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Ano-rectal stimulation provides an important model for the processing

of somatosensory and visceral sensations in the human nervous system.

In spite of their anatomical proximity, the anal canal is innervated by

somatosensory afferents whereas the rectum is innervated by the

visceral nervous system. In a functional magnetic resonance (fMRI)

experiment, we examined the cerebral responses to pneumatic balloon

distension of these two structures to test whether somatosensory and

visceral stimulation elicited distinct brain activations in spite of their

spinal convergence. The specificity of the identified activations was

analyzed by Bayesian mixed effects modeling. Activations in the parietal

operculum were also compared to the location of cytoarchitectonically

defined areas OP 1–4, which are part of the secondary somatosensory

cortex (SII), to analyze whether the SII region was activated by anal

and/or rectal stimulation.

The lowest segregation between visceral and somatosensory stimuli

was in the insular cortex, which supports the interpretation of the

insula as an integrative region, receiving input from different sensory

modalities. The most distinct segregation was found in the fronto-

parietal operculum. Here the activations following anal and rectal

stimulation were not only functionally but also anatomically distinct.

Anal sensations were processed similar to other somatosensory stimuli

in the SII cortex (area OP 4). Rectal afferents on the other hand were

not processed in SII. Rather, they evoked activation at a more anterior

location on the precentral operculum. These results demonstrate a
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functionally and anatomically distinct processing of somatosensory and

visceral afferents in the human cerebral cortex.
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Introduction

Ano-rectal sensations provide an important model for the

differentiation between somatosensory and visceral afferents in the

human central nervous system. In spite of the close anatomical

relationship between the anal canal and the distal rectum, there are

clear differences in their innervation. The rectum is a visceral organ

innervated by unmyelinated C-fibers and thinly myelinated Ay-
fibers which ascend via the splanchnic nerves to the sacral dorsal

root ganglia (Loening-Baucke et al., 1994; Sengupta and Gebhart,

1994). The anal canal, on the other hand, has a somatosensory

innervation from the pudendal nerve. Consequently, anal sensation

is more precise in localization and possesses a lower threshold

compared to rectal perception (Golinger and Hughes, 1951).

Since perception of ano-rectal sensations is crucial for the

maintenance of continence, it also plays an important role in

clinical neuroscience (Whitehead et al., 1981). Two major

perceptive functions are involved in the process of fecal

continence: rectal sensing of its filling and anal identification of

content and consistency. The maintenance of fecal continence is

thus dependent on both systems described above. If one or both

components are interrupted, e.g. due to spinal cord injury or

systemic diseases, patients will suffer from incontinence (Golinger

and Hughes, 1951; Duthie and Bennett, 1963). Moreover,
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increased sensitivity of this gastrointestinal compartment is a major

pathomechanism of functional bowel disorders such as the irritable

bowel syndrome. These conditions frequently also result in urge

and incontinence (Naliboff et al., 2001; Bonaz, 2003; Verne et al.,

2003; Mayer et al., 2005).

Previous functional neuroimaging studies have identified the

parietal operculum as a key region for the processing of visceral

sensations evoked by rectal or esophageal distension (Binkofski et

al., 1998; Aziz et al., 2000a,b; Lotze et al., 2001; Strigo et al.,

2003, 2005; Hobson et al., 2005). The parietal operculum is also

the location of the secondary somatosensory cortex (SII), which

consists of at least three distinct subdivisions (Kaas and Collins,

2003). The question therefore arises whether SII also sustains

visceral perception. Some authors proposed that visceral and

somatosensory activations in the parietal operculum are spatially

separated (Aziz et al., 2000b; Lotze et al., 2001; Strigo et al.,

2005). Thus, the somatosensory SII cortex might not be involved at

all in the processing of visceral stimuli. This view is contradicted

by studies not showing a separation between cutaneous and

visceral activations (Hobday et al., 2001). The latter results imply

that at least some subdivisions of SII also process input from

visceral organs.

In the present study, we examined the cortical representations of

somatosensory and visceral sensations by reanalyzing an fMRI

experiment, which used pneumatic stimulation of the anal canal

and the distal rectum (Lotze et al., 2001). Two main questions were

addressed: are anal (somatosensory) and rectal (visceral) sensations

processed separately in the human brain? How do the respective

activations compare to the cytoarchitectonic organization of the SII

region (Eickhoff et al., 2006a,b)?
Methods

Subjects and stimulation

Eight healthy subjects (four males; average age 37.3 years)

with no history of neurological, psychiatric or ano-rectal illness

gave informed consent. The study was approved by the ethics

committee of the Medical School, University of Tübingen,

Germany. After the subjects evacuated their rectum, a double-

balloon catheter was inserted. One balloon was positioned in the

distal rectum approximately 15 cm from the anal verge the second

in the anal canal. To ensure stability the probe was fixed to the

buttocks. Air inflation of the balloon was performed manually by

a physician experienced with anal and rectal manometry (BW). To

evoke feelings of discomfort but avoid any relevant painful

stimulation, the inflation of the balloon was individually adjusted

to remain just below pain threshold. The individual thresholds

were tested in a separate session just prior to the fMRI recording.

Two visual analogue scores were used: one for unpleasantness (0:

absolutely not unpleasant; 10: maximal unpleasant) and one for

pain (0: absolutely not painful; 10: unbearable painful). For rectal

stimulation the balloon was preinflated with 100 ml prior to the

experimental session. This condition, to which all subjects adapted

rapidly, served as baseline. The necessity for a preload in the

rectal baseline was imposed by the fact that the rectal filling

volume was substantially higher than that of the anal canal.

Therefore, some preload was necessary in order to keep the rise

and decay times comparable for both type of stimulation. Since

subjects reported no feelings of filling or discomfort at all during
this baseline state, we could confidently exclude any consciously

arising perception. However, the possibility cannot be entirely

precluded, that some tonic receptors were nevertheless activated

during rest, rendering this condition really a ‘‘high-level baseline’’

for predominantly phasic distension receptors within the rectal

wall (which of course are also innervated by the visceral nervous

system). Additional volumes between 100 and 250 ml (average

173.6 ml; SD 45.0 ml) were injected for the activation periods.

For stimulation of the anal canal, the balloon was completely

deflated in the rest condition. For the activation periods, volumes

between 7.5 and 25 ml (average 15.5 ml, SD 7.7 ml) were

injected. The fMRI paradigm consisted of four sessions of 16

stimulation cycles. Each cycle consisted of approximately 3 s

stimulation followed 18 s rest. The distal rectum was stimulated

during half of the sessions, the anal canal during the other half.

The order of the experimental sessions was pseudo-randomized

across subjects.

fMRI procedure and image preprocessing

Functional MR images were acquired on a Siemens Vision 1.5

T whole-body scanner (Erlangen, Germany) using blood-oxygen-

level-dependent (BOLD) contrast (Gradient-echo EPI pulse

sequence, TR = 3 s, in plane resolution = 3 � 3 mm, slice

thickness 4 mm, 28 axial slices for whole-brain coverage). Each

session consisted of 112 images preceded by two dummy images

allowing the MR scanner to reach a steady state. These were

discharged prior to analysis. Additional high-resolution anatomical

images (voxel size 1.5 � 1 � 1 mm3) were acquired using a

standard T1-weighted 3D MP-RAGE sequence. Images were

analyzed on a Pentium 4 Windows XP system using SPM2

(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, 2003c). The T1 scan was coregistered

to the mean of the realigned EPIs. Subsequently, it was spatially

normalized to the MNI single subject template (Evans et al., 1992;

Collins et al., 1994; Holmes et al., 1998) using linear proportions

and a nonlinear sampling algorithm (Ashburner and Friston,

2003a,b). The resulting normalization parameters were then

applied to the EPI volumes. These were hereby transformed into

standard stereotaxic space and resampled at 2 � 2 � 2 mm3 voxel

size. The normalized images were spatially smoothed using an 8-

mm FWHM Gaussian kernel to meet the statistical requirements of

the General Linear Model and to compensate for residual

anatomical variations across subjects.

Statistical analysis

The data were analyzed in the context of the general linear

model employed by SPM2. Each experimental condition was

modeled using a boxcar reference 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 42s. Temporal autocorrelations between scans

were estimated using a first-order autoregressive model. Param-

eter estimates were subsequently calculated for each voxel using

weighted least squares to provide maximum likelihood estimators

based on the nonsphericity of the data (Kiebel and Holmes,

2003). The weighting Fwhitens_ the errors rendering them

identically and independently distributed. No global scaling was

applied.

http://www.fil.ion.ucl.ac.uk/spm
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The main effects of anal and rectal stimulation were computed

by applying appropriate baseline contrasts. The corresponding

contrast from different subjects was then analyzed in a second level

Bayesian mixed effects model to allow inference to the general

population (Penny and Holmes, 2003). For this model, we used the

probabilistic empirical Bayes algorithm implemented in SPM2.

This algorithm calculates the conditional distribution for the

parameter estimates (across subjects) at each voxel using the

variance across voxels as Bayesian prior (Friston, 2002; Friston et

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

probability maps were thresholded at a probability of 0.95 for an

effect size greater than the prior standard deviation (g threshold).

That is, only those voxels were considered active, whose parameter

estimates were larger than c with at least 95% confidence. 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,

it represents the level of activation that is generic to the brain as a

whole. The chosen threshold thus allows directing Bayesian

inference to only show those voxels that are almost certainly more

active than this generic response (Friston and Penny, 2003a,b).

Since Bayesian modeling allows the estimation of conditional

probabilities for the existence of activation given the data, it cannot

only be used to declare brain regions as active with a quantifiable

confidence. Rather, it can also quantify the likelihood for the

absence of activation (Friston and Penny, 2003a,b). This allows the
Fig. 1. The cytoarchitectonic organization of the human fronto-parietal

operculum, shown as a maximum probability map (MPM) projected onto a

surface rendering of the MNI single subject template. The temporal lobes

were removed for display purposes. In the parietal operculum, four distinct

architectonic areas (OP 1–OP 4) can be identified. OP 1 is the human

analogue of area SII in nonhuman primates (not to be confused with the

whole ‘‘SII region’’), OP 4 corresponds to monkey area PV, whereas OP 3

constitutes the human equivalent of area VS. OP 2 finally is not part of the

SII cortex, but the human analogue of the primate parietal-insular vestibular

cortex (Eickhoff et al., 2006a,b, in press).
examination of functional specificities and dissociations via the

computation of likelihood rations as described below. In classical

inference, on the other hand, the P values only give the probability

of observing the measured data by chance in an infinitive number

of experiments, without permitting statements on the probability

for genuine activation.

To obtain unbiased estimates for the functional specificity of the

identified activations, we compared the posterior probabilities for

both conditions within each activated cluster. For example, for a

cluster active following rectal stimulation, the posterior probability

for rectal activation was expressed relative to the posterior

probability for anal activation. This likelihood ratio (LR) indicates

the confidence in the presence of activation in the preferred

condition, relative to the confidence in the presence of activation

following the nonpreferred condition. A high LR thus corresponds

to a high degree of functional specificity, whereas a low LR can be

expected for brain regions, which respond similarly to both

stimulation paradigms. The product of the likelihood ratios for

(spatially) corresponding clusters defined by different conditions

(e.g. the LR of the insular activation following rectal stimulation

multiplied by the LR of the insular activation following anal

stimulation) can then be used to quantify the segregation of

somatosensory and visceral processing in a particular brain region.

This product, which is subsequently referred to as ‘‘functional

segregation’’, is simply equivalent to the likelihood ratio of the

conjoint probability for the preferred vs. that for the nonpreferred

condition.

Comparison with cytoarchitectonic data

The localization of the functional activations with respect to

cytoarchitectonic areas was analyzed based on the maximum

probability map (MPM, Fig. 1). This map denotes the most likely

anatomical area at each voxel of the MNI single subject template

(Eickhoff et al., 2005). The definition of such MPMs is based on

probabilistic cytoarchitectonic maps derived from the analysis of

cortical areas in a sample of 10 human post-mortem brains, which

were subsequently normalized to the MNI reference space. The

significant results of the random effects analysis were compared

both to the MPM and the individual probabilistic maps of the

parietal operculum (Eickhoff et al., 2006a) using the SPM

Anatomy toolbox (http://www.fz-juelich.de/ime/spm_anatomy_

toolbox) (Eickhoff et al., 2005).
Results

Behavioral results

Upon debriefing, all subjects reported a feeling of gas and

stool pressure elicited by the stimulation. This sensation was

always well perceivable. Subjects rated the pain intensity during

stimulation with 0.3 (T0.17) in average on a scale from 0–10.

The unpleasantness scores during rectal (mean score of 5.24 T
2.36 SD) and anal stimulation (4.76 T 2.23) did not differ

significantly (t = 0.46; P = 0.67; n.s.). These behavioral

measures indicate that the stimulation protocol was successful in

excluding two potential confounds: there was no difference in

unpleasantness, which might have led to differential activation in

areas involved in affective or emotional processing. Pain-related

activation can also be largely excluded as subjects explicitly denied

http://www.fz-juelich.de/ime/spm_anatomy_toolbox


Table 1

Location of significant clusters of activation following anal and rectal pneumatic stimulation

Cluster location Local maxima

Macroanatomy Cytoarchitecture x, y, z Cytoarchitectonic probabilities

a) Main effect of anal canal stimulation

1 L parietal operculum OP 4: 97% �54/�12/18 OP 4: 70% [60–80%]

OP 3: 20% [0–20%]

OP 1: 20% [0–20%]

2 Mesencephalon None 6/�22/�6 Nil

3 L anterior insula None �42/2/�6 Nil

b) Main effect of rectal stimulation

1 L precentral operculum OP 4: 19% �62/4/10 BA 44: 30% [10–50%]

BA 44: 7% OP 4: 20% [0–20%]

2 Mesencephalon None �2/�12/4 Nil

3 L thalamus None �6/�28/6 Nil

4 R pallidum None 20/6/6 Nil

5 L anterior insula OP 3: 2% �44/�12/4 Nil

(a) Relative increases in brain activity resulting from stimulation of the anal canal (somatosensory stimulation). (b) Relative increases in brain activity resulting

from the stimulation of the distal rectum (visceral stimulation).

All coordinates in anatomical MNI space. The number of each activation cluster corresponds to the number used to label the foci in Fig. 2.
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relevant painful sensations. Differences in the response patterns

following anal and rectal stimulation can therefore be considered to

reflect genuine differences in the processing of somatosensory and

visceral stimuli.

Neural activations

Pneumatic stimulation of the anal canal activated the left

parietal operculum, the left anterior insula and the ventral

midbrain (Table 1a, Fig. 2). Rectal stimulation elicited significant

changes in the BOLD signal in left precentral operculum, the left

anterior insular, the ventral midbrain, the left thalamus and the

pallidum (Table 1b, Fig. 2). Thus, in spite of the different

peripheral innervation, both rectal and anal stimulation evoked

activation in comparable brain regions, namely the ventral
Fig. 2. (Upper row) Foci associated with the processing of anal (red) and rectal (blu

for activation greater than the background noise) are shown superimposed on a surf

on these renderings. The location of the detail images is denoted by the black and w

of the local maxima within the areas of activation as well as quantitative descriptio

The red numbers in the figure point to the respective cluster label in Table 1a (effec

label in Table 1b (effects of rectal stimulation).
midbrain, the left insular cortex and the left fronto-parietal

operculum.

In contrast to previous studies of ano-rectal sensations, we

did not observe activation in the primary somatosensory cortices,

motor areas, the anterior cingulate cortex and the right

operculum. More precisely, no activation in those regions was

sufficiently robust to be declared active in our conservative but

theoretically motivated thresholding procedure. On a more

lenient threshold (posterior probability of >50% for any

activation), all of these regions showed some evidence for

activation alongside several other sites on both hemispheres (e.g.

the inferior parietal cortex, the cerebellum and the dorsolateral

prefrontal cortex). However, these responses were either too

weak or too variable to be declared active with sufficient

confidence. In the following, we will therefore focus on
e) sensations. Areas of significant increase in BOLD signal (95% confidence

ace rendering of the MNI single subject template. (Lower row) Detail views

hite boxes in the upper row of images. The exact coordinates and the height

ns (probabilities) of their cytoarchitectonic assignments are given in Table 1.

ts of anal stimulation) while the blue numbers point to the respective cluster
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examining whether the described significant activations following

anal and rectal stimulation (see Table 1 and Fig. 2) are

functionally and anatomically distinct or not.

Subcortical activations

Both stimulations evoked significant activation in the

ventral midbrain. These activations were clearly spatially

separated from each other (Fig. 3A) and there was no overlap

between them. The posterior probabilities for a significant

effect of anal or rectal stimulation within their respective

clusters given the measured data (posterior probabilities) were

close to 100%. The posterior probabilities for activation

following the nonpreferred condition, however, revealed a

functional dissociation of these foci: within the cluster

responsive to rectal stimulation, the mean posterior probability

for an effect of anal stimulation was 62%. In contradistinction,

the mean posterior probability for an effect of rectal

stimulation within the anal activation cluster was only 21%.

The likelihood ratio (LR) was 1.6 for the rectal and 4.6 for

the anal cluster. Pneumatic stimulation of the distal rectum also

resulted in two further subcortical clusters of activation in the

left thalamus (LR: 2.0) and the right pallidum. This latter

cluster was highly specific to rectal stimulation (LR: 3.8).

Cortical activations

In contrast to the subcortical activations, the insular activations

overlapped by 14% (anal) and 22% (rectal) of their respective

volumes (Fig. 3B). The weaker separation between somatosensory
Fig. 3. Functional separation between the processing of anal and rectal afferents in t

the MNI single subject template at x = 5 (top) and x = �19 (bottom). The activati

shown in blue. (Left panel) Mean posterior probabilities for activations following

(bottom) clusters significantly associated with the processing of anal afferents. (R

and rectal (blue) stimulation, in the midbrain (top) and insular (bottom) clusters s
and visceral processing in the insular cortex was confirmed by the

Bayesian analysis: the probability for an effect of anal stimulation

within the rectal activation was 77% (LR 1.3) while the probability

for an effect of rectal stimulation within the anal activation cluster

was 44% (LR 2.2).

The two clusters on the fronto-parietal operculum, on the other

hand, were clearly separated from each other by a distance of about

1.5 cm (Fig. 4). Moreover, the functional segregation between

somatosensory and visceral processing was also more pronounced

compared to the segregation in the midbrain or the insula: the

posterior probability for an effect of anal stimulation in the rectal

activation cluster was 39% (LR: 2.5). The posterior probability for

an effect of rectal stimulation in the anal activation cluster was

28% (LR: 3.5).

Functional segregation of somatosensory and visceral afferents

The functional specificity of the anal activations was

generally higher than that of the rectal activations in all three

examined brain regions (Table 2). That is, those neuronal

modules that process somatosensory afferents were generally

more specific to this task than modules sustaining the perception

of visceral sensations. The latter in turn do more likely also

respond to stimulation of the somatosensory innervated anal

canal.

However, there were also differences in the functional

specificity between the three regions: in the ventral midbrain, the

anal activation was highly specific to somatosensory stimulation

whereas the neighboring rectal activation cluster had a much lower

functional specificity. In the insular cortex, both somatosensory
he midbrain (A) and the insula (B). (Middle panel) Saggital sections through

on cluster for anal stimulation is shown in red; that for rectal stimulation is

anal (red) and rectal (blue) stimulation, in the midbrain (top) and insular

ight panel) Mean posterior probabilities for activations following anal (red)

ignificantly associated with the processing of rectal afferents.



Fig. 4. Functional separation of anal and rectal processing on the fronto-

parietal operculum. The significant (95% confidence for activation greater

than the background noise level) activation clusters for both conditions are

displayed on a surface rendering of the MNI single subject template

(temporal lobe removed). The smaller diagrams show the mean posterior

probabilities for activation following anal (red) and rectal (blue) stimulation

in the two clusters. These two clusters are spatially well separated from

each other and show a high degree of functional specificity.
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and viscerally evoked activations were largely unspecific. This

weak functional segregation corresponded well to the lack of

spatial distinction between the two activated clusters (Fig. 3B).

The highest functional segregation was observed for the fronto-

parietal operculum. Here anal and rectal stimulation resulted in
Table 2

Functional specificity of the activation foci identified for the processing of anal a

P(R)D) P(A)D)

Midbrain

Anal cluster 21.0% 96.4%

Rectal cluster 97.8% 62.4%

Thalamus

Rectal cluster 97.4% 49.6%

Pallidum

Rectal cluster 97.3% 25.6%

Insula

Anal cluster 97.9% 43.9%

Rectal cluster 77.0% 97.6%

Fronto-parietal operculum

Anal cluster 27.9% 97.7%

Rectal cluster 99.0% 39.1%

The posterior probability given the observed data is shown for both experimental c

effect of rectal stimulation, P(A)D): posterior probability for an effect of anal stim

The likelihood ratio (LR, computed with respect to the condition used to define the

the observed activation. Higher specificities for one type of stimulation correspon

activation foci were observed for both conditions, the functional segregation was

activation cluster.
two distinct clusters. These clusters showed a good spatial

separation and a high specificity for the respective stimulation

modality.

Comparison with cytoarchitectonic data

The comparison of the two opercular activations with the

probabilistic cytoarchitectonic maps of OP 1–4 (Fig. 5) revealed

that the activation following stimulation of the anal canal was

located almost exclusively (97% of the cluster volume) in area OP

4. The mean probability for OP 4 in the activated voxels was 54%.

At the location of the local maximum, the probability for OP 4 was

70% (60–80% for the surrounding voxels). The second most likely

cytoarchitectonic area at the location of the local maximum was OP

3. Its probability, however, was only 20% (0–20% for the

surrounding voxels). Therefore, this activation can be assigned

with high confidence to area OP 4. In contradistinction, only 19%

of the rectal activation was located in OP 4 (mean probability for

OP 4: 13%). 7% of the cluster was allocated to BA 44 (Amunts et

al., 1999). The majority of its volume, however, was located in the

yet unmapped precentral opercular cortex between OP 4 and BA

44. At the location of the local maximum for the effect of rectal

stimulation, BA 44 was found with a probability of 30% (10–50%)

while OP 4 was found with a probability of 20% (0–20%). Thus,

the anatomical location of the activation evoked by rectal

distension was most likely not OP 4 but the (as of today)

unmapped precentral opercular cortex between this area and

BA 44.
Discussion

We have used pneumatic distension of the anal canal and the

distal rectum to investigate the brain regions involved in

somatosensory and visceral processing. The particular focus of

this study was whether these stimuli evoke functionally and

anatomically distinct brain activations. To address this question, we

used methods recently introduced into functional neuroimaging:
nd rectal stimulation

Likelihood ratio Functional segregation

4.6 7.36

1.6

2.0

3.8

2.2 2.86

1.3

3.5 8.75

2.5

onditions for each cluster of activation ( P(R)D): posterior probability for an

ulation).

activation cluster) gives an unbiased estimate of the functional specificity of

d to higher likelihood ratios, and vice-versa. For those brain regions, where

quantified by the product of the likelihood ratios for the anal and the rectal



Fig. 5. (Left image) Comparison of the opercular activations following anal and rectal stimulations with the maximum probability map (MPM) of OP 1–4 and

BA 44 + 45 (shown as a projection onto the surface rendering of the MNI single subject template, cf. Fig. 1). Note that the significant clusters are clearly

separated from each other. Moreover, they are also located in different cytoarchitectonic areas: The location of the activity following anal stimulation

corresponds mainly to OP 4, whereas the activation cluster resulting from the stimulation of the distal rectum is located anterior to OP 4, between this area and

BA 44. (Right images) Saggital sections through the locations of the local maxima of the opercular activations following rectal (upper image) and anal (lower

image) stimulation. The extent of the different cytoarchitectonically defined areas is marked by different grey values; the MNI single subject template is shown

in the background.
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Bayesian random effects modeling (Friston et al., 2002a,b) and a

comparison with probabilistic cytoarchitectonic maps (Eickhoff et

al., 2005). Hereby, we demonstrated that the functional specificity

for somatosensory and visceral processing varied across cortical

and subcortical brain regions. It was lowest in the insular cortex,

while the highest functional segregation was found in the fronto-

parietal operculum. Moreover, these opercular activation foci were

not only functionally but also anatomically distinct. The response

to anal stimulation was allocated with high confidence to parietal

opercular area OP 4 (Eickhoff et al., 2006a,b) whereas the response

to anal stimulation is located more anterior on the precentral

operculum between OP 4 and BA 44.

Stimulation specificity

The ano-rectal region provides an important model for the

differentiation of somatosensory and visceral afferents in the

human central nervous system, since the anal canal and the distal

rectum are adjacent but neurologically distinct: rectal stimulation

engages visceral afferents whereas anal stimulation engages

predominantly somatosensory afferents. Although these stimuli

have repeatedly and successfully been used in neuroimaging

experiments before (Loening-Baucke and Yamada, 1993; Baciu

et al., 1999; Kern et al., 2001; Lotze et al., 2001; Kern and

Shaker, 2002; Drewes et al., 2004; Dunckley et al., 2005), some

potential confounds inherent to ano-rectal stimulation have to be

acknowledged.
Firstly, the most proximal part of the anal canal has in part a

dual innervation since it also consists of smooth muscles.

Therefore, pneumatic distension of the anal canal might also

stimulate some visceral afferents. However, since we only

stimulated the distal part of the anal canal near the sphincter and

the locations of anal and rectal stimulation were always more than

10 cm apart from each other, an overlap of visceral and

somatosensory stimulation is highly unlikely. Furthermore, the

presence of partially overlapping input can also be largely excluded

by our fMRI data: both anal and rectal stimulation resulted in

highly specific activations in several brain regions. This existence

of distinct central responses to each condition renders the

likelihood of a peripheral signal, which is a-priori intermingled

(due to a significant stimulation of both visceral and somatosen-

sory afferents in one of the two conditions), very small.

Secondly, anal stimulation might provoke contraction of the

external anal sphincter due to a reflexive but voluntary increase of

its tonus. This would in turn lead to confounding activation in

motor-related brain structures. In the presented random effects

analysis, however, no area known to be involved in cortical motor

control (i.e. M1, SMA, frontal premotor cortex, etc.) could be

declared active above generic background noise with sufficient

confidence. In fact, the only significant frontal activation was

observed on the precentral operculum. This cluster, however, was

highly specific to rectal stimulation during which a coactivation of

motor structures would not be expected. The corresponding

activation evoked by anal stimulation, on the other hand, was
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distinctly located more posterior in the secondary somatosensory

cortex.

Additional confounds might have been caused by the hand held

syringe for mechanical stimulation, which does not allow to time

the in- and deflation as exact as possible with automated pumps.

Although the stimulation was always performed by the same

experimenter and every attempt was taken to keep these times as

constant as possible, they might have differed between subjects,

runs and individual stimulations. These differences would then,

however, be nonsystematically and should therefore not interact

with the observed results.

Finally, a 100-ml preload was needed in the rectal

stimulation condition due to the substantially higher rectal

filling volume. Subjects reported no conscious feelings of filling

or discomfort at all during this state. Nevertheless, some tonic

receptors may have been activated during rest, rendering the

difference in the activation condition predominantly a response

of phasic distension receptors. It is important to highlight,

however, that this represents no confound to the main objective

of this study, i.e. the functional and anatomical comparison

between somatosensory and visceral afferents. As both phasic

and tonic receptors in the rectal wall are innervated by the

visceral nervous system, this comparison is not related to the

extent, to which the rectal stimulation is composed of phasic

and tonic signals.

Segregation and convergence of visceral and somatosensory input

The well known convergence of visceral and somatosensory

afferents in the dorsal root ganglia of the spinal cord forms the

neurophysiological basis for the referral of visceral pain to

somatosensory structures (Loening-Baucke et al., 1994; Sengupta

and Gebhart, 1994; Langhorst et al., 1996; Ladabaum et al.,

2000; Fink, 2005). In spite of this convergence, we demonstrated

in this study that rectal (i.e. visceral) sensations are distinctly

processed for anal (i.e. somatosensory) perceptions in human

brain. Up to now, different activation patterns following visceral

and somatosensory stimulation have predominantly been de-

scribed in brain areas known to be involved in processing affect

or pain (e.g. the anterior cingulate cortex or the orbitofrontal

cortex) rather than in sensory cortices (Aziz et al., 2000a). These

activations, however, might reflect confounding effects of e.g.

unpleasantness rather than genuine differences in sensory

processing. In the present study, however, we did not observe

activation of brain areas commonly associated with pain

processing or affective reactions. This is in agreement to our

behavioral data that indicated no difference in affective rating and

no relevant experience of pain. The observed differences in the

activation patterns should therefore reflect genuine differences in

the cerebral processing of somatosensory and visceral afferents.

The functional segregation between visceral and somatosen-

sory activations is not equal throughout the brain. They are

clearly separated in the fronto-parietal operculum and the

midbrain. This indicates that distinct brain modules are devoted

to the processing of visceral afferents at both cortical and

subcortical level. This distinction between visceral and somato-

sensory activations is lacking in the insular cortex. Our results

therefore support the interpretation of the insula as an integrative

region which receives input from different sensory modalities

(Binkofski et al., 1998; Banzett et al., 2000; Lotze et al., 2001;

Bamiou et al., 2003; Stephan et al., 2003; Critchley et al., 2004;
Vandenbergh et al., 2005; Yaguez et al., 2005). Moreover, this

observation is also in line with the notion that the insular cortex

combines different information about the body’s state and creates

an interoceptive awareness (Augustine, 1985; Craig, 2002, 2003;

Cameron and Minoshima, 2002; Critchley et al., 2004).

The role of SII in the processing of ano-rectal afferents

The involvement of the fronto-parietal operculum in the

processing of somatosensory and visceral sensations has previous-

ly been described using fMRI (Binkofski et al., 1998; King et al.,

1999; Aziz et al., 2000b; Kern and Shaker, 2002; Strigo et al.,

2005), PET (Rosen et al., 1994; Ladabaum et al., 2001; Stephan et

al., 2003; Vandenbergh et al., 2005) and EEG/MEG (Loening-

Baucke and Yamada, 1993; Loening-Baucke et al., 1994;

Schnitzler et al., 1999; Hobson et al., 2005). Since the localization

of the human SII cortex in the parietal operculum is well

established (Burton et al., 1993; Disbrow et al., 2000; Ruben et

al., 2001; Zilles et al., 2003; Kaas and Collins, 2003), most studies

consequently have interpreted these opercular activation foci as

belonging to ‘‘SII’’. The concept of the SII region, however, has

changed dramatically over the last decade. The current view on this

region in primates (including humans) is mainly based on

histological, electrophysiological and connectivity studies carried

out in several monkey species (Krubitzer and Kaas, 1990;

Krubitzer et al., 1995; Burton et al., 1995; Disbrow et al., 2003).

The results of these studies coherently suggest the existence of

several anatomically and functionally distinct areas in the parietal

operculum: areas SII (posterior) and PV (anterior) represent the

core areas of the SII cortex. Area VS is located more medially to

these areas (Cusick et al., 1989; Wu and Kaas, 2003; Kaas and

Collins, 2003).

A recent study of our own group identified four distinct

cytoarchitectonic areas (termed OP 1–4) on the human parietal

operculum (Zilles et al., 2003; Eickhoff et al., 2006b). Three of

these appear equivalent to SII subregions in monkeys based on

their topology and a meta-analysis of functional imaging studies

(Eickhoff et al., 2006a). More precisely, OP 1 seems to be

equivalent to area SII, OP 4 to area PV, and OP 3 to area VS. OP 2

finally is not a part of the SII region but the putative analogue

of the primate parietal-insular vestibular cortex (Eickhoff et al.,

in press).

Our current results show that anal sensations were specifi-

cally processed in OP 4, i.e. human area PV. That is to say,

anal afferents were processed in the same cytoarchitectonic area

as somatosensory input from other body parts like hands

(Young et al., 2004; Naito et al., 2005; Grefkes et al., 2005;

Eickhoff et al., 2006a), feet (Young et al., 2004) or external

genitals (Kell et al., 2005). Thus, there seems to be no

fundamental difference in the central processing of sensations

from the anal canal mucosa and those from the skin of, e.g. the

hands. However, our data contradicts the notion that SII is also

involved in the processing of visceral stimuli. Rather, this

function appears to be located more anterior on the precentral

operculum between OP 4 and BA 44. Our observation that

visceral activation is located outside of the ‘‘SII cortex’’

provides further support for the existence of multiple anatom-

ically and functionally distinct areas on the fronto-parietal

operculum. It is thus well in line with a growing amount of

data from both humans and nonhuman primates showing that

different parts of the parietal operculum have different func-
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tional properties, architecture and connectivity patterns (Krubit-

zer and Kaas, 1990; Krubitzer et al., 1993; Burton and Sinclair,

2000; Burton et al., 1997, 1999; Qi et al., 2002; Disbrow et al.,

2003). Consequently, we may argue that the functional description

‘‘SII’’ and the anatomical label ‘‘parietal operculum’’ cannot be

treated as equivalent.

Summary and conclusions

The separation between the cortical processing of visceral and

somatosensory stimuli is lowest in the insular cortex, which

seems to play an integrative role for a variety of sensory

processes. This separation is most pronounced in the fronto-

parietal operculum. Here the activations following anal and rectal

stimulation are also anatomically distinct. More specifically, anal

sensations are processed in area OP 4 similar to other

somatosensory stimuli. Rectal afferents on the other hand are

not processed in SII but more anterior on the precentral

operculum. These results demonstrate for the first time a

functionally and anatomically distinct processing of somatosen-

sory and visceral afferents in the human brain in spite of their

partial convergence at the level of the spinal cord.
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