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Abstract

In the present study, we mapped the spatio-temporal dynamics of cortical responses to ipsilateral median nerve stimulation
using intracerebral recordings (stereo-EEG) in 38 drug-resistant epileptic patients. Furthermore, we compared the pattern
of responsiveness obtained in the same leads across ipsilateral and contralateral stimulations. Ipsilateral responses were
found mostly confined to SII and posterior insula, while no activity was found in ipsilateral SI. By examining the temporal
profiles of activation, ipsilateral SII showed a prominent tonic pattern, while contralateral SII exhibited both phasic and
tonic responses. Beyond the localization of the active cortical nodes, these data contributed to identify the cortico-cortical
connections carrying the somatosensory information to the ipsilateral hemisphere, with a major role of transcallosal pro-
jections from contralateral SII. In light of previous literature and of its localization, the functional role possibly covered
by long lasting discharge in SII and insular cortex is also discussed. Overall, the presence of tonic activities was neglected
so far due to the impossibility to identify deep sources along with a resolved description of their time course. The use of
stereo-EEG, instead, allows one to achieve a four-dimensional characterization, complementing the classical view about the
somatosensory system organization.
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Introduction

In the recent decades, the cortical processing of somatosen-
sory stimuli has been extensively investigated in humans by
means of a variety of techniques such as magnetoencepha-
lography (MEG), functional magnetic resonance imaging
(fMRI), scalp electroencephalography (EEG) and, more
rarely, intracranial electroencephalography iEEG).
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The results showed that, following unilateral tactile
stimulation, there is a contralateral activation of the primary
somatosensory cortex (cSI) and a bilateral activation of the
secondary somatosensory cortex (SII) (Hari et al. 1993; Kor-
venoja et al. 1999; Backes et al. 2000; Wegner et al. 2000;
Lin and Forss 2002). Bilateral activation is also observed
in the posterior insular regions (Ferretti et al. 2007; Ruben
et al. 2001) and in the frontal operculum (FO) (Hinkley at
al. 2007).

The activation of SI following ipsilateral stimulation is
not only controversial in terms of consistency across sub-
jects and of topography (Korvenoja et al. 1995; Hari and
Forss 1999; Nihashi et al. 2005; Hlushchuk and Hari 2006),
but also its functional role in somatosensory perception is
unclear. Indeed, previous studies proposed iSI activity as
complementing a discriminative activity of ¢SI (Dijkerman
and Haan 2007), while recent studies on primates opened to
the possibility that iSI exerts an inhibitory modulation on
cSI (Lipton et al. 2006).

As far as SII is concerned, the pathway mediating the
ipsilateral response is still matter of debate. Simoes and Hari
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(1999) suggested that its activation results either from direct
input from VP nuclei of the ipsilateral thalamus or from
callosal input from cSII. In addition, a connectivity study
based on Granger causality suggested that iSII receives a
direct input from cSI (Gao et al. 2015). In a recent stereo-
EEG study, Avanzini et al. (2016) mapped the activations
of the contralateral hemisphere following stimulation of the
median nerve. Activations were found in a large cortical
region not limited to the areas described in previous fMRI
studies (cSI, cSII and insular cortex, see Ferretti et al. 2007),
but extending to dorsal premotor cortex (PMd) and middle
temporal gyrus. Most interestingly, by taking advantage of
the high temporal resolution of stereo-EEG (Lachaux et al.
2012), Avanzini et al. (2016) assessed the temporal activa-
tion pattern for each of the responsive areas. In particular, a
dual time-course (phasic and tonic) was recorded from leads
exploring cSII. While the phasic component (20-30 ms after
the stimulus) is most likely related to touch detection, the
significance of the tonic component, which has long latency
(about 40 ms) and lasts until 200 ms, is open to different
interpretations.

Given the procedures intrinsic to stereo-EEG—(the
implantations are mainly unilateral as anatomo-electro-
clinical indications often specify the laterality of the epi-
leptogenic region to be investigated)—no information was
available concerning the activations of the ipsilateral hemi-
sphere. This information, however, is essential not only to
map the overall cortical territories encoding somatosensory
processing but also to clarify, according to their time-course,
the functional connections between different areas. For these
reasons, we complemented the battery of clinical tests by
adding the stimulation of the median nerve ipsilateral to the
implanted hemisphere.

The purpose of the present study is to obtain a compre-
hensive four-dimensional stereo-EEG mapping of the cor-
tical areas responsive to the ipsilateral tactile stimulation.
Furthermore, we compare the time-course of ipsilateral
activations with the contralateral ones recorded in the same
patients. This comparison should allow us to assess the cor-
tico-cortical dynamics sustaining somatosensory processing,
and to obtain insights on the functional properties of the
different areas.

Materials and methods

Participants

Stereo-EEG data were collected in 38 patients (19 females,
30.7 +£10.8 years) suffering from drug-resistant focal
epilepsy. As inclusion criteria, only patients presenting

no anatomical alterations (n=34) or little abnormali-
ties not involving the sensorimotor areas (n=4) in the
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pre-implantation MR were included. The four patients
with positive MR showed minimal periventricular nodu-
lar heterotopia, three of them located in the temporal lobe
and one in the orbito-frontal cortex. No patients presented
sensorimotor deficits. Their pharmacological treatment
was not modified during the 24 h prior the experimental
tests and no epileptic seizures were observed during the
recordings. All patients were stereotactically implanted
with intracerebral electrodes as part of their presurgical
evaluation at the “Claudio Munari” Center of Epilepsy
Surgery, Ospedale Niguarda-Ca’ Granda, Milan, Italy.
Implantations sites were selected exclusively in relation
to the electro-clinical data and neuroimaging examina-
tions. This study received the approval of the Ethics Com-
mittee of Niguarda Hospital (ID 939-2.12.2013) and all
the patients were fully informed regarding the electrode
implantation and stereo-EEG recordings.

Electrodes implantation

Twenty-six of the 38 recorded patients were implanted
unilaterally while the remaining 12 presented a bilateral
implant, resulting in a total of 50 hemispheres analyzed (28
right, 22 left). A number of depth electrodes (range 8—18)
were implanted into different regions of the hemisphere
using stereotactic coordinates. Each electrode had a diam-
eter of 0.8 mm and consisted of 8—18 2 mm-long contacts
(leads), spaced 1.5 mm apart (DIXI®, Besancon, France).
Immediately after the implantation, cone-beam computed
tomography (CBCT) was obtained with the O-arm scanner
(Medtronic, Minneapolis, Minnesota) and registered to pre-
implantation 3D-T1-weighted MR images. Subsequently,
multimodal scenes were built with 3D Slicer software pack-
age (Fedorov et al. 2012), and the exact position of each lead
was determined, at the single patient level, looking at multi-
planar reconstructions (Dale et al. 1999). Following clinical
conventions, all leads were labeled by a letter corresponding
to the electrode shaft, followed by a number sequentially
increasing starting from the tip of the electrode.

Nerve stimulation

The stimulation of the median nerve is part of the clinical
tests ordinarily administered by neurologists to map leads
involved in somatosensory information processing. Stimu-
lations were first delivered contralaterally to the recorded
hemisphere, and subsequently also ipsilaterally, using 100
constant-current pulses (0.2 ms duration) at 1 Hz. Intensity
for each patient was set at 10% above the motor threshold
(range 3.2-5.3 mA), evaluated as the minimum threshold
able to evoke twitches of the contralateral thumb.
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Anatomical reconstruction of electrodes

The aim of the reconstruction was to localize the recording
leads in the individual cortical surfaces and, via a 2D co-
registration, to merge leads from all patients onto a common
template. The procedure adopted in this study is the same as
in Avanzini at al. (2016).

Stereo-EEG data recording and processing

The stereo-EEG trace was recorded with a Neurofax EEG-
1100 (Nihon Kohden System) at 1-kHz sampling rate. The
reference, chosen for each patient independently, is calcu-
lated as the average of two adjacent leads located in the
white matter that do not respond to clinical stimulations
(including somatosensory, visual and acoustical). In addi-
tion, their electrical stimulation does not evoke any sensory
and/or motor behavior. The neurologists visually inspected
the recordings and verified the absence of ictal epilep-
tic discharges (IEDs) for all patients. Data from all leads
in the grey matter were decomposed into time—frequency
plots using Morlet’s wavelet decomposition and power

in the gamma frequency band was estimated for adjacent
non-overlapping 10-Hz frequency bins (Vidal et al. 2010;
Caruana et al. 2014a, b) between 55 and 145 Hz to avoid
contamination from power-line noise. For both stimulations
(ipsilateral and contralateral), the considered time-window
spans 100 ms before and 500 ms after the stimulus deliv-
ery, and it was subdivided into 60 non-overlapping 10-ms
bins. To obtain normalized data across patients and leads,
power in post-stimulus bins was z scored relatively to the
pre-stimulus interval. Leads responsive to median nerve
stimulation were identified by comparing gamma band
power in each post-stimulus bin against the baseline ( test,
p<0.001). Significance was Bonferroni corrected for the
50 comparisons and leads with at least 3 significant bins
were considered as responsive. Overall responsiveness
maps were computed according to the procedures detailed
in (Avanzini et al. 2016) and visualized with Caret soft-
ware (Van Essen et al. 2012). The brain template and the
corresponding flat map are shown in Fig. 1. To group data
according to their temporal pattern and regardless of ampli-
tude modulations, gamma power time-courses of the reac-
tive leads were first normalized between O and 1, and then

Fig. 1 Brain template. Flat map of fs-LR-average right hemisphere template (163.842 nodes), with cytoarchitectonic regions indicated. The bot-
tom-right inset shows the inflated view of the same brain template. Borders for cytoarchitectonic areas are reported also in Figs. 2, 3 and 4
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clustered with k-means algorithm, imposing an increasing
number of clustering (3—20). For each, the maximal aver-
age silhouette value was computed and used to identify the
optimal number of clusters. The described analysis, in line
with (Avanzini et al. 2016), tested the presence of strong and
highly significant responses in gamma band. While these are
largely expected in the contralateral hemisphere, the ipsilat-
eral activity might exhibit a lower strength. Starting from
these premises, to avoid the presence of false negatives, we
recalculated responsive leads removing the Bonferroni cor-
rection. Chi-squared tests were finally conducted to test for a
possible lateralization effect on the number of reactive leads
obtained in each stimulation condition for responsive areas.

Results

Overall, 5872 cortical sites have been explored of which
4466 were localized in the grey matter according to the ana-
tomical reconstruction (2783 in the right hemisphere, 1683
in the left hemisphere). The sampling density maps (Fig. 2)
show the extensive coverage of the cortical sheet except for
the frontal and occipital tips of the hemispheres as well as
the cortical crowns due to the obligatory orthogonal inser-
tion of electrodes and to the anatomical and vascular con-
straints (presence of frontal bone sinus and superior sagittal
sinus). A poor sampling was present also in the posterior
parietal cortex (PPC); however, this region lies outside the
areas responsive to median nerve stimulation as described
in Avanzini et al. (2016).

Statistical analysis showed that 37 leads presented a
significant broadband gamma power increase in response
to the ipsilateral median nerve stimulation (19 in the right

hemisphere, 18 in the left hemisphere). Responsive leads
(Fig. 3) were almost exclusively located in the parietal oper-
culum (8 right, 13 left) and in particular in its dorso-caudal
part corresponding to area OP1 (5 right, 12 left). Active
leads were found, at a smaller extent, bilaterally in the fron-
tal operculum (FO) (4 right, 2 left), and in the long gyri of
the right insular cortex (Lgl, 4 leads) and one lead at the
boundary with area OP2 (left). Six additional responsive
leads were found in the right inferior parietal cortex (PFcm,
2), left short gyri of insular cortex (Sgl, 2), right PMd (1)
and right SI (1). Due to their sparsity, these latter activations
will be not discussed further.

Following contralateral stimulation, 415 leads were found
responsive (253 in the right hemisphere, 162 in the left
hemisphere). The difference between the two hemispheres
is merely linked to the different sampling (about 10% in
both cases). The responsiveness maps, shown in Fig. 4, are
in close agreement with those described by Avanzini et al.
(2016). Of note, virtually all the leads reactive to the ipsilat-
eral stimulation (34 out of 37) were found to be active also
in response to the contralateral one.

To examine whether the temporal pattern of responsive-
ness differed between ipsi- and contra-lateral stimulations
across OP1, Lgl and FO, average time-courses of the gamma
power were computed for the leads reactive in both stimula-
tion conditions, for each area independently (Fig. 5). Fol-
lowing ipsilateral stimulation, all areas revealed a tonic long
lasting response (see red traces in Fig. Sa—c). In contrast,
following contralateral stimulation (black traces), the same
leads might show two different behaviors. The majority of
them (18 out of 28) presented simultaneously a dual pattern:
phasic (a peak at around 20-30 ms) and tonic (long last-
ing response with low amplitude and peaking after 50 ms).

Fig.2 Sampling density flat maps. Midthickness surface of the fs_LR brain template with all leads located in gray matter of the left (a) and right
(b) hemispheres. Red dots correspond to leads active following the contralateral stimulation, black dots represent unresponsive leads
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Fig.3 Responsiveness to median nerve stimulation in the ipsilateral
perisylvian regions. Responsive leads (black dots) and responsiveness
maps are shown onto the midthickness surface of fs_LR_brain tem-
plate for left and right hemispheres (a, b, respectively). The two reac-
tive leads located in right PFem do not generate a corresponding blob

0

Lgl

in the continuous map due to constraints on sampling. White borders
refer to cytoarchitectonic areas of inferior parietal cortex (Caspers
et al. 2006, 2008), parietal operculum (Eickhoff et al. 2006), and
areas 44 and 45 (Amunts et al. 1999). In addition, long and short gyri
of insula were anatomically defined using the gyral pattern

Fig.4 Overall responsiveness maps following contralateral stimulation. Overall responsiveness (responsive leads as a percentage of total
explored leads per disk) for left (a) and right (b) hemispheres. Only surface nodes with values exceeding 10% were shown

The remaining 10 leads showed an exclusively tonic course,
whose temporal profile was comparable with the one found
for the ipsilateral stimulation. As a result, OP1 was char-
acterized by a dual time course, with both phasic and tonic
activity (Fig. 6a), while Lgl showed only a tonic response
(Fig. 6¢). Finally, a more ambiguous pattern was obtained
for FO (Fig. 6b), where, however, the latency of the earliest
peak is compatible with a phasic behavior preceding a tonic
response.

A similar pattern was obtained also when considering all
the leads responsive to the contralateral stimulation regard-
less their response to the ipsilateral one; in this case, how-
ever, a small phasic component seems to be present also in

Lgl (Fig. 6¢). Centroids resulting from the clustering proce-
dure are available in Fig. 5d. Comparing the areas responsive
to ipsilateral versus contralateral stimulation, SI and PMd
resulted to respond only to contralateral stimuli. In total
78 leads (42 right, 36 left) were explored in SI complex,
including areas 3a(15), 3b(27), 1(14), 2(22). Among these,
64 (82%) were found responsive to the contralateral stimula-
tion, while only one to the ipsilateral stimulation. Further-
more, 133 leads (75 right, 58 left) were recorded in PMd, of
which 62 (46%) responsive to the contralateral stimulation
and only one to the ipsilateral stimulation.

The removal of Bonferroni correction for the ipsilateral
stimulation increased the number of responsive leads to 6 in
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Fig.5 Normalized gamma-band time course of regions active for
both ipsi- and contra-lateral median nerve stimulation. Average time-
courses (+SE) are shown separately for OP1 (a), FO (b) and Lgl
(c), based only on leads active for both stimulations and after a nor-
malization to the [0,1] range. d The centroids resulting from k-means
clustering applied on normalized responses to contralateral stimula-

SI (4 patients; 2 in area 1, 3 in area 2 and 1 in area 3b) and 5 in
PMd (3 patients), all located in the right hemisphere. Earliest
latency and number of significant bins for each of these leads
are reported in Table 1.

Chi-square tests reveal that the distribution of responsive
leads in both stimulation conditions do not differ significantly
across implanted hemispheres for SI complex, PMd, OP1, LgI,
FO and these three latter taken together.
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tion. The labels assigned to clusters follow Avanzini et al. (2016):
phasic (peak around 20-30 ms and return to baseline level within
50 ms from stimulation), prolonged (rising similar to phasic but
longer duration of the activation) and tonic (activation lasting more
than 200 ms with a peak lower than other clusters)

Discussion

Ipsilateral cortical responses to somatosensory
stimulation

In the present study, we used stereo-EEG to obtain a four-
dimensional picture of the cortical areas active following
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Fig.6 Normalized gamma-band time course of regions active to ipsi-
and contra-lateral median nerve stimulation. Average time-courses
(+SE) are shown separately for OP1 (a), FO (b) and LgI (c), based
on all leads active in each stimulations and after a normalization to
the [0,1] range

ipsilateral median nerve stimulation. To this purpose, we
used the gamma activity (50-150 Hz), elicited by nerve
stimulation, as an index of neuronal recruitment (see
Lachaux et al. 2007) in both space and time (Jerbi et al.
2009; Vidal et al. 2010). Note that, given the millisec-
ond time-scale resolution of stereo-EEG, we were able to
evaluate the time-course of each active region and to com-
pare it with the responses recorded from the contralateral
hemisphere (see also Avanzini et al. 2016).

Our results confirmed previous findings that bilateral
somatosensory responses are mostly confined to SII, and
less extensively to long insular gyri (Lgl), with the unilat-
eral somatosensory responses being always contralaterally
located (Dijkerman and Haan 2007). In agreement with
Wegner et al. (2000), ipsilateral SII responses were found
in the same SII leads activated by contralateral stimulation.
However, the inspection of the gamma time-course revealed
clear differences between cSII and iSII activation pattern.
While iSII exhibits an almost exclusively tonic behavior, the
cSII shows a large phasic response at 20-30 ms followed by
a sustained tonic one. The co-existence of two different pat-
terns of responsiveness for cSII, earlier described in (Avan-
zini et al. 2017), and the predominance of the tonic response
in the ipsilateral hemisphere might represent the signature
of diverse functions mediated by SII in somatosensory pro-
cessing (see below).

Summing up, the activation in the ipsilateral hemisphere
following somatosensory stimulation is virtually limited to
perisylvian regions, and its tonic time-course seems in line
with what highlighted for same regions in the contralateral
hemisphere. In the next section, we will discuss how this
spatio-temporal evidence might provide a significant con-
tribution to the issue concerning the anatomo-functional
pathways recruited during non-nociceptive somatosensory
processing.

How does somatosensory information reach iSII?

The bilateral activation of SII is consistently reported in
previous literature (Hari et al. 1993; Korvenoja et al. 1999;
Backes et al. 2000; Wegner et al. 2000; Lin and Forss 2002).
One debated point is how peripheral somatosensory infor-
mation reaches not only cSII but also iSII. Several hypoth-
eses have been advanced, and namely: (1) via uncrossed
afferent fibres reaching the ipsilateral thalamus, which then
projects to iSII, (2) callosal connections from c¢SII and (3)
callosal connections from cSI; (4) connections from iSI,
which in turn might receive callosal connections from cSI.

The long average latency found for iSII relative to cSI
and cSII, along with the almost complete absence of phasic
activity, renders very unlikely a contribution of the ipsilat-
eral thalamus, contrary to what suggested by Kanno et al.
(2003). This conclusion is also in line with previous studies
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Table 1 Responsive leads to

Latency (ms)

Num. of significant bins

. . . . Lead (area)

ipsilateral stimulation without

Bonferroni correction Lead 1 (BA1) 50
Lead 2 (BA2) 40
Lead 3 (BA2) 100
Lead 4 (BA2) 60
Lead 5 (BA2) 30
Lead 6 (BA3b) 60
Lead 1 (PMd) 50
Lead 2 (PMd) 50
Lead 3 (PMd) 60
Lead 4 (PMd) 190
Lead 5 (PMd) 10

19 (responsive also with Bonferroni correction)

(responsive also with Bonferroni correction)

B W N B PRW W R ONW

Latency value represents the first significant time bin after the stimulus delivery

(Fabri et al. 1997, 1999), revealing that patients with partial
or complete callosotomy show a normal pattern of activation
of the contralateral hemisphere, but a complete absence of
activation of the ipsilateral one.

Concerning the contralateral origin of the input to iSII,
the candidate pathways to mediate its activation are callosal
projections either from cSI (Allison et al. 1989; Gao et al.
2015) or from c¢SII (Simoes and Hari 1999). However, the
first hypothesis seems unlikely, given the completely differ-
ent temporal patterns of response of ¢SI and iSII. Contralat-
eral SI has only a phasic response (blue trace in Fig. 5d)
which peaks around 20 ms and ends within 50 ms. The tonic
response from iSII (red trace in Fig. 5a), instead, shows a
delay of about 40 and 60 ms in terms of onset and peak tim-
ing, respectively, which is not compatible with transcallosal
transmission timing as measured by Bashore (1981). On the
contrary, the response pattern recorded from cSII constitutes
the ideal bridge between cSI and iSII: cSII has a clear phasic
component paralleling the main feature of cSI. Most impor-
tantly, cSII shows also an evident tonic component that is
the dominant feature of iSII.

A remaining hypothesis—transcallosal communication
between cSI and iSI—can be ruled out as no activity in iSI
is detected in the present study. In conclusion, the findings
of the present study strongly support the hypothesis that iSII
activity following somatosensory stimulation is mediated
by direct callosal communication coming from c¢SII, as also
hypothesized in (Simoes and Hari 1999).

Tonic responses in Sll and insular cortex

The results of the previous section together with recent
sEEG studies (Avanzini et al. 2016, 2017) suggest that dif-
ferent time-courses might reflect different aspects of the
cortical somatosensory processing.

Phasic activity (fast and short-lasting), shared by cSI
and cSII, seems the best candidate to reflect somatosensory
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functions such as simple somatosensory detection, which
is common to cSI and cSII (see Preusser et al. 2014) as
well as more complex functions such as discrimination of
texture and haptic processing, which are peculiar for cSII
(Sathian et al. 2011; Sathian 2016). Phasic activity most
likely reflects thalamic inputs from VPL in the case of
¢SI, and from VPI in the case of ¢SII (Burton et al. 1990;
Friedman et al. 1986), although a cortico-cortical contri-
bution cannot be excluded. This conclusion is in line with
previous physiological evidence, confining early responses
to cSI and c¢SII (Barba et al. 2002).

The origin of a tonic long-lasting response might, in
principle, be consistent with the transmission via unmy-
elinated and the smallest myelinated fibres. This, however,
appears unlikely because the median nerve stimulation in
the present study did not produce any painful sensation,
thus indicating the lack of recruitment of C fibres, and of
the smallest myelinated fibres carrying first sharp pain. In
addition, Olausson et al. (2002) showed that in a patient
lacking myelinated fibers, a light tactile stimulation pro-
duced activation of contralateral insular cortex, but not of
cSI, cSII and iSII. Our results, instead, depicted a tonic
behavior both in contralateral and ipsilateral SII regions,
highly comparable in terms of latency and patterns.

The tonic activity in response to a single shock nerve
stimulation has been observed in our study in two areas:
SII and posterior insular cortex. Both of them were more
responsive following contralateral stimulation than ipsilat-
eral one. However, a trend favoring responses of the right
hemisphere—regardless from the stimulation side—was
observed only for the insular cortex. Considering that tonic
activity could not be determined either by SI input, which
is exclusively phasic, or by slow-conducting fibres (see
above), it appears that the tonic activity is generated either
endogenously inside the cortex or by recurrent thalamo-
cortical activity.
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The presence of the tonic activity opens a question
about what could be the functional role of this prolonged
activation. Romo et al. (2002) administered macaques with
two different unilateral vibratory stimuli, each 500 ms
long, and interspersed by 3 s, while neuronal activity was
recorded from SI and SII. In SI, neural activity followed
faithfully the features of the single stimulus. In contrast,
SII responses to the second stimulus changed according
to the features of the first one. These findings suggest that
this area is involved in the integration of somatosensory
activities over time, and this process could require a long
lasting recurrent activity to take place.

Due to the high unspecificity in terms of topography
and timing of the posterior insular cortex (see Avanzini
et al. 2017), the hypothesis that the insular tonic activity
may reflect the cortical processes sustaining tactile aware-
ness seems to be the most convincing. There is clinical
evidence indicating that insula plays a role in corporeal
awareness: insular lesions may determine somatopara-
phrenia (Cereda et al. 2002), while insular seizures may
cause somatic hallucinations (Roper et al. 1993). These
conclusions are in line with Tsakiris et al. (2007), who
showed that our sense of limb ownership is sustained by
a network composed by right posterior insula and right
frontal operculum. A similar role for posterior insula was
also advanced by Karnath and Baier (2010).

Despite further studies are needed to conclude about
the functional role of tonic responses in somatosensory
processing, we propose that the long-lasting tonic activity
observed in our experiment might represent the neural sub-
strate for maintaining somatosensory information in time,
allowing for comparison and integration between stimuli
and for the instantiation of a sense of tactile awareness.

Acknowledgements MDV was supported a Grant POR-FSE 2014—
2020 funded by Regione Emilia Romagna (Italy).

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

Ethical approval All procedures performed in studies involving human
participants were in accordance with the ethical standards and they
were approved by the Ethics Committee of Niguarda Hospital (ID
939-2.12.2013) and all the patients were fully informed regarding the
electrode implantation and stereo-EEG recordings.

References

Allison TRUETT, McCarthy GREGORY, Wood CC, Darcey TM,
Spencer DD, Williamson PD (1989) Human cortical potentials
evoked by stimulation of the median nerve. II. Cytoarchitectonic

areas generating short-latency activity. J Neurophysiol
62(3):694-710

Amunts K, Schleicher A, Biirgel U, Mohlberg H, Uylings H, Zilles
K (1999) Broca’s region revisited: cytoarchitecture and inter-
subject variability. ] Comp Neurol 412(2):319-341

Avanzini P, Abdollahi RO, Sartori I, Caruana F, Pelliccia V, Casaceli
G, Mai R, Lo Russo G, Rizzolatti G, Orban GA (2016) Four-
dimensional maps of the human somatosensory system. Proc
Natl Acad Sci 113(13):E1936-E1943

Avanzini P, Pelliccia V, Russo GL, Orban GA, Rizzolatti G (2017)
Multiple time courses of somatosensory responses in human
cortex. Neurolmage 169:212

Backes WH, Mess WH, van Kranen-Mastenbroek V, Reulen JPH
(2000) Somatosensory cortex responses to median nerve stimu-
lation: fMRI effects of current amplitude and selective attention.
Clin Neurophysiol 111(10):1738-1744

Barba C, Frot M, Mauguiere F (2002) Early secondary somatosen-
sory area (SII) SEPs. Data from intracerebral recordings in
humans. Clin Neurophysiol 113(11):1778-1786

Bashore TR (1981) Vocal and manual reaction time estimates of
interhemispheric transmission time. Psychol Bull 89(2):352

Burton H, Sathian K, Dian-hua S (1990) Altered responses to cuta-
neous stimuli in the second somatosensory cortex following
lesions of the postcentral gyrus in infant and juvenile macaques.
J Comp Neurol 291(3):395-414

Caruana F, Cantalupo G, Russo GL, Mai R, Sartori I, Avan-
zini P (2014a) Human cortical activity evoked by gaze shift
observation: an intracranial EEG study. Hum Brain Mapp
35(4):1515-1528

Caruana F, Sartori I, Russo GL, Avanzini P (2014b) Sequencing bio-
logical and physical events affects specific frequency bands within
the human premotor cortex: an intracerebral EEG study. PLoS
One 9(1):e86384

Caspers S, Geyer S, Schleicher A, Mohlberg H, Amunts K, Zilles
K (2006) The human inferior parietal cortex: cytoarchitec-
tonic parcellation and interindividual variability. Neuroimage
33(2):430-448

Caspers S, Eickhoff SB, Geyer S, Scheperjans F, Mohlberg H, Zilles K,
Amunts K (2008) The human inferior parietal lobule in stereotaxic
space. Brain Struct Funct 212(6):481-495

Cereda C, Ghika J, Maeder P, Bogousslavsky J (2002) Strokes
restricted to the insular cortex. Neurology 59(12):1950-1955

Dale AM, Fischl B, Sereno MI (1999) Cortical surface-based analy-
sis: I. Segmentation and surface reconstruction. Neuroimage
9(2):179-194

Dijkerman HC, De Haan EH (2007) Somatosensory processing sub-
serving perception and action: dissociations, interactions, and
integration. Behav Brain Sci 30(2):224-230

Eickhoff SB, Heim S, Zilles K, Amunts K (2006) Testing anatomically
specified hypotheses in functional imaging using cytoarchitectonic
maps. Neuroimage 32(2):570-582

Fabri M, Polonara G, Quattrini A, Salvolini U, Manzoni T (1997) Lack
of somatosensory activation in ipsilateral cerebral cortex of split-
brain patients as revealed by fMRI. Soc Neurosci Abstr 389:13

Fabri M, Polonara G, Quattrini A, Salvolini U, Del Pesce M, Manzoni
T (1999) Role of the corpus callosum in the somatosensory activa-
tion of the ipsilateral cerebral cortex: an fMRI study of callosoto-
mized patients. Eur J Neurosci 11(11):3983-3994

Fedorov A, Beichel R, Kalpathy-Cramer J, Finet J, Fillion-Robin JC,
Pujol S, ... Buatti J (2012) 3D Slicer as an image computing plat-
form for the Quantitative Imaging Network. Magn Reson Imaging
30(9):1323-1341

Ferretti A, Babiloni C, Arienzo D, Del Gratta C, Rossini PM, Tartaro
A, Romani GL (2007) Cortical brain responses during passive
nonpainful median nerve stimulation at low frequencies (0.5-4
Hz): an fMRI study. Hum Brain Mapp 28(7):645-653

@ Springer



18

Brain Structure and Function (2019) 224:9-18

Friedman DP, Murray EA, O’Neill JB, Mishkin M (1986) Cortical
connections of the somatosensory fields of the lateral sulcus of
macaques: evidence for a corticolimbic pathway for touch. ] Comp
Neurol 252(3):323-347

Gao L, Sommerlade L, Coffman B, Zhang T, Stephen JM, Li D, Wang
J, Grebogi C, Schelter B (2015) Granger causal time-dependent
source connectivity in the somatosensory network. Sci Rep
5:10399

Hari R, Forss N (1999) Magnetoencephalography in the study of
human somatosensory cortical processing. Philos Trans R Soc
Lond B Biol Sci 354(1387):1145-1154

Hari R, Karhu J, Himéildinen M, Knuutila J, Salonen O, Sams M,
Vilkman V (1993) Functional organization of the human first and
second somatosensory cortices: a neuromagnetic study. Eur J Neu-
rosci 5(6):724-734

Hinkley LB, Krubitzer LA, Nagarajan SS, Disbrow EA (2007) Sen-
sorimotor integration in S2, PV, and parietal rostroventral areas
of the human sylvian fissure. J Neurophysiol 97(2):1288-1297

Hlushchuk Y, Hari R (2006) Transient suppression of ipsilateral pri-
mary somatosensory cortex during tactile finger stimulation. J
Neurosci 26(21):5819-5824

Jerbi K, Ossandon T, Hamame CM, Senova S, Dalal SS, Jung J, Minotti
L, Bertrand O, Berthoz A, Kahane P, Lachaux JP (2009) Task-
related gamma-band dynamics from an intracerebral perspective:
review and implications for surface EEG and MEG. Hum Brain
Mapp 30(6):1758-1771

Kanno A, Nakasato N, Hatanaka K, Yoshimoto T (2003) Ipsilateral
area 3b responses to median nerve somatosensory stimulation.
Neuroimage 18(1):169-177

Karnath HO, Baier B (2010) Right insula for our sense of limb
ownership and self-awareness of actions. Brain Struct Funct
214(5-6):411-417

Korvenoja A, Wikstrom H, Huttunen J, Virtanan J, Laine P, Aronen
HIJ, Seppildinen AM (1995) Activation of ipsilateral primary
sensorimotor cortex by median nerve stimulation. Neuroreport
6(18):2589-2593

Korvenoja A, Huttunen J, Salli E, Pohjonen H, Martinkauppi S, Palva
JM, Lauronen L, Virtanen J, Ilmoniemi RJ, Aronen HJ (1999)
Activation of multiple cortical areas in response to somatosensory
stimulation: combined magnetoencephalographic and functional
magnetic resonance imaging. Hum Brain Mapp 8(1):13-27

Lachaux JP, Jung J, Mainy N, Dreher JC, Bertrand O, Baciu M, Minotti
L, Hoffmann D, Kahane P (2007) Silence is golden: transient neu-
ral deactivation in the prefrontal cortex during attentive reading.
Cereb Cortex 18(2):443-450

Lachaux JP, Axmacher N, Mormann F, Halgren E, Crone NE (2012)
High-frequency neural activity and human cognition: past, pre-
sent and possible future of intracranial EEG research. Progress
Neurobiol 98(3):279-301

@ Springer

Lin YY, Forss N (2002) Functional characterization of human second
somatosensory cortex by magnetoencephalography. Behav Brain
Res 135(1):141-145

Lipton ML, Fu KMG, Branch CA, Schroeder CE (2006) Ipsilateral
hand input to area 3b revealed by converging hemodynamic and
electrophysiological analyses in macaque monkeys. J Neurosci
26(1):180-185

Nihashi T, Naganawa S, Sato C, Kawai H, Nakamura T, Fukatsu H,
Aoki I (2005) Contralateral and ipsilateral responses in primary
somatosensory cortex following electrical median nerve stimula-
tion—an fMRI study. Clin Neurophysiol 116(4):842-848

Olausson H, Lamarre Y, Backlund H, Morin C, Wallin BG, Starck G,
Ekholm S, Strigo I, Worsley K, Vallbo ;\B, Bushnell MC (2002)
Unmyelinated tactile afferents signal touch and project to insular
cortex. Nat Neurosci 5(9):900-904

Preusser S, Thiel SD, Rook C, Roggenhofer E, Kosatschek A, Dra-
ganski B, Blankenburg F, Driver J, Villringer A, Pleger B (2014)
The perception of touch and the ventral somatosensory pathway.
Brain 138(3):540-548

Romo R, Herndndez A, Zainos A, Lemus L, Brody CD (2002) Neu-
ronal correlates of decision-making in secondary somatosensory
cortex. Nat Neurosci 5(11):1217-1225

Roper SN, Levesque MF, Sutherling WW, Engel J Jr (1993) Surgical
treatment of partial epilepsy arising from the insular cortex: report
of two cases. J Neurosurgy 79(2):266-269

Ruben J, Schwiemann J, Deuchert M, Meyer R, Krause T, Curio G,
Kurth R, Villringer A (2001) Somatotopic organization of human
secondary somatosensory cortex. Cereb Cortex 11(5):463-473

Sathian K (2016) Analysis of haptic information in the cerebral cortex.
J Neurophysiol 116(4):1795-1806

Sathian K, Lacey S, Stilla R, Gibson GO, Deshpande G, Hu X, LaC-
onte S, Glielmi C (2011) Dual pathways for haptic and visual
perception of spatial and texture information. Neuroimage
57(2):462-475

Simoes C, Hari R (1999) Relationship between responses to contra- and
ipsilateral stimuli in the human second somatosensory cortex SII.
Neuroimage 10(4):408-416

Tsakiris M, Schiitz-Bosbach S, Gallagher S (2007) On agency and
body-ownership: phenomenological and neurocognitive reflec-
tions. Conscious Cogn 16(3):645-660

Van Essen DC (2012) Cortical cartography and Caret software. Neu-
roimage 62(2):757-764

Vidal JR, Ossandon T, Jerbi K, Dalal SS, Minotti L, Ryvlin P, Kahane
P, Lachaux JP (2010) Category-specific visual responses: an
intracranial study comparing gamma, beta, alpha, and ERP
response selectivity. Front Hum Neurosci 4:195

Wegner K, Forss N, Salenius S (2000) Characteristics of the
human contra- versus ipsilateral SII cortex. Clin Neurophysiol
111(5):894-900



	Ipsilateral somatosensory responses in humans: the tonic activity of SII and posterior insular cortex
	Abstract
	Introduction
	Materials and methods
	Participants
	Electrodes implantation
	Nerve stimulation
	Anatomical reconstruction of electrodes
	Stereo-EEG data recording and processing

	Results
	Discussion
	Ipsilateral cortical responses to somatosensory stimulation
	How does somatosensory information reach iSII?
	Tonic responses in SII and insular cortex

	Acknowledgements 
	References


