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The application of functional imaging to study visceral 
sensation has generated considerable interest regard-
ing insight into the function of the brain-gut axis. Brain 
activation in normal control subjects during visceral 
sensation includes the perigenual cingulate cortex, 
which is involved in affective processing and has direct 
connections to autonomic centers. In contrast, somatic 
pain rarely activates the perigenual cingulate. This differ-
ence in brain activation is highly interpretable because 
visceral stimuli are experienced as more unpleasant 
than somatic stimuli. Clinical studies are suggestive 
of functional changes that may be a consequence or 
cause of conditions such as irritable bowel syndrome, 
but the findings are not consistent and are not as obvi-
ously interpretable as the differences observed when 
contrasting visceral and somatic stimulation. Although 
this is partly because brain imaging is still a relatively 
new technique, it also reflects weaknesses inherent to 
the understanding of chronic visceral pain as a biopsy-
chosocial phenomenon. The biopsychosocial concept 
is very broad and rarely provides for precise predic-
tions or mechanisms that can be directly tested using 
brain imaging. Future use of brain imaging to examine 
chronic visceral pain and other pain disorders will be 
more likely to succeed by describing clear theoretical 
and clinical endpoints.

Introduction
Visceral versus somatic nociceptive stimuli evoke differ-
ent perceptions and behavioral responses [1]. Pain from 
a somatic origin is easy to localize, usually possesses a 
sharp or other sensory quality (eg, burning or cold), is 
often escapable, and generally motivates an active motor 
response such as fight or flight accompanied by tachycar-
dia, hypertension, and increased alertness. In contrast, 
visceral pain is difficult to localize, is usually experienced 
as dull, diffuse, or throbbing, is often inescapable, and 

generally fails to motivate any active motor response, 
instead resulting in quiescence, bradycardia, and hypo-
tension, with decreased reactivity to the environment. 
In general, although noxious somatic stimulation readily 
produces a sharp, precise experience of pain, noxious vis-
ceral stimulation produces a sense of unpleasantness that 
is not always reconcilable with what the subject might 
refer to as pain.

The different experience after visceral versus somatic 
nociceptive input is partly due to the very different affer-
ent input [2]. Visceral receptors are largely unresponsive 
to most somatic stimuli, such as temperature and lac-
eration, but respond readily to changes in pressure. In 
addition, only approximately 1.5% of all visceral neurons 
converge on spinal cells and then ascend to the brain [3]. 
Most visceral neurons perform local regulatory functions 
that remain below the level of sensory awareness. It is not 
surprising that visceral stimuli produce diffuse and poorly 
localized sensory experiences.

Clinical and animal evidence also suggests that vis-
ceral afferent pathways to the brain are separate from 
those that carry noxious somatic information [4]. Somatic 
pathways include the anterolateral spinothalamic tract, 
which projects into the lateral and medial thalamic nuclei 
and then onto the cerebral cortex. Visceral afferent path-
ways include the dorsal column, which projects into the 
gracile nucleus and then onto lateral thalamic nuclei.

Brain Responses to Visceral 
and Somatic Stimuli
The different peripheral anatomy, central projections, and 
experience of visceral sensation suggest that the brain acti-
vation profile during visceral sensation should be different 
from that during somatic sensation [5]. Activation during 
somatic pain experience includes the primary sensory 
cortex (S1), secondary sensory cortex (S2), mid-anterior 
cingulate cortex (MCC), prefrontal cortices, insular cor-
tex, and the thalamus [6,7•,8]. Figure 1 illustrates regions 
on the medial and lateral surface that have been activated 
during the application of various visceral stimuli.

Figure 1 shows clear activation during visceral sensation 
in S2 (probably including insula projected onto the surface), 
MCC, and prefrontal cortices. These activations are highly 
comparable with those seen during noxious somatic sensa-
tion. S2 contains neurons that code spatial, temporal, and 
intensive aspects of innocuous and noxious stimuli and is 
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widely considered to provide the predominant sensory rep-
resentation of visceral stimulation [10,11].

Activation of insula is the most consistent finding during 
both noxious visceral and somatic sensation [6,7•,12,13]. 
Insula responses are associated with internally generated 
emotion, and the insula has been designated as a visceral 
sensory area by Neafsey et al. [14]. Electrical stimulation 
of the insula in rats, cats, dogs, monkeys, and humans 
elicits changes in blood pressure, heart rate, respiration, 
piloerection, pupillary dilatation, gastric motility, peristal-
tic activity, salivation, and adrenaline secretion.

The anterior cingulate and insula cortices have long 
been considered to be components of the limbic (emotional) 
brain [15,16] and thus involved in the affective motivational 
dimension of pain. Early functional imaging experiments 
with noxious somatic stimulation were precisely designed 
to assess the activation of medial pathway projections to 
the anterior cingulate cortex [17,18]. These studies, and 
subsequent reports, have confirmed activation of the ante-
rior cingulate cortex during noxious stimulation.

Prefrontal activation is commonly observed dur-
ing visceral and somatic stimulation, but the role of 
the prefrontal cortex is much less certain. Coghill et 
al. [19] observed prefrontal activity only in response to 
the transition from no stimulus (rest) to the presence of 
a stimulus (heat or noxious heat), thus suggesting that 
prefrontal cortex does not play a direct role in pain 
perception but is involved in general stimulus detection. 
Strigo et al. [5] reported significantly more prefrontal 
activity in response to a noxious somatic stimulus than a 
noxious visceral stimulus, suggesting prefrontal activity 
to be especially dominant for somatic events. However, 
other studies have demonstrated prefrontal cortex activa-
tion to correlate with the intensity of a noxious stimulus 

[20,21], and Figure 1 clearly indicates activation of pre-
frontal cortex during visceral sensation across several 
studies. The precise role of the prefrontal cortex may 
remain uncertain, but in general, the prefrontal cortex is 
involved in the regulation and organization of behavior 
and cognition. The prefrontal regions activated (areas 
10/45/47/11) receive widespread neural inputs from uni-
modal areas in all the major sensory modalities, from all 
other heteromodal regions of the brain, and from many 
limbic areas [22]. These prefrontal neuronal responses 
can be specialized, mixed, or multimodal and can inte-
grate vast amounts of information to provide control 
outputs for varied cognitive and motor operations that 
are likely to be required during detection of noxious 
stimuli from visceral and somatic sources.

Regions of Differential Brain Response 
During Visceral Stimulation
Although both somatic and visceral stimuli activate 
MCC, there is an additional region of the anterior cingu-
late cortex around the genu of the corpus callosum, the 
perigenual anterior cingulate cortex (pACC), which is also 
activated during visceral sensation but rarely activated 
during noxious somatic stimulation. The division of the 
anterior cingulate cortex into MCC and pACC is moti-
vated by the different connections of these regions. These 
differences are described in detail elsewhere [8,23••]. In 
summary, pACC receives most mediodorsal thalamic and 
amygdala afferents, whereas midcingulate has major and 
reciprocal connections with cingulate premotor areas, 
the pontine nuclei, and area 46 of the prefrontal cortex. 
Thus, the MCC is liable to be involved in executive motor 
function and decisions including response selection dur-
ing divided attention tasks, whereas the pACC is more 
likely to be associated with affective responses. The pACC 
receives substantial direct input from the hypothalamus 
and amygdala and has direct monosynaptic input to 
brainstem autonomic centers and the periaqueductal gray 
(PAG). This circuitry represents a system capable of medi-
ating important autonomic visceral response, affective 
integration of visceral events, and descending modulation 
of viscerosensory traffic.

The amygdala inputs into pACC are substantial and 
reciprocal, but the cortical regions receiving the heaviest 
amygdaloid afferents, with much reduced reciprocal pro-
jections, are the medial and lateral orbitofrontal cortex, 
medial wall of the frontal cortex, and the anterior insula 
[24,25]. Although the difference is not as obvious as in 
the pACC region, lateral frontal responses during visceral 
sensation include the orbitofrontal cortices to a greater 
degree than in somatic sensation.

S1 activation can be observed during visceral stimula-
tion but is much less apparent than during somatic pain, 
probably reflecting the very different localization pro-
cessing of somatic versus visceral pain. Visceral studies 

Figure 1. Reported increases in activation on the medial (top) 
and lateral (bottom) surface of the brain during the experience of 
visceral sensation, plotted onto the standard Montreal Neurological 
Institute brain using black dots. The numbers represent Brodmann’s 
areas based on translation from the atlas by Talairach and Tournoux 
[9], and from reviews by Vogt et al. [8] and Derbyshire [6].
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often include the peri-anal and proximal divisions of the 
gastrointestinal tract that contain a relatively dense spinal 
innervation and may provide for spinothalamic transmis-
sion directly or indirectly via the ventrolateral medulla or 
midbrain PAG region, into the thalamus [10,11]. Alterna-
tively, or perhaps additionally, there is a dorsal-column 
projection to the brain-stem gracile nucleus that projects 
to the ventral posterior lateral thalamic nuclei [26].

Somatic stimulation provides extensive bilateral 
activation of the thalamus that is almost completely 
absent during visceral stimulation. This lack of thalamic 
response from the studies of visceral distension is surpris-
ing because information arising from the viscera that 
reaches conscious perception would be expected to syn-
apse in the thalamus before reaching primary sensory or 
motor regions. Primary motor and sensory cortices can be 
observed during studies of visceral sensation, suggesting 
that the lack of thalamic report may be a false-nega-
tive result. Some visceral studies have reported thalamic 
activation but did not include coordinates to allow a 
plot on Figure 1 [27,28]. Thalamic activation also has 
been described in animals during both colorectal and 
esophageal distension [26,29]. It seems likely that visceral 
sensations do correlate with some thalamic activation, but 
this may be less than observed during somatic experience. 
Further studies will be necessary to clarify the nature of 
any thalamic differences in processing.

Brain Activity in Clinical Pain States
The persistence, intractability, and apparent absence 
of peripheral disease to account for the irritable bowel 
syndrome (IBS) and other functional disorders has led to 
particular interest in the possibility of a central etiology 
and the use of functional imaging to test central hypoth-
eses regarding IBS. The dominant themes in the clinical 
understanding or interpretation of functional disorders 
such as IBS include hypersensitivity, hypervigilance, hyper-
algesia, central sensitization, stress-mediated dysfunction, 
and encompassing all these themes, the biopsychosocial 
model of visceral disorder [10,11,30,31].

The suggestion of hypersensitivity follows the observa-
tion that patients are more sensitive than control subjects 
when examined using balloon distension of the esopha-
gus, stomach, small intestine, bile duct, and colorectum. 
Numerous trials with IBS patients have provided evidence 
of reduced pain and discomfort threshold during rectal 
distension (compared with controls), which may be further 
increased after rapid repetitive stimulation of the sigmoid 
colon [32]. Somewhat analogously, repetitive distension of 
the esophagus has been shown to reduce pain threshold in 
patients with functional dyspepsia, but not in controls [33].

This hypersensitivity can occur as a consequence of 
inflammation or infection, with secondary hyperalgesia 
and allodynia following sensitization of peripheral noci-
ceptors and excitability of spinal dorsal horn neurons. 

This phenomenon has been demonstrated experimentally 
in patients with non-cardiac chest pain [31]. The role of 
higher central, psychological involvement is inferred from 
studies demonstrating development of IBS after a bout of 
gastroenteritis only in patients with high levels of life stress 
and hypochondriasis [34]. The suggestion that functional 
gastrointestinal patients may be hypervigilant toward 
their organ of distress and symptoms is supported by stud-
ies demonstrating selective recall and biased information 
processing in IBS patients [35,36]. The biopsychosocial 
model of functional gastrointestinal illness encapsulates 
the multimodality inputs and processes that can precede 
and maintain visceral dysfunction and distress [37].

The results of functional imaging studies can be 
brought to bear in support of these concepts. It is evi-
dent that visceral sensation produces activation in large 
and widespread regions of the brain that integrate stress, 
cognition, and visceral sensory information. Disruption 
in the processing of these regions may explain some of 
the symptoms of the disorder. In general, differences in 
activation of pACC, MCC, and orbito and prefrontal 
cortices in patients with functional visceral pain might be 
expected to reflect changes in autonomic response, stress 
experience, and cognitive processing during stimulation 
or normal regulatory function. Activation of prefrontal 
area 10 and pACC during the simple expectation of rec-
tal distension in IBS patients, and the exaggerated MCC 
response to esophageal distension in subjects primed with 
a negative affective context, provide evidence that these 
circuits can be modulated independent of gastrointestinal 
stimulation [11,38]. Enhanced activation of the pACC 
and insula cortex in syndrome X patients, who have 
cardiac pain in the absence of abnormal coronary angio-
gram, provides further evidence for “top down” processes 
mediating functional pain [39]. In our laboratory, we 
have used hypnosis to induce somatic pain experience in 
normal controls without any physically noxious stimulus 
and demonstrated activity of the MCC, insula, S1, S2, 
prefrontal cortex, and thalamus [40•]. Thus there is good 
evidence from functional imaging studies that the brain, 
rather than just responding to noxious stimuli, can play 
an active role in creating pain experience.

Nevertheless, any underlying “neural signature” for 
functional visceral pain remains undiscovered or incom-
pletely described. There is no single region that has 
been uncovered as the region responsible for functional 
visceral pain, and patients with functional visceral pain 
tend to activate the same brain regions as do normal 
controls, although often with different intensity. The 
flow of information from functional imaging studies of 
visceral sensation is yet to provide closure on the nature 
of any specific process involved in the dysfunction of 
the gastrointestinal system. This is not entirely a prob-
lem of functional imaging. The concepts adopted to 
interpret functional disorder are themselves broad, and 
their relevance and utility have been questioned [41,42]. 
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For example, the prevalence of rectal hypersensitivity in 
IBS is highly variable across studies, ranging from 20% to 
80%, and discovery of hypersensitivity is usually depen-
dent upon repetitive stimulation and has only a weak 
correlation with current pain ratings. Rectal hypersen-
sitivity does not predict therapy outcome and has yet to 
contribute to the diagnosis or pharmacotherapy of IBS 
[41]. The results from functional imaging studies have 
been inconsistent, with studies of functional disorders 
revealing less [43], more [18,27], and the same [21] ACC 
response as in control subjects.

The technique of functional imaging to investigate 
these currently uncertain disease markers and the use of a 
broad interpretative framework such as the biopsychoso-
cial model can lead toward a line of reasoning that does 
not necessarily advance understanding. Interpretation 
of a set of activations using the biopsychosocial model 
of disease relies upon a large theoretical construct itself 
dependent on multiple components often not directly 
addressed by the functional imaging studies. The result 
is a set of activations that can be easily integrated into 
current conceptual thinking while remaining indetermi-
nate as sources of evidential relevance for any component 
of the disease experience [44]. To state this differently, 
providing evidence that is only “consistent with” general 
theoretical claims risks leaving the speculative nature of 
those claims undisturbed by the passage of experimenta-
tion. Theories require explanations of processes, and at 
least for now, this is critically absent.

Conclusions
Functional imaging studies using visceral and somatic 
stimuli have demonstrated that a large number of brain 
regions are involved in the processing of these stimuli. 
Presumably, the different regions capture the different 
dimensions of visceral and somatic sensory experience, 
including the intensity and affective components. Greater 
involvement of the pACC region during visceral relative to 
somatic sensation can be explained by the greater affective 
response to visceral stimuli and by the greater involvement 
of pACC in affective and autonomic function.

The techniques of functional imaging have been 
extended to investigation of chronic pain states and have 
revealed variable differences in comparison with normal 
control subjects that can be broadly explained as reflect-
ing the biopsychosocial changes that occur in patients 
with chronic pain or that might cause some chronic pains. 
More recent studies have begun to directly manipulate 
the factors that may influence pain experience in chronic 
pain populations and aim to explain why specific com-
ponents of the pain matrix may not always be present, or 
may be over-present, in those populations [45•,46•,47]. 
These advances in experimental technique are important 
because they narrow the theoretical framework and thus 
constrain the results and the interpretation. Broad descrip-

tive studies will remain interesting and useful, but studies 
that focus on hypothesized regional responses to psycho-
physically well-controlled stimuli have a better chance of 
explaining the underlying brain processes that may cause 
functional pain.
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