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Abstract: Somatosensory signals modulate activity throughout a widespread network in both of
the brain hemispheres: the contralateral as well as the ipsilateral side of the brain relative to the
stimulated limb. To analyze the ipsilateral somatosensory brain areas that are engaged during
limb stimulation, we performed functional magnetic resonance imaging (fMRI) in 12 healthy sub-
jects during electrical median nerve stimulation using both a block- and an event-related fMRI
design. Data were analyzed through the use of model-dependent (SPM) and model-independent
(ICA) approaches. Beyond the well-known positive blood oxygenation level-dependent (BOLD)
responses, negative deflections of the BOLD response were found consistently in several ipsilat-
eral brain areas, including the primary somatosensory cortex, the supplementary motor area, the
insula, the dorsal part of the posterior cingulate cortex, and the contralateral cerebellum. Com-
pared to their positive counterparts, the negative hemodynamic responses showed a different
time course, with an onset time delay of 2.4 s and a peak delay of 0.7 s. This characteristic delay
was observed in all investigated areas and verified by a second (purely tactile) event-related par-
adigm, suggesting a systematic difference for brain areas involved in the processing of somato-
sensory information. These findings may indicate that the physiological basis of these
deactivations differs from that of the positive BOLD responses. Therefore, an altered model for
the negative BOLD response may be beneficial to further model-dependent fMRI analyses. Hum
Brain Mapp 32:127-140, 2011. © 2010 Wiley-Liss, Inc.
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INTRODUCTION

Stimulation of the median nerve and tactile stimulation
both activates the primary somatosensory cortex (SI),
which comprises four different cytoarchitectonical subdivi-
sions (areas 3a, 3b, 1, and 2) [Brodmann, 1909; Vogt and
Vogt, 1919]. Electrophysiological and imaging studies have
shown that in addition to the SI, a widespread brain
matrix is activated. This activation involves the secondary
somatosensory cortex (SII) bilaterally, the contralateral
posterior parietal cortex (PPC), the insula, the posterior
midcingulate gyrus (pMCG), the supplementary motor
area (SMA), the thalamus, and the ipsilateral cerebellum
[Arienzo et al., 2006; Backes et al., 2000; Boakye et al.,
2000; Del Gratta et al., 2000; Deuchert et al., 2002; Ferretti
et al., 2003; Kampe et al., 2000; Karhu and Tesche, 1999;
Korvenoja et al., 1999; Nihashi et al., 2005; Schnitzler et al.,
1999]. Within this network, several aspects of the sensory
signal are processed, including the location, intensity,
pleasantness, pain, preparation for action, and affective
interpretation [Arienzo et al., 2006; Bingel et al., 2002; Del
Gratta et al.,, 2000; Ferretti et al., 2003; Henderson et al.,
2007; Lamm et al., 2007; Schnitzler and Ploner, 2000].

Information processing in the brain does not only
involve activation of several brain regions, but also
involves the deactivation of other regions. The physiologi-
cal basis of these deactivations has only been partially
characterized. It is well established that neuronal activa-
tion is associated with a positive blood oxygenation level-
dependent signal (BOLD) response [Logothetis et al., 2001;
Mukamel et al., 2005; Niessing et al., 2005]. Whether
strong inhibitions, in a manner similar to their association
with increased brain metabolism [Bruehl et al., 1995, 1998],
are associated with positive or negative BOLD responses
is still controversial [Lipton et al., 2006; Sotero and Tru-
jillo-Barreto, 2007]. However, animal experiments have
revealed a tight coupling between negative BOLD
responses and decreases in neuronal activity [Shmuel
et al.,, 2006] or enhanced inhibitions [Devor et al., 2007].
We recently demonstrated that the negative BOLD
response observed in the ipsilateral somatosensory cortex
following stimulation of the median nerve is associated
with an elevation of the sensory threshold, suggesting an
underlying inhibition or disfacilitation [Kastrup et al.,
2008]. The negative BOLD response observed in the con-
tralateral cortex following a subliminal stimulation was
also accompanied by an elevation of the perception thresh-
old [Blankenburg et al., 2003]. Thus, at least in some areas
and under some conditions, the negative BOLD response
appears to correspond to a net inhibition in task-specific
brain regions.

The interaction between both hemispheres during the
processing of somatosensory information is not fully
understood. Electrophysiological investigations of the
somatosensory network in animals suggest an interhe-
mispheric inhibition between homologous parts of area
3b [Clarey et al., 1996; Lipton et al., 2006]. Iwamura

et al. [1994] reported bilateral excitatory receptive fields
in nonhuman primates. A careful inspection of the data
obtained by Iwamura et al. [1994] suggests, however,
that the activation reported in that study concerned
neurons in the anterior wall of the intraparietal sulcus,
that is, more posterior brain areas (predominantly area
5) [Iwamura et al., 1994, 2001]. Studies addressing this
issue in the human brain have arrived at ambiguous
conclusions. There are reports of an activation of the
ipsilateral PPC [Del Gratta et al., 2000; Nihashi et al.,
2005] and area 2 [Nihashi et al., 2005]. Others have not
reported significant BOLD responses within the ipsilat-
eral SI or PPC [Backes et al., 2000; Boakye et al., 2000;
Ferretti et al., 2003]. These studies have focused on
positive BOLD responses, and it remains unclear
whether all these studies have also tested for negative
responses. A negative BOLD response following tactile
stimulation was recently described within the ipsilateral
SI and motor cortex (MI) [Hlushchuk and Hari, 2006].
In addition, there are reports of negative BOLD
responses within the ipsilateral primary MI [Hamzei
et al., 2002; Newton et al., 2005; Stefanovic et al., 2004].
Moreover, ipsilateral SI signal changes during median
nerve stimulation were observed with magnetoencepha-
lography [Kanno et al.,, 2003; Korvenoja et al., 1999],
although these studies did not distinguish between acti-
vation and deactivation. Sutherland and Tang [2006]
found bilateral SI activity with the use of electroence-
phalography (EEG).

In this present study, we systematically analyzed BOLD
responses in the hemisphere ipsilateral to stimulation.
Given the complexity of somatosensory information proc-
essing, we hypothesized that ipsilateral deactivations are
not limited to the primary somatosensory area. We were
interested in the time course of the negative BOLD
response following event-related stimulation. We also ana-
lyzed whether ipsilateral deactivations were similar in
event-related and blocked stimulation paradigms. The
characteristic time course of the responses to median nerve
stimulation was verified by using a second (purely tactile)
stimulation paradigm.

MATERIALS AND METHODS
Subjects

Twelve healthy volunteers (mean age, 23.1 + 1.6
years; range, 21-26 years) without any history of neuro-
logical or psychiatric diseases participated in this study.
All subjects were right-handed and female to avoid
possible confounding effects due to gender-specific acti-
vation patterns [Cosgrove et al., 2007]. Handedness was
determined using the Edinburgh Handedness Inventory
[Oldfield, 1971]. The study was approved by the local
ethics committee, and all subjects gave their written
informed consent according to the declaration of
Helsinki.
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Stimulation Procedures

In this study, we used two different forms of somatosen-
sory stimuli: an electrical median nerve stimulation and a
more physiological tactile stimulation. A median nerve
stimulus was used to investigate activation- and deactiva-
tion patterns within the somatosensory system in all sub-
jects. Although this stimulus may be considered
unphysiological, we used it for two reasons. First, most pre-
viously reported investigations of the ipsilateral SI were
based on such a stimulus, and we used the same approach
to ensure optimal comparability to these studies. Second, af-
ter considering previous studies, we expected only small ip-
silateral signal changes [Hlushchuk and Hari, 2006; Nihashi
et al., 2005] and wanted to maximize the cortical response.
The stimulus was applied unilaterally at the right wrist and
consisted of clinical neurostimulator-generated (Digitimer
Constant Current Stimulator model DS7A) 40 Hz mono-
phasic square wave pulses with a duration of 200 ps. The
stimulus intensity was chosen at the lowest intensity that
could trigger a motor response (5.1 mA + 0.89) and pre-
sented in a block (30 s on/30 s off, 24 repetitions, experi-
ment I) and event-related regime (2 s on, 100 repetitions,
experiment II). In an additional experiment (experiment III),
we used a tactile stimulus in 8 of the 12 subjects to verify
the characteristic time course of the negative BOLD
response with a more physiological natural stimulus. Tactile
stimuli were delivered to fingers 1-3 of the right hand by
balloon diaphragms driven by compressed air. Each stimu-
lus lasted for 100 ms (20-ms rise time, 30-ms plateau, and
50-ms return to baseline pressure). The tactile stimuli were
presented in an event-related regime with the same config-
uration as experiment II (2 s on, 100 repetitions). No subject
reported any painful perception in the tactile or electrical
event-related design, whereas subjects reported unpleasant
to painful perceptions in the electrical block design. The
event-related interstimulus time was randomized between
8.7 and 15.8 s to avoid systematic errors in hemodynamic
response function estimation.

Functional Magnetic Resonance Imaging
Recordings

All experiments were performed on a 3.0-T MR scanner
(Trio, Siemens, Erlangen, Germany) to obtain echo-planar
T2*-weighted image volumes (EPI) and transaxial T1-
weighted structural images. Functional data were acquired
in two EPI sessions of 493 (block design) and 627 (event-
related design) volumes. The first three volumes were sub-
sequently discarded due to equilibration effects. A func-
tional-image volume comprised 40 transaxial slices
including the whole cerebrum and cerebellum (voxel size
= 3 mm x3 mm x3 mm, repetition time = 3 s, TE 35 ms)
for the block design and 20 transaxial slices including the
cortex down to the SII (voxel size = 3 mm x3 mm x3
mm, repetition time = 2 s, TE 35 ms) for the event-related
design. The high-resolution T1-weighted structural images

had a voxel size of 1 mm x 1 mm x 1 mm to allow for
precise anatomical localization.

Data Analysis

Data analysis was performed on a PC using MATLAB
(Mathworks, Natiek, MA) and SPM5 software (Wellcome
Department of Cognitive Neurology, London, UK, http://
www.filion.ucl.ac.uk/spm). For each subject, all images
were realigned to the first volume using six parameter rigid-
body transformations to correct for motion artifacts [Friston
et al., 1995]. The images were coregistered with the subject’s
corresponding anatomical (T1-weighted) images, resliced to
correct for acquisition delays (referenced to the tenth slice
only in the event-related design), normalized to the Montreal
Neurological Institute (MNI) standard brain [Evans et al.,
1993] to report MNI coordinates, and smoothed using a
6-mm full-width-at-half-maximum Gaussian kernel.

Statistical analysis was performed using the general lin-
ear model to obtain statistical parametric maps by per-
forming a multiple regression analysis. Statistical
parametric maps for positive and negative T-contrast were
calculated for every condition and subject. Based on pilot
experiments, there was evidence for a time delay of the
negative BOLD response when compared with the positive
BOLD response. Therefore, we used the inverse standard
HRF function, available in SPM with a time lag of 1 s to
account for a possible delay of the negative BOLD
response in the event-related design. Functional MRI sig-
nal time courses were high-pass filtered (30-s event-related
design, 128-s block design) and modeled as experimental
stimulus onset functions convolved by the canonical he-
modynamic response function (low-pass filter). Individual
results were projected onto the coregistered individual
high-resolution, T1-weighted 3-D data set. The anatomical
localizations of activations were analyzed by referencing
the standard stereotaxic atlas and mapped by using the
anatomical toolbox of the SPM software [Eickhoff et al.,
2005, 2006] (http://www.fz-juelich.de/ime/spm_anato-
my_toolbox). Furthermore, all activations were localized
by visual inspection of the individual T1-weighted struc-
tural data. The individual maps were used to perform a
random effect analysis to obtain consistent group activa-
tion patterns. The resulting group statistical maps were
thresholded by the false discovery rate (FDR) [Genovese
et al., 2002]. Because of our anatomical a priori hypothesis
(deactivations were assumed to occur in the ipsilateral
somatosensory brain areas), deactivation T-maps were
thresholded at P < 0.001 uncorrected.

In addition to the model-based analysis, we performed
an independent component analysis (ICA) using the pre-
processed images (realigned, coregistered, normalized, and
smoothed). Twenty components were estimated for each
experiment using the infomax algorithm implemented in
the “gift” toolbox [Calhoun et al., 2001a, 2009]. The chosen
number of components provided a reasonable trade-off
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between preserving relevant variance in the data while
easing the burden of interpretation [Calhoun et al., 2001b].

The independently obtained components were converted
to T-maps. Because we were interested in task-related
changes in the somatosensory cortex, we used this knowl-
edge for a combined a priori temporal and spatial
approach for the selection of independent components
(ICs). The components were ranked by the correlation of
their associated time courses with the presumed hemody-
namic responses. The five ICs with the closest correlation
were overlaid on coregistered 3D brain volumes from each
subject and visually inspected. Components whose spatial
location at least partly overlapped the primary or second-
ary somatosensory cortex in more than half of the subjects
were selected for group analysis. According to these crite-
ria, we selected three ICs in both event-related designs
and two ICs in the block design. Next, a voxel-wise ran-
dom effects analysis was performed on the component
image by entering the single-subject component images
into a one-sample t-test. The resulting images were thresh-
olded in analogy to the SPM T-maps.

Area-Specific BOLD-Response Analysis

A Brodmann area (BA)-specific analysis was performed
in the somatosensory system to address area-specific dif-
ferences of the BOLD response following median nerve
and tactile stimulation. For this purpose, we used
unsmoothed data to discriminate between activations in
distinct areas. To identify an area, we used population
maps from the anatomical toolbox of SPM [Eickhoff et al.,
2005, 2006]. The 30 voxels surrounding the point of maxi-
mum activation (SPM analysis) within an activated cluster
in a specific individual BA were extracted from
unsmoothed data. The mean peristimulus time course was
estimated and averaged across all subjects who exhibited
significantly activated voxels. To quantify the differences
between the positive and the negative BOLD responses,
we estimated two different parameters:

* time to peak: time between stimulus onset and maxi-
mum amplitude

* time to main response: time between stimulus onset
and the end of the initial negative/positive dip where
the BOLD response hit the baseline.

In order to compare these results with the ICA, we aver-
aged the time course of the main IC of the right and left SI
across all subjects.

RESULTS

Positive BOLD Response Following Median
Nerve Stimulation

Electrical stimulation of the right median nerve in the
event-related design evoked highly significant activations

(P = 0.003, FDR corrected) in the random effect group
analysis (Fig. 1). These activations comprised the contralat-
eral (left) SI/MI, the bilateral SII, the left SMA, and the
pMCG. All these areas exhibited significant activity in
every single subject in a subject-specific analysis. Table I
summarizes the MNI coordinates and t-values of peak
activation for the identified clusters in the event-related
stimulation group. In the subject-specific analysis, the acti-
vation cluster within the SI/MI region revealed at least
two local maxima that are reflected in the group analysis
(Table I). The stronger activation was located in the ante-
rior wall of the postcentral gyrus (BA 3b) and the crown
of the postcentral gyrus (BA 1), whereas the second maxi-
mum was located in the precentral gyrus (BA 4/6). Fur-
thermore, area 2 showed a spatially extended activation
with a lower significance compared with areas 3b, 1, or 6.

In the hemisphere ipsilateral to the stimulated nerve
(right cortex), no group activations were found in the pri-
mary somatosensory or primary MI, even if the signifi-
cance level was reduced to an uncorrected P < 0.001.
However, activated voxels in this region were found in
10 of 12 volunteers in the single-subject analysis. These
activations were mainly located in BA 2, but were also in
the premotor area and in the PPC.

The median nerve stimulation in the block design
revealed a slightly different activation pattern. As shown
in Table II, the activation maximum in the group analysis
was located more on the crown of the postcentral gyrus.
The left SII was significantly activated, whereas the activa-
tion of the right SII and right midcingulate cortex observed
in the event-related design remained below the signifi-
cance level in the block design. Furthermore, no significant
SMA activation could be detected. Other activated areas
were the left insula (not activated in the event-related
design) and some areas not covered in the event-related
design (left thalamus, left putamen, and right cerebellum)
(Tab. II).

Negative BOLD Response Following Median
Nerve Stimulation

To address negative BOLD responses in the event-
related design data sets, we used the inverse standard
HRF function with a time lag of 1 s, which revealed a sig-
nificant (P < 0.05, familywise error corrected and FDR cor-
rected) deactivation in the random effect group analysis in
the right hemispheric SI (Table I). Deactivations were
found in the right MI and right SMA at a significance of
P = 0.001 uncorrected (see Fig. 1). At the individual level,
significant (P = 0.001, uncorrected) right hemispheric SI/
MI deactivations could be observed in all subjects. This
deactivation comprised the anterior wall of the postcentral
gyrus (BA 3b) and the crown of the postcentral gyrus (BA
1). Further deactivations were found on the precentral
gyrus, and significant SMA deactivation was seen in 9 of
12 subjects.
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Figure I.
Random effect group (n = 12) analysis. Activations (P < 0.003, FDR corrected) and deactivations
(P < 0.001, uncorrected) in response to event-related (2 s) right median nerve stimulation are
shown superimposed on an inflated brain, showing views on the right and left hemisphere. Yel-
low-red encode positive BOLD signals whereas blue encode negative BOLD signals.

The group analysis of the block design revealed a signif- deactivations appeared in the right posterior insula and
icant deactivation in the right SI/MI in a spatial localiza- left cerebellum (Tab. II, Fig. 2).
tion highly congruent to the event-related design.
However, the t-values were slightly smaller (Table II,
Fig. 2). The deactivation cluster seen in the SMA exhibited
a similar significance, but was located more anteriorly in
the block design. Beyond the event-related deactivations, Tactile stimulation of fingers 1-3 of the right hand in the
we found an additional deactivation in the bilateral dorsal event-related design evoked significant activations in all
part of the posterior cingulate cortex (dPCC). Moreover, subjects in the left SI and bilateral SII and significant

BOLD Response Following Tactile Stimulation

TABLE I. MNI coordinates of activation/deactivation maxima with corresponding t-value for the event-related
median nerve stimulation

SPM ICA

x y z t-value x y z t-value IC
SIc —48 £ 5.6 -21£57 48 +7.3 15.27 —36 £5.2 —30 £ 34 60 £ 8.1 9.5 2
MI c —24 +£52 —18 £42 69 + 4.5 11.65 —-33 £5.1 -15+42 63 £ 75 8.5 2
SI/MI i 48 £ 4.8 —18 £ 43 57 £53 8.63 36 £ 6.2 —27 5.1 57 £54 54 1
SII ¢ —45 £ 4.9 —24 £3.1 18 £3.8 11.46 —57 £7.6 —21£3.6 18 £ 3.4 8.1 3
SIT i 48 +£10.8 —27+5.6 21 £53 10.21 57 £ 8.8 —214+42 21 £39 9.1 3
SMA ¢ —6£34 6+41 45 £ 5.6 8.18 -9 +£42 12+ 5.6 54 £62 5.9 2
SMA i 9+£39 -21 £3.1 57 + 8.0 4.92 9+42 -3+62 48 £ 9.1 6.2 1
pMCG ¢ 9429 —27 £23 48 £32 6.93 —6+£35 —27 £ 3.1 48 £28 7.7 2

Deactivation maximas are highlighted in gray. (SI, primary somatosensory cortex; MI, primary motor cortex; SII, secondary somatosen-
sory cortex; SMA, supplementary motor area; MCG, middle cingulate gyrus; IC, independent component; ¢, contralateral; i, ipsilateral.)
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TABLE Il. MNI coordinates of activation/deactivation maxima with corresponding t-value for the blocked median
nerve stimulation

SPM ICA

x y b4 t-value x y z t-value IC
SI/MI ¢ —48 £ 5.1 —21+35 54 £ 65 12.83 —45 + 4.8 21 £3.7 54 £52 13.2 2
SI/MI i 48 £9.7 —18 + 34 60 £10.3 4.73 33 £82 —27 £ 3.7 51 £9.1 6.1 1
SII ¢ —57 £6.7 —21£83 21 +£32 6.60 —57 £ 8.1 —24 £57 15+ 4.2 14.4 2
SIT i 42 +76 —27+72 18 £ 4.2 12.2 2
SMA c -9+£29 —6£6.5 48 £3.7 12.2 2
SMA i 9+£23 -12 £3.1 63 + 4.2 5.00 9+31 -15 £ 6.6 51 + 4.6 5.9 1
dPCC i 3+£28 —36 £ 10.7 48 +£3.7 5.55 3+41 -39 £ 8.7 30 £52 4.0 1
Cerebellum c -33+64 —42 + 113 —33 + 8.0 6.08 -30 £ 5.7 —48 +12.1 -33+74 3.9% 1
Cerebellum i 18 £3.3 —60 £ 6.1 -21 £41 6.44 18 £4.1 —54 £52 -21+£83 8.9 2
Insula ¢ —36 £2.8 —18 £ 2.6 12+ 43 4.66 -39 +£29 —15+ 3.7 12 £ 45 4.0 2
Insula i 30 £33 —21+64 15+£538 5.82 36 £3.1 —18 + 4.6 18 £ 4.2 51 1
Putamen ¢ —27 £2.6 0+41 -3 +37 8.72 -30 £ 2.1 —6+43 -3+23 6.2 2

Deactivation maximas are highlighted in gray. (SI, primary somatosensory cortex; MI, primary motor cortex; SII, secondary somatosen-
sory cortex; SMA, supplementary motor area; MCG, middle cingulate gyrus; IC, independent component; ¢, contralateral; i, ipsilateral;

*, not significant.)

deactivations in all subjects in the right SI. This deactiva-
tion comprised the anterior wall of the postcentral gyrus
(BA 3b) and the crown of the postcentral gyrus (BA 1).
Deactivations of area 4 were found ipsilateral in 6 of 8
subjects (SPM) and in all subjects using ICA (Table III).

Time Course of the BOLD Response

The peristimulus time course was investigated for dis-
tinct areas. Figures 3-6 show the time course of the signal
in the block and event-related experiments for the 30 vox-
els surrounding the point of maximum activation and
deactivation. The negative BOLD response showed a pro-
longed initial overshoot, resulting in a significant time
delay (2.4 £ 0.71 s) of the negative BOLD response com-
pared to the positive BOLD response (r = 0.76, P < 0.01;
Pearson correlation coefficient). Correspondingly, a time-
to-peak increase was observed for the negative BOLD
response (7.38 + 0.82 s) compared to the positive BOLD
response (6.72 + 0.71 s). Both seem to return to baseline at
the same time (Figs. 3 and 4).

The shape of the positive BOLD response was similar to
the mirror image of its negative counterpart, with a larger
amplitude and width (see Fig. 4). The mean maximum am-
plitude following median nerve stimulation in the left SI
was a 3.09% =+ 1.01% signal change, whereas the mean max-
imum negative amplitude in right SI was a —1.50% =+ 0.39%
signal change. We detected a small initial dip and a poststi-
mulus undershoot for the positive BOLD response, whereas
the negative response showed an extended initial positive
overshoot. The positive BOLD response was plotted on top
of the normalized and inverted negative response to pro-
vide a better visualization of differences in shape (Fig. 4).

Following tactile stimulation, the negative BOLD
response in the ipsilateral SI cortex exhibited a time course

comparable to that after median nerve stimulation. The
amplitude in the SI amounted to —1.69% =+ 0.46%, with a
time to peak of 7.32 & 0.93 s. Because of the signal averag-
ing, the illustrated time course in Figure 3 shows slightly
different amplitude values.

Figure 5 shows the positive BOLD responses following
median nerve stimulation for the left SI, the bilateral SII,
and the right BA 2. We found no substantial variation
between the time courses beyond the differences in
amplitude.

Because of the nonrandom onsets in the block design,
the time course has a low-temporal resolution compared
to the event-related design (Fig. 6). However, the time
delay and the negative time course was reproducible and
showed a maximum negative amplitude in the right SI of
a —1.12% + 0.28% signal change. Moreover, the amplitude
of the negative BOLD response decreased during stimula-
tion, and a poststimulus overshoot was observed.

ICA

The independent component analysis (ICA) revealed
comparable results to the model-based SPM analysis
(Tables I-III). With all types of stimulation and in all sub-
jects, we found different ICs for the right (IC-1) and the
left SI (IC-2). The strongest positive correlation was
revealed in the left SI, whereas the right SI component dis-
played the strongest negative temporal correlation to the
stimulus presentation. The left SI IC also included bilateral
SII activations and contralateral (left) activations of BA 40
and BA 2 in the block design, whereas a different IC (IC-3)
revealed these in both event-related designs. The deactiva-
tions in the right SI and right SMA consistently shared the
same IC (IC-1) in all stimulation types. Moreover, the
same IC also included the right insula and the bilateral MI
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Figure 2.

Random effect group (n = 12) analysis. Activations (P < 0.05,
FDR corrected) and deactivations (P < 0.001, uncorrected) in
response to blocked (30 s) right median nerve stimulation are
shown superimposed on an individual brain in sagittal (left), cor-
onal (middle), and axial (right) orientation. To investigate the
network of negative BOLD signal changes, we focused the
images on the deactivated clusters. Red encodes positive BOLD

signals whereas blue encodes negative BOLD signals. Because of
the use of different MRI-sequences with different numbers of
voxels, we used a different threshold for the activation t-map
compared to the event-related design. Therefore, we are able
to maintain a static t-value threshold in order to provide a com-
parable visual impression.
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TABLE Ill. MNI coordinates of activation/deactivation maxima with corresponding t-value for the event-related
tactile stimulation

SPM ICA
x Y z t-value x y z t-value IC
Slc —44 + 8.0 —29 +£34 65 + 54 17.2 —50 £7.1 —28+ 4.1 52+ 64 25.2 2
SII ¢ —53 £ 8.3 —-19 £5.6 16 + 6.3 11.6 —54 + 10.1 —26 + 4.2 18 + 4.7 11.3 3
SIT'i 59 £7.1 —24 £ 6.8 19+ 41 10.6 64 + 85 —24 £438 16 £ 5.7 9.2 3

Deactivation maximas are highlighted in gray. (SI, primary somatosensory cortex; MI, primary motor cortex; SII, secondary somatosen-
sory cortex; SMA, supplementary motor area; MCG, middle cingulate gyrus; IC, independent component; ¢, contralateral; i, ipsilateral.)

in the block design. The group analysis of the two main
ICs (right and left SI) of the block design is presented in
Figure 7. The t-values of the right dPCC and left cerebel-
lum were estimated to be below the significance threshold.
In addition to these two selected components, there were
components that exhibited activation in the left SI and
deactivation in the right SI in single subjects. However,
none of these components revealed strong temporal corre-
lations to the presented stimulus or displayed significant
amplitudes within the somatosensory network in the
group analysis. The temporal correlation between the stim-
ulus onsets and the left SI IC was greater than for the right
SI IC in all stimulation types. The event-related averaged

time courses for both of the main components are shown
in Figure 8. The left SI IC was plotted on top of the nor-
malized and inverted right SI response to provide a better
visualization of differences in shape. The left SI IC
revealed a time course very similar to the standard HRF,
whereas the right SI IC showed a delayed negative time
course. Furthermore, the right SI IC showed an extended
initial positive overshoot.

DISCUSSION

Median nerve stimulation activated the contralateral pri-
mary SI/MI as well as the contralateral or bilateral
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Figure 3.

Event-related negative BOLD signal time course for the most deactivated cluster (highest t-value;
inverse HRF) within right SI/MI (left), SMA (middle) following median nerve stimulation, and right
SI following tactile stimulation (right). All data were averaged across 30 voxels surrounding the
peak response. The time courses were extracted prior to spatial smoothing and were averaged
across all subjects.
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Figure 4.

Event-related positive BOLD signal time course for the most
activated cluster (highest t-value) within left SI (solid line) with
standard deviation following median nerve stimulation. All data
were averaged across 30 voxels surrounding the peak response.
The time courses were extracted before spatial smoothing and
were averaged across all subjects. Additionally, we plotted the
inverse negative BOLD signal from Figure 3 relative (scaled) to
the amplitude of the positive BOLD signal. Therefore, the y-axis
indicates the percent signal change solely for the positive BOLD
signal (solid line).

secondary somatosensory cortex (SII). This result is con-
sistent with recent functional magnetic resonance imaging
(fMRI), PET, MEG, and EEG studies [Backes et al., 2000;
Boakye et al., 2000; Del Gratta et al., 2000; Deuchert
et al, 2002; Ferretti et al., 2003; Kampe et al., 2000;
Kanno et al, 2003; Karhu and Tesche, 1999; Korvenoja
et al., 1999; Nihashi et al., 2005]. Moreover, activation of
the contralateral pMCG and SMA was also found in
recent fMRI studies of somatosensory stimulation
[Arienzo et al.,, 2006; Christmann et al., 2007; Niddam
et al., 2005; Nihashi et al., 2005; Vogt, 2005, Vogt and
Laureys, 2005]. Also consistent with previous studies, the
ipsilateral primary somatosensory cortex [Hlushchuk and
Hari, 2006; Kastrup et al., 2008], the primary MI, and the
contralateral cerebellum were deactivated [Hlushchuk
and Hari, 2006]. In addition to the previous reports, we

found significant negative BOLD responses in the ipsilat-
eral SMA, the insula, and the bilateral dPCC. Deactiva-
tions were present in recordings obtained in the block
design as well as in the event-related design, and the
deactivations were seen during both electrical and tactile
stimulation. Notably, several deactivated brain areas were
activated in the hemisphere contralateral to the stimulus,
that is, the SI, the MI, the SMA, and the insula, with the
expected inverse situation for the cerebellum that showed
activation ipsilaterally and deactivation contralaterally. It
is tempting to speculate that the ipsilateral deactivated
areas observed in our study constitute a somatosensory
network, because these areas were found mainly in one
IC by the ICA, which identifies temporally coherent but
spatially distinct networks [Calhoun et al., 2001a, 2009].
Moreover, inhibitory networks have also been described
during motor tasks [Marchand et al., 2007], with tactile
sensory processing in the visual cortex [Merabet et al.,
2007] and with visual imagery, when compared with per-
ception [Amedi et al., 2005]. However, to test this hy-
pothesis, further studies that focus on the functional and
effective connectivity of these areas are required.

left SI
left SlI

right SlI
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% signal change
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Figure 5.
Event-related positive BOLD signal time course for the most
activated cluster (highest t-value) within left SI, left SlI, right SII,
and right Brodmann area 2 following median nerve stimulation.
All data were averaged across 30 voxels surrounding the peak
response. The time courses were extracted before spatial
smoothing and were averaged across all subjects.
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Figure 6.

Blocked positive and negative BOLD signal time course for the
most activated clusters (highest t-value) within left/right SI/MI,
left SlI, left putamen, left/right cerebellum, right posterior insula,
right SMA, and right dPCC during median nerve stimulation. All
data were averaged across 30 voxels surrounding the peak
response. The time courses were extracted prior to spatial
smoothing and averaged across all subjects. The cerebellar acti-
vation/deactivation consisted of two/three different clusters,
which were averaged.

Si

The ipsilateral deactivation in the SI after somatosensory
stimulation seen in this study has also been described by
Hlushchuk and Hari [2006] and Kastrup et al. [2008].
Other studies reported a positive BOLD response follow-
ing median nerve stimulation in the ipsilateral SI; these
responses were located in area 2 [Nihashi et al., 2005] or
the posterior part of the SI [Korvenoja et al., 1999]. In ani-
mal experiments, Iwamura et al. [1994] found small ipsilat-
eral activations between areas 2 and 5. We also observed
such activations in this study (data not shown), although
at a lower significance level than the deactivations. These
activations were restricted to areas 2 and 5 by the model-
based approach. The present findings concerning the SI
mirror those seen in motor studies. A deactivation of the
ipsilateral MI was observed in several studies following
finger movements [Hamzei et al.,, 2002; Newton et al.,
2005; Stefanovic et al., 2004].

Mi

The observed ipsilateral deactivation of area 4 is in
line with a recent report [Hlushchuk and Hari, 2006].
However, Hlushchuk and Hari [2006] found bilateral deac-
tivations in area 4, whereas significant contralateral MI
deactivations were found only in the block design by ICA.

Figure 7.
Results from the ICA group analysis (n = 12) for the blocked median nerve stimulation. The
two main IC’s are shown superimposed on an individual brain in axial orientation. Red encodes
the IC with a positive correlation to the stimulation paradigm (activations; P < 0.05, FDR cor-
rected), whereas blue encodes the IC with a negative correlation (deactivations; P < 0.001,
uncorrected).
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Figure 8.

Event-related estimated main components which correspond to
left Sl (squares) and right S| (triangle) following median nerve
and tactile stimulation. All components were averaged across all
subjects and normalized to a peak magnitude of one. Compo-
nents that correspond to right Sl were plotted with inverse sign
to ensure a better visual comparability.

For both event-related types of stimulation (electrical and
tactile), no contralateral MI deactivations were found. This
different deactivation pattern of the MI compared to that
found in the study of Hlushuck and Hari [2006] seems to
indicate that contralateral MI deactivation is more depend-
ent on the duration than on the type of stimulation.

dPCC

The predominantly ipsilateral deactivation of the cingu-
late cortex in our subjects comprised the rostral part of the
dorsal part of the posterior cingulate cortex (dPCC) and
the cingulate sulcus, near the marginal ramus. To the best
of our knowledge, this is the first report of the detection of
such a deactivation of the dPCC by the use of fMRI. It
confirms a previous report of reduced rCBF in the PCC
during painful stimulation using PET [Vogt et al., 1996]. It
is noteworthy that studies of the cingulate cortex do not
report positive BOLD responses following somatosensory
stimulation at this location [Vogt and Laureys, 2005], indi-
cating that this area is not activated by the processing of
somatosensory information. Recently, it was suggested
that pMCG and dPCC are involved in visuospatial orienta-
tion in response to sensory stimuli [Vogt, 2005]. These
regions probably mediate rapid body orientation and
movement toward somatosensory stimuli via the caudal
cingulate motor area and the SMA [Vogt, 2005]. We there-
fore hypothesize that, in this context, the ability for rapid

visuospatial orientation (dPCC) and movements (SMA) of
the contralateral hand is reduced.

Insula

The insula most likely must be divided into two differ-
ent parts: a granular posterior portion and an agranular
anterior part [Dupont et al., 2003]. A significant activation
of the contralateral posterior and ipsilateral anterior insula
was found by the use of fMRI during different painful
stimuli, whereas the contralateral anterior and ipsilateral
posterior insula displayed marginal or no activation [Bin-
gel et al., 2002, 2003; Ferretti et al., 2003; Henderson et al.,
2007; Schnitzler and Ploner, 2000]. Consistent with these
studies, we observed a significant activation of the contra-
lateral posterior insula and a significant activation of the
anterior ipsilateral insula in 3 of 12 subjects. In the comple-
mentary ipsilateral posterior insula, we found a significant
negative BOLD response. In accordance with this, our sub-
jects reported a painful or unpleasant perception during
the block (but not during the event-related) design. During
tactile stimulation, no significant negative BOLD response
was found in the insula. Therefore, we suggest that insula
deactivation is related to pain processing rather than tac-
tile processing. Moreover, with respect to the functional
correlate of ipsilateral SI deactivation, one could hypothe-
size that the insula deactivation may alter the pain percep-
tion for the hand that is not stimulated. This could be one
possible explanation for the effectiveness of electrical
nerve stimulation in relieving chronic pain [Johnson
and Martinson, 2007]. However, further studies are
required to elucidate the role of the ipsilateral insula for
pain processing.

Time Course

In this study, the ipsilateral deactivations observed in
the event-related design were time-locked to the stimuli,
while showing a characteristic time course with a delay of
the negative BOLD response by 2.4 s. This delay was also
found in the main IC of the ipsilateral SI. The time course
of the main SI ICs roughly corresponded to the signal time
course extracted from the unsmoothed data. However, dif-
ferences in the width and time to the peak of the negative
and positive BOLD responses point to a participation of
other ICs that were not significant in the group analysis.
Because of the time resolution of the recordings, the data
from the block design experiments do not allow an exact
quantification of the delay; however, we estimate the delay
to be on the order of seconds. This delay was observed in
all investigated areas during both electrical and tactile
stimulation and was similar to that observed by Meltzer
et al. [2008] in the hippocampus. Accordingly, the different
deactivated brain areas were found mainly in one compo-
nent by the ICA analysis. We therefore suggest that this
characteristic time delay is a general phenomenon of the
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negative BOLD response, at least in the somatosensory
system.

As a possible explanation, one could formally argue that
this delay is caused by the interhemispheric information
transfer time. However, it seems very unlikely that the
transfer of information from one hemisphere to the other
requires such a long time; in electrophysiological studies,
callosal transfer times between 6 and 20 ms have been cal-
culated [Duque et al., 2007]. Other arguments against this
theory are the absence of a time delay for the ipsilateral
positive BOLD response in SII and BA 2 and the initial
overshoot of the negative BOLD response, which starts
simultaneously with the negative dip of the positive
BOLD response and indicates a nearly undelayed informa-
tion processing.

This initial overshoot of the negative BOLD response
could point to an initial reduction of oxygen consumption,
causing an initial overshoot of oxyhemoglobin [Devor
et al., 2007] before a reduction of the local cerebral blood
volume (CBV) takes place [Devor et al., 2007; Harel et al.,
2002]. Such a decreased CBV and the corresponding
decreased oxyhemoglobin concentration may be caused by
vasoconstriction [Devor et al.,, 2007], thereby resulting in
the measured negative BOLD response [Devor et al., 2007;
Harel et al., 2002]. Devor et al. [2007] observed a time
delay of vasoconstriction and its associated negative
BOLD response compared to vasodilatation and its associ-
ated positive BOLD response. It is important to emphasize
that Devor et al. [2007] and Harel et al. [2002] measured
the negative BOLD response in the surroundings of a posi-
tive response in animals. In this study, isolated negative
BOLD responses are described, which may also be due to
a different, hitherto unknown mechanism. Based on the
observation of the characteristic time course, we hypothe-
size that the physiological basis of a negative BOLD
response differs from that of a positive one. As a conse-
quence, a model-based analysis of negative BOLD
responses requires a response function different from that
used for the analysis of conventional positive responses.
Therefore, we used a delayed inverse HRF in the model-
based SPM analysis. The validity of this approach was
confirmed by ICA, which revealed comparable results
without constraining the shape of the temporal response.

Interhemispheric Pathway

The pathways conveying the information from one
hemisphere to the other require further consideration. The
maximum activation in the left hemisphere was located in
areas 3b and 1. According to morphological and electro-
physiological studies, these areas do not have reciprocal
transcallosal connections [Killackey et al., 1983] or bilateral
receptive fields [Iwamura et al., 1994, 2001]. However,
interhemispheric transcallosal connections within the most
caudal part of the SI (BA 2) have been described [Killackey
et al., 1983]. Moreover, the existence of bilateral receptive

fields for the hand could also be shown in area 5 and pos-
sibly area 2 using electrophysiology [Iwamura et al., 1994,
2001]. We found slight activations of ipsilateral areas 2
and 5 that were possibly due to a transcallosal information
transfer. These observations are in line with former results
[Nihashi et al., 2005]. Area 2 has dense reciprocal connec-
tions to area 1, area 3b, and the MI and may, in turn, alter
the activity in these areas, which may result in decreased
activity. This model is supported by the fact that ipsilateral
activation observed in healthy subjects was not detectable
in callosotomized patients [Fabri et al., 1999, 2001]. There-
fore, in agreement with Hlushchuk and Hari [2006], we
suggest an interhemispheric transcallosal information
transfer between areas 2 and 5 that results in an inhibition
of ipsilateral areas 3b and 1.

CONCLUSION

This study shows for the first time that deactivations af-
ter somatosensory stimulation are not limited to the pri-
mary somatosensory cortex, but are also detectable in the
ipsilateral SMA, the ipsilateral insula, and the bilateral
dPCC. We suggest that not only are brain areas with a
positive BOLD response involved in the processing of
somatosensory information, but also multiple, mainly ipsi-
lateral-localized brain areas that are characterized by a
negative BOLD response. Although the functional signifi-
cance of these specific deactivations requires further inves-
tigation, preliminary functional studies as well as recent
investigations of the underlying neuronal function suggest
that these negative responses indicate neuronal deactiva-
tion or disfacilitation. A detailed investigation of the time
courses revealed a different shape and a characteristic
time delay of the negative BOLD responses compared to
the positive ones. Considering these different time courses
in hemodynamic models for the BOLD responses is likely
to improve model-dependent fMRI analyses.
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