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Abstract: Previous findings have shown that the human somatosensory cortical systems that are acti-
vated by passive nonpainful electrical stimulation include the contralateral primary somatosensory area
(SI), bilateral secondary somatosensory area (SII), and bilateral insula. The present study tested the hy-
pothesis that these areas have different sensitivities to stimulation frequency in the condition of passive
stimulation. Functional MRI (fMRI) was recorded in 24 normal volunteers during nonpainful electrical
median nerve stimulations at 0.5, 1, 2, and 4 Hz repetition rates in separate recording blocks in pseu-
dorandom order. Results of the blood oxygen level-dependent (BOLD) effect showed that the contralat-
eral SI, the bilateral SII, and the bilateral insula were active during these stimulations. As a major find-
ing, only the contralateral SI increased its activation with the increase of the stimulus frequency at the
mentioned range. The fact that nonpainful median-nerve electrical stimuli at 4 Hz induces a larger
BOLD response is of interest both for basic research and clinical applications in subjects unable to per-
form cognitive tasks in the fMRI scanner. Hum Brain Mapp 28:645—653, 2007.  ©2006 Wiley-Liss, Inc.
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INTRODUCTION

The organization of the human somatosensory cortex
has been intensively studied with magnetoencephalogra-
phy (MEG) and functional MRI (fMRI). It has been shown
that the contralateral primary (SI) and bilateral secondary
(SII) somatosensory cortices are involved in the processing
of transient nonpainful and painful stimuli [Del Gratta
et al.,, 2000, 2002; Ferretti et al., 2003, 2004; Ibanez et al.,
1995; Kakigi et al., 2000, 2003; Mauguiere et al., 1997a,b;
Torquati et al., 2002, 2003]. SI is presumed to process and
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encode the type and intensity of the sensory inputs,
whereas SII has a multifaceted role, including sensori-
motor integration [Huttunen et al.,, 1996; Narici et al,
1991a,b], integration of information from the two body
halves [Hari et al., 1998], and cognitive functions such as
attention [Burton et al., 1999; Mima et al., 1998], learning
[Diamond et al., 2002], memory [Diamond et al., 2002; Rid-
ley and Ettlinger, 1976], integration, and emotional coding
of nonpainful and painful stimuli.

A major scientific issue is the physiological activity of
the cortical somatosensory systems as a function of the fre-
quency of somatosensory stimulation, i.e.,, an important
physical parameter of the stimulus. Two major skin recep-
tors are involved. Meissner corpuscles are most sensitive
to the frequencies of stimulation under 50 Hz (flutter),
while Pacinian corpuscles are most sensitive to faster stim-
ulation frequency (100-300 Hz; Harrington and Downs
[2001]). High-frequency stimulations of the index finger at
50, 100, 200, and 400 Hz evoked magnetic fields with simi-
lar localization in contralateral SI [Hashimoto et al., 1998].
Stimulation at 150 Hz and 300 Hz elicited an fMRI
response in the contralateral SI. Additionally, activity of
the primary and supplementary motor cortex was ob-
served using 150 Hz stimuli, that activity being minimal at
300 Hz [Gizewski et al., 2005]. Increasing stimulation from
30 to 80 Hz caused a significant increase in the number of
fMRI voxels activated in SII and the posterior insula, while
the number of voxels activated in the contralateral SI
declined. No significant change in signal intensity with fre-
quencies was found in any of the activated areas [Francis
et al.,, 2000]. In contrast, increasing the interstimulus inter-
val of vibrotactile stimulation at 200 Hz from 1 s to 5 s did
not affect the fMRI response in SI and SII [Tuunanen et al.,
2003]. On the other hand, increasing median nerve stimu-
lation frequencies at 5, 15, 40, and 100 Hz induced a linear
increase of the fMRI response in the primary sensorimotor
cortex [Kampe et al., 2000]. On the contrary, stimulation of
rat forepaw in the range 1.5-9 Hz showed a decrease of
the fMRI response in contralateral SI for frequencies above
3 Hz. [Gyngell et al., 1996]. Furthermore, stimulation in
the range 1-8 Hz showed maximal fMRI response at 3 Hz
in rodent contralateral SI, bilateral SII, thalamus, and cere-
bellum [Keilholz et al., 2004].

Other results on SI and SII responses to repetitive stimu-
lation come from MEG-EEG studies. Electric stimulation of
the median nerve elicited somatosensory evoked magnetic
fields in the contralateral SI and bilateral SII. In the contra-
lateral SI, the earliest magnetic fields (+20 ms poststimulus
peak) and temporal discrimination of the stimuli remained
unaffected with increasing stimulus repetition rates at 0.25,
0.5, 1, and 2 Hz [Schnitzler et al., 1999]. Delberghe et al.
[1990], in a study with electric median nerve stimulation
from 1.6-5.7 Hz, observed no amplitude change of the
early somatosensory evoked electric potentials (SEPs), and
an amplitude decrease of the later SEPs with increasing
stimulation frequency. In a study with vibrotactile stimula-
tion at 200 Hz [Tuunanen et al., 2003], the intensity of the

current dipoles in SI, used to model the MEG responses,
increased with increasing interstimulus intervals (from 1-
5 s). However, it should be stressed, when comparing
fMRI with MEG-EEG, that these two techniques observe
different physiological phenomena and may therefore
yield apparently contrasting results.

Keeping these data in mind, the present study on nor-
mal subjects tested the hypothesis that contralateral SI and
bilateral SII have different frequency sensitivity to passive
somatosensory stimulations at low frequencies (0.5-4 Hz).
This is an important issue not only for basic research but
also for clinical applications. fMRI recordings during pas-
sive sensory stimulation have been invoked to be useful in
the functional evaluation of sensorimotor cortex prior to
surgical intervention and in patients with difficulties in
performing cognitive or motor tasks [Kampe et al., 2000].

SUBJECTS AND METHODS
Subjects and Stimulation Procedures

Twenty-four healthy volunteers ranging in age from 19-
25 years (11 males, 13 females) were enrolled in this study.
All of them were right-handed according to the Edinburgh
Inventory [Oldfield, 1971]. All subjects gave written in-
formed consent according to the Declaration of Helsinki
[World Medical Association Declaration of Helsinki, 1997]
and could request an interruption of the investigation at
any time. The general procedures were approved by the
local Institutional Ethics Committee.

The electric stimulus was a rectangular pulse of 200 us
duration and was delivered to the right median nerve at
the wrist via nonmagnetic AgCl electrodes. The stimula-
tion current was set at a level eliciting a sustained, but
painless, thumb twitch and was assessed outside the scan-
ner just before the fMRI session. The current level varied
across subjects in the range of 5-18 mA (mean value
10.1 = 3.8 mA). Four frequencies of stimulation were used
(0.5, 1, 2, 4 Hz), each frequency in a separate run. The
order of the stimulation frequency was varied pseudoran-
domly across participants. Each participant was given a
brief training session in which he/she had to keep their
gaze on a fixation point while minimizing eye movements.

fMRI Recordings

Blood oxygen level-dependent (BOLD) contrast fMRI was
performed with a Siemens Magnetom Vision (Erlangen,
Germany) scanner at 1.5 T by means of T2*-weighted echo
planar imaging (EPI) free induction decay (FID) sequences
with the following parameters: TR, 3 s; TE, 60 ms; matrix
size 64 x 64; field of view (FOV), 256 mm; in-plane voxel
size, 4 x 4 mm; flip angle, 90°; slice thickness, 4 mm; and
no gap. A standard headcoil was used and the subject’s
head was fixed by foam pads to reduce involuntary move-
ment. Functional volumes consisted of 22 transaxial slices
parallel to the anterior—posterior commissural (AC-PC) line
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and covering a brain region extending from the vertex to
the middle temporal gyrus. The experimental paradigm
was a block design alternating a state of stimulation of 36 s
(corresponding to the acquisition of 12 functional volumes)
with a control state having the same duration. For each
stimulus frequency a run of 100 volumes was acquired
starting with a control period. A high-resolution structural
volume was acquired at the end of the session via a 3D
MPRAGE sequence with the following features: axial, ma-
trix 256 x 256, FOV 256 mm, slice thickness 1 mm, no gap,
in-plane voxel size 1 x 1 mm, flip angle 12°, TR = 9.7 ms,
TE = 4 ms.

Data Analysis

Raw data were analyzed by means of BrainVoyager 4.9
(Brain Innovation, The Netherlands). Due to T1 saturation
effects, the first four scans of each run were discarded
from the analysis. Preprocessing of functional scans
included motion correction and removal of linear trends
from voxel time series. A 3D motion correction was per-
formed by means of a rigid body transformation to match
each functional volume to the reference volume (the fifth
volume) estimating three translation and three rotation pa-
rameters. These parameters were stored in log-files and
inspected to check that estimated movement was not
larger than approximately half a voxel for each functional
run. Two of the subjects did not meet this criterion and
were discarded from further analysis. Preprocessed func-
tional volumes of a subject were coregistered with the cor-
responding structural dataset. Since the 2D functional and
3D structural measurements were acquired in the same
session, the coregistration transformation was determined
using the slice position parameters of the functional
images and the position parameters of the structural vol-
ume. Structural and functional volumes were transformed
into the Talairach space [Talairach and Tournoux, 1988]
using a piecewise affine and continuous transformation.
Functional volumes were resampled at a voxel size of 3 X
3 x 3 mm. No spatial or temporal smoothing was per-
formed.

Statistical analysis was performed for each subject and
stimulus frequency using the General Linear Model (GLM)
[Friston et al., 1995] with correction for temporal autocor-
relation [Bullmore et al., 1996, Woolrich et al., 2001]. To
account for the hemodynamic delay, the boxcar waveform
representing the rest and task conditions was convol-
ved with an empirical hemodynamic response function
[Boynton et al., 1996]. Individual statistical maps were
thresholded at P < 0.0004 at the voxel level and a cluster
size of at least four voxels was required. These thresholds
and an estimate of the spatial correlation of voxels
[Forman et al., 1995, 3dFWHM routine of AFNI package,
Cox, 1996] were used as input in a Monte-Carlo simulation
[AlphaSim routine of AFNI package, Cox, 1996; Forman
et al., 1995] in order to assess the overall significance level
(the probability of a false detection for the entire functional

volume). In this way we obtained P < 0.05 as the signifi-
cance level corrected for multiple comparisons. Individual
thresholded statistical maps were then superimposed on
the respective structural scans for the localization of signifi-
cantly activated areas.

Regions of Interest

Cortical regions of interest (ROIs) corresponding to con-
tralateral SI and bilateral SII were traced independently by
two expert experimenters along the lines outlined in previ-
ous literature [Baraldi et al., 1999; Picard and Strick, 1996].
Anatomical landmarks included the posterior bank of the
central sulcus and the postcentral gyrus at the omega zone
[Yousry et al., 1997] for the contralateral SI, and the upper
bank of the lateral sulcus near the posterior pole of the
insula for the bilateral SII. The mediolateral extension of SI
was based on the omega zone landmark, while the medio-
lateral extension of SII ranged from the lip of the upper
bank of the lateral sulcus to its fundus. The omega fold
served to delimitate the “hand” area in SI, following the
lead of several fMRI studies showing marked “hand” sen-
sorimotor responses in the omega zone [Pizzella et al.,
1999; Puce, 1995; Rumeau et al., 1994; Toyokura et al.,
1999; Wood et al., 1988]. The bilateral region of SII was
delineated taking into account that it is located laterally to
the representation of the face in SI, within the upper bank
of the lateral sulcus in the region of the parietal operculum
(approximately from the lip of the lateral sulcus to its fun-
dus) [Magnus et al., 1952; Woolsey et al., 1979].

The bilateral insula was also taken into account. The
region of the insular cortex was delineated taking into
account that it is located deep within the Sylvian fissure
and runs from anterior to posterior deeply to the “opercu-
laris” portions of the frontal, temporal, and parietal lobes.
To avoid confounding results with the anterior frontal
operculum and SII region, here we considered only the
portion of the insula delimitated in the hemispheric sur-
face by the pre- and postcentral gyri.

The mentioned ROIs were determined by considering
the whole mask obtained from activated voxels at each
stimulus frequency. The mean time course of the fMRI sig-
nal from the voxels belonging to a given ROI was ana-
lyzed to inspect the effect of different stimulus conditions.
Attention was devoted to distinguish activated areas in the
posterior insula from activated areas in SII. The subject’s
responses to different stimulation frequencies were charac-
terized by evaluating the BOLD signal intensity variation
in each ROL The relative signal variation between baseline
(rest period) and activation (stimulation period) was calcu-
lated from the fitted parameters of the GLM:

BOLD % change = (beta; * 100) /baseline;

where beta; (i = 0.5, 1, 2, 4 Hz) represents the estimated
amplitude of the mean variation of the fMRI signal dur-
ing the stimulation with respect to baseline. Analysis of
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TABLE I. Group analysis of the BOLD cortical
activation after the galvanic median nerve stimulations:
Talairach coordinates (centroids of activated clusters)
of the activated areas within Sl, Sll, and insula

Area X y z
Contralateral SI —-36 —31 50
Contralateral SII —48 —-22 18
Ipsilateral SII 50 —24 20
Contralateral insula —34 —4 16
Ipsilateral insula 33 0 15

the initial overshoot phase of the positive BOLD effect
was performed as well by considering the peak re-
sponse.

The regional comparison of activation (BOLD % change)
was undertaken by means of the analysis of variance
(ANOVA) for repeated measures. Mauchley’s test was
used to evaluate the sphericity assumption. The number of
degrees of freedom was corrected by means of the Green-
house—Geisser procedure. The dependent variable of the
ANOVA analysis was the BOLD signal relative variation
between the stimulation (considering first the mean
response and then the peak response) and rest conditions.
Six ANOVA analyses were performed. The first was
focused on the activity (mean response) of SI and the fac-
tor was the stimulus frequency (0.5, 1, 2, 4 Hz). The second
and third ANOVAs were focused on the activity (mean
response) of bilateral SII and bilateral insula, respectively.
These two ANOVAs used stimulus frequency (0.5, 1, 2,
4 Hz) and hemisphere (left, right) as factors. The above
three ANOVAs were repeated considering the peak
response as the dependent variable.

Group Analysis

In addition to individual subject analysis, a GLM for the
entire group of subjects was calculated as well by means
of a fixed-effect group analysis. In this analysis the time
series from each run and subject were z-normalized and
concatenated prior to the GLM computation. Group activa-
tion maps were thresholded at P < 0.05 (Bonferroni-cor-
rected) and were superimposed on the (Talairach-trans-
formed) structural scan of one of the subjects.

RESULTS

Group Analysis

A consistent activation across subjects was observed
during electrical stimulation at the four frequencies (0.5, 1,
2, 4 Hz) in contralateral SI, bilateral SII, and bilateral insu-
lar cortex. The location of SI, ipsilateral SII (iSII), contralat-

eral SII (cSIl), ipsilateral Insula (i Insula), and contralateral
Insula (c Insula) activation did not change when consider-
ing different stimulation frequencies. Talairach coordinates
of activated areas in SI, SII, and insula were derived from
the centroids of clusters of activation and are listed in
Table I. The group statistical map for the 4-Hz stimulation
is shown in Figure 1 superimposed on an individual
(Talairach-transformed) structural image.

Single-Subject Analysis

The aforementioned BOLD activation in SI, ¢SII, and iSII
was observed in all individual subjects. Activation in bilat-
eral insular cortex was observed in 15 out of 22 subjects.
Activated areas in SI, SII, and insula for two subjects are
shown in Figure 2, superimposed onto the inflated cortex
obtained from the corresponding structural images. The
fMRI signal time course in these areas during the rest and
task conditions, averaged across epochs, is shown as well.

For each ROI the BOLD response at the different fre-
quencies of stimulation was compared by means of
ANOVA. For the first ANOVA design, focused on SI, a

c Insula A GETE

Figure I.

Results of the group analysis showing the activated areas in the
somatosensory cortex at 4 Hz electrical stimulation superim-
posed onto axial and coronal sections of an individual brain. Top,
axial view: activation occurring in contralateral S| (left) and bilat-
eral Sl (right). Bottom, coronal view (left): activation occurring
in contralateral Sl and bilateral Sll; axial view (right): activation
occurring in bilateral insula.
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Subject 1

Subject 2

L R L R

Figure 2.

Activated areas in SI, Sll, and insula in two
subjects. BOLD signal time courses (averaged :
across epochs) at the different stimulation
frequencies are shown (0.5 Hz: blue; | Hz:
green; 2 Hz: orange; 4 Hz: red) below the
corresponding hemisphere. Note the increas-
ing BOLD response in Sl as a function of the
stimulus rate and the constant response in
the other areas. Values on the vertical axis
are signal percent change with respect to the
rest period, whereas values on the horizontal
axis represent the fMRI volumes. Error bars
are standard errors.

o Insula

significant main effect for the factor stimulus frequency
was observed (F(3,63) = 12.67; P < 0.000001), indicating
that for this area the mean BOLD activation increased with
the increment of the stimulus frequency. For the second
ANOVA design, focused on bilateral SII, a significant main
effect for the factor hemisphere was observed (F(1,21) =
22.79; P < 0.0001), indicating a larger mean BOLD re-
sponse for cSII with respect to iSII. For the third ANOVA
design, focused on bilateral insula, no significant main
effects were observed.

The second set of ANOVAs, considering the peak
response, revealed: 1) a significant main effect in SI for the
factor frequency (F(3,63) = 15.22; P < 0.0000001), indicat-
ing that for this area the peak BOLD activation increased
with the increment of the stimulus frequency; 2) a signifi-
cant main effect for the factor hemisphere in SII (F(1,21) =
10.19; P < 0.004), indicating a larger BOLD response for
cSII with respect to iSII; and 3) no significant main effects
in the insula. Note that the peak response showed the
same dependence on the stimulus frequency as that
observed for the mean response.

The mean and peak BOLD responses as a function of
the stimulus frequency are reported in Figure 3 for each
ROI (mean values across subjects). The Pearson correla-
tion between the stimulus frequency and the BOLD
response was calculated for each area. The correlation
coefficients and the related significance values are
reported in Table II. Note that only for SI did the BOLD
response show a significant correlation with stimulation
frequency.

DISCUSSION

In the present study, contralateral SI, bilateral SII, and
bilateral insula were active during nonpainful electrical
median nerve stimulation at 0.5, 1, 2, 4 Hz, in line with the
existing evidence of the neural network active during
somatosensory stimulus processing [Del Gratta et al., 2000;
Ferretti et al., 2003, 2004; Frot and Mauguiere, 2003; Lin
and Forss, 2002; Mauguiere et al., 1997a,b; Schnitzler and
Ploner, 2000; Timmermann et al., 2001; Torquati et al.,
2002]. Indeed, the tactile system is characterized by a hier-
archical organization in which sensory information is
sequentially processed by contralateral SI, contralateral SII,
and ipsilateral SII. This is in contrast with the organization
of the nociceptive system, which is characterized by a par-
allel flow of sensory information bilaterally processed by
the two SII areas [Ploner et al., 1999; Treede et al., 2000].
Furthermore, the insula comprises a posterior sector (pos-
terior dysgranular and granular insula) in which multimo-
dal sensory inputs including somatosensory information
converge to form a somatosensory mapping of the body
[Mesulam et al., 1982a,b].

The responses of SII and the insula to the present non-
painful stimuli are in agreement with experimental find-
ings obtained with microelectrode recordings, showing
that several areas located in the parietal operculum and
functionally connected to SII take part in the processing of
painful and nonpainful inputs, namely, retroinsular, gran-
ular insula [Burton and Fabri, 1995], and associative parie-
tal [namely, 7b; Robinson and Burton, 1980a,b] areas. In
humans, studies measuring intracranial evoked potentials
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Figure 3.
Mean and peak BOLD responses (averaged across subjects) as a
function of the stimulus frequency in activated areas in S, SlI,
and insula. Error bars are standard errors.

and fMRI responses have demonstrated that the parasyl-
vian cortex (particularly SII) include separate cortical
relays for processing of nonpainful and painful stimuli
[Ferretti et al., 2003, 2004; Frot et al., 2001, 2003; Ploner
et al., 1999; Treede et al., 2000]. The present study found
higher activation in SII than in insula. A reasonable expla-
nation is that SII activation might reflect mainly sensory
stimulus recognition, whereas insular activation would
mainly relay a further processing stage related to the emo-
tional and attentional coloring of the stimulus [Brooks
et al., 2002; Frot and Mauguiere, 2003; Treede et al., 2000],
the latter stimulus features being modest in the present
type of stimulation.

In the present study, the analysis of the BOLD effect
showed that the SII activation in response to different fre-
quencies was characterized by a stronger activation in the
contralateral compared to the ipsilateral hemisphere. This
result could reasonably be explained by considering the
organization of the tactile system as differently converging
somatosensory inputs to the contralateral and ipsilateral
SII areas. It is well known from previous MEG [Forss
et al., 1999; Hari et al., 1993; Mauguiere et al., 1997a,b] and
intracranial EEG studies [Frot and Mauguiere, 1999] that
the tactile somatosensory system has a serial structure. SI
is presumed to receive the peripheral afferents, to be

involved in the encoding of spatial and sensory-discrimi-
native aspects, and to dispatch the received input to
higher-order cortical areas, such as SII. This circuit follows
a strictly hierarchical processing scheme, in which contra-
lateral SII receives inputs from contralateral SI [Barba
et al., 2001; Barbaresi et al., 1994; Forss et al., 2001], while
ipsilateral SII mainly receives inputs via transcallosal fibers
from the contralateral SII [Frot and Mauguiere, 2003;
Schnitzler and Ploner, 2000]. The stronger activation of the
contralateral compared to the ipsilateral SII might be due
to the compression of the information through the callosal
pathway. An alternative explanation is that the callosal
pathway introduces some slight delay in the signal trans-
fer, reducing the synchronization of the target neural pop-
ulation and then the evoked cortical responses.

As a major result of the analysis of the BOLD effect, the
contralateral SI was characterized by an activation that
progressively increased with the increase of the stimulus
frequency. In contrast, both the activation of bilateral SII
and of the bilateral insula were not modified significantly
by changes of the stimulus frequency in the explored fre-
quency range. This behavior was observed for both the
mean and the peak BOLD response. The increasing
responses of the contralateral SI as a function of the stimu-
lus frequency (0.5-4 Hz) would depend on the total energy
carried by the stimulus trains and on the ability of the SI
neurons to account for it at the frequency range in ques-
tion. This explanation is in line with some previous evi-
dence in animals and humans [Gyngell et al., 1996; Keil-
holz et al., 2004]. They also complete previous fMRI results
in humans obtained with electrical stimulation of the me-
dian nerve at higher frequencies (5-100 Hz) and limited to
SI [Kampe et al, 2000]. Furthermore, the explanation
agrees with previous evidence showing that the magnitude
of evoked magnetic fields increased in the contralateral SI
in line with the stimulus energy [Jousmaki and Forss,
1998; Peresson et al., 1992; Torquati et al., 2002; Tsutada
et al., 1999]. Our results on SI are different but not in con-
trast with the work of Tuunanen et al. [2003], in which no
variation of the BOLD response in SI to tactile stimulation
at 200 Hz was observed when the interstimulus interval
was increased from 1 s to 5 s. Indeed, it should be noted

TABLE Il. Pearson correlation factors (r) and
significance of correlation (P) between the stimulus
frequency and the BOLD response in S, iSll, cSlI,
ipsilateral insula, and contralateral insula

Mean response Peak response

Area r P r P

SI 0.998 <0.004 0.995 <0.002
ISIT 0.152 <0.85 0.044 <0.955
CSII 0.739 <0.262 0.032 <0.968
i Insula —0.002 <0.998 —0.026 <0.975
¢ Insula —0.103 <0.897 0.072 <0.928

* 650 ¢



¢ Cortical Brain Responses ¢

that those authors used a different type of stimulus (tactile
rather than electric), and a different experimental para-
digm (event-related rather than block design). In addition,
they used much longer stimulus durations (0.1-2 s) and
considered a different range of repetition rates.

The present results are apparently in contrast with some
EEG and MEG studies on the somatosensory system. In
the same work of Tuunanen et al. [2003] cited above, the
intensity of the current dipoles in SI, used to model the
MEG responses, was seen to increase with increasing inter-
stimulus interval. Again, it should be noted that that study
was different from the present one in many respects. In SI,
previous findings showed no amplitude change of the
early evoked magnetic or electric fields (+20 ms poststi-
mulus peak) to median nerve stimulation from 0.25 to 2
Hz [Schnitzler et al., 1999] or from 1.6 to 5.7 Hz [Delberghe
et al., 1990]. In SII, an amplitude decrease of the later elec-
tric fields to median nerve stimulation from 0.6 to 5.7 Hz
was observed [Delberghe et al., 1990]. These contrasting
results can be reconciled taking into account the different
temporal resolutions of the EEG-MEG and fMRI tech-
niques. The EEG-MEG techniques have a high temporal re-
solution (milliseconds) able to probe synchronous excita-
tory and inhibitory (gating, refractoriness, etc.) processes
sequentially induced in pyramidal SI neurons by the stim-
ulation train [Hoshiyama and Kakigi, 2001, 2002, 2003].
Instead, the fMRI technique is characterized by a low tem-
poral resolution (seconds) just capturing the slow hemody-
namic response (BOLD) related to the cortical activation or
deactivation. Indeed, (active) inhibitory processes reducing
the temporal synchronization of the cortical neurons (i.e.,
and the amplitude of the evoked electromagnetic fields)
are still related to an increase of the BOLD effect. This ex-
planation deserves to be tested in the present experimental
condition with the combined use (separate sessions) of
EEG-MEG, fMRI, and optical imaging, a technique capable
of investigating cortical regional blood flow with high tem-
poral resolution (tens of milliseconds; Maclin et al. [2004]).

CONCLUSIONS

The present fMRI study showed that the contralateral SI,
bilateral SII, and bilateral insular cortices were active dur-
ing nonpainful electrical median nerve stimulation at 0.5,
1, 2, and 4 Hz. As a major result, only the contralateral SI
increased its level of activation with the increasing rate of
the stimulus within the explored range. The present results
are of interest for the physiology of somatosensory sys-
tems. Furthermore, the indication of a larger somatosen-
sory cortical response for nonpainful stimuli at 4 Hz is of
interest for both basic research and clinical applications. In
particular, the present methodological approach may be
useful for presurgical functional mapping of primary
somatosensory cortex and for the study of its plastic re-
organization following tumor resection or during dementia
processes. In these cases, passive stimulations overcome

the difficulties in the standardization of task performance
in patients unable to perform sensorimotor and cognitive
tasks in the fMRI scanner.
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