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band (8–15 Hz) that lasted for the remainder of stimulation. 
This decrease was prominent in the somatosensory cortex 
and equally distributed in both contralateral and ipsilateral 
hemispheres. This study shows that prolonged stimulation 
of the human fingertip engages the cortex in widespread 
bilateral processing of tactile information, with different 
modulations of the theta and alpha bands across time.

Keywords  Touch · Somatosensory cortex · EEG · 
Bilateral processing · SEPs

Introduction

The sense of touch is fundamental in performing common 
actions such as manipulation and recognition of objects 
(Johansson and Flanagan 2009; Klatzky et  al. 1985). It is 
well known that the somatosensory cortex represents and 
processes tactile information originating from the contralat-
eral side of the body (e.g., sensory signals sent from the 
right side of the body are processed in the left cortex and 
vice versa) (Nieuwenhuys et  al. 2007). However, several 
studies conducted both with animals and humans demon-
strated that the somatosensory cortex also receives inputs 
from the ipsilateral side of the body (Hansson and Brismar 
1999; Iwamura et al. 1994; Jiang et al. 1997; Tamura 1972), 
though the afferent sensory pathway responsible for this is 
still uncertain (Tamè et al. 2016). In particular, three possi-
ble anatomical pathways have been proposed to explain tac-
tile processing, which are not mutually exclusive: (i) direct 
projection of the sensory signals from the contralateral to 
ipsilateral Somatosensory Cortex (SC) passing through the 
corpus callosum (Allison et al. 1992); (ii) direct uncrossed 
afferent projection, by which the sensory information runs 
in parallel to the contralateral pathway (Kanno et al. 2003); 
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(iii) higher-level processing of the secondary somatosen-
sory cortex, in which bilateral receptive fields of the hand 
are present (Shanks et al. 1985; Tommerdahl et al. 2006).

A fundamental aspect to generate and thus investigate 
the bilateral cortical response concerns the tactile stimu-
lation. Electrical stimuli applied to the median nerve or 
to fingers are widely used in touch studies (Allison et  al. 
1991; Palva et  al. 2005), but this approach can be subop-
timal since single electrical pulses may not mimic the 
complex interactions between different mechanoreceptors 
(Gordon and Ghex 1991; Kandel et al. 2000). On the other 
hand, many other approaches based on artificial stimuli 
such as static skin indentation or vibrations have been used 
to investigate the cortical processing of touch (Burton et al. 
1993; McGlone et al. 2002; Tamè et al. 2015) and in this 
setup the tactile information elaborated by the brain would 
not come from the activation of the full range of mecha-
noreceptors that would occur during a dynamic action 
(Greenspan and Bolanowski 1996).

The goal of this study is therefore to investigate the 
neural network of touch processing in a passive dynamic 
condition that replicates a controlled sliding action of the 
human fingertip. To this end, we used high density electro-
encephalography (EEG) as neuroimaging technique and a 
mechatronic platform for human tactile studies to deliver 
the tactile stimulation using a textured mechanical stimu-
lus, i.e., grating (Oddo et al. 2011, 2016). This device ena-
bles to deliver precise, repeatable and smooth sustained 
stimulus presentation without vibration.

Previous studies that used a similar experimental setup 
(Aviles et al. 2010) to ours either focused on roughness dis-
crimination via oddball paradigm (Munoz et  al. 2014) or 
limited their analysis to the frequency content of Steady-
State Evoked Potentials (SS-EP) generated in the contralat-
eral hemisphere (Moungou et al. 2016). To our knowledge 
no study has investigated the bilateral brain response and 
its spatiotemporal characteristics during a prolonged pas-
sive stimulation of the human fingertip. Specifically, such 
stimulation allowed us to investigate the bilateral neural 
processing of touch during the ongoing stimulus presen-
tation. We monitored both the early integration of tactile 
information by means of Somatosensory Evoked Potentials 
and the late evolution of the brain responses by computing 
Event-Related Synchronization and Desynchronization.

In EEG recordings, the direct cortical response of the 
Central Nervous System to sensory stimuli can be meas-
ured by identifying Somatosensory Evoked Potentials 
(SEPs) (Allison et  al. 1992; Salenius et  al. 1997). In fact 
the experimental paradigm and the tactile stimulation can 
modulate SEP components differently by changing their 
latency, amplitude, and topography (Allison et  al. 1989b; 
Garcia-Larrea et al. 1991; Kida et al. 2004a). For example, 
electrical stimuli can elicit short-latency SEPs within 40 ms 

after the stimulus onset (Allison et  al. 1989a), whereas 
mechanical stimulation typically generates long-latency 
potentials such as P50, N70, P100 and N140 (Hämäläinen 
et al. 1990; Ishiko et al. 1980; Zopf et al. 2004). SEP tem-
poral characterization is thus a suitable tool to understand 
how tactile stimulation affects the mechanisms underlying 
the bilateral generation of these potentials (Allison et  al. 
1992; Schomer and Da Silva 2012).

Time–frequency analysis of cortical oscillations such 
as Event Related Synchronization (ERS) and desynchro-
nization (ERD) could also provide useful information on 
the processing of tactile information and bilateral activa-
tion (Adhikari et al. 2014; Bauer et al. 2006; Neuper et al. 
2006; Stancak 2003). Indeed, the somatosensory ERD/ERS 
have previously been used to investigate how EEG fre-
quency bands are modulated by a variety of variables such 
as stimulus intensity and duration of tactile stimulation 
(Pfurtscheller et al. 2001; Stancak 2003).

In this study we provide a comprehensive and quan-
titative measure of the whole brain activation and the 
dynamics of the cortical response during a sliding action 
by implementing the following steps: (i) characterization 
of SEPs in the time domain, i.e., amplitude, latency and 
scalp topography while the stimulation is ongoing; (ii) the 
spatiotemporal modulation of the frequency-bands in the 
time–frequency domain.

Materials and Methods

Participants

10 healthy subjects (4 females; mean population age: 
22.4 years) were involved in the study. None of the partici-
pants had any history of neurological diseases and as far 
as known all of them had normally functioning somatosen-
sory systems. Further, they were naïve to the particular pur-
pose of this study.

Tactile Experimental Set Up

The experimental setup is depicted in Fig. 1a. The tactile 
stimulation was generated by means of a mechanical stimu-
lus (i.e., grating) with medium spatial coarseness (Weber 
et al. 2013) fabricated with 3D printing (Project HD 3000, 
3D Systems).

The mechanical stimulation consisted in a passive slid-
ing of that stimulus under the subject fingertip and it was 
carried out by a mechatronic platform used in previous 
tactile studies (Oddo et  al. 2011, 2016). The device has 
2 Degrees of Freedom (DoFs), which allow indentation 
(i.e., vertical motion of the stimulus for the direct contact 
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between stimulus and fingertip) and sliding (i.e., horizontal 
motion to perform the stimulation).

Simultaneously to the passive stimulation, the EEG 
activity was recorded by means of a 64ch HD-EEG device 
(SD LTM Express, Micromed S.p.A, Italy) with a sample 
rate of 1024 Hz. The montage was in accordance with the 
5% 10/20 system and the electrode impedance was kept 
below 10 kΩ (Oostenveld and Praamstra 2001).

Stimulation Procedure

During the experimental protocol, the subject sat in a com-
fortable chair, while the right arm laid on an ergonomic 
arm support and the index finger attached to a digit sup-
port. This ensured a stable contact over the mechanical 
stimulus throughout the experiment. The load force was set 
to 400 mN and the sliding velocity to 10 mm/s and these 
values were kept constant throughout the experimental ses-
sions. During the stimulation, subjects were instructed to 
concentrate on the current tactile sensations.

An ad-hoc stimulation sequence was implemented in 
order to synchronize the EEG traces with the start of the 
stimulation. Each step is reported in Fig. 1b. From the ini-
tial position, the indentation of the grating (i.e., phase in 
which the stimulus is in contact with the finger) was per-
formed smoothly in 4  s time, allowing a gentle contact 
with the subject fingertip. Subsequently, a pause of 2 s was 
introduced in order to remove any perturbation of the EEG 

signals due to the contact with the stimulus-finger. Then the 
passive stimulation started and this time was considered 
as the onset to which EEG trials were time-locked. After 
2 s of sliding, an additional pause of 2 s was introduced in 
order to isolate responses due to the post stimulus. Finally, 
the stimulus was removed from contact with the finger and 
prepared for the next repetition. With this sequence, we 
ensured that SEPs were actually due to sliding (as opposed 
to indentation). Also the inter-trial interval, longer than 4 s, 
helped avoiding afferent adaptation (Leung et al. 2005). A 
sufficiently large number of repetitions (>40) was collected 
to ensure a robust time–frequency analysis (Graimann et al. 
2002).

EEG Processing

Data Pre‑Processing

Data were analyzed using Matlab scripts based on the 
EEGLAB toolbox (Delorme and Makeig 2004). Continu-
ous data were re-referenced to the TP7/TP8, i.e., channels 
behind the ears, and high-pass filtered (0.5 Hz, 94th order, 
Chebyshev type II filter) before applying 50 Hz comb notch 
filter (Menicucci et  al. 2014). Channels with prolonged 
prominent artifacts (identified by visual inspection) were 
removed (Artoni et  al. 2012a; Sebastiani et  al. 2015) and 
remaining channels were considered for further analysis. 
Epochs containing high-amplitude artifactual potentials, 

Fig. 1   Tactile experimental 
setup. a The mechanical stimu-
lus was a grating, i.e., a paral-
lelepiped with alternated ridges 
and grooves on the top. The 
spatial period (SP) was defined 
as the sum of the ridge width 
(RW) and the groove width 
(GW). In this work, a stimu-
lus with medium coarseness 
having a 650 µm SP (250 µm 
RW + 400 µm GW) was used 
(Weber et al. 2013). The subject 
fingertip was positioned over 
the tactile stimulus and main-
tains fixed while the stimulus 
slides and thus was perceived 
by the subject. Subjects were 
instructed to keep their eyes 
closed while concentrating on 
the stimulus response. b Rep-
resentation of the stimulation 
sequence, consisting on alter-
nating indentation, pause and 
sliding. Each trial is time-locked 
to the start of the sliding
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high-frequency muscle noise and other irregular artifacts as 
per careful visual inspection were removed and remaining 
data were processed via Independent Component Analysis 
(ICA) filtering to remove non-neural sources and artifacts 
(Artoni et  al. 2012b; Artoni et  al. 2014). Epochs ranging 
from −2  s to 4  s time locked to the onset of the stimula-
tion (i.e., trials) were then extracted (see Fig. 1b) and visu-
ally inspected for residual artifacts. The baseline value (i.e., 
mean in −2 0 s) was subtracted from each trial. Each trial 
was converted to Z-score values by dividing the EEG sig-
nals during stimulation (2–4  s) by the baseline standard 
deviation (Makeig et al. 2004).

Identification of SEPs

The mean for each subject was computed by averaging the 
time-locked Z-scored trials. Subsequently, long-latency 
SEPs were identified by computing the Grand Average 
(GA), i.e., the average of all subject means. SEPs con-
sisted of P100, N140 and P240 components. Scalp topog-
raphies were generated by computing for each channel its 
GA maximum (or minimum for negative peaks) in a spe-
cific time range that included the identified component, 
namely: (i) maximum in 50–120 ms for the P100, (ii) mini-
mum in 120–140  ms for the N140 and (iii) maximum in 
220–260  ms for the P240. Moreover, in our experimental 
setting, an additional evoked potential (here named PS) 
was identified in the post-stimulus (i.e., segment POST in 
Fig.  1b) and the relative scalp distribution was computed 
as maximum in 2150–2250  ms. The significance of the 
identified potentials was assessed by evaluating, for each 
channel, whether each time sample had amplitude statisti-
cally different from zero (t-test, p-value < 0.05). In order to 
reduce false positives we computed the mean duration of 
the interval of consecutive significant samples in the base-
line (i.e., segment PRE in Fig.  1b). This value was used 
as the threshold above which the duration of significant 
intervals, after the stimulus onset, could be considered suf-
ficiently long for the signal to qualify as an evoked poten-
tial. For each selected temporal window, specific for P100, 
N140, P240, PS (as described above), electrodes that con-
tained a significant interval within that window, formed 
well defined clusters that identified the specific location of 
the component on the scalp (bold black dots in Fig. 2).

SEP Latency Symmetry Study

After identifying significant SEPs as described in the sec-
tion above, we focused on quantifying the symmetry of 
their distribution across the scalp. In particular, the P100, 
N140, P240 and PS latencies were respectively estimated 
as temporal occurrence of maximum (or minimum in case 
of negative peak) in the representative time-window of the 

potential (see “Identification of SEPs” section). This type 
of analysis allowed us to observe latency shifts across 
channels.

Fig. 2   Temporal shape and topography of SEPs. The panels show 
the Grand Average temporal evolution with the standard deviation 
across subjects (i.e., shadowed area) and scalp distribution of P100 
in CP3 (a), N140 in C3 (b), P240 in Fz (c) e PS in Cz (d). The scalp 
distribution P100 (a) and N140 (b) showed higher activation in the 
contralateral hemisphere and also a slight amplitude increment in 
the ipsilateral side. P240 topography depicted activation mainly in 
the mid-frontal-central area (c), whereas PS was located in the mid-
central area of the scalp (d). The shaded vertical in a–d indicates the 
time interval of significant amplitude (* stays for p < 0.05), whereas 
the black dots in a–d represent the cluster of statistically significant 
electrodes. (Color figure online)
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Event‑Related Synchronization/Desynchronization Analysis

Time–frequency (TF) analysis was performed by comput-
ing Event-Related Synchronization (ERS) and Desynchro-
nization (ERD) as reported in (Pfurtscheller and Lopes 
da Silva 1999). Briefly, standard ERD/ERS calculation 
included a bandpass filtering of each trial (5th order, But-
terworth filter), squaring and subsequent averaging over 
trials and over samples to smooth the data. For the band-
pass filtering, we first inspected the overall frequency axis 
(ranging from 0 Hz to 30 Hz) in order to select which fre-
quency bands were reactive to tactile stimulation. Then 
we selected two frequency ranges (Michail et al. 2016): (i) 
theta-frequency band (4–7 Hz) to quantify the contribution 
of slow potentials and (ii) alpha-frequency band (8–15 Hz) 
to evaluate the modulation of mu rhythms. Significance 
was determined via bootstrap analysis with significance set 
at 5% for each time–frequency map (Graimann et al. 2002). 
The Grand-Average was then computed by averaging sig-
nificant time–frequency maps across subjects.

This analysis revealed a band-specific significant ERD 
and ERS, respectively in alpha and theta bands that in the 
following text we will call θERS and αERD.

θERS and αERD Symmetry Study

To quantify the specific contribution of θERS and αERD 
in the contralateral hemisphere (here named CLH) and the 
ipsilateral one (here named ILH), two specular regions of 
interest (ROI) located in the somatosensory cortex were 
considered by selecting representative channels as fol-
lowing: (i) ROI-CLH: FC5, FC3, FC1, C5, C3, C1, CP5, 
CP3, P5, P3; (ii) ROI-ILH: FC6, FC4, FC2, C6, C4, C2, 
CP6, CP4, P4, P6 (see Fig.  5a). For each of these chan-
nels, θERS and αERD were quantified both in PRE seg-
ment (integral over time of −2 to 0  s interval) and in the 
STIM one (integral over time of 0–0.5 s interval for θERS 
and 0.5–2 s interval for αERD). θERS and αERD were then 
averaged over the channels within ROI-CLH and ROI-ILH 
respectively. Significant differences in θERS and αERD 
(stimulation phase vs. baseline, ipsilateral vs contralateral 
hemisphere) were tested via paired t-tests.

Results

Long‑Latency SEPs

All subjects were able to perform the experimental proto-
col easily. The passive stimulation generated long-latency 
evoked potentials and they are reported in Fig.  2. P100, 
N140, P240 can be identified in their representative chan-
nels, respectively CP3, C3 and Fz (see Fig.  2a–c). P100 

was a positive peak, showing a prominent contralateral dis-
tribution located mainly in the central and central-parietal 
areas and a slightly appreciable activation in the ipsilateral 
hemisphere (see Fig.  2a). N140 (negative peak) had the 
highest amplitude among the identified SEPs (see Fig. 2b).

Its topography showed mainly a contralateral negativ-
ity located in the central areas with activation also in the 
ipsilateral hemisphere. A frontal-central positivity, P240, 
appeared around 240  ms (see Fig.  2c). Finally, a positive 
peak (PS) component was identified in the interval 2.15, 
2.25  s, i.e. at the time point where the movement of the 
grating stopped, and it showed a strictly central distribu-
tion (see Fig. 2d). All above described distributions corre-
sponded to significant electrode clusters (black dots of the 
scalp distribution in Fig. 2).

Comparison Between CLH and ILH SEPs

The bilateral representation of somatosensory potentials in 
the time domain is shown in Fig. 3. In particular, P100 in 
C2 occurred later and with smaller amplitude with respect 
to C1 (see blue shadow in Fig.  3). Instead P240 showed 
the same amplitude and time of occurrence both in C1 
and C2, as well as in the frontal area of both contralateral 
and ipsilateral sides (red shadow in Fig. 3). Similar effects 
were observed also for the N140 component. This poten-
tial reached the highest amplitude in C3 around 140 ms and 
appeared with smaller amplitude and later latency (around 
200 ms) in C4 (green shadow in Fig. 3). N140 had a bilat-
eral distribution and in particular this negative deflection 
was absent both in Cz and CPz. The later PS potential 
showed central distribution and thus amplitude and latency 
were comparable between contralateral and ipsilateral hem-
ispheres (black shadow in Fig. 3).

Scalp Representation of θERS and αERD

Figure  4 shows the GA of the time–frequency maps of 
θERS and αERD in select channels.

θERS, which represents an increment of the power with 
respect to the baseline, started after the beginning of the 
stimulation and lasted around 500  ms (see Fig.  4a). Fur-
thermore, θERS showed a contralateral distribution reach-
ing the highest amplitude in C3 and it was also distributed 
around the frontal electrodes (see AF3, AF4, FC1, Fz in 
Fig. 4a).

On the other hand, significant αERD, which repre-
sented a decrement of the power with respect to the base-
line, occurred after θERS started to decrease in amplitude 
and lasted throughout the whole stimulation phase before 
reverting to baseline values after 500  ms. The αERD 
signal also showed that there was a bilateral change in 
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synchronization especially in C3, CP3 of the contralat-
eral hemisphere and in C4, C6 in the ipsilateral one (see 
Fig. 4b).

Quantification of Bilateral Activation of θERS 
and αERD

The frequency modulation in each hemisphere is reported 
in Fig. 5 for both θERS and αERD.

θERS under stimulation showed a prominent incre-
ment of the power in the contralateral hemisphere, spread 
also in the frontal area, but with the highest value in C3 
(see stimulation in Fig. 5b). Indeed, θERS indicated a sig-
nificant change contralaterally with respect to the baseline 
(p < 0.01, see CLH bars in Fig. 5b), whereas the ipsilateral 
level under stimulation was similar to that of the baseline 
(i.e., no statistical difference) (see ILH bars in Fig.  5b). 
Accordingly, the CLH-θERS under stimulation was 

Fig. 3   Amplitude and latency 
evolution of SEPs across differ-
ent scalp channels. Blue, green, 
red and black shadows locate 
the Grand Average temporal 
occurrence of P100, N140, 
P240 and PS, respectively. Only 
P100 and N140 were generated 
bilaterally. In the ipsilateral 
side, both potentials showed a 
smaller amplitude and longer 
latency with respect to the 
contralateral hemisphere. Since 
P240 and PS were not bilateral 
potentials, their amplitude and 
latency were comparable across 
ipsilateral and contralateral 
channels. (Color figure online)
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significantly different from the ILH-θERS (p < 0.05, see 
CLH and ILH bars under stimulation in Fig. 5b).

On the other hand, αERD indicated a clear bilateral 
change in the frequency composition of the EEG signal 
under stimulation (see stimulation in Fig.  5c). On the 
CLH side, the αERD signal was distributed in the frontal 
- parietal electrodes, whereas on the ILH side it was dis-
tributed in frontal and central-parietal electrodes. Indeed, 

tactile stimulation induced a significant increment in the 
αERD signal on both the CLH and ILH sides with respect 
to the baseline (p < 0.01, see CLH bars and ILH bars in 
Fig. 5c). Finally, the level of the αERD signal in the CLH 
and ILH sides under stimulation was comparable, i.e., not 
statistically different (see CLH and ILH bars under stimu-
lation in Fig. 5c).

Fig. 4   Scalp distribution of 
θERS and αERD. a θERS, i.e., 
the power increment of the 
Grand Average with respect to 
the baseline in the theta band, 
lasted 500 ms after the stimulus 
onset and it showed a prevalent 
contralateral distribution from 
the frontal to the central parietal 
side, reaching the highest value 
in C3. b αERD, i.e., the power 
decrement of the Grand Average 
with respect to the baseline in 
alpha band, was delayed and 
lasted throughout the stimula-
tion. After the end of stimula-
tion, the ERD was sustained 
within 500 ms before reverting 
to baseline values. ERD showed 
also bilateral activation (see 
C3, CP3, C4 and C6) without 
any contributions in the midline 
(e.g., see Cz). (Color figure 
online)
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Discussion

The goal of this work was to provide a time and frequency 
domains characterization of the whole brain activation dur-
ing prolonged tactile stimulation of the human fingertip.

The first analysis concerned the identification and thus 
the characterization of evoked responses during the ongo-
ing stimulation (see Fig.  1b). The following temporal 
sequence of evoked potentials was clearly identified: P100-
N140-P240-PS (see Fig. 2).

Fig. 5   Quantification of 
bilateral activation of θERS 
and αERD. a EEG channels of 
the contralateral hemisphere 
ROI-CLH: FC5, FC3, FC1, C5, 
C3, C1, CP5, CP3, P5 and P3; 
EEG channels of the ipsilat-
eral hemisphere ROI-ILH: 
FC6, FC4, FC2, C6, C4, C2, 
CP6, CP4, P6 and P4. b θERS 
showed contralateral distribu-
tion under stimulation and thus 
the CLH activity was signifi-
cantly higher than both baseline 
(p < 0.01,**) and ILH θERS 
(p < 0.05,*), which instead was 
comparable to the baseline acti-
vation. c αERD showed bilateral 
activation under stimulation. 
The CLH and ILH αERD had 
comparable amplitude and were 
both significantly higher than 
the baseline (p < 0.01,**)
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P100, N140 and P240 are long-latency SEPs and their 
longer latency of the responses in this study as compared to 
(Zopf et al. 2004), for example, or other studies using elec-
trical nerve stimulation (Allison et al. 1992) is most easily 
explained by that the tactile input provided by the mechani-
cal stimulus generated less intense and less synchronized 
activation of the primary afferents.

Both P100 and N140 showed a contralateral distribu-
tion (see Fig. 2a, b) in the central-parietal and central area, 
respectively. The localization in the somatosensory cortex 
(SC) of N140 is in agreement with previous studies. (Gar-
cia-Larrea et al. 1995; Hari et al. 1993) have demonstrated 
that N140 can be generated in multiple cortical regions 
other than prefrontal area or in the anterior cingulate cortex 
(ACC) as also reported by (Tanaka et al. 2008). N140 local-
ization may be related to the functional meaning of these 
potentials. The origin of N140 in the somatosensory cor-
tex is usually dependent on the tactile stimulation modality 
(Ku et  al. 2007), whereas the N140 in prefrontal or ACC 
usually reflects sensory non-specific events (Legrain et al. 
2003; Lorenz and Garcia-Larrea 2003) which can actually 
elicit either negative or positive scalp potentials (Allison 
et al. 1992). Our results suggest that N140 in SC reflected 
the late sensory processing of the tactile stimulation, 
whereas P240 in prefrontal/ACC may have synthetized the 
activation due to a non-specific function.

The localization in SC of N140 is justified as part of the 
P100-N140 sequence, which modulates neural changes in 
the somatosensory cortex where bilateral generators are 
present (Hämäläinen et  al. 1990; Ku et  al. 2007). Indeed, 
both P100 and N140 showed a slight amplitude increment 
also in the ipsilateral hemisphere (see Fig. 2a, b) and this 
activation did not consist in a transition phase from the 
contralateral to the ipsilateral side, since no potentials were 
found in the midline (see Cz and CPz in Fig. 3). Further-
more, their amplitude was higher and the latency times 
shorter in the contralateral than in the ipsilateral hemi-
sphere (see Fig. 3). This result is in accordance with (Gar-
cia-Larrea et  al. 1995) concerning the N140. However, in 
our work we observed a delayed response of the ipsilateral 
hemisphere for both somatosensory components with a 
largest value for N140 (see dotted line in Fig. 3).

Previous studies indicated that the detection of evoked 
ipsilateral response was highly variable and not detectable 
in all subjects (Cheyne et al. 2003; Kanno et al. 2003). On 
the other hand, other studies reported that a robust and 
consistent ipsilateral response was measured using unilat-
eral medial nerve stimulation (Sutherland and Tang 2006), 
whereas the early fusion of the tactile information between 
hemispheres was observed by stimulating the fingertip with 
electrical pulse (Palva et  al. 2005) and short mechanical 
pulse (Tamè et  al. 2015). In this study, we reported that 
sliding a finger over a mechanical stimulus generated a 

consistent ipsilateral response across 10 subjects with ear-
lier engagement of the contralateral hemisphere. Moreo-
ver, the delayed response of ipsilateral hemisphere for both 
P100 and N140 in Fig. 3 showed the early stage of soma-
tosensory information processing, confirming the hypoth-
esis cited above but here reported for the first time during 
a passive sliding action. The monitored early engagement 
can be due to the fact that sensory information is processed 
first in the contralateral somatosensory cortex and then 
projected to the ipsilateral one passing through the cor-
pus callosum (Tamè et  al. 2016). Furthermore, the inter-
hemispheric transfer of tactile information observed in this 
study confirmed the hypothesis of the existence of a neuro-
physiological substrate for efficient sensory fusion between 
hands (Dupin et al. 2015; Iwamura et al. 1994; Schnitzler 
et al. 1995).

An additional frontal positivity was found around 
240 ms (see Figs. 2c, 3). This potential has been recorded 
previously as an endogenous component occurring after 
the N140 and still associable to the tactile processing 
(Hämäläinen et al. 1990). Furthermore, the P240 distribu-
tion over the frontal area represented the prefrontal/ACC 
activation (see previous comments on N140 localization) 
that may suggest engagement in non-specific functions 
such as spatial attention at one body side (i.e., right finger) 
(Klimesch 2012; Ku et al. 2007) or a shift in concentration 
due to the alternation of the sliding phase and waiting for 
the next stimulus (Polich 2007).

Finally, a central positivity PS was identified around 
200  ms after the end of the stimulation (see Figs.  2d, 3). 
PS is classified as “off-response”, i.e. a component which 
encodes the cognitive processing of the end of the tactile 
input, since it is still located in the sensory functional area 
(Schomer and Da Silva 2012). Its late latency might be 
the result of overlapping cortical activities generated dur-
ing the repeated single-ridge stimulation (i.e., prolonged 
stimulation as a collection of ridges). In fact, we did not 
observe any similar somatosensory on/off responses or ear-
lier potentials other than PS after the offset. Possibly, the 
strong on-response activation in the somatosensory cortex 
(i.e., sequence P100-N140) may have restricted the genera-
tion of early somatosensory potentials to the onset of the 
stimulation (Yamashiro et al. 2009).

The analysis of cortical oscillation identified the com-
ponents of synchronization/desynchronization related 
respectively to the theta and alpha bands (see Figs.  4, 5). 
The θERS in theta band within 500  ms was associated 
with the slow potentials P100, N140 and P240. Further-
more, the scalp topography showed widespread activation 
with the highest θERS signal in C3, i.e., in the contralateral 
side, and some activation in the ipsilateral hemisphere (see 
Figs. 4a, 5b), confirming that the ipsilateral side processed 
tactile information even when the intensity was lower with 
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respect to the baseline (Schnitzler et  al. 1995). A recent 
study reported that the theta band could encode the abil-
ity of the subject to discriminate features such as surface 
roughness (Michail et al. 2016). Therefore, the widespread 
activation could be related to the complex somatosensory 
processing located mainly in the somatosensory cortex of 
both contralateral and ipsilateral hemispheres, but involv-
ing also other functional area of the brain.

On the other hand, the αERD signal lasted through-
out the entire stimulation (see Fig. 4b) and it was present 
equally in both hemispheres in the somatosensory cortex 
(see Fig. 5c). The αERD topography confirmed the hypoth-
esis that both ipsilateral and contralateral hemispheres were 
engaged during tactile stimulation (Hlushchuk and Hari 
2006; Schnitzler et  al. 1995). The presence of αERD mu 
rhythms for the duration of the stimulation could indicate 
an active cortical processing of tactile information, which 
emphasizes the direct involvement of activity in the alpha-
frequency band in neuronal processes supporting con-
sciousness and attention (Cheyne et  al. 2003; Klimesch 
2012; Palva et al. 2005).

In this work, SEPs analysis together with somatosensory 
ERD/ERS provided information about the cortical circuit 
participating in the processing of tactile stimuli. Unlike pre-
vious studies focused mainly on SEPs (Eimer et al. 2002; 
Kida et al. 2004b), here we described the neural processing 
of tactile inputs during the ongoing prolonged stimulation 
and we identified two consecutive stages. Within 500 ms, 
the tactile input elicited the physiological sequence of SEPs 
(P100-N140-P240) that may encode the stimulus proper-
ties. This sequence could be associated to the active stim-
ulus-dependent processing that also generated the transfer 
of tactile information between hemispheres. After 500 ms, 
the encoded tactile information was maintained during the 
ongoing stimulation by modulating the alpha band (i.e., 
spatial attention at one specific body part). Most likely, 
this second process can be related to feeling adaptation 
phenomena that involved both hemispheres. In this regard, 
future works could analyze brain responses elicited by a 
tactile stimulus with a surface discontinuity to determine 
whether these two phenomena are systematically activated 
every time a new tactile input occurs, regardless of the time 
interval between them.

Additional future works may focus on the evaluation of 
the brain responses adding a cognitive task such as discrim-
ination of surfaces. The cognitive task may not affect the 
theta and alpha modulation but could change some features 
of identified SEPs such as latency or amplitude. Moreo-
ver, a discrimination task may also be useful to investigate 
which of the identified SEPs (i.e., P100-N140-P240) have 
a functional role during tactile perception. Regarding the 
bilateral representation of touch, adding a cognitive task 
should not change the bilateral nature of the activation, but 

may shed light on the role of the ipsilateral activation in 
processing tactile stimuli.

Conclusions

Our study aimed at describing the brain response respon-
sible for touch processing by delivering a prolonged tactile 
stimulation of the human fingertip. The passive sliding over 
a mechanical stimulus elicited a physiological temporal 
sequence of long-latency somatosensory potentials, i.e., 
bilateral P100, bilateral N140 and frontal P240. Moreover, 
the tactile stimulation generated a final evoked potential, 
which encoded the end of the stimulus sliding and thus the 
end of the tactile input.

The somatosensory ERD/ERS analysis showed that the 
finger sliding over a surface generated two consecutive cor-
tical phenomena.

The first one occurred during the initial phase of the 
sliding and it concerned the increasing of oscillation ampli-
tude (i.e., ERS) in the theta band and lasted for 500 ms after 
the stimulus onset. This change was distributed globally in 
the cortex, although there was a focus in the contralateral 
somatosensory area. Moreover, ERS were associated to the 
identified SEP potentials P100, N140 and P240 due to the 
overlapping of temporal windows.

The second phenomenon occurred while the initial 
response faded away and it appeared as a decrease of the 
oscillation amplitude (i.e., ERD) in the alpha band. This 
decrease lasted for the remainder of stimulation and its 
activity was bilaterally distributed in the somatosensory 
cortex.

The results presented in this work show for the first 
time that in response to a prolonged passive stimulation of 
the human fingertip the cortex is engaged in a widespread 
bilateral processing of tactile information by differential 
spatiotemporal intensity modulation in both theta and alpha 
bands.
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