure and to the purpose of the study. Neither of the
participants had neurological, psychiatric, or other relevant
medical problems, nor any contraindication to TMS [Rossi
et al., 2009; Wassermann, 1998]. The protocol was carried
out in accordance with the ethical standards of the Decla-
ration of Helsinki (BM] 1991; 302: 1194) and was approved
by the ethical committee at the University of Milano-
Bicocca.

The Touch and No-Touch Tasks

During both tasks, participants sat at a distance of 45
cm in front of a PC monitor (Samsung SyncMaster
1200NF). Subjects were shown video-clips of the experi-
mental conditions, which were displayed on a dark screen
background with a luminance of 0.01 cd/ m?, exposure du-
ration was 60 ms. All video clips depicted the index fin-
gers of two hands, a left hand in the left hemifield and a
right hand in the right hemifield from an egocentric view,
at 15 degrees of eccentricity from the central fixation point
(see Fig. 1). During the video clips, only one index finger
moved downward along the vertical dimension for 0.9 cm
in the target trials, and for 0.45 cm in the catch trials. In
the Touch task, a left hand in the left side and a right
hand on the right side were presented below the fingers
(see Fig. 1A). Therefore, the target trials showed a hand
being touched by the index finger, whereas in the catch
trials the finger simply approached the hand, but did not
actually touch it. In the No-Touch task, no hands appeared
below the index fingers, and thus the video clips showed
only the left or right index finger moving downward to a
different extent, making an identical motion to both the
target trial and the catch trial of the Touch task (see Fig.
1B). Therefore, in both tasks, the moving visual stimulus

(i.e., the index finger) exhibited the same direction and
amount of motion (duration 60 ms) across the observed
actions’.

During the tasks, subjects were required to look at a cen-
tral fixation point. In the Touch task, subjects were asked to
press the spacebar on the keyboard to report whether the
visually presented moving finger had touched the hand
below (target trial), regardless of the side on which the stim-
ulus was presented, while refraining from pressing if the
finger simply approached the hand without touching it
(catch trial). During the No-Touch task, the participants
were asked to discriminate the distance of the finger’s move-
ment by pressing the response key (space bar) to report a
greater shift of the finger (in the target trial this meant
matching the extension of the movement of the touching fin-
ger of Touch task), and to refrain from responding to the
smaller shift (in the catch trial this meant matching the
extension of the movement of the catch trial from the Touch
task). In both tasks, subjects were required to respond as
quickly as possible to the target stimulus by pressing, with
their right index finger, the space bar of the keyboard.

For both tasks, 48 trials were presented: 12 target trials
and 12 target-absent trials for each stimulus side (left vs.
right hemifield). The inter-trial interval varied between 5
and 7 s, to prevent any TMS carry-over effects. The total
duration of each task was 10 min.

The sequence and timing of the video clips as well as
the TMS pulses were under computer control (E-prime
software, Psychology Software Tools, Inc., www.psycho-
toolbox.org) (see Fig. 1A).

TMS Protocol

During the TMS session for both tasks, TMS pulses were
delivered using a Super Rapid Transcranial Magnetic
Stimulator (Magstim, Whitland, UK www.magstim.com)
connected with a figure-of-eight coil (double 70 mm diam-
eter), which allowed focal cortical stimulation [Wasser-
mann et al., 2008].

Before the experiment, the individual motor threshold
(MT) at rest was determined for each participant by stimu-
lating the hand area of the right motor cortex (MI). MT
was defined as the minimum intensity that elicited detect-
able motor twitches in the digits of the resting left hand,
i.e., a visible contraction during at least 3 of 6 consecutive
single TMS pulses. The mean (+ Standard Deviation, SD)
MT was 55% (£10%) of the maximal output of the
stimulator.

The parameter determination for the behavioural tasks was guided
by a series of preliminary behavioural experiments, not described
here, in which we systematically change the size of the hand, the du-
ration of the visual stimulus, the amount of the index finger’s move-
ment, and the direction of the movement, in order to opportunely
increase the difficulty of the task and to obtain a mean performance
accuracy of at least 90% in both tasks. Specifically, ten different tasks
were used, administered to a total of 28 subjects (mean age 25, +1.5).
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Figure 1.

Schematic representation of the experimental tasks. Upper pan-
els depict the types of stimuli used in the Touch Task (A) and in
the No-Touch Task (B). The target trial is shown on the left and
the catch trial is shown on the right. The white lines represent
the starting point of the moving hand and the white arrows indi-
cate the direction of the movement and the different amplitudes
in the target and catch trials. In both tasks, the visual stimuli
(video clips of the moving index finger) exhibited identical
motion duration (60 ms) and amplitude across the observed
actions. C: Sequence of events in the rTMS session. Each trial
started with the presentation of a central fixation cross. After a
delay (>5 sec) the video clip started (60 ms of duration). At the

onset of the clip, rTMS (13 Hz, three TMS pulses at 0, 75, 150
ms after stimulus onset) was delivered over one of the targeted
areas (i.e., right hemisphere S, Sll, or VI). In the Touch Task,
subjects were asked to indicate by pressing the response key
whether the moving finger touched the hand below (target
trial), while refraining from pressing if the finger approached the
hand, but did not touch it (catch trial). In the No-Touch Task,
subjects were asked to discriminate the range of the finger’s
movement by pressing the response key to report the greater
drop of the finger (target trial), and to refrain from responding
to the smaller drop (catch trial).
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In both tasks, the cortical areas targeted for stimulation
were SI, SII, and VI in the right hemisphere. The appropriate
location for stimulating the SI hand area was identified for
each subject as the site at which tactile extinction (i.e., failure
to detect the contralateral stimulus when both hands are
stimulated), or paraesthesia, could be most readily obtained
(see below). Before beginning the experimental trials, the coil
was moved approximately 2-4 cm posterior to the motor hot-
spot, until no detectable motor twitches occurred. Subsequent
to confirming that this location was within the SI hand area,
the subject performed a tactile detection task while single TMS
pulses were delivered [Avenanti et al., 2007; Bolognini and
Maravita, 2007; Fiorio and Haggard, 2005; Harris et al., 2002].
By moving the coil between trials, we were able to determine
the position and orientation of the coil at which the TMS most
reliably interfered with the tactile detection task.

Custom-made electromagnetic solenoids (Heijo electron-
ics, UK, www.heijo.com) attached to the participants’
index fingers were used to deliver the tactile stimulations.
Each subject was asked whether he or she felt a tactile
stimulus on the left finger, right finger, or both fingers (10
trials for each stimulus location, plus 10 catch trials during
which no tactile stimulus was presented). For each trial, a
single TMS pulse, at 110% of MT intensity, was presented
exactly 20 ms after the tactile stimulus, at which time we
predicted it might disrupt tactile detection [Cohen et al.,
1991; Harris et al., 2002]. During TMS stimulation, almost
every subject reported paraesthesia to the contralateral
(left) hand. Seven subjects out of ten reported a deficit in
detecting the contralateral-left tactile stimulus; the mean
percentage of unfelt left stimuli during bilateral stimula-
tion was 19%. These data provide independent confirma-
tion that the scalp position chosen for the experiment was
indeed over the somatosensory hand area.

The stimulation location corresponding to SII was local-
ised 2.5 cm anterior and 6.5 cm superior to the preauricu-
lar point, in accord with previous TMS studies [Harris
et al., 2002; Kanda et al., 2003]. Finally, the stimulation
location corresponding to VI was 2 cm dorsal and 0.6 cm
lateral to the calcarine sulcus, which corresponds to the
primary visual cortex [Bolognini and Maravita, 2007; Fer-
nandez et al., 2002].

Additionally, to check for mislocalisation, we also local-
ised the targeted areas using the SofTaxic Evolution Naviga-
tor system (E.M.S., Bologna, Italy, www.emsmedical.net).
This system allows for the reconstruction of the cerebral cor-
tex in Talairach coordinates, with a mean error of 2.11 mm,
and a standard deviation of 2.04 mm, on the basis of digi-
tised skull landmarks (nasion, inion, and two pre-auricular
points) as well as 50 additional, uniformly distributed points
that are mapped on the scalp via a graphic user interface
and a 3D optical digitiser (NDI, Polaris Vicra). An estima-
tion of the single subject’s cerebral volume is automatically
calculated by means of a warping procedure, through the
use of a generic MRI volume (template) on the basis of a set
of points digitised from the subject’s scalp. Following this
procedure, we further checked, for each subject, the Talair-

ach coordinates [Talairach and Tournoux, 1988] of the tar-
geted areas, previously localised through functional and/or
anatomical procedures.

After localising each area over the scalp, the coil was
positioned on the appropriate stimulation site during each
experimental session and was supported as well as held in
place by a mechanical device.

During the rTMS sessions, rTMS was delivered as a train
of three pulses at a frequency of 13 Hz (i.e., at 0-75-150 ms
with respect to the onset of the video clip, i.e., moving
hand). Such time interval and stimulation parameters were
chosen on the basis of previous experiments and ensured
that the critical period of sensory processing was covered by
TMS [Walsh and Rushworth, 1999; Wassermann et al.,
2008]. In particular, we take into account the chronometry of
tactile processing in SI [Cohen et al., 1991] and that of visual
processing in VI, as shown by previous TMS studies [Amas-
sian et al., 1989; Breitmeyer et al., 2004; Kammer, 2007].

The stimulus intensity used during all the experimental
session was set at 110% of the individual MT. These pa-
rameters are consistent with safety recommendations for
rTMS [Rossi et al., 2009] (see Fig. 1C). Participants toler-
ated the rTMS well and did not report any adverse effects.

Experimental Procedures

Throughout the experiment, subjects were comfortably
seated in an armchair, in a quiet, dimly illuminated room.
The experiment comprised five sessions for each of the two
tasks: a training session and four experimental sessions. A
training session always preceded the experimental protocol
and allowed participants to become familiar with the task.
Verbal feedback was given concerning the subject’s per-
formance after each trial during the training phase only.

The experimental sessions consisted of a baseline ses-
sion, during which no rTMS stimuli were delivered, fol-
lowed by the three rTMS sessions (i.e., SI-r'TMS, SII-rTMS,
and VI-r'TMS). The order of the two tasks and that of the
four experimental sessions for each task was counterbal-
anced across participants, and performed in two different
days, to avoid any carry over effects.

The duration of every session was approximately 10
min, and consequently the entire procedure for each task
lasted about 2 h per subject. Between the sessions, subjects
were allowed to rest and enjoy light refreshments.

Statistical Analysis

Statistical analysis was performed using Statistica for
Windows, release 6.0 (StatSoft). A first analysis was con-
ducted on the mean percentage of errors (target omissions
plus incorrect responses to the catch trials, i.e., false
alarms) through a repeated-measures Analysis of Variance
ANOVA with Task (Touch vs. No-Touch), Session (Base-
line, SI-rTMS, SI-rTMS, VI-rTMS), and Side (Left- vs.
Right-sided stimuli, i.e., contralateral and ipsilateral to the
TMS side) as the main factors (see Table I for the outcome
of the main analysis).
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TABLE I. F, P-level, and pnz values from ANOVAs of the
main output (% of errors, d, and c values)

Factors (df) F  P-level pn?

Errors (%) Task (1,9) 096 0.35 0.10
Session (3,27) 3.86 0.02 0.30

Side (1,9) 073 042 0.08

Task x session (3,27) 024 087 0.03

Task x side (1,9) 021 0.65 0.02

Session x side (3,27) 036 0.79 0.04

Task x session x side (3,27) 0.43 0.74 0.05

Perceptual Task (1,9) 046 051 0.05
sensitivity (d') Session (3,27) 3.48 0.03" 028
Side (1,9) 023 0.65 0.02

Task x session (3,27) 0.66 0.58 0.07

Task x side (1,9) 1.64 023 0.15

Session x side (3,27) 023 0.88 0.02

Task x session x side (3,27) 4.15 0.02° 0.32

Response Task (1,9) 12.22 0.01° 0.58
criterion (c) Session (3,27) 430 0.01" 0.32
Side (1,9) 0.09 0.77 0.01

Task x session (3,27) 0.62 0.61 0.06

Task x side (1.9) 0.04 0.85 0.00

Session x side (3,27) 024 0.87 0.03

Task x session x side (3,27) 0.11 095 0.01

“Indicates a significant effect.

In addition, to separate genuine rTMS effects on percep-
tual sensitivity from changes in the response criterion, we
then computed psychophysical indices derived from Signal
Detection Theory [Green and Swets, 1966]. This is a particu-
larly relevant issue in the present context, given our concern
that the online rTMS delivered during the tasks might have
impacted the response accuracy by simply biasing the
response criterion adopted by subjects. In this respect, the
use of a rigorous psychophysical approach allows us to dis-
cern the stimulus-related (i.e., perceptual sensitivity, d') and
subject-related (i.e., response bias, c¢) rTMS influences on vis-
ual performance [Green and Swets, 1966]. Here changes in
sensitivity (4’ values) and in the response criterion (c values)
were quantified for every experimental condition. Analyses
of sensitivity and response bias were also performed via a
two (Task) by four (Session) by two (Side) ANOVA. When
appropriate, pairwise comparisons were calculated using
the Newman-Keuls test.

Finally, we measured the effect size in the ANOVAs, by
calculating the partial Eta Squared (pn?®), which measures
the degree of association between an effect and the de-
pendent variable, namely the proportion of the total var-
iance that is attributable to a main factor or to an
interaction [Cohen, 1973].

RESULTS
Errors

The ANOVA results revealed a significant main effect
only of the factor Session (Fsz,; = 3.86, P < 0.02, pnz =

0.30), because errors increased when rTMS was delivered
to SII (20%, P < 0.03) as compared to all the other experi-
mental sessions: Baseline = 15%, SI-rTMS = 14%, VI-rTMS
= 15% (see Fig. 2A). No other significant effects were
found (see Table I).

Signal Detection Measures

The analysis of sensitivity (d') showed a significant main
effect of Session (F3,; = 3.48, P < 0.03, an = 0.28), with a
significant difference only between the Baseline (3.08) and
SIH-rTMS (2.54, P < 0.02) (SI-TMS = 2.78, P = 0.2; VI-
rTMS = 2.79, P = 0.09 as compared to the Baseline) (see
Fig. 2B and Table I).

Of major interest was the significant interaction of Task
by Session by Side (Fs,; = 4.15, P < 0.02, pn*> = 0.32)
which highlighted the highly specific effect of the rTMS in-
terference” (see Table I and Fig. 2C). To explore this inter-
action, we then conducted (i.e., SI, SII, VI) separate 3-way
ANOVAs for each stimulated area, with Task (Touch vs.
No-Touch), Session (Baseline vs. rTMS), and Side (Left- vs.
Right-sided stimuli) as the main factors. Only the ANOVA
for SI-rTMS showed again a significant triple interaction
(F1,9 = 4.88, P < 0.05), which highlighted a selective decre-
ment of perceptual sensitivity in the Touch task; crucially,
this disruptive effect was specific for the processing of
contralateral, left-sided visual stimuli depicting touches
(2.23), as compared to left touching stimuli in the Baseline
(3.36, P < 0.02). Only in the SI-rTMS session, a significant
difference between left and right stimuli in the Touch task
(P < 0.05) and between left touching stimuli and left no-
touching stimuli (3.29, P < 0.03) emerged. Instead, sensi-
tivity for left and right stimuli did not differ in the No-
Touch task in the SI-rTMS session (P > 0.07) and between
these two last conditions and those of the baseline (P >
0.07) (see Fig. 2C). For SII-trTMS there was only a main
effect of Session (F;9 = 5.38, P < 0.05), indicating a signifi-
cant difference between SII condition and the Baseline irre-
spective of side or task, whereas for VI-tTMS no effect
reach significance (P > 0.2).

We further explore the effects of rTMS to SI via a 2
(Task) x 2 (Side) ANOVA, comparing only the sensitivity
in the two SI-rTMS sessions: the results showed only a sig-
nificant Task by Side interaction (F;o = 8.19, P < 0.01),
showing again a decrement of sensitivity for left-sided
touching stimuli during SI stimulation, which was signifi-
cantly different from the sensitivity for right-sided touch-
ing stimuli and left-sided no-touching stimuli (P < 0.05);
instead, sensitivity for left and right stimuli did not signifi-
cantly change in the No-Touch task during SI disruption
(P =0.1).

The pairwise test exploring directly the significant Task x Session x
Side interaction highlighted the task-specificity and lateralization of
the effect of SItTMS, showing only a significant difference between
the Baseline and SI-rTMS limited to the processing of contralateral,
left-sided visual stimuli depicting touches (P < 0.05). No other signif-
icant difference emerged (P > 0.1 for all comparisons).
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Figure 2.

rTMS Effects on behaviour. A and B: Panels describe the main
effect of Session, showing the mean values in each experimental
session for the percentages of errors (F = 3.86, P < 0.02) (A),
the perceptual sensitivity (F = 3.48, P < 0.03) (B). C: The graph
describes the Task by Session by Side Interaction (F = 4.15, P <
0.02), showing the selective decrement of sensitivity induced by
rTMS over Sl for contralateral (left-sided) visual stimuli depicting

Finally, the analysis of response bias (c) showed a main
effect of Task (Fyo = 12.22, P < 0.01, pnz = 0.58), with sig-
nificantly lower c¢ values for the Touch Task (0.25) as com-
pared to the No-Touch task (0.60). This decrease in

touch events. White bars represent the Baseline, blacks bars
represent the effects of rTMS over SI (SI-rTMS session), grey
bars represent the effects of rTMS over Sll (SIl-rTMS session),
grey and black bars represent the effects of rTMS over VI (VI-
rTMS session). Asterisks indicate a significant rTMS effect. Error
bars depict standard errors.

criterion value reflects a more liberal response criterion,
with subjects more likely to report the target stimulus. A
significant main effect of Session was also found (F3,; =
430, P < 0.01, pn*> = 0.32), again showing a significant
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decrease of the response criterion in the VI-rTMS session
(0.23), as compared only to the Baseline (0.68, P < 0.01). A
marginally significant difference was found between the
Baseline and SII-rTMS (042, P = 0.056) and, to a lesser
extent, with respect to SI-rTMS (0.38, P = 0.07). Other
effects did not reach significance (see Table I).

DISCUSSION

This study investigated the causal involvement of the
human somatosensory cortices, SI and SII, in the visual
processing of touch events. A growing body of brain imag-
ing evidence supports the existence of a somatosensory mir-
ror neuron system in the human brain that links observed
and felt touch. Here we uncover the first evidence that SI
and SII are activated as a result of visual input, namely dur-
ing observation a human body being touched.

The more critical and original result of this study is the
selective impairment of visual processing of touch due to
the disruption of SI activity. Indeed, SI-rTMS selectively
reduced visual perceptual sensitivity (i.e., decreased 4’ val-
ues) for detecting contralateral visual events comprising a
tactile component. The interference of SI was selective in
two ways: it was specific for the task, namely for discrimi-
nation of a hand being touched by an approaching finger
(Touch Task), as well as for the side of the touching stim-
uli, as it affected only the perception of the contralateral
(left-sided) touch stimuli. Moreover, the rTMS effect was
evident only at the perceptual level, as no significant
change in the response criterion or in the error rate was
apparent in the SI-rTMS session.

The second finding was that rTMS over SII induced a
nonspecific impairment in detecting visual stimuli depict-
ing hand movements. This effect occurred regardless of
the experimental task (Touch and No-Touch) or the stimu-
lated visual hemifield (i.e., ipsilateral or contralateral to
the site of rTMS). More specifically, rTMS over SII signifi-
cantly reduced the net accuracy when subjects had to
detect whether a left- or right-sided hand was touched by
an approaching finger (Touch Task). In addition, rTMS
over SII impaired participants’ ability to discriminate the
width of a finger'’s movement when touch was absent
(No-Touch Task). Across all conditions, this impairment of
accuracy was accompanied by a significant decrement in
perceptual sensitivity (i.e., lower d’ values) and by a nearly
significant response bias (i.e., lower c values). This post-
perceptual effect reflects a change in the response criterion
adopted by subjects during SII-rTMS.

Finally, with respect to VI-rTMS (i.e., the control stimula-
tion site), this occipital stimulation affected a postperceptual
level of visual processing, and induced a robust and reliable
response bias in every experimental condition, regardless of
experimental task or stimulus side. Although occipital TMS
typically induces a visual suppression in perceptual tasks
[Amassian et al., 1989], we did not identify any significant
impairment of visual perception in the current VI-rTMS ses-
sion (although an overall decrement of perceptual sensitiv-

ity was highly consistent across all the VI-r'TMS sessions). It
is noteworthy that in both of our tasks the visual stimuli
depicted a moving hand; human actions with implied
motion are preferentially processed by the visual motion
area V5/MT, rather than by VI [Proverbio et al., 2009].

Returning to our key finding regarding the stimulation
of SI, our results indicate that SI, but not SII, is causally
and specifically related to the processing of observed
touch. Indeed, SI-'TMS selectively degrades visual proc-
essing of contralateral stimuli depicting touch at the per-
ceptual level, an effect that was both task- and spatially
specific. This effect is in line with most of the neuroimag-
ing studies of the somatosensory mirror system, demon-
strating a preferential activation of SI when viewing a
human touch, as compared to a no-touch condition [Schae-
fer et al.,, 2005] or to the view of an object being touched
[Blakemore et al., 2005]. Moreover, the hemispheric lateral-
isation in SI that occurred when being touched on one
side is also present when observing touch events involving
the same side [Blakemore et al., 2005; Schaefer et al., 2009];
this is broadly consistent with our finding of a contralat-
eral visual impairment for the sight of a hand being
touched during unilateral SI-rTMS.

Of particular interest, during the Touch Task, the
touched hand was viewed from an egocentric perspective,
while the touching finger was viewed from an allocentric
view, as if reproducing a touch from another person to the
observer’s own hand. This egocentric perspective for the
hand being touched should maximise the attribution of
the observed touch to the observer’s own body, allowing
integration of the touch into the participant’s own body
schema. In other words, the egocentric view of the hand
being touched may induce in the observer a self-attribu-
tion of being touched. In this regard, it is interesting that
only SI suggests a differential response to egocentric ver-
sus non-egocentric body contact [Schaefer et al., 2009].
Ebisch et al. [2008] found a significant difference in SI, but
not in SII, between the sight of intentional touch (by a
human hand), compared to accidental touch involving an
object (i.e., a tree branch). In particular, the activation in SI
correlated positively with the degree of intentionality of
the observed touch as rated by the observers. This finding
led to the proposal that the mirror activity in SI might spe-
cifically reflect an automatic simulation of the propriocep-
tive aspects of the observed touch when intentionality is
assumed by the observer [Ebisch et al., 2008]. Given this
perspective, understanding an observed touch may be
mediated by embodied simulation [Gallese 2005, 2006)
through a visuo-tactile mirroring system, where SI plays
the pivotal role whenever the observed touch is perceived
as intentional [Ebisch et al., 2008] or, with respect to our
finding, when the observed touch is attributed to the
observer’s own body.

Direct evidence for a causal role of human SI in visuo-
tactile processing related to the body was recently pro-
vided by Fiorio and Haggard [2005] with respect to the
“Visual Enhancement of Touch” (VET), i.e.,, enhancement
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of tactile processing induced by viewing the body [Kennett
et al.,, 2001; Press et al., 2004; Taylor-Clarke et al., 2002].
The authors showed that the VET can be reduced through
the use of TMS over SI, but not SII. This suggests that
observing the body may act at an early stage in stimulus
elaboration and perception, allowing for an anticipatory
tuning of the SI neural circuits that underlie tactile proc-
essing [Fiorio and Haggard, 2005]. In addition to that
study, we show here that SI can process visually presented
touches even when concurrent tactile stimulation is not
present, suggesting the existence of some form of purely
visual processing in SI. In this context, our study provides
novel evidence for a crossmodal role of SI in the visual
perception of tactile events.

Beyond the evidence for a crossmodal role of SI, imag-
ing studies have also showed that SI might have mirror
proprieties. Action observation and execution increases
neural activity in both motor and somatosensory areas
[Rizzolatti and Craighero, 2004]. Crucially, making the per-
ceived action painful or more salient from a tactile or pro-
prioceptive point of view causes an increase of the activity
in SI [Avenanti et al., 2007; Betti et al., 2009; Bufalari et al.,
2007; Costantini et al., 2005]. A recent study [Avenanti
et al., 2007] demonstrated that TMS over SI selectively
reduced the typical corticospinal mapping of biomechani-
cally impossible movements [Fadiga et al., 1995, 2005;
Romani et al., 2005], which were associated with aversive
somatic feelings, without impacting mirror responses to
possible movements that did not evoke somatic feelings in
the observer. Modulation of SI activity that is contingent
upon observation of others’” pain has also been described
[Betti et al., 2009; Bufalari et al., 2007]. Therefore, it seems
that the mirror function of SI is that of preferentially
encoding the somatic component of action simulation.

Worth mentioning, a recent study showed that transcra-
nial direct current stimulation (tDCS) delivered to the dorso-
lateral prefrontal cortex, but not to the sensori-motor cortex,
can modulate the feelings of unpleasantness and discom-
fort/pain during the observation of aversive images depict-
ing humans in pain [Boggio et al.,, 2009]. However, that
tDCS experiment does not distinguish the effect of viewing
touching or no-touching images and the authors used static
images instead of dynamic actions; these differences may
account for the lack of efficacy of tDCS over the sensorimo-
tor cortex for the modulation of emotional processing.

Finally, the contralateral effect of SI+TMS during visual
processing of touch events is also in line with the proper-
ties of the mirror neurons system, since each hemisphere
is more strongly activated when viewing actions con-
ducted by a model’s contralateral hand than when viewing
actions conducted by an ipsilateral hand [Aziz-Zadeh
et al., 2002]. Moreover, since the left hemifield stimuli
depicted an egocentrically viewed left hand being touched,
touching stimuli to a visually presented left hand would
be the most adequate to induce a mirror activation of the
contralateral right SI. In this view, our side-specific TMS
effect might suggest a “resonance” with the experience of

the person being touched but also with the tactile sensa-
tion of the observer’s own left hand being touched. Our
setup does not allow to discern whether it is the occur-
rence of the contralateral left-sided hand or the occurrence
of a left hand in egocentric perspective that is related to
the SI effect; additional experiments would be required to
differentiate these two accounts.

With respect to SII-r'TMS effects, we found a significant
perceptual impairment for detecting stimuli depicting a
moving hand, regardless of the presence of a tactile compo-
nent and the side (ipsilateral or contralateral) of the stimu-
lus. Therefore, in contrast with SI activity, SII activity
appears not to be specific for the visual perception of
touches. This result is not entirely unexpected in the face of
fMRI reports of SII recruitment during the observation of
actions performed by other individuals. As mentioned
above, a simultaneous motor as well as somatosensory map-
ping of actions takes place in the parietal node of the mirror
motor system [Avikainen et al., 2002; Costantini et al., 2005;
Gazzola and Keysers, 2009; Grezes et al., 2003]. Most impor-
tant for the present study, the somatic components of
observed actions are encoded primarily in parietal areas,
including SII, rather than in the frontal node of the mirror
system [Avenanti et al., 2007; Avikainen et al., 2002; Gazzola
and Keysers, 2009; Gazzola et al., 2007b; Grezes et al., 2003;
Hari et al., 1998]. In both of our tasks (i.e., Touch and No-
Touch), the video clips always depicted a moving hand. In
this context, our nonspecific SII effect would reflect an asso-
ciative visuo-kinaesthetic function evoked by the perception
of human hand movements in the video clips, regardless of
the sight of touch. Finally, bilateral activation of SII occurred
during both the sight of touch as well as during action ob-
servation [Avikainen et al.,, 2002; Blakemore et al., 2005;
Ebisch et al., 2008; Keysers et al., 2004], which is consistent
with our observation of a bilateral impairment induced by
SII-r'TMS and with the existence of the bilateral receptive
fields of SII cells [Iwamura, 1998, 2000]. Nevertheless a note
of caution is needed in interpreting the SII results: since, in
the human brain, SII is located deep in the lateral sulcus, its
localization and the efficacy of TMS in reaching this area
might be problematic.

Our findings provide further evidence for a mirror system
for sensory observation, while clarifying the functional sig-
nificance of the cortical somatosensory activations that sub-
serve the ability to process the sight of touch. The primary
and secondary sensory cortices appear to both be part of a
multimodal sensory-motor system with mirror properties,
where somatic and visual properties of action converge.
However, only SI, which is primarily involved in the experi-
ence of the sense of touch, appears to be selectively impli-
cated in the visual processing of the human body part being
touched. The visuo-tactile mirroring mechanism of SI might
reflect a specific mechanism for the simulation of somato-
sensory aspects related to the sight of touch delivered to a
human body. By matching observed and felt touch, this area
contributes to our capacity to understand the effect of tactile
stimulation on another person, perhaps allowing us to more
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easily “resonate” with the body-related experiences of the
touched person.
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