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Abstract The parietal lobes contribute to body-space
representation. The present work aims at characterizing
the functional role of the inferior parietal lobe in body-
space representation and at studying the different roles of
the angular gyrus in the right and left hemisphere. We con-
ducted three separate transcranial direct current stimula-
tion (tDCS) experiments using “tactile distance task™ as an
implicit measure of body representation. Whereas anodal
tDCS on the right angular gyrus influences vocal reaction
times (VRT) for stimuli delivered on the ipsilateral body
parts without changes of accuracy, right tDCS improved
both VRT and accuracy for tactile stimuli on the contralat-
eral limbs. Sham or left parietal anodal tDCS had no effect.
These evidences support the view that right parietal areas
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have a crucial role in the metric component of the body
representation.
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Introduction

We are constantly requested to process information in
the environment regarding the position of all objects sur-
rounding our body and our body itself. A theoretical frame-
work that well describe the relations between the sense of
touch and the body has been proposed by Serino and Hag-
gard (2010). The authors describe an analytical model in
which tactile afferent information can either be influenced
by, or have influence upon a mental body representations
(MBRs). Following the authors’ model, four separate pro-
cesses are necessary to link the physical body, the sense of
touch, and the mental representation of one’s own body: (1)
The physical body organizes tactile sensations, (2) Tactile
sensations contribute to a mental MBR, (3) MBRs recip-
rocally influence primary tactile processing, and (4) MBRs
mediate the formation of object representation from pri-
mary tactile sensations.

This latter process seems particularly important when-
ever one is asked to consider the intrinsic properties of a
given object touching the skin. For example, it has been
shown that altering the visual experience of the body alters
perceived tactile distances (Cardini et al. 2012; Longo
et al. 2008; Taylor-Clarke et al. 2004): This evidence is
interpreted as the brain attempt to preserve tactile size con-
stancy by rescaling the primary, distorted body-surface rep-
resentation into object-centered space according to visual
experience of the body. A further study by de Vignemont
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et al. (2005) developed this issue showing that propriocep-
tion, as well as vision, plays a role in the formation of a
MBR mediating tactile distance judgement. The authors
also showed that the MBR used for body referencing of
touch is not only a memorized body template stored in
long-term memory, but also is updated online to integrate
current sensory information. From this perspective, Serino
and Haggard (2010) claimed that tactile perceptions are
always referenced to the body, even if the content of the
perception is an external object.

The right parietal lobe contributes to body representation
in several ways. Tsakiris et al. (2008) used TMS to show
that the right temporal parietal junction (rTPJ) supports an
internal model of the body. They suggested that the internal
model of the body acts as a stored template against which
novel stimuli are compared, allowing the maintenance of a
basic sense of embodied self. Various functional magnetic
resonance imaging (fMRI) studies investigated the proper-
ties of the parietal lobe in processing body information (see
Corradi-Dell’ Acqua et al. 2008; Pellijeff et al. 2006). Par-
kinson et al. (2010) showed that the superior parietal lobule
(SPL) maintains an up-to-date estimate of the current pos-
tural configuration of the part of the body that is used dur-
ing the planning and the execution of a reaching movement.
Dijkerman and de Haan (2007) described a model that
specifies separable functional entities for somatosensory
processing subserving perception and action. The authors
propose that action-related processing occurs mainly in the
posterior parietal cortex (PPC), whereas recognition and
perception involve the insula, as well as the PPC. Relevant
to our issue, this model also distinguishes between soma-
tosensory processing about the body (where you have been
touched) and about external stimuli (e.g., surface features
of objects). On the basis of neurophysiological and human
lesions studies, Dijkerman and de Haan suggested a key
role of PPC in the metric aspects of the body, such as its
spatial configuration and size, whereas the insula is more
concerned with higher order somatosensory processing of
the body that is either related to a sense of ownership or to
emotional experience.

The importance of the parietal lobe in dealing with the
localization of somatic stimuli on the skin was previously
highlighted by Van Boven et al. (2005). Authors described
two areas selectively involved in a grating orientation task
(stimulus orientation) and in a simple tactile localization
task (stimulus location). In contrast to grating orientation
which specifically activates IPL, tactile localization prefer-
entially engages the TPJ.

In this study, we will focus on the metric component of
the MBR.

Specifically, we refer to the concept of metric compo-
nent of body representation as one of the functions that the
somatoperception uses to form a model of body size and
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shape (see Longo et al. 2010). Moreover, in a previous
work (Spitoni et al. 2010), we argued that the right angular
gyrus may house the process of body referencing of tactile
inputs that is required to compare the tactile distance across
different body part. Among this frame of evidences, we
used the term metric component of body representation to
describe a selective component of the body representation
used to process tactile distances discrimination.

Despite a rich description of the functional properties of
the parietal areas in dealing with body representations, little
is known about the neural basis of the specific metric com-
ponent of body representation. In a previous work (Spitoni
et al. 2010), we pointed out the importance of parietal struc-
tures in dealing with the perception of the metric compo-
nent of MBR. In that study, subjects were stimulated with
pairs of wooden cylinders separated by a variable distance
and attached to nylon filaments of variable length and had
to evaluate either the distance between the two cylinders
(distance task) or the amount of skin deformation generated
by the touch (contact task). The distance but not the contact
task implicitly required to access a stored metric representa-
tion of the touched body part. Results showed that, while
both tasks bilaterally activated parietal and frontal areas,
only the evaluation of distances on the body surface acti-
vated the angular gyrus and the temporo-parieto-occipital
junction in the right hemisphere. Our conclusion was that
the right angular gyrus, together with other cortical sensory
modalities such as proprioception, plays a key role in the
metric tactile perception by linking touched locations on the
skin to an internal representation of body parts.

The specific role of the inferior and posterior part of the
parietal lobe and the asymmetry between the left and right
areas in controlling the metric component of body percep-
tion have not been reported by other studies; it is important
to verify this finding using a different technique. Transcra-
nial direct current stimulation (tDCS) allows a direct com-
parison of the effect of the stimulating areas of interest,
while the subjects are performing a tactile distance task on
the skin of their body.

We delivered tactile stimulations to the left and right
limbs and hypothesized that anodal stimulation of the
crucial right parietal areas would improve behavioral
responses in the same metric distance task that we used in
the fMRI study previously described (Spitoni et al. 2010),
while anodal stimulation of the same parietal regions in left
hemisphere would not enhance subjects’ performance in
the same way.

Three separate and consecutive experiments were
planned. The first aimed at testing the effectiveness of tDCS
on a tactile distance discrimination task. It has been known
from the previous literature that anodal tDCS applied to the
primary somatosensory cortex (S1) improves performance
in tactile discriminative tasks only in the parts of the body
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contralateral to the site of stimulation (Ragert et al. 2008).
To our knowledge, no data are available on the actual effi-
cacy of tDCS on higher order tactile tasks such as distance/
metric discrimination tasks. The second study tested the
lateralization hypothesis, that is, the effect of anodal tDCS
on the right versus the left angular gyrus. The third dealt
with the effect of anodal tDCS on the right side tested over
the ipsilateral versus the contralateral arms.

Since several studies agreed on the facilitative effect
of anodal tDCS on cognitive tasks but not on the regu-
lar suppressive effect of cathodal stimulation (see Val-
lar and Bolognini 2011), we decided to focus on anodal
stimulation.

Finally, we investigated the possible change of the
effects in the time window of stimulations. To this aim, dif-
ferent epochs of stimulations session of Experiments 2 and
3 were considered.

Experiment 1

The experimental paradigm was an adaptation of the fMRI
study by Spitoni et al. (2010). Two pairs of tactile stimuli
were rapidly delivered in close succession on two distinct
body locations. Subjects concentrated on the body dis-
tance subtended by the two items in each pair and judged in
which pair the distance was longer.

We used a mixed design with stimulation type (anodal or
sham) as a between-subject factor, and time (before or after
stimulation) and difficulty (easy or difficult) as within-sub-
ject factors.

Methods
Farticipants

There were 13 subjects (8 males) in the anodal group
(mean age 26.2, mean handedness score 95), and 9 subjects
(4 males) in the sham group (mean age 27, mean handed-
ness 95—Edinburgh Inventory, Oldfield 1971; Salmaso
and Longoni 1985). The experiment was approved by the
Research Ethics Committee of Bar-Ilan University.

Stimuli and task

The protocol was similar to that used in fMRI study by Spi-
toni et al. (2010). Stimuli were two sets of 5 perspex inverted
U-shaped (see Fig. 1) objects, in which the distance between
the two touching ends varied from 5 to 9 cm. In each trial,
participants were manually stimulated first on the left forearm
and 1 s later on the left thigh and judged which tactile stimu-
lus was longer (distance task). Either the first or the second
stimulus was a standard stimulus (distance = 7 cm), while the

Fig.1 Stimulus used in the tactile distance task for Experiment 1
(manual stimulation)

other one was either longer or shorter. There were 48 trials
in total, in a pseudo-randomized and pre-ordered sequence,
balanced for the location of the standard stimulus (forearm or
thigh), the location of the longer stimulus (forearm or thigh),
and difficulty (easy or difficult). Easy trials were those where
the two stimuli differed by 2 cm (i.e., the nonstandard stimu-
lus was 5 or 9 cm long); difficult trials were those where the
two stimuli differed by 1 cm (i.e., the nonstandard stimulus
was 6 or 8 cm long). Subjects were instructed to respond
vocally, by saying “arm” or “thigh” aloud, as fast and as
accurately as possible. Vocal reaction times (VRTs) and accu-
racy were recorded by a custom made script.

tDCS protocol

A direct current of 1 mA (10 min) was induced by two
saline-soaked surface sponge electrodes (7 x 4.5 cm) and
delivered by a battery-driven, constant-current stimulator
(Rolf Schneider Electronics, Germany). Previous studies
have reported that this stimulation intensity is safe to use in
healthy volunteers (Brunoni et al. 2012). In the stimulation
sessions, current increased in ramp-like fashion from 0 to
1 mA at the onset of stimulation, eliciting a transient tin-
gling sensation on the scalp (Hummel et al. 2005). Fifteen
minutes after the onset of tDCS anodal or sham sessions
the current was turned off slowly over a few seconds. In the
sham group, the current turned off after 30 s.

Each participant performed the distance task once (pre-
stimulation); then, he was stimulated over the right angular
gyrus in one of the two stimulation conditions (anodal or
sham) and then performed the distance task again (post-
stimulation). The anodal electrode was placed over the
right angular gyrus and the cathodal electrode over the left
orbitofrontal cortex. Localization was established using
the 10-20 EEG technique, and the right angular gyrus was
marked over P4 (Fuggetta et al. 2006).
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Results

Accuracy and vRTs are shown in Fig. 2a, b. A mixed-
design analysis of variance (ANOVA) was conducted, with
stimulation type (anodal and sham) as the between-subject
factor and time (pre-stimulation, post-stimulation) and dif-
ficulty (short or long distance) as the within-subjects fac-
tors. Bonferroni post hoc tests corrected for multiple com-
parisons (p < 0.05) were conducted.

Accuracy

A significant main effect of difficulty emerged [F(1,
29) = 23.3; p < 0.001], with more accurate responses
(77.6 %) to easy stimuli than difficult ones (63.8 %), in
agreement with the well-documented distance effect in
magnitude processing (Moyer and Bayer 1976). A sig-
nificant stimulation type by time interaction also emerged
[F(2, 29) = 4.69; p < 0.05]. Accuracy increased fol-
lowing stimulation in the anodal group (from 70.3 to
77.6 %), but not in the sham group (pre 68.8 %, post
68.0 %). As significant facilitative effects were found for
both difficult and easy comparisons, there was no interac-
tion (Fig. 2a).

VRTs

A significant main effect of difficulty emerged [F(1,
29) = 21.3; p < 0.001], with faster responses (8§19 ms) to

Accuracy
100
60 —
40 —
20 —
anodal sham anodal sham
easy difficult
PRE rposT
b VvRTs
1300
L
1000 3 Tt : I
Q@ 700 —
400 —
100
anodal sham anodal sham
easy difficult

Fig. 2 Results of Experiment 1 (right tDCS stimulation, tactile stim-
uli on the /eft arm). a Accuracy (percentage of correct responses). b
Vocal response times. Error bars represent standard deviations
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easy than difficult judgments (891 ms). A significant effect
of time also emerged [F(1, 29) = 9.94; p < 0.01], with a
reduction of vRTs after stimulation (from 914 to 796 ms).
Importantly, a significant stimulation type by time interaction
emerged [F(2, 29) = 3.32; p < 0.05]. Following stimulation,
VRT decreased in the anodal group (from 1,004 to 821 ms),
whereas in the sham group, vRTs slightly increased between
the two experimental sessions (from 833 to 857 ms). The
3-way interaction was not significant (Fig. 2b).

Discussion

Experiment 1 employed anodal and sham stimulation of the
right angular gyrus, while subjects performed the tactile dis-
tance task with stimuli delivered on left limbs. The results
showed that anodal stimulation improved responses and
speed, whereas sham was ineffective. The aim of this first
study was to test the effectiveness of tDCS on higher order
tactile tasks. As far these preliminary results were in line to
our expectations, we carried on Experiments 2 and 3.

Experiment 2

The second experiment tested the lateralization hypothesis,
that is, the effect of anodal tDCS on the right versus the
left angular gyrus. This study is strongly linked to that con-
ducted by Spitoni et al. (2010), who found activation in the
right angular gyrus after stimulation of the right hemibody;
from this standpoint, we aimed at testing the fMRI results
not only in the right but also in the left hemisphere.

We used a completely within-subjects design with hemi-
sphere (left or right), stimulation type (anodal or sham),
time (before or during stimulation), and difficulty (easy or
difficult) as within-subject factors.

All subjects received tactile stimuli in the same “hemi-
body” of the tDCS stimulation, that is, that if the tDCS was
given in the right hemisphere, the tactile stimuli were given
to right forearm and to the right thigh. Similarly, when the
tDCS was given in the left hemisphere, the tactile stimuli
were given to left forearm and to the left thigh.

We predicted that anodal stimulation on the right, but
not on the left, angular gyrus would improve performances
on the metric distance task.

Methods

Farticipants

A total of 12 healthy volunteers (6 females) participated
in this experiment. All were right-handed, as assessed by

a modified version of the Edinburgh Inventory (Oldfield
1971; Salmaso and Longoni 1985). None had a history of
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neurological or psychiatric diseases or were taking medica-
tion; all were in good health. Participants’ ages ranged from
21 to 34 years (mean age 24.2; SD = 2.9). Each partici-
pant was tested in four sessions (with a three-day interval
between sessions). All subjects provided written informed
consent. The experimental protocol was approved by the
Research Ethics Committee of the IRCCS Santa Lucia
Foundation of Rome.

Stimuli and task

We applied tactile stimuli to the forearm and thigh. Test
and reference stimuli consisted of two simultaneous con-
tacts from a line of four miniature solenoids. The active
solenoids were selected randomly in each trial. Thus, par-
ticipants experienced tactile distances of one (difficult) or
two (easy) steps. We asked them to judge which of the two
tactile distances felt longer (arm or thigh).

In 80 % of the trials, the tactile distance on the arm dif-
fered from that on the thigh by one or two steps; in the
remaining 20 %, there was no difference. Before admin-
istering the experiment, we calculated the two-point dis-
crimination threshold (defined as the level at which 75 % of
the responses were correct) of each participant. In order to
make the tactile stimulation above the subjective threshold,
we added 0.5 cm to the two-point discrimination thresh-
old and then used this measure to place the closest pair of
solenoids.

Before the experiment, subjects were familiarized
with the task in a warm-up session consisting of 10
comparisons.

tDCS protocol

In the first two sessions, anodal electrode was placed over
the right angular gyrus (P4 in the 10-20 EEG system) and
the cathode over the right shoulder. In the last two sessions,
anodal electrode was place on the left angular gyrus (P3)
and cathode still on the right shoulder. Experiment details
are reported in Table 1.

Table 1 tDCS protocol of Experiment 2

Pretest Stimulation Electrode Limb

I session Task Sham Right AG Right
15 min

II session Task Anodal Right AG Right
15 min

III session Task Sham Left AG Left
15 min

IV session Task Anodal Left AG Left
15 min

AG Angular gyrus

In order to balance the administration across par-
ticipants, half of them started with anodal tDCS and the
remaining half with sham.

Results

We conducted repeated-measures ANOVAs with hemi-
spheres (left and right), stimulation type (anodal or sham),
time (before or during stimulation), and difficulty (easy or
difficult) as within-subject factors.

A repeated-measures ANOVA on vRTs revealed an
highly significant difference among stimulated hemi-
spheres [F(1, 103) = 11.740; p < 0.001] with a right-later-
alized hemispheric preference. The same repeated-measure
ANOVA on accuracy showed that hemispheres did not
affect subjects performances. Bonferroni post hoc tests cor-
rected for multiple comparisons (p < 0.05) were conducted.

Anodal stimulation of right parietal area and tactile stimuli
on right limbs

Accuracy Here, we found a significant effect for diffi-
culty, with subjects more accurate in judging easier stim-
uli (79.4 %) then more difficult ones (72.5 %) (F = 21.5;
p <0.001).

VRTs Repeated-measure ANOVA showed a significant stim-
ulation type by time interaction [F(1, 103) = 17.6; p < 0.001],
with faster vRTs during anodal than sham stimulation. Moreo-
ver, a significant effect of difficulty emerged [F(1, 103) = 48.4;
p <0.001], with faster responses to easy stimuli. Importantly, a
significant stimulation by difficulty interaction emerged [F(1,
103) = 4.21; p < 0.05], with faster vRTs in the anodal-easy
(633 ms) than the anodal-difficult stimulation (791 ms).

Figure 3a, b shows the accuracy and vRTs results after
stimulation of the right hemisphere.

Anodal stimulation on left parietal area and tactile stimuli
on left limbs

Again, we performed a 3-way repeated-measures ANOVA
with stimulation condition (anodal or sham), time (pre-
stimulation or during stimulation), and difficulty (easy or
difficult) as within factors.

Accuracy Also in this case, repeated-measures ANOVA
showed that subjects were more accurate in judging easier
(77.7 %) than difficult stimuli (72.1 %) [F(1, 172) = 7.7,
p <0.01].

vRT We found a significant effect for difficulty [F(1,

174) = 6.4; p < 0.01], with faster vRTs in judging easier
(619 ms) stimuli than more difficult ones (722 ms).
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Fig.3 a, b Experiment 2: accuracy and vocal reaction times when
anodal stimulation is given on the RH and the tactile stimuli on the
right limbs

Figure 4a, b shows accuracy and vRTs after stimulation
of the left hemisphere.

Discussion

In Experiment 2, anodal and sham stimulation were given
on the right and left angular gyrus, while subjects per-
formed the tactile distance task with stimuli delivered
on the same side of DC stimulation. Results showed that
anodal on right AG significantly improved vRTs and leave
unaffected accuracy. No significant effect of anodal stim-
ulation was found when the stimulation was given in the
left AG.

Experiment 3

Experiment 3 dealt with the possible differences in perfor-
mances when tDCS is given to contra or ipsilateral body
parts in respect to the brain stimulation.

We conducted repeated-measures ANOVAs with
tactile stimulus side (ipsi—contra), stimulation type
(anodal or sham), and difficulty (easy or difficult) as
factors.

@ Springer

Fig.4 a, b Experiment 2: accuracy and vocal reaction times when
anodal stimulation is given on the LH and the tactile stimuli on the
left limbs

Methods
Farticipants

In this experiment, we tested 6 participants (3 males)
ranged from 19 to 27 (mean age 23.7, SD = 2.1). Each par-
ticipant was tested in four sessions (with 2-3 days between
each session).

Stimuli and task

We used the same set of stimuli and the same apparatus of
Experiment 2. Experiment 3 details are reported in Table 2.

The order of administration was balanced across
subjects.

tDCS protocol

As shown in Table 2, the tDCS protocol was quite similar
to that used in Experiment 2, but in this case, anodal tDCS
was always given over the right angular gyrus, and subjects
received the tactile stimuli on both contralateral and ipsi-
lateral body parts. Also, in this experiment, we contrasted
sham versus anodal stimulation without a pre-stimulation
session.
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A main effect of difficulty emerged [F(1, 9) = 22.9;
p < 0.001; 77}2, = (.763], with more accurate responses to
easy (79.1 %) stimuli than difficult ones (70.7 %).

Moreover, a significant stimulus side by stimulation
type by difficulty interaction [F(1, 9) = 7.55; p < 0.05;
77;2, = 0.404] emerged: during anodal stimulation and tactile
stimuli on the left limbs accuracy increased in the difficult
comparisons (from 71.4 to 79.5 %), but did not change in
the easy comparisons (81.4 and 80.9 %) (Fig. 5a).

vRTs

A significant stimulus side by stimulation type interaction
was found with faster vRTs after anodal stimulation and
tactile stimuli on the left limb [F(1, 31) = 12.6; p < 0.001;
= 0.63].

We also found a significant stimulus side by stimulation
type by difficulty interaction [F(1, 31) = 8.04; p < 0.05;
nf) = 0.491], with faster vRTs in difficult comparisons after
anodal stimulation when stimuli were administered on right
limbs (Fig. 5b).

Figure 5a, b shows the accuracy and vRTs results after
stimulation of the right hemisphere and tactile stimuli on
left or right limbs.

A systematic summary of the main features of the three
experiments is given in Table 3.

Discussion
In the third experiment, anodal and sham stimulation were

given only on the right angular gyrus, while subjects per-
formed the tactile distance task with stimuli delivered first

tactile stimuli on left limb tactile stimuli on right limb

Fig.5 a, b Accuracy and vocal reaction times when anodal stimula-
tion is given on the RH and the tactile stimuli on the left or the right
limbs

on the contralateral and to the ipsilateral hemibody. Here,
we found that in case of anodal stimulation on the right AG
and tactile task on the left limb, accuracy improved in diffi-
cult comparisons. Moreover, VRTs decreased during anodal
stimulation.

Also, in the case of anodal on the right AG and tactile
task on the right limb, we observed a reduction of vRTs
consistent with results of Experiment 2.

A limitation of this third study is the employment of a
small sample. For this reason, we believe that the conclu-
sion inferred from the study should be confirmed by further
investigations.

Effect of anodal stimulation on the time window of
15 min

In several studies, the duration of the effects of tDCS
spreads from the time period of the stimulation up to about
60 min (Dieckhofer et al. 2006; Matsunaga et al. 2004).

On the basis of a possible summative effect of time, a
collateral interest of our study was to test whether or not
anodal tDCS affects tactile performance in different epochs
of stimulation. To this aim, we fractionated the 15 min of
the online stimulation in three separate time windows: from
Oto 5, from 6 to 10, and from 11 to 15 min.
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Table 3 Methodological
characteristics and main results
of the three experiments

Experiment 1
(manual stimulation)

Experiment 2
(computerized stimulation)

Experiment 3
(computerized stimulation)

Montage

Task

tDCS stimulation side
Tactile stimulation

Effect on accuracy

Effect on vVRTs

Bicephalic
Off-line
Right
Contralateral
Yes

Yes

Monocephalic Monocephalic

Online Online
Right-Left Right
Ipsilateral Contralateral-Ipsilateral
No Yes (contra)
No (ipsi)
Yes (only right) Yes

We then performed ANOVA for repeated measures on
accuracy and on vRTs from data of Experiments 2 and 3.
Analyses showed no trend. Neither accuracy nor vRT sig-
nificantly changed between epochs.

According to our knowledge, no systematic studies have
focused on the duration of the tDCS effect over time in
the posterior parietal areas, and indeed, this could be very
important for those who use tDCS to rehabilitate neuropsy-
chological patients.

General discussion

The main results can be summarized as follows. In the first
study, we demonstrated the efficacy of tDCS in modulat-
ing subjects’ performance in a distance discrimination task.
This initial result seems to be of particular interest, since
no previous studies have ever focused on the effectiveness
of tDCS on higher order tactile functions such as those
required in a tactile metric discrimination task.

Experiments 2 and 3 directly pointed at the functional
properties of the angular gyrus (AG) of both hemispheres
in dealing with tactile distance discrimination and, as a
consequence, with the metric component of the mental
body representations. Evidence from these two studies
indicates that anodal stimulation on the right angular gyrus
systematically reduces vocal reaction times (VRT), thus
improving discrimination speed, independent of whether
the stimuli are delivered to contralateral or ipsilateral body
parts. However, accuracy improves only when the tactile
stimuli are given on contralateral (left) limbs. Both speed
and accuracy effects are totally absent when anodal stimu-
lation is delivered to left AG. Given these results, it seems
reasonable that right, but not left, angular gyrus is involved
in the metric component of the MBR.

The involvement of parietal structures in the metric
processing of MBR

In a previous fMRI study (Spitoni et al. 2010), we proposed
that in human brain, we can distinguish two forms of touch
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perception: primary tactile sensation (such as an external
object pressing on the skin) and secondary tactile percep-
tion that includes the metric/spatial information need to
be rescale. We suggested that the extraction of the metric
information from the skin surface involves additional com-
putational processing stages over perceiving simple contact
to the skin and that these rescaling processes are hosted by
right AG.

Evidence from the present study seems to confirm the
key role played by the right AG in the rescaling processing
of metrical features of MBR.

The involvement of parietal structures in the represen-
tations of the body has been widely investigated. Accord-
ing to Longo et al. (2010), parietal lobes play crucial roles
in cognitive processes such as (1) the representation of the
superficial body schema, (2) the localization of somatic
stimuli on the body surface (Porro et al. 2007; Van Boven
et al. 2005), (3) the perception of the current posture of
the body (Pellijeff et al. 2006; Wolpert et al. 1998; Fasold
et al. 2008), and (4) the structural/topological knowledge of
one’s own body (Felician et al. 2004; Corradi-Dell’ Acqua
et al. 2008). Specifically, the posterior parietal cortex (PPC)
is thought to integrate different classes of sensory informa-
tion (e.g., somatosensory, auditory, and visual) to gener-
ate multiple representations of space. Through combining
these spatial representations, we can produce a variety of
actions such as saccadic eye movements and reaching or
grasping movements of the upper limb. Moreover, a recent
TMS study by Azafién et al. (2010) provided clear evidence
for a causal role of posterior parietal cortex (PPC) from a
somatotopic to an external spatial frame of reference, sug-
gesting a crucial role of this area in the remapping of touch.

Lesion studies in monkeys and in humans (Rushworth
et al. 1997, 1998; Sirigu et al. 1995) suggest that cerebral
areas within the PPC play an important role in maintain-
ing an accurate and up-to-date representation of the current
postural state of the body (the body schema). What seems
of particular interest in this context is that the region selec-
tively involved in the representations of the limbs postures
is the superior parietal cortex (SPC), particularly the medial
location (precuneus) (Pellijeff et al. 2006; Parkinson et al.
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2010). Moreover, a recent fMRI study with tactile stimula-
tion over body surface (Huang et al. 2012) revealed soma-
totopic areas of the face and multiple body parts forming a
higher level homunculus in the superior posterior parietal
cortex.

In the present study, we stimulated the inferior parietal
cortex (IPC), and we observed a modulation of the metrical
component of MBR. Given these evidence, we can specu-
late that in order to build an accurate postural configura-
tion, SPC may not need metrical rescaling and that this lat-
ter process could be selectively linked to IPC. The inferior
and posterior parietal structures are also involved in local-
izing parts of one’s own or others’ bodies and in compar-
ing the size of body parts. It should be noted that both the
localization of parts and the comparison of distance over
the body require activation of an internal body representa-
tion. In distance comparisons, however, the representation
must include metric properties.

We are aware that tDCS has a low spatial resolution; that
is why we believe that in order to claim to a clearer distinc-
tion between the functional roles of IPC and SPC, fMRI
studies need to be implemented.

Accuracy and speed in the metrical processing of MBR

In our study, we focused on accuracy and speed, and we
found an effect of tDCS on vRTs when electrical modula-
tion was delivered to right AG, and tactile stimulation was
given to ipsilateral arms. Moreover, an effect of tDCS was
seen on both vRTs and accuracy when anodal stimulation
was delivered over the right AG, but tactile stimuli were
given to the contralateral arms. These results seem to sup-
port an aspecific effect of tDCS on speed when tactile
stimuli are delivered on the ipsilateral side of the electri-
cal stimulation, together with a specific effect on accuracy
when stimuli are given to the contralateral side. The rea-
sons for such dissociation can only be hypothesized. On
the one hand, we can assume the existence of two differ-
ent mechanisms; the first could rely on the simple excita-
bility changes in the somatosensory cortex contralateral to
the side of tactile stimulation, whereas the observed vRTSs
reduction (on the body part ipsilateral to the stimulation)
might simply reflect a more specific arousal effect of the
anodal stimulation. What we know from previous stud-
ies is that in the tDCS setup, the current flows following
routes that are influenced by the impedance of the tissue
crossed by the current. This means that tissue impedance
and cell orientation can strongly affect the flow of the cur-
rent, resulting in different polarization patterns. Many
studies in the literature assume that the maximum effect
of tDCS occurs in areas perpendicular to the stimulating
electrode and that cell polarization—depolarization is pre-
dominantly localized in these underlying brain structures

(Datta et al. 2010; Nitsche and Paulus 2011). But it has
also been documented that a variable amount of current
can also spread to contiguous areas (Datta et al. 2009,
2010; Sadleir et al. 2010). This latter evidence could par-
tially give reason for the improvement of accuracy after
contralateral stimulation; from this perspective, we can
consider the possibility that an amount of current under
right AG may spread to close somatosensory areas result-
ing in a known effect of improvement of tactile acuity of
the contralateral side of stimulation (Ragert et al. 2008;
Song et al. 2011).

Methodological comments

In our study, we used both mono-and bicephalic montages
to test whether electrode disposition influenced perfor-
mance on the tactile task. We found that anodal stimula-
tion provided significant results in various conditions, that
is, when the electrode montage was bicephalic or when the
anodal electrode was placed on the brain and the cathode
on the right shoulder.

Moreover, results did not change when tDCS was
applied before the tactile discrimination task or during the
stimulation. At variance with studies that measured other
cognitive tasks (Andrews et al. 2011; Cohen Kadosh et al.
2010; Ross et al. 2010; Cerruti and Schlaug 2009), the
effect was significant in terms of speeding responses and
improving accuracy.

A limit of our experimental paradigm is the small
amount of different distances on the skin that it was pos-
sible to stimulate through the mechanical devices used for
Experiments 2 and 3. The solenoid device allowed for 8
miniature magnets only (4 on the thigh—4 on the forearm).
With just 4 stimuli, we obtained a maximum of 3 sizes,
and thus just 2 distance differences, that we labeled as
“easy” and “difficult,” respectively. This technical limita-
tion prevented us to fit psychophysical functions to the raw
data and analyze them in terms of parameters such as bias
and precision, as we did in our previous study (Spitoni
et al. 2010). Such analyses may bring to a clearer explana-
tion on the nature of the improvement in accuracy found
after tDCS.

To sum up, the present data suggest that anodal tDCS is
effective in modifying the metric component of the MBR
in a tactile discrimination tasks. Monocephalic montage of
the electrodes and online stimulation produce consistent
results, and in the specific task, these modifications have to
be tested on parts of the body contralateral to the cortical
stimulation.
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tive Commons Attribution License which permits any use, distribu-
tion, and reproduction in any medium, provided the original author(s)
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