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We used functional magnetic resonance imaging (fMRI) and
cytoarchitectonic probability maps to investigate the responsive-
ness of individual areas in the human primary and secondary
somatosensory cortices to hand, face, or trunk stimulation of either
body-side. A Bayesian modeling approach to quantify the probability
of ipsilateral activations revealed that areas OP 1, OP 4, and OP 3 of
the SII cortex as well as the trunk and face representations within
all SI subareas (areas 3b, 1, and 2) show robust bilateral responses
to unilateral stimulation. Such bilateral response properties are in
good agreement with the transcallosal projections demonstrated
for these areas in nonhuman primates and other mammals. In
contrast, the SI hand region showed a different pattern. Whereas
ipsilateral areas 3b and 1 were deactivated by tactile hand
stimulation, particularly on the left, there was strong evidence for
ipsilateral processing of information from the right hand in area 2.
These results demonstrate not only the behavioral importance of
the hand representation, but also suggest that area 2 may have
particularly evolved to form the cortical substrate of these
specialized demands, in line with recent studies on cortical
evolution hypothesizing that area 2 has developed with increasing
manual abilities in anthropoid primates featuring opposable thumbs.
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Introduction

The human brain receives tactile information from the

mechanoreceptors of the skin via the spino-cortical tracts

terminating in the contralateral thalamus, which in turn mainly

forwards to the primary somatosensory cortex (SI) on the

postcentral gyrus of the same (contralateral) hemisphere (Kaas

and Collins 2003; Kaas 2004). This primarily contralateral

representation of tactile input hence matches that of all animal

species investigated thus far (Krubitzer 1995; Kaas 2004;

Karlen and Krubitzer 2006). In spite of this contralateral

dominance for somatosensory processing, however, there is

ample evidence for an additional ipsilateral representation of

tactile stimuli in the human (and primate) cerebral cortex. For

example, bilateral responses in the secondary somatosensory

cortex (SII) located on the parietal operculum were described

for several body parts including the hands (Disbrow et al. 2000;

Ruben et al. 2001; Ferretti et al. 2003; Young et al. 2004; Naito

et al. 2005; Blatow et al. 2007) though some variability in the

consistency of ipsilateral activations has been noted. Moreover,

although the cortical representation of the hands has been the

main focus of research due to their behavioral relevance,

responses evoked by tactile stimulation of the face (Boling et al.

2002; Iannetti et al. 2003; Blatow et al. 2007) and trunk (Itomi

et al. 2000; Fabri et al. 2005) have also been examined using

functional magnetic resonance imaging (fMRI). These studies

demonstrated that, in contrast to the preponderance of

contralateral representation observed for the hands, the head

and in particular the trunk are commonly represented bi-

laterally in SI. The ipsilateral cortical responses to hand

stimulation, however, remain a matter of debate (Hlushchuk

and Hari 2006). In particular, although it has been a long-

standing concept, that the SI hand region is primarily devoted

to processing contralateral input, this model is challenged by

the fact that integration of tactile information from both hands

is essential for many tasks (e.g., bimanual exploration and

manipulation) and should hence occur at a relatively early stage

of cortical processing. Subdural recordings following median

nerve stimulation suggested this integration to occur in the

posterior parietal cortex and possibly also in parts of the

postcentral gyrus (Allison et al. 1989; Kanno et al. 2003). These

findings were later corroborated using similar paradigms in

fMRI and electroencephalography experiments (Nihashi et al.

2005; Sutherland and Tang 2006). In a recent article,

Hlushchuk and Hari (2006) provided additional support for

the hypothesis of ipsilateral SI responses to tactile hand

stimulation by demonstrating activation in the more posterior

and deactivation in more anterior parts of the ipsilateral

postcentral gyrus using fMRI. The authors then speculated that

these observations may represent responses generated within

areas 2 and 3b, respectively (Hlushchuk and Hari 2006).

In the present study, we aimed at testing and integrating

these various information and hypotheses concerning ipsilat-

eral representation of tactile information in the human cerebral

cortex. To this end we investigated the cortical responses to

unilateral left or right stimulation of the head, hand and trunk

within different anatomically defined areas of the primary

(areas 3b, 1, and 2) and secondary (areas OP 1, OP 4, and OP 3)

somatosensory cortices on either hemisphere. The motivation

for examining head and trunk representations in addition to

the hands stemmed from the fact that, in contrast to the hands,

both the head and the trunk do not show a prominent

behavioral asymmetry or dominance. They also differ with

respect to sensitivity and somatosensory precision, wherein the

head is comparable to the hands, whereas touch representation

of the trunk is far less fine graded (Nolan 1985; Davey et al.

2001).

Materials and Methods

The technical aspects of the paradigm and imaging acquisition

parameters have been reported elsewhere in great detail (Eickhoff,

Grefkes, et al. 2007). We here thus summarize only its main aspects and

focus on the description of the current analysis of lateralization in the

somatosensory system.
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Subjects and Stimulation
The study was approved by the local ethics committee. Fourteen

healthy subjects (7 males, mean age 25.6 ± 3.4 years) with no history of

neurological or psychiatric illness gave informed consent. Subjects’

handedness was assessed by the Edinburgh handedness inventory

(Oldfield 1971). The mean laterality-coefficient of all subjects was 89.6

(SD 10.8), the lowest laterality-coefficient in any subject was 77.8. Two

of the examined subjects fell into the 4th and another 5 in the 5th

decile for right-handers as proposed by Oldfield (1971), the remaining

had a laterality-quotient of 100 and were thus classified into the 10th

decile. We could hence confirm the self-reported right-handedness of

the participants by this standard inventory. Each of the 3 examined

locations (Fig. 1) was separately stimulated on either the left or the

right side of the body resulting in 6 experimental conditions.

Stimulation was performed by brushing the subject’s skin with a sponge

in a back-and-forth manner with a frequency of approximately 2 Hz,

a highly robust paradigm for evoking somatosensory activations in

monkeys and humans (Krubitzer et al. 1995; Disbrow et al. 2000). Upon

debriefing, all subjects reported the stimuli to be well perceivable but

not painful. The fMRI experiment consisted of 6 sessions in which the

different anatomical sites were stimulated. Each session presented the

subjects with 11 cycles made up from18 s stimulation followed by 18 s

of rest. The order of the sessions was pseudorandomized across

subjects. The original MRI experiment also included 2 additional

conditions involving left or right stimulation of the legs (shins) which

are not included in the current analysis, as within the primary

somatosensory cortex the legs are represented on the medial surface

of the cerebral hemispheres and hence in close spatial neighborhood to

each other (given the 3D volume based analysis). Due to the spatially

blurred hemodynamic response function and the smoothing of the

data, this situation will render a separation of responses following left

respectively right leg stimulation difficult and may induce spurious

ipsilateral activation by ‘‘spilling over’’ of the contralateral hemody-

namic response to the ipsilateral hemisphere.

Image Acquisition and Processing
Functional MR images were acquired on a Siemens Sonata 1.5-T whole-

body scanner (Erlangen, Germany) using blood oxygen level--

dependent contrast (gradient-echo echo planar imaging [EPI] pulse

sequence, time repetition [TR] = 3 s, time echo [TE] = 66 ms, flip angle =

90�, resolution = 3.1 3 3.1 3 3.1 mm3, 30 axial slices for whole-brain

coverage). Each session consisted of 132 EPI images preceded by

4 dummy images to allow the MR scanner to reach a steady state. These

were discarded prior to further analysis. Additional high-resolution

anatomical images (voxel size 1 3 1 3 1 mm) were acquired using

a standard T1-weighted 3-dimensional magnetization prepared rapid

gradient-echo sequence (TR = 2.2 s, TE = 3.93 ms, flip angle = 15�,
128 sagittal slices). Images were analyzed using SPM5 (http://

www.fil.ion.ucl.ac.uk/spm). The EPI images were corrected for head

movement between scans by an affine registration (Ashburner and

Friston 2003a). One subject was removed from further analysis due to

excessive head motion (more than 1.5 mm movement between scans).

The T1 scan was coregistered to the mean of the realigned EPIs.

Subsequently normalization to the Montreal Neurological Institute

(MNI) single-subject template (Evans et al. 1992; Collins et al. 1994;

Holmes et al. 1998) was performed using the SPM5 normalization

algorithm (Ashburner and Friston 2003b). The resulting normalization

parameters were then also applied to the EPI volumes. These were

hereby transformed into standard stereotaxic space and resampled at

1.5 3 1.5 3 1.5 mm voxel size. Finally, the normalized images were

spatially smoothed using a 6 mm full width half maximum Gaussian

kernel to meet the statistical requirements of the applied Bayesian

modeling approach.

Statistical Analysis
Data was analyzed in the context of the general linear model employed

by SPM5. Each experimental condition was modeled using a boxcar

input vector convolved with a canonical hemodynamic response

function. Low-frequency signal drifts were filtered using a set of

discrete cosine functions with a cut-off period of 72 s. No global scaling

was applied. The main effects for the 6 stimulation conditions were

computed by applying appropriate baseline contrasts, and analyzed

across subjects in a 2nd-level Bayesian mixed-effects model (Penny

and Holmes 2003). The employed probabilistic empirical Bayes

algorithm calculates the conditional distribution for the parameter

estimates (across subjects) at each voxel using the variance across

voxels as Bayesian prior (Friston, Glaser, et al. 2002; Friston, Penny, et al.

2002; Friston and Penny 2003a, 2003b). The resulting posterior

probability maps yield for each voxel (in each condition) the

probability for an effect size greater than the prior standard deviation

(c-threshold, cf. Fig. 2). The rationale for using the prior standard

deviation as the effect size threshold c is that it equates to

a ‘‘background noise level,’’ that is, to a level of activation that is

generic to the brain as a whole. The chosen threshold thus allows

Figure 1. Schematic overview on the skin surface stimulated for each of the
different body part conditions. Face and trunk were stimulated with a sponge rubbed
in a back-and-forth motion in a rostrocaudal direction, for stimulation of the hands the
sponge was rubbed in a back-and-forth motion from proximal to distal.

Figure 2. Inference on the Bayesian model estimated in this study for every voxel of
the primary and somatosensory cortex was performed by computing the area under
the posterior probability density function. The posterior probability for an activation
was given by the portion of the density function which was located to the right of the
positive gamma threshold (background noise level as given by the prior standard
deviation, i.e., variance across voxels), that for deactivation by the part of the density
function which was upper-bounded by the negative gamma threshold.
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directing Bayesian inference to only show those voxels that are almost

certainly more active than this generic response (Friston and Penny

2003a, 2003b).

Lateralization Analysis
The key idea behind the current approach is to 1st identify those parts

of the primary (SI) and secondary (SII) somatosensory cortex which

respond to the stimulation of a specific body part. Within these defined

regions of interest (ROIs) we then analyzed the probabilities for

activation following tactile stimulation of the ipsilateral and contralat-

eral side of the body respectively.

As this approach aimed at specifically targeting the degree of

hemispheric lateralization within the different architectonically defined

subregions of the SI and SII cortices, respectively, anatomical ROIs were

1st generated to represent the a priori anatomical knowledge on their

location (Eickhoff et al. 2005; Eickhoff, Heim, et al. 2006). In particular,

these ROIs were based on the representation of the architectonically

defined areas of the primary somatosensory cortex (SI) (areas 3b, 1, and

2; Geyer et al. 2000; Grefkes et al. 2001) and areas OP 1 (the most likely

homologue of primate area SII), OP 4 (the most likely homolog of

primate area parietal ventral [PV]) and OP 3 (the most likely homolog of

primate area ventral somatosensory [VS]) on the parietal operculum (SII

region, Eickhoff, Amunts, et al. 2006; Eickhoff, Schleicher, et al. 2006;

Eickhoff, Grefkes, et al. 2007) in the maximum probability map (MPM)

of the cortical cytoarchitecture (Eickhoff, Heim, et al. 2006). The MPM

in turn describes the most likely anatomical area at each voxel of the

MNI reference space based on the observer-independent cytoarchitec-

tonic analysis of 10 human post mortem brains (Zilles et al. 2002;

Schleicher et al. 2005; Eickhoff, Paus, et al. 2007), which were

normalized to the MNI single-subject template (Eickhoff et al. 2005).

Area OP 2, of parietal operculum was not included in the current

analysis, as this area most likely is not part of SII but represents the

human equivalent of macaque vestibular area parieto-insular vestibular

cortex (Eickhoff, Weiss, et al. 2006).

Within each area, somatotopy was established by identifying those

voxels, where stimulation of a specific body part was highly likely to

evoke brain activation, irrespective of the stimulated side. This was

archived by 1st computing for each ROI voxel the union of the

posterior probabilities for activation following left- and right-sided

stimulation of the particular body part. Only those locations, where the

joint posterior probability was greater than 95% were considered

responsive. To further increase the specificity of the respective ROIs,

these were masked by a conjunction analysis on the differential

contrasts between sessions stimulating different body parts. Here the

required level of significance (i.e., posterior probability in the Bayesian

analysis) was P > 90%. In summary, the final ROI defining the hand

region in a particular area of the primary or secondary somatosensory

cortex was thus given by those voxels where:

1) The respective area were anatomically located based on the

cytoarchitectonic MPM,

2) P(hand response|data) = P(activation by left hand stimulation|data) [ P(activation by

right hand stimulation|data) > 0.95, and

3) P(hand response > face response|data) \ P(hand response > trunk response|data) > 0.9

Within these ROIs the posterior probabilities for activation (greater

than c-threshold, cf. above and Fig. 2) given the fMRI data following

stimulation of this body part on either side of the body were extracted

and averaged (Eickhoff, Lotze, et al. 2006). These resulting mean

posterior probabilities represent an unbiased estimate of the likelihood

that the region of a particular area on either hemisphere which

represents a given body part reacts to stimulation of the ipsi- and

contralateral side of the body. Furthermore, we also analyzed the

negative tail of the posterior probability distribution (thresholded at –c),
yielding an estimate for the probability for deactivation, that is,

inhibition (Fig. 2). In this context, it is important to mention, that

functional magnetic resonance imaging only detects changes in the

BOLD signal, an indirect measure of blood flow. However, animal

studies combining functional MRI imaging with invasive recording

techniques have demonstrated that negative BOLD signals do indeed

reflect decreases in neuronal activity and hence deactivation (Harel

et al. 2002; Logothetis 2002; Shmuel et al. 2006).

Effect Size Analysis
To confirm that the results from our Bayesian group analysis were not

biased by the applied inference model and to provide an additional

estimate of the intersubject variability in effect size, we revisited the

individual generalized linear model-results of the 13 subjects. For each

of them, the maximum effect size estimate (beta-value) for activation

following left and right, respectively, stimulation of all body parts was

extracted individually for both hemispheres and all areas. These values

represent the strength of (de-) activation in the individual cases. Their

mean hence provides a representation of the effects of unilateral tactile

stimulation within the analyzed architectonic areas which is in-

dependently of the computational model used for 2nd-level inference,

whereas their standard error quantifies the variability of the cortical

response across individuals.

Results

The locations of the ROIs by their responsiveness to tactile

stimulation of the hand, face or trunk is shown in Figure 3A and

clearly reflects the well known somatotopic organization of the

human postcentral gyrus (Kaas and Collins 2003). The

somatotopic organization of the human parietal operculum

has been subject to a more extensive report (Eickhoff, Grefkes,

et al. 2007), and is summarized by the respective ROIs used

here as shown in Figure 3B.

Responses to Trunk Stimulation

The mean probability for contralateral activation following

tactile stimulation of the trunk by a moving sponge was above

98.3% within all 5 analyzed ROIs (representing areas 3b, 1, and

2 on the postcentral gyrus and areas OP 1, OP 4, and OP 3 on

the parietal operculum) of both hemispheres. Indicative of

a strongly bilateral representation of proximal body parts, the

mean posterior probabilities for activation following ipsilateral

stimulation were virtually identical to those observed following

contralateral stimulation (mean: 98.2%). The strong ipsilateral

responsiveness was furthermore corroborated by the fact that

the minimum probability for ipsilateral activation was as high as

96.2%, whereas in none of the analyzed regions, ipsilateral

response probabilities were more than 3.7% below that for

Figure 3. The location of the defined ROIs (given by their anatomical location within
the SI respectively SII subareas, a posterior probability for activation following
stimulation of the respective body part on either side of[ 95% and a probability of[
90% for showing stronger activation than both of the 2 other examined body parts)
reveals the somatotopic organization of the human primary (A) and secondary (B)
somatosensory cortices. For the display of the somatotopic ROIs in the secondary
somatosensory cortex, the temporal lobes have been removed from the template
brain in order to allow an unobstructed view on the parietal operculum. Note that the
respective ROIs are mutually exclusive in 3-dimensional space but may overlap in the
projection of their location to the cortical surface.
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those following contralateral stimulation (mean difference:

1.2%). Consequently, the probabilities for deactivation were

close to zero in all cases. In summary, our data strongly suggest

an extensive bilateral representation of the trunk in all areas of

the primary and secondary somatosensory cortex.

Responses to Face Stimulation

Like for trunk stimulation, stimulation of the face yielded a high

mean probability for contralateral activation in all cytoarchitec-

tonic areas indicating the robustness of the employed

stimulation paradigm and a reliable detection of the evoked

activity by our fMRI measurements (mean probability 99.3%).

Within the 3 analyzed SII subregions on either hemisphere the

mean probability for activation following ipsilateral stimulation

was 95.4%. These probabilities were hence, on average, only

4.2% lower than those following contralateral stimulation.

Within the cytoarchitectonic areas of the primary somatosen-

sory cortex (areas 3b, 1, and 2) the mean posterior probabilities

for ipsilateral activation were between 74.7% and 98.2% (mean:

93.0%) and hence on average 5.8% lower as compared with the

ones for activation following contralateral stimulation. Accord-

ingly, the posterior probabilities for deactivation were ex-

tremely low (max: 0.2%) in all areas. We may summarize our

data as showing a consistent bilateral response in the human

somatosensory cortex, which was, however, on average 4.0%

lower than that observed for the trunk region.

Responses to Hand Stimulation

Tactile stimulation of the hands evoked robust activation in the

contralateral primary and secondary somatosensory cortex,

where the mean probabilities for activation were above 98.4%

for all analyzed areas. The mean posterior probabilities for

Figure 4. Mean posterior probabilities for activation (green) and deactivation (red) following ipsilateral trunk stimulation as well as those for activation following contralateral
trunk stimulation are given for each of the 3 analyzed areas of the primary and secondary somatosensory cortex on either side of the brain. All cortical areas within the SI and SII
region show a strong bilateral response to tactile stimulation of the trunk, as the probabilities for ipsilateral activation were no lower than those following contralateral stimulation.
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activation following ipsilateral stimulation, however, were

different from those observed for trunk or face stimulation.

They furthermore showed a clear differentiation between areas

and hemispheres. Within the secondary somatosensory cortex,

all probabilities for ipsilateral activations were above 70%

(mean: 82.1%) and hence on average 15% lower as compared

with those observed within the ipsilateral SII region following

stimulation of the trunk or face. In contrast to these secondary

somatosensory areas, area 3b and area 1 of the primary

somatosensory cortex did not show any tendency for ipsilateral

responses to tactile stimulation. Rather, both of these areas

showed high probabilities for deactivation most pronounced

on the left hemisphere (72.8%/77.7% on the left; 50.2%/54.4%

on the right hemisphere). The responses of the most posterior

area within the SI complex, area 2, following ipsilateral hand

stimulation finally showed a clear hemispheric asymmetry. The

hand region within left area 2 had a mean posterior probability

for deactivation of 44.9% (along with an 8.3% posterior

probability for activation). Right area 2, however, was the only

SI area where the posterior probability for activation following

ipsilateral hand stimulation was considerably larger than that

for deactivation (43.7% vs. 8.0%).

Effect Size Analysis

The pattern described by the mean (across subjects) effect size

estimates (Fig. 7) confirmed the results from the Bayesian

group analysis. In particular, for face and trunk stimulation, the

effect size estimates within all areas were similar for ipsi- and

contralateral stimulation, which is in good agreement with the

posterior probabilities. The fact, that the standard errors of

Figure 5. Mean posterior probabilities for activation (green) and deactivation (red) following ipsilateral face stimulation as well as those for activation following contralateral face
stimulation are given for each of the 3 analyzed areas of the primary and secondary somatosensory cortex on either side. Similar to the trunk regions within SI and SII (Fig. 4), also
the head representations within the analyzed areas showed a pronounced ipsilateral response. However, the posterior probabilities for ipsilateral activation within these regions
were slightly lower as compared with those observed within the trunk representations.
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these estimates are small relative to the mean effect size is also

congruent to the high probabilities for activation observed in

the Bayesian model. The analysis of single-subject effect size

estimates also confirmed our findings regarding differentiated

activation pattern within the SI hand representation: areas 3b

and 1, which of course showed strong activation to contralat-

eral stimulation, these are deactivated (inhibited) by ipsilateral

stimulation, whereas there’s an asymmetry in the responsive-

ness of area 2, such that only right area 2 is activated by

ipsilateral as well as contralateral stimulation. For left area 2,

finally, the mean effect size was close to zero, whereas the

standard error was considerably higher as compared with other

regions.

Discussion

Secondary Somatosensory Cortex

The existence of 3 distinct areas (SII, PV, and VS) within the SII

region of nonhuman primates is now widely recognized (Kaas

2004; Kaas and Collins 2003). The present study demonstrates,

that the analyzed architectonically defined SII subregions in the

human cerebral cortex (OP 1, the likely human equivalent to

area SII, OP 4, the presumed homologue to area PV and OP 3,

the most likely candidate for human area VS; Eickhoff, Amunts,

et al. 2006; Eickhoff, Schleicher, et al. 2006; Eickhoff, Grefkes,

et al. 2007) show robust bilateral responses to unilateral

stimulation of all examined body part. This confirms previous

functional neuroimaging reports of bilateral SII activity to

unilateral stimulation (Disbrow et al. 2000; Ruben et al. 2001;

Ferretti et al. 2003; Young et al. 2004; Blatow et al. 2007) in an

area- and body part--specific fashion allowing for a systematic

characterization of ipsilateral response properties. Moreover,

these response characteristics match well with the reported

high number of neurons in the SII regions showing bilateral

receptive fields observed in both nonhuman primates (Cusick

et al. 1989; Coq et al. 2004; Fitzgerald et al. 2006) and other

mammals (Krubitzer et al. 1986; Catania et al. 1999; Tommerdahl

et al. 2005). These congruencies with respect to response

characteristics demonstrated here at the level of individual

areas in the human brain thus further adds to the notion of

a relatively preserved organization of the SII region (at least

across primates) as previously suggested by similarities in areal

topography and somatotopic organization (Eickhoff, Schleicher,

et al. 2006; Eickhoff, Grefkes, et al. 2007).

Primary Somatosensory Cortex

Strepsirrhini (e.g., lemures and galagos) are considered to

follow a basic nonprimate plan of SI organization dominated by

primary somatosensory area 3b (Wu and Kaas 2003; Kaas 2004).

In titi-monkeys, Padberg et al. (2005) confirmed the existence

of a separate, well defined area 1 but also provided compelling

evidence for an absence of an area 2, both of which is in good

correspondence to earlier reports in other New World

monkeys (Merzenich et al. 1983; Cusick et al. 1989; Krubitzer

and Kaas 1990; Coq et al. 2004; reviewed by Padberg et al.

2007) but contrasts observations in old world monkeys (Pons

et al. 1985; Iwamura et al. 2002). In macaques, finally, area 2 has

large often bilateral receptive fields with an extensive fine-

graded representation of the hand and dense transcallosal

connections (Pons et al. 1985; Pons and Kaas 1986; Iwamura

2000; Iwamura et al. 2001, 2002). The emergence of a posterior

parietal cortex in primates, the existence of a distinct area 1 in

New World monkeys and the presence of area 2 in old world

monkeys and humans has repeatedly been linked to increasing

manual skills (Kaas 2004; Padberg et al. 2005). This view is

supported by the fact, that the relative amount of cortex

devoted to the hands is considerably larger within area 2 as

compared with, for example, area 3b (Pons et al. 1985; Iwamura

et al. 2002). The observation that only area 2 features

transcallosal connections within its hand region (Pons and

Kaas 1986; Iwamura et al. 2001) also supposed association to

manual abilities by enabling the integration of tactile in-

formation from both hands for bimanual coordination and

exploration (Padberg et al. 2007). Probably the most intriguing

evidence linking area 2 to the manual skills comes from

a recent study in cebus monkeys, which were shown to be the

only species of new word monkeys which features a distinct

area 2 similar to that in macaques (Padberg et al. 2007).

Strikingly, cebus monkeys are also the only New World

monkeys, which, like macaques, possess an opposable thumb,

use feeding tools in the wild and are capable of complex object

manipulation.

Our data now point toward distinct role for area 2 in the

processing hand related information also in humans. Although

tactile stimulation of either hand resulted in an inhibition

of ipsilateral areas 3b and 1 as previously suggested by

(Hlushchuk and Hari 2006), the ipsilateral responses in area 2

showed a strong hemispheric asymmetry (cf. Fig. 6). While left

area 2 was deactivated by ipsilateral hand stimulation—

albeit to a lesser degree as areas 3b and 1- right area 2 showed

a positive response (i.e., activation) to ipsilateral input. As other

functional imaging studies also reported a more posterior

location of the local maxima during ipsilateral as compared

with contralateral hand stimulation (Allison et al. 1989; Nihashi

et al. 2005; Hlushchuk and Hari 2006), we conclude that only

area 2 shows ipsilateral responses to unilateral hand stimula-

tion. This specific role in the processing of tactile input from

the dominant hand in humans strongly supports the notion that

area 2 represents an area which has evolved as the cortical

substrate of increased manual abilities resulting from opposable

thumbs in anthropoid primates (Kaas 2004; Padberg et al. 2005;

Padberg et al. 2007).

As little is known about the functional lateralization of

somatosensory cortex in the nonhuman primates (mainly due

to the limitation in spatial coverage for electrophysiological

recordings), the question remains, whether the observed hemi-

spheric asymmetry may be a new feature that has evolved in

humans as a substrate of yet increased fine motor skills. In this

case, the newly formed lateralization toward the right hemi-

sphere, which has previously been suggested for kinesthesia

(Naito et al. 2005), would parallel the pronounced lateralization

of human brain functions such as language (left; Amunts et al.

2004), space-representation (right; Fink et al. 2003) and higher

motor functions (left; Vogt et al. 2007). Support for this notion is

provided by a comparison of hand preferences between humans

and monkeys: In humans, most authors recognize 3 levels of

handedness (Annett, 2004; Ellis et al. 1988; Oldfield, 1971;

Warren, 1977): 1) choosing always the same hand for a given

task, 2) preferring the same hand across tasks and 3) a clear

majority of subjects prefers the right hand. Although it is agreed

upon, that nonhuman primates may prefer 1 hand for

a particular task, there is little evidence for the 2 latter levels

of handedness (Deuel and Dunlop 1980; Lehman 1980; Annett
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and Annett 1991; Mittra et al. 1997; Gardinier et al. 2006). Based

on these observations and our own data, we would suggest that

the lateralization within area 2 is a specific human feature, which

may be regarded as an expression of a more lateralized

organization of the human brain per se and is mirrored by

a more pronounced handedness. This hypothesis, however,

remains to be tested directly, for example, by using monkey-

fMRI where task- and imaging specifications can be set up to

closely match human studies.

Transcallosal Connections of the Secondary
Somatosensory Cortex

Due to the temporal resolution of fMRI, we cannot infer from

our data whether the ipsilateral secondary somatosensory

cortex is driven by thalamic input or by transcallosal

projections. Homotopic transcallosal connections between

the different SII areas, however, have repeatedly been

demonstrated in many species (Krubitzer et al. 1986; Burton

et al. 1995; Catania et al. 1999; Qi et al. 2002; Disbrow et al.

2003; Kaas 2004) and are thus likely to exist in humans too.

This view is supported by an fMRI study of a patient undergoing

callosotomy, who showed robust bilateral SII activation before

the operation which was abolished following surgery (Fabri

et al. 2001). Moreover, there is converging evidence from

methods providing higher temporal resolution that contralat-

eral SII responses precede ipsilateral ones by about 14 ms,

favoring a monosynaptic transcallosal connection (Mima et al.

1997; Frot and Mauguiere 1999; Karhu and Tesche 1999; Ploner

Figure 6. Mean posterior probabilities for activation (green) and deactivation (red) following ipsilateral hand stimulation as well as those for activation following contralateral
hand stimulation are given for each of the 3 analyzed areas of the primary and secondary somatosensory cortex on either side of the brain. All subareas of the secondary
somatosensory cortex responded well to ipsilateral tactile stimulation of the hands, although the mean probabilities for activation were considerably lower as compared with
those observed within the trunk and face regions (Figs 4 and 5). In contrast, areas 3b and 1 of the primary somatosensory cortex showed a deactivation following ipsilateral hand
stimulation, which was more pronounced in the left hemisphere. Left area 2 finally was also deactivated by ipsilateral stimuli, whereas right area 2 was the only part of the
primary somatosensory cortex showing a substantial positive response to ipsilateral tactile stimulation.
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et al. 1999). We may hence assume that the observed ipsilateral

responses within SII originate predominantly from transcallosal

input from the contralateral SII region.

Transcallosal Connections of the Primary
Somatosensory Cortex

Face and trunk representations within areas 3b, 1, and 2 feature

homotopic transcallosal connections terminating in the same

anatomical area (Krubitzer et al. 1986; Krubitzer and Kaas 1990;

Kaas and Collins 2003; Wu et al. 2000), which may be

considered an important substrate of their bilateral represen-

tations, although bilateral thalamic input may contribute as well

(Cusick et al. 1985; Krubitzer and Kaas 1987; Iyengar et al.

2007). In contrast, no such connections were observed for the

hand region of these 2 areas, that is, there is no direct

interhemispheric transfer of somatosensory information from

the hands within areas 3b and 1 (Killackey et al. 1983;

Krubitzer and Kaas 1990; Padberg et al. 2005). Area 2 in

contrast shows dense transcallosal connections also within the

hand region (Killackey et al. 1983; Iwamura 2000; Iwamura

et al. 2001, 2002) resulting in bilateral receptive fields, which is

in line with our results showing bilateral activation to hand

stimulation in area 2. The question hence arises how the

inhibition of ipsilateral areas 3b and 1 is mediated in the

absence of transcallosal connections. Although transcallosal,

interareal connections and bilateral thalamic connections may

provide possible mechanisms, their existence has mainly been

demonstrated in nonprimate mammals (Krubitzer et al. 1998).

The most likely pathways for these inhibitory effects thus relies

on interhemispheric transfer of information between area 2 on

either side (Killackey et al. 1983; Iwamura 2000; Iwamura et al.

2001, 2002) and subsequent cortico-cortical connections from

(ipsilateral) area 2 to (ipsilateral) areas 3b and 1 (Pons and Kaas

1986; Burton and Fabri 1995) as discussed by (Hlushchuk and

Hari 2006).

The Issue of Handedness

Only right-handed subjects were examined in this experiment

to ensure that the examined population was as homogenous as

possible with respect to their (behavioral) hand-dominance

given that left handed are generally more ambiguous in their

preferred hand (Sarma 1989; Meng 2007). Although most right-

handed persons have very poor left-hand skills, left-handers

usually have a higher proficiency in right hand use, that is,

a weaker (behavioral) lateralization (Sarma 1989; Siebner et al.

2002; Meng 2007). The most obvious reasons for this mismatch

are the primary specification of many everyday tools for right-

handed use and the education of left-handed children toward

Figure 7. Mean (±SEM) of the individual effect size estimates (beta-values) for each condition extracted from the single-subject analyses. The close correspondence between
the patterns emerging from this mean individual effect size plots and those from the posterior probabilities as derived from the Bayesian group analysis confirmed that the
observed effects were indeed stable across subjects.
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using their nondominant right hand (Meng 2007). In this

context, it is interesting to note, that the observation of weaker

lateralization in left-handers dates back to the original

publication of the Edinburgh Handedness Inventory (Oldfield

1971), where the author states: ‘‘This mode toward the left-

handed end may be the result of some adaptation by left-

handed people to a world predominantly organized for the

right handed.’’ This view also coincides with the observation of

a declining prevalence for left-handedness (and an increasing

amount of people who consider themselves ‘‘switched’’) in

older populations (Galobardes et al. 1999), which has been

ascribed to a change in the sociocultural environment making

left-handedness more acceptable nowadays.

It should thus be noted, that the observed bilateral

representation of the dominant hand in ipsilateral area 2 is

specific to right-handed persons but does not allow more

general inference about dominant hand lateralization per se. To

investigate this issue in more depth, experiments with strongly

left-handed persons, ‘‘retrained’’ left-handers or ambidexters

are needed, potentially using an analysis approach similar to the

one demonstrated here.

Conclusions

The present study combined anatomical mapping data,

stimulation of multiple locations on either side of the body

and a Bayesian modeling approach to quantify the probability of

ipsilateral activation within the human somatosensory areas.

We could show that all SII areas as well as the trunk and face

representations within SI show robust bilateral responses to

unilateral stimulation, which is in agreement to their trans-

callosal projections demonstrated in nonhuman primates.

Whereas areas 3b and 1 of the ipsilateral SI region were

deactivated by tactile hand stimulation, there was strong

evidence for bilateral processing of information from the right

hand in area 2. These results demonstrate a distinctive cortical

representation pattern of the hand and support the hypothesis

that area 2 may have evolved as a substrate of increased manual

abilities as concluded from previous observations that this area

has up to now only been recognized in primates featuring

opposable thumbs (Padberg et al. 2007).
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