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Abstract Progresses in the understanding of human
brain-gut interactions in health and disease have been
limited by the lack of non-invasive techniques to
study brain activity. The advent of neuroimaging
techniques has made it possible not only to study the
structure and function of the brain, but also to characterize signaling system underlying brain function.
This article gives a brief overview of relevant functional neuroanatomy, and of the most commonly used
brain imaging techniques. It summarizes published
functional brain imaging studies using acute visceral
stimulation of the oesophagus, stomach and colon in
healthy control subjects and patients with functional
GI disorders, and briefly discusses pertinent findings
from these studies. The article concludes with a critical assessment of published studies, and with
recommendations for improved study paradigms and
analysis strategies.

INTRODUCTION
Until the advent of neuroimaging techniques which
could be applied to study the structure, function and
molecular aspects of brain activity in healthy humans
and in patient populations, research into complex,
symptom-based disorders (e.g. in the absence of detectable peripheral causes of symptoms) in psychiatry,
psychology, pain and gastroenterology had to rely
exclusively on subjective reports by study subjects
and on behavioural responses, such as autonomic and
neuroendocrine outcome measures. This may be one of
the major reasons why, in contrast to other pathologybased disorders (organic disorders), progress in understanding the mechanisms underlying symptom-based
syndromes and in the development of effective medications has been slow.
An attempt to correlate observations in putative
animal models of such uniquely human disorders
as functional gastrointestinal disorders (FGIDs) with
subjective patient reports has traditionally been based
on (usually erroneous) assumptions that the animal
models reflected in some way the dysregulation of
the brain–gut axis-underlying symptoms in patients.
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(a more comprehensive version of this section is
available online as Supporting Information at http://
dx.doi.org/10.1111/j.1365-2982.2009.01304.x)
and
review published results of imaging studies in healthy
control subjects and of different patient populations.
Even though insights from brain imaging are relevant
for a better understanding of both afferent and motor
aspects of brain–gut interactions, this review deals
primarily with imaging of brain responses to visceral
afferent stimulation from the oesophagus, stomach and
distal colon. It summarizes areas in need of improvement in patient selection, study design and analysis,
even though it is emphasized that the field of brain
imaging is too dynamic and in evolution at the moment
to propose strict guidelines for any of these areas. It is
anticipated that, from the information provided in the
review, readers naı̈ve to this field will be able to critique
existing literature and receive guidance about the best
principles for undertaking functional brain imaging
studies in the future.
Why do we need brain imaging in the study of
complex symptom-based disorders such as irritable
bowel syndrome (IBS), functional dyspepsia and functional heartburn and non-cardiac chest pain? Despite
tremendous efforts aimed at identifying and characterizing peripheral aspects of the brain–gut axis which
might be responsible for characteristic symptoms in
functional GI disorders, such as pain and discomfort,
results have been inconsistent and therapeutic strategies disappointing. In order to understand and treat the

However, during the last decade, an explosive growth
of publications has occurred in the above-mentioned
areas, and this has led to dramatic breakthroughs in our
understanding of the central aspects of pain modulation in humans. In particular, it has led to a better
understanding of the role of attentional and other
cognitive processes, as well as the role of emotions in
the modulation of the human pain experience in
healthy subjects and in patients with chronic pain
disorders, such as fibromyalgia1 and chronic back
pain.2 Possibly even greater progress has been made
in our understanding of brain circuits, their underlying neurotransmitter systems and the association of
these systems with gene polymorphisms in several
psychiatric disorders, including schizophrenia, posttraumatic stress disorder (PTSD) and depression,3 and
many of these conceptual breakthroughs had a crossfertilizing effect on the field of neuroimaging in FGIDs.
However, in comparison with these fields of medicine,
progress in the understanding of central mechanisms
contributing to the pathophysiology of FGIDs has been
more modest. Only a small number of groups in the
world have applied brain-imaging techniques to
gastroenterological disease (including functional pain
disorders and appetite regulation), and the quality of
published studies has generally not matched the level
reached in other fields of neuroscience.
In this article, we provide the interested reader with a
brief review of technical information required to understand the basics of the most commonly used techniques
A

B

Figure 1 Schematic illustration of functional organization of central neuroaxis in processing and modulation of visceral afferent signals. (A) Hierarchical organization of reflex responses to visceral afferent stimuli. (B) Modulation of visceral afferent input by cognitive and emotional factors
within the central neuroaxis. PAG, periaqueductal grey; RVLM, rostroventrolateral medulla; VMM, ventromedial medulla; ANS, autonomic nervous
system; hypoth, hypothalamus; Amy, amygdala; orbFC, orbitofrontal cortex. Figure reproduced from Gastroenterology, Vol. 131, ‘Neuroimaging of
the Brain-Gut Axis: From Basic Understanding to Treatment of Functional GI Disorders’ by E. A. Mayer, B. D. Naliboff and A. D. Craig, Pages 192542, Copyright 2006, with permission from Elsevier.
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related information is routed to the thalamus (the
mediodorsal, basal ventral medial and posterior ventral
medial nuclei), from where two parallel streams of
information reach the insula (INS) and (ACC), respectively, which together play a key role in the conscious
experience (feeling), represented in the antINS, and in
the motivation (autonomic, somatomotor response),
represented in the dACC, characteristic for any human
emotion, including pain. Both these brain regions are
part of a homeostatic afferent brain network, and figure
prominently in imaging studies of brain–gut interactions and of the FGIDs (see following section on brainimaging studies in healthy controls and patients).
A detailed discussion of the relevance of the homeostatic afferent network in brain–gut interactions can be
found elsewhere.6
The amygdala is a prototypical emotion-related
structure that has typically been associated with
responses to fear and aversive learning.7,8 However,
recent findings of a meta-analysis suggest that amygdala activity is not specific to negative emotions but to
emotional stimuli in general. Nevertheless, the probability of activity occurring in the amygdala is
increased when negative emotional stimuli such as
fear, disgust and aversive conditioning are processed,
suggesting a preferential role in processing negative
stimuli.9 The amygdala participates in orchestrating
somatomotor, visceral and cognitive responses to
threats by virtue of its connections with other brain
structures, in particular, the hippocampal network.
The nucleus accumbens and ventral striatum participate in reward responses and positive emotional states.
Other structures that are involved in generating both
positive and negative emotional responses include the
thalamus, hypothalamus, basal ganglia and ventromedial prefrontal cortex (vmPFC).
The posterior insular cortex (postINS) is the primary
projection area for visceral afferent information, while
the mid- and anterior insula subregions, particularly on
the right side, are considered higher association area for
these bodily signals. Following multiple representations of the interoceptive signal, activity in the right
antINS is considered essential for the conscious experience of bodily feelings.
The ACC, by contrast, is a multifunctional structure
situated in the medial frontal lobe that is highly
interconnected with the anterior insula, as well as
prefrontal, limbic and other subcortical structures. The
ACC has several divisions. In humans, the subgenual
(or infragenual) cingulate cortex is the principal site of
autonomic (primarily vagal) regulation in the frontal
lobe and has important bidirectional connections with
the dorsal vagal complex, the amygdala and with the

complex human pain experience, it has to be realized
that there is no linear relationship between the information that is encoded by primary afferents in the gut
and the conscious perception of such information.
Multiple factors including cognitive, emotional and
reward processes, as well as memories of past experiences are integrated in specific brain circuits [including
the anterior insula (antINS) and dorsal anterior cingulate cortex (dACC)], which ultimately determine the
subjective experience. The only currently available
technique to dissect the various components of this
subjective human experience is functional brain imaging. It allows not only the quantification of the
viscerosensory input reaching the brain (otherwise
only possible in animals, using electrophysiological
or immunohistochemical techniques), but also an
understanding of how psychological factors and psychiatric comorbidity contribute to the overall phenotype. Functional brain imaging is the only way to
identify human brain circuits which correlate with
various phenotypic and behavioural manifestations of
FGIDs, such as psychological states and traits, symptoms and dysregulations of the hypothalamic–pituitary–adrenal (HPA) axis and the autonomic nervous
system (ANS).

FUNCTIONAL NEUROANATOMY OF THE
BRAIN RELEVANT TO THIS REVIEW
In this section we briefly consider some of the key
brain structures mediating pain and emotion and their
points of interaction in the brain (Fig. 1). All feelings
from the body, including the mechanical, thermal,
chemical, metabolic and hormonal status of skin,
muscle, joints, teeth and viscera are mediated by a
new phylogenetic system involved in interoception
which exists only in humans and higher primates.4,5
Small-diameter primary afferent fibres that innervate
all tissues of the body terminate monosynaptically in
lamina I of the spinal and trigeminal dorsal horns.
These lamina I fibres project to autonomic cell
columns in the spinal cord as well as to pre-autonomic
sites in the brainstem. Lamina I fibres and fibres from
the nucleus of the solitary tract in the medulla project
to the parabrachial nucleus (PB) in the brainstem,
which is the main integration site for all homeostatic
afferent activity. The PB in turn projects to periaqueductal gray (PAG), another brainstem nucleus, which
coordinates the physiological and behavioural
responses to threat, and to the hypothalamus, which
guides goal-directed autonomic, neuroendocrine and
behavioural activity. Afferent information from the
entire body, including the viscera and including pain! 2009 Blackwell Publishing Ltd
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blood oxygenation that accompany neuronal activity.
Blood oxygenation level-dependent (BOLD) fMRI,
which is sensitive primarily to the last of these
variables, allows an image spatial resolution that is of
the order of a few millimetres, with a temporal
resolution of a few seconds (limited by the haemodynamic response itself). (For a more detailed version
of this section, we refer to the online Supporting
Information).

rostral or supragenual ACC. This brain region has
strong bidirectional connections with the PAG,
nucleus accumbens, hypothalamus, antINS and PFC
regions. It is activated in a variety of emotional states
and seems to mediate prefrontal influences related to
emotion modulation and corticolimbic inhibition. In
close interactions with prefrontal regions (dorsolateral
and ventrolateral PFC), it is involved in cognitive
operations, such as thinking about feelings, reflecting upon feelings and resolving emotional conflicts.
The mid-cingulate cortex (MCC), which is part of
the dACC, is a multifunctional region involved in the
executive control of attention, as well as in motivational and motor aspects (sympathetic, somatomotor)
of emotions. It receives its input from the mediodorsal
aspect of the thalamus (MDvc), as well as from
prefrontal and parietal cortices, and is connected to
pre- and supplementary motor areas. Similar to the
INS, the dACC is an interface for cognition, affect and
interoceptive input and is a higher-level brain area
where the physiological adjustments that are needed to
support cognitive and affective responses are generated.
The dorsolateral PFC is involved in attentional
processes and in the mediation of working memory
and setting goals for behavioural responses. It is
densely connected to the motor cortex and the hippocampus and plays a key role in integrating behaviour
with existing circumstances in the external environment, including regulation of emotional behaviour. By
contrast, the medial PFC is involved in representing
states of the self and monitoring and regulating the
internal milieu.

fMRI
The potential of fMRI is vast because it is uniquely
non-invasive, has good sensitivity, and gives relatively high spatial and temporal resolution. It has
replaced [15O]-PET in many research areas where
localization of function is of primary interest. As
fMRI does not rely on the use of radiolabelled
compounds, there is great potential for longitudinal
studies in large numbers of patients as well as in
pharmacological studies.
The main limitations of fMRI arise from the
vascular origin of the signal changes that are correlated with neuronal activity. This imposes physiological constraints on temporal and spatial
resolution. The haemodynamic response takes place
over several seconds, and varies somewhat across
brain tissue. Normally, a resolution of no better than
a few seconds can be expected, much greater than
the temporal response of neurones that are in the
millisecond range.

PET
TECHNICAL AND PRACTICAL ASPECTS
OF FUNCTIONAL BRAIN IMAGING

As a positron-emitting radioligand is administered
intravenously to measure regional cerebral blood
perfusion, there are limitations in the subject cohorts
that can be investigated and the number of times one
subject can be exposed to the radioactivity. This
therefore puts limitations on the experimental protocol. Spatial and temporal resolution is generally poorer
compared with fMRI. Another limitation stems from
the fact that there are no more than a dozen probes
which work in vivo.

Human brain activity can be measured and imaged
using several techniques and two basic classes of
mapping techniques have evolved: those that map or
localize the underlying electrical activity of the brain
and those that map local physiological or metabolic
consequences of altered brain electrical activity.
Among the former are the non-invasive neural electromagnetic techniques of electroencephalography (EEG)
and magnetoencephalography (MEG). These methods
allow exquisite temporal resolution of neural processes
(typically over a 10–100 ms time-scale), but suffer from
poor spatial resolution (between 1 and several centimetres). Positron emission tomography (PET) and
functional MRI (fMRI) methods are in the second
category and the latter can be made sensitive to the
changes in regional blood perfusion, blood volume (e.g.
using injected magnetic resonance contrast agents) or

FUNCTIONAL BRAIN IMAGING: BRAIN
RESPONSES TO VISCERAL STIMULATION
General considerations
Functional imaging of the human brain during
stimulation of the GI tract in healthy individuals
and in patients with FGIDs has included many of
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volunteers, greater numbers are needed to demonstrate
significant differences.

the sections of the upper and lower gut using
several different methods of stimulation and various
imaging modalities. As is the case with any relatively new scientific endeavour, there is not only
considerable divergence in findings but also some
consistent results that provide important information
on the pathways and modulation of visceral sensation in healthy and diseased persons (see Tables 1
and 2).

Study populations Studies of even #healthy$ subjects
have included a very heterogeneous set of samples
from the standpoint of age, sex, ethnicity and experience with pain. As most studies have used too small a
sample size it is not possible to examine how these
differences in subject characteristics might have
influenced the outcome.

Sources of variability across studies

Image processing and analysis As discussed further
in the online Supporting Information, there is
little consistency in the processing and analysis
methods across studies, and widely different
approaches to statistical decision-making have been
employed.
In summary, the examination of a large range of
stimuli and study procedures is critical for understanding brain responses to visceral stimulation; however,
few studies directly and systematically compare these
different methods. In addition, variability (in subject
numbers, characteristics and analysis methods) makes
direct comparison of studies difficult and limits the use
of meta-analysis techniques to make more general
conclusions.

A wide range of variables can significantly impact the
results of brain-imaging studies and probably account
for the large inter-study variability. These are given
below.
Method of stimulation A variety of methods including
electrical, mechanical and chemical stimulation have
been used to stimulate the upper and lower gut. These
stimuli differ in the type and quantity of peripheral
encoding mechanisms and afferent fibres that are activated (e.g. A delta, C), the time course of activation (from
milliseconds to seconds) and often the location (upper or
lower oesophagus, bladder, rectum, sigmoid colon).
Study procedures Investigators have used stimulus
intensities from subliminal to painful and examined
conditioned and sham responses associated with
visceral stimulation. Although some of the brain
areas and networks activated by these different
stimuli overlap, it is not surprising that differences, especially in cortical and/or limbic activation,
occur depending on stimulus salience, intensity,
unpleasantness, time course and familiarity. In
addition, only a few studies have used a familiarization session to the scanner or the stimuli in order
to decrease novelty effects and increase response
consistency.

BRAIN RESPONSES TO VISCERAL STIMULI
IN HEALTHY SUBJECTS
A review of neuroimaging studies using visceral
stimulation published by Derbyshire et al. in 200210
included data from 15 relevant articles.11–34 For the
current review, we identified a total of 36 relevant
studies reporting findings in healthy control subjects
(Table 1; oesophageal, gastric and rectal) and 18
relevant studies in patient populations (Table 2; primarily IBS) reported during the past 10 years (1997 to
2008). In healthy control subjects, eight studies were
performed with oesophageal distension, seven with
gastric distension, one with colonic distension and 20
with rectal distension. Similar to the findings of the
2002 review, and similar to studies using somatic pain
stimuli, overall, the most consistently activated brain
regions in all reports were the INS (both anterior and
posterior subregions) and the ACC, followed (in order
of reported frequency) by primary sensory cortex (S1),
PFC regions, posterior parietal cortex (PPC) and
thalamus. The consistent activation of insular and
anterior cingulate cortices, despite very different
study paradigms and analysis methods, is remarkable.
That these two regions are regularly reported in
somatic pain studies provides support for the concept

Number of subjects Although the precise number of
subjects needed to adequately power functional brainimaging studies is not clear, it is likely that many of
the published studies are underpowered. A simple
fixed-effects analysis has shown #significant$ brain
activations from as few as five subjects but these
results must be seen as highly exploratory. Most
healthy volunteer studies have more than 10 subjects,
with the typical range around 12 to 18. A randomeffects analysis usually requires more than 12 subjects,
which is more robust and allows for generalizability of
the results. Certainly because of the smaller mean
differences of subtle pathology relative to healthy
! 2009 Blackwell Publishing Ltd
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activation associated with both stimuli was observed
in several brainstem regions including the PAG, the
parabrachial nucleus (PBN), the locus coeruleus complex (LCC) and the nucleus cuneiformis (NCF).
A significantly greater activation of a region identified
as the NCF and a significant correlation of the right
PAG with anxiety ratings was observed with the
visceral stimulus, suggesting that the observed differences may represent a greater nociceptive response
and a greater emotive salience of visceral pain. While
the above-mentioned studies provide some insight
into differences and similarities in the behavioural
responses and brain processing of visceral and somatic
pain, it is worth noting that these studies are
confounded by the fact that the stimuli differed in
the modality used (mechanical vs. thermal) to stimulate the gut and somatic tissues.

of the homeostatic afferent network. This brain
network, which can be engaged by the spinal lamina
I afferent input to the brain, signals to the CNS a
potential threat to the organism$s homeostasis.6 Even
though a formal meta-analysis of reported brain
regions has not been reported, differences between
brain activation patterns between oesophageal, gastric
and rectal stimuli are likely to be present.6 While
INS and ACC were the most commonly reported
regions for all three distension sites, S1/S2 and M1
were more often reported from studies in the upper
GI tract.

Comparison of brain activation to visceral and
somatic pain stimuli
Although there are many similarities in brain activation to visceral and somatic pain (in particular in the
activation of homeostatic afferent regions), it is also
clear that perceptual, autonomic and behavioural
responses to noxious stimulation of somatic structures differ from those of the viscera.35,36 These
differences have been explained based on the functional neuroanatomic differences between visceral and
somatic pain processing. Experimentally induced
aversive visceral sensations in humans are generally
described as more unpleasant and diffuse than
somatic sensations.37,38 In a series of studies comparing a visceral mechanical stimulus with cutaneous
thermal pain of similar intensity, it has been shown
that secondary somatosensory and parietal cortices,
thalamus, basal ganglia and cerebellum are activated
by both stimuli. However, cutaneous heat pain
evoked greater activation in the bilateral antINS and
ventrolateral PFC while visceral mechanical pain
evoked in the same dermatome was associated with
activation of bilateral inferior primary somatosensory
cortex, bilateral primary motor cortex and a more
rostral region within the dACC.37,39,40 Visceral stimulation of the oesophagus resulted in the activation of
a more lateral region in the parasylvian cortex than
cutaneous stimulation of the trunk elicited. Hobday
et al. found similar brain activation to visceral (rectal)
and somatic (anal) distension, even though a greater
activation of motor cortex by the somatic stimulus
was observed.20 Dunckley et al.20,41 compared cutaneous heat to rectal distension using matched stimulus unpleasantness and also found that the relative
unpleasantness of the subjective experience of the
visceral mechanical stimuli was higher than that of
the somatic thermal stimuli. In a follow-up study42 of
moderately painful electrical stimuli to either the
midline lower abdomen or the rectum, significant

Sex-related differences in brain activation
Only a few studies have examined sex-related differences in brain responses to visceral pain in humans.
Kern et al. studied healthy subjects and demonstrated
that the volume of cortical activity during rectal
distension was significantly greater in females than
in males.43 Male subjects showed localized clusters of
activity primarily in the sensory motor cortex and
posterior parietal regions, whereas female subjects
additionally showed activity in the dACC, PFC regions
and in the INS. Berman et al. studied brain responses
to rectal distension at uncomfortable and mildly
painful levels as well as to an expected, but undelivered, rectal distension.30 The painful distension significantly activated the INS and ACC in both sexes.
Although all activations appeared more extensive in
men, no sex-related differences attained significance
perhaps due to the small sample sizes. An exploratory
voxel-by-voxel analysis suggested greater activations in
the INS in men compared with women and greater
deactivations in women in the amygdala and MCC.
Overall, these studies suggest some sex-related differences, but further study is clearly needed to make firm
conclusions.

Studies of psychological factors modulating the
brain processing of visceral sensation
Pain is often described in purely physiological terms
reflecting the assumption that perceived intensity of
stimulation correlates well with the level of noxious
stimulation. However, the role of psychological factors
in the modulation of pain processing has received
much attention and the impact of factors such as
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suggesting a role for this region in analgesia via a
well-defined opiate sensitive descending pathway.64
Using a model of Pavlovian conditioning, Yaguez
et al. studied the role of anticipation in the brain
processing of oesophageal pain and demonstrated that
the regions such as the ACC and the PFC are not only
involved in the perception of pain but are also involved
when pain is predicted by a visual cue without it
actually being delivered (anticipation).56 This suggests
that it is possible for associative learning to occur so
that certain environmental cues may predict the
occurrence of a painful experience and hence even
normal sensory experience may be exaggerated.

stress, anxiety, mood and personality on an individual$s pain experience is well recognized.44–48
Cognitive factors Phenomena such as learning, anticipation, attention/distraction and the placebo effect are
known to influence somatic pain experience.49–56
Functional brain imaging studies have shown that a
number of regions involved in somatic pain processing
can be modulated by attention, including the ACC, SI,
INS and PFC.50,57–60 The MCC is considered integral to
the attentional modulation of pain,50,58–63 with evidence of increased activity while attention is focused
on pain and a decreased activity during distraction.58,59,61 (For further information on the role of the
different cortical areas and their interconnections, see
section above, Functional Neuroanatomy of the Brain
Relevant to this Review).
Functional brain imaging studies involving visceral
sensation and its attentional modulation are few and
far between. Using a selective/divided attention task,
Gregory et al. presented healthy volunteers with
visual and visceral non-painful oesophageal stimulation.55 Selectively attending to visceral stimulation
activated the visceral neuro-matrix including
SI/S2 and ACC, while selectively focusing attention
towards visual stimulation resulted in activation of
the visual cortex. However, when attention was
divided between the visual and visceral stimulation,
more neural resources were devoted to process visceral stimuli. Moreover, selectively attending to
visual stimulus attenuated regions involved in visceral processing, in particular the ACC, highlighted
the importance of attention on the brain activity
following visceral stimulation.
In a more recent study of the role of distraction on
the brain processing of oesophageal sensation, healthy
subjects experienced stimuli ranging from non-painful
to painful while they performed a memory task.
During distraction, progressively increasing oesophageal sensation was associated with a linear increase in
the intensity of activation in the primary somatosensory cortex (SI) (bilateral) and left MCC. However,
distraction reduced pain ratings and was accompanied
by reduction in brain activity in the right ACC and
right PFC with no effect on SI activity.64 This suggests
that the SI is involved in processing sensory-discriminative aspects of visceral sensation while MCC is
multifunctional, being involved in sensory and cognitive appraisal of visceral pain; the right PFC seems to
be involved in only cognitive responses to pain.
Furthermore, the fact the right PFC is modulated by
cognitive manipulation resulting in reduced pain
scores supports studies involving somatic pain,
! 2009 Blackwell Publishing Ltd

Emotional factors Emotional factors such as positive
or negative affect, unpleasantness, emotional context,
emotional state and trait contribute to the affective
motivational component of the pain experience. This
affective component can influence the pain experience and alter aspects such as perception of pain
intensity and cognitive factors including how much
attention is directed towards a painful event. Examples of how the affective motivational component of
the pain can influence the pain experience can be
seen in examples such as stress-induced analgesia,
sadness-induced increase in pain perception65–68 and
positive emotional state-induced increase in pain
tolerance.65,68–71 Through several brain-imaging studies, an affective–motivational pain network within
the brain has been identified which includes regions
such as the amygdala, anterior insula and the perigenual to MCC.
Studies on the brain processing of pain and emotion
have classically implicated both the INS and the ACC
in processing the affective dimension of pain.51,72–77
Studies by Tolle et al.73 and Rainville et al.51 have
shown that activation in the ACC is modulated by pain
unpleasantness rather than intensity. Similarly, the
INS has been implicated in many studies in somatic
pain particularly when accompanied by a strong emotional response.78,79
Knowledge of the emotional modulation of brain
processing of visceral sensation is sparse. Phillips et al.
used fMRI to study brain responses in healthy volunteers watching fearful (negative emotional context) or
neutral facial expressions while non-painful oesophageal sensation was delivered.47 Increased activation in
the ACC and right INS as well as increased ratings of
anxiety and discomfort were demonstrated when
oesophageal sensation was experienced during the
negative emotional context in comparison with the
neutral context, providing further support for the role
of negative emotions modulating visceral sensation.47

587

E. A. Mayer et al.

Neurogastroenterology and Motility

sory and insular cortices) and those more related to
cognitive and emotional modulation (anterior and
posterior cingulate and prefrontal cortices). Chang
et al. studied female IBS patients with and without a
comorbid diagnosis of fibromyalgia.85 Group differences in regional brain activation were only observed
within the dACC, where IBS patients showed a greater
response to visceral stimuli and IBS + fibromyalgia
patients showed a greater response to somatic stimuli.
The authors concluded from their findings that chronic
stimulus-specific enhancement of dACC responses to
sensory stimuli in both syndromes may be associated
with cognitive enhancement of either visceral (IBS) or
somatic (IBS + fibromyalgia) sensory input. The fact
that no group differences were observed in primary
sensory areas (thalamus, somatosensory cortex, insula)
is consistent with the concept that the afferent input
that reaches the brain is not different between the two
patient populations, while arousal and attentional
mechanisms may differ.

It is clear that the importance of cognitive and
emotional factors in the brain processing of visceral
sensation cannot be underestimated and the above
studies also highlight the importance of controlling for
these psychological factors when planning functional
brain-imaging studies involving sensory perception.

BRAIN RESPONSES TO VISCERAL STIMULI
IN PATIENTS
Of the total of 18 patient population studies, 16 were
performed in IBS patients using rectal distension, one
in functional dyspepsia using gastric distension, and
one paraplegic using rectal distension. The large
majority of studies using visceral stimuli in patients
have been in IBS patients and these studies are
summarized in Table 2. Similar to the findings in
healthy subjects, the INS and ACC were the most
commonly reported regions. The majority of studies
are descriptive, not hypothesis-driven, and did not
control for various important factors such as expectation, response requirements, previous exposure to the
stimulus, affective comorbidity, symptom-related
anxiety, or sex of the subjects, therefore leaving
cognitive and affective processing uncontrolled.
Several of the earlier studies examined the differences
between patients with IBS and healthy controls during
visceral stimulation11,17,18 and anticipation of visceral
stimulation.18 The findings suggested that patients
showed similar areas of activation to controls80 but
evidenced greater activation in some regions, including the ACC and INS, in addition to limbic areas
including the hypothalamus, infragenual cingulate
cortex and amygdala.18 Decreased activation in the
dorsal pons [in the region of the periaqueductal gray
(PAG)] was also reported in IBS patients,18 and these
results gave rise to an initial hypothesis that patients
might have increased affective and attentional responses to actual or anticipated visceral stimuli
(hypervigilance), as well as potentially decreased
descending pain inhibition.18 More recent studies
have confirmed some of these concepts.81–83 In the
following, we will highlight some of the studies
performed in IBS patients.

Sex-related differences in brain activation in IBS
patients
There is now substantial evidence that sex-related
differences in IBS prevalence and symptom presentation exist in both clinic samples and in the large group
of IBS sufferers outside the medical system.86 Several
pieces of evidence suggest that the female sex is
associated with a higher prevalence overall of chronic
pain disorders and that both female experimental
animals and healthy women may be more sensitive
to experimental pain than their male counterparts.13,15,87,88
A series of brain-imaging studies have addressed sex
differences in the brain$s response to somatic and to
visceral pain stimuli.88 Berman et al. reported the first
study of brain responses to rectal distension in male
and female IBS patients.30 In males, but not females,
rectal distension was associated with activation of
antINS and dACC. Naliboff et al. conducted a larger
PET study of male and female IBS patients and found
greater activation for female patients in limbic (amygdala) and paralimbic regions (ventromedial PFC, infragenual ACC (iACC) and dACC), whereas male patients
showed greater activation of the mid-posterior INS,
dorsolateral PFC and dorsal pons.12 Similar sex-related
differences were observed during the expectation condition. This study replicated the finding from the
earlier study showing greater activation of the insular
cortex in male patients.30 The findings also suggested
that female patients, in response to a pelvic aversive stimulus, show greater responses of limbic and

Differences in central processing of somatic and
visceral experimental stimuli
Verne et al. reported that both somatic and visceral
nociceptive stimuli evoked greater neural activity in
brain regions of IBS patients compared with healthy
controls.84 These regions included both those related to
homeostatic afferent processing (thalamus, somatosen-
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pons were inversely correlated with these ratings.
During subsequent distention, both groups showed
activity increases in INS, dACC and dorsal pons and
decreases in the iACC. The increases were more
extensive in patients, producing significant group
differences in dACC and dorsal pons. The amplitude
of the anticipatory decrease in the pontine portion of
DBS was associated with greater activation during
distention in right ventrolateral PFC and bilateral
sACC. Both regions have been associated previously
with corticolimbic inhibition and cognitive coping.
Based on these findings, the authors suggested that
deficits in the preparatory inhibition of the LCC and PB
may interfere with descending corticolimbic inhibition
and contribute to enhanced brain responsiveness and
perceptual sensitivity to visceral stimuli in IBS.
In order to minimize cognitive/emotional modulation of visceral afferent signals, Kern et al. used a
technique of #subliminal$ visceral stimulation, whereby
a rectal balloon is inflated to pressures below conscious
perception and associated brain responses are recorded
with fMRI.93 They reported that IBS patients showed a
larger response to all three distension pressures than
the control group. The authors interpreted their findings as evidence for an increased sensitivity of visceral
afferent pathways, regardless of stimulus-related cognitive processes.94 However, it may be assumed that
other than in fully anaesthetized subjects, cognitive
and emotional modulation of the afferent signal will
always occur and influence the subjective experience
of the stimulus. Such modulation is likely to occur at
the level of the brain, for example via locally released
opioids,95 or by activation of descending pain-inhibitory and/or pain-facilitatory pathways modulating
excitability of the spinal cord.96,97

paralimbic regions, while male patients show greater
activation of regions belonging to a corticolimbic pain
inhibition system. In a follow-up study, using connectivity modelling of the same data set, female patients
differed primarily during the expectation condition,
where they showed evidence for greater activation of
an emotional arousal circuit.89 It needs to be emphasized that the published literature on sex difference in
brain activation by visceral stimuli is still sparse and
somewhat contradictory. Studies with different results
are difficult to compare in terms of methodology, study
population (controls vs. patients) and data analysis.
Future studies will need to establish group differences
in brain activation to standardized stimuli between
healthy males and females, and between female and
male patients with IBS.

Studies of psychological factors modulating the
brain processing of visceral sensation
Several lines of evidence indicate that patients with
IBS and other functional disorders have hypervigilance
for symptom-relevant sensations90 and that symptomrelated worries may play an important role in symptom
severity.91 In a longitudinal study of IBS patients
exposed to six sessions of rectal inflations over a 1-year
period, Naliboff et al. examined regional cerebral blood
flow to the inflations and anticipation of inflations
using PET at the first and last session.92 Subjective
ratings of the rectal inflations normalized over the
12 months of the study, indicating decreased vigilance
towards the experimental stimulus. In response to
rectal distension, stable activation of homeostatic
afferent network (including thalamus and insula) was
observed over the 12-month period, while activity in
limbic, paralimbic and pontine regions decreased.
During the anticipation condition, there were significant decreases in amygdala, dACC and dorsal brainstem (DBS) activation at 12 months. An analysis
examining the covariation of these brain regions
supported the hypothesis of changes in an emotional
arousal network including limbic, pontine and cortical
areas underlying the decreased perception seen over
the multiple stimulation studies. Berman et al. studied
brain responses to anticipated and delivered mild and
moderate rectal distention in 14 female IBS patients
and 12 healthy controls.82 During cued anticipation of
distention, activity decreased in the INS, sACC,
amygdala and dorsal brainstem (including the LCC)
of controls, while patients showed less anticipatory
inactivation. Self-rated measures of negative affect
during scanning were higher in patients than controls
and the anticipatory brain response decreases in dorsal
! 2009 Blackwell Publishing Ltd

Differences in perception-related brain activation
Kwan et al. studied brain responses associated with
either stimulus intensity (as in most reported studies),
or with the time series of continuous subjective rating
of the stimulus (percept-related brain responses).98
Percept-related activations were more extensive than
stimulus-related activations in control subjects. IBS
patients, but not controls, showed urge-related activation in primary somatosensory cortex and pain-related
activations in medial thalamus and hippocampus,
while controls, but not IBS patients, showed pronounced urge- and pain-related activations in homeostatic afferent brain regions (right antINS and right
ACC). The authors interpreted their findings as consistent with IBS visceral hypersensitivity (increased
activation in primary sensory cortex), but with possible
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abnormal afferent input as well as central modulation
leading to altered brain processing of the afferent input
(increased selective attention to visceral stimuli associated with central pain amplification, abnormal
cognitive or affective processing of normal afferent
input and compromised endogenous pain inhibition
systems).

deficits in interoceptive processing (lack of anterior
insular activation) and decreased attentional engagement in IBS patients. The design, findings and conclusions of this study are clearly different from those
reported by other investigators.17,18,27,28,84

Evidence for alterations in descending pain
modulation systems in IBS

BRAIN-IMAGING TECHNIQUES IN
EVALUATION OF TREATMENT
RESPONSES IN IBS PATIENTS

Two studies are suggestive of compromised engagement of brain regions involved in endogenous pain
modulation in IBS patients. In a H215O-PET study,
Mayer et al. found that IBS patients compared with
both the ulcerative colitis patients and control subjects
showed consistently greater activation of limbic/paralimbic brain regions. In contrast, colitis patients and
control subjects, but not IBS patients, showed activations in the lateral frontal regions and a brain region
including the PAG. A connectivity analysis using
structural equation modelling supported these regions
acting as part of a pain inhibition network that
involves lateral and medial frontal influences on the
PAG.83 Wilder-Smith et al. performed an fMRI study to
test the hypothesis that IBS patients show abnormal
activation of diffuse noxious inhibitory control
(DNICs) systems in response to a noxious stimulus.99
DNIC activation can be quantified by the perceptual
modulation of a painful stimulus (in this case, noxious
rectal balloon distension) by a secondary heterotypically applied nociceptive stimulus (in this case, ice
water immersion of the foot). The investigators found
that subjective pain ratings of rectal volume distension
by the heterotypic cold pain stimulus were reduced in
healthy controls but not in the IBS patient group,
suggesting an inadequate activation of DNICs in the
patients. Following the heterotypic cold stimulus,
a complex set of differences in brain activation
response to rectal pain were found among the controls
and the two IBS sub-groups (constipation and
diarrhoea). These included a decreased insular, thalamus and PAG activation in the controls (perhaps
reflecting the DNIC process) that was absent in the
IBS subjects. Additional hypothesis-driven studies with
validated paradigms to engage endogenous pain
modulation systems are clearly needed to confirm
these preliminary findings.
In summary, functional brain imaging studies in IBS
have shown abnormal CNS activation patterns in
response to visceral stimuli and during expectation of
such stimuli, mainly in the affective–motivational
pain systems of the brain. The exact implications of
these findings for FGID pathophysiology remain
unclear, as these abnormalities can be caused by

Despite the lack of consensus regarding brain
responses to visceral stimuli in healthy controls and
group differences between IBS patients and control
subjects, functional brain imaging has been used to
identify changes in cerebral activation associated with
various treatment modalities, including pharmacological treatments100–103 and non-pharmacological treatments.104,105 Only a few of the reported studies were of
sufficient quality (statistical power, blinding, homogeneous study populations) to allow any conclusions
from the results. The information gained from these
limited studies has to be considered as preliminary.
The finding of selective effects of alosetron treatment
on limbic but not primary pain regions seen during
non-distension conditions, and the correlation of these
limbic effects with IBS symptom ratings,82 demonstrate the potential strength of this technique in
understanding the action of new IBS treatments.
Well-designed treatment studies, with adequate sample size, homogeneous study populations and reproducible study paradigms are needed to confirm the
validity of this approach to monitor treatment effects
and predict possible clinical outcomes.

CRITICAL ASSESMENT,
RECOMMENDATIONS AND FUTURE
DIRECTIONS
In summary, the literature in the area of brain imaging
of visceral perception published since 2002 clearly
indicates significant progress in study design, methodology and analysis techniques. While consensus is
evolving in some areas (including the cognitive and
emotional modulation of pain perception), considerable differences in reported results remain in other
areas, from the comparison of brain responses to
somatic and visceral pain stimuli to differences
between control subjects and IBS patients to sexrelated differences in brain activation. However, given
the rapid advances that are being made in such diverse
fields as somatic pain modulation, emotion regulation
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attention to subject selection. Comparison of two
groups for instance where age, sex, previous imaging
experience or experience of stimulation techniques
used in the study, or where psychological state and
trait measures including personality and psychiatric
co-morbidity are not controlled for will mean that
differences in brain areas activated may well reflect
the differences in the variables described above rather
than a reflection of the disease state or condition
being studied. Particular care must be taken when
studying patients especially those with FGIDs which
are inherently heterogenous. Every effort must be
made to ensure that patients are as psycho-physiologically homogenous as possible. An important exception to this rule of studying homogenous populations
is of course when the variability in certain psychophysiological parameters between subjects is itself
under study. These measures can then be used as
covariates of the imaging findings. One might predict,
for example, that opposite findings in a given area of
the ACC may be observed as a function of whether
the individuals studied score high or low in anxiety
state.
It is desirable that each new laboratory should
undertake studies to develop normal values and
reproducibility in healthy volunteers for the stimulation modality and parameters, sex and age before
embarking upon patient studies. This will allow
investigators to gain experience and establish normal
values for their laboratory for variables that are important for their studies. It must be remembered that all
studies must be powered to detect differences in the
variables under study, e.g. sex of the subject. In some
cases, for example, it may be more appropriate to study
one parameter alone (e.g. female subjects only) if the
study cannot be powered well enough to comment on
multiple parameters.
Adequate behavioural measures must be used during
studies involving experimental stimulation of the GI
tract. For instance, when studying pain it is desirable to
control not only for intensity but also for unpleasantness when comparing two study populations. This
could be achieved by titrating groups to a chosen level
of either intensity or unpleasantness on a well-characterized visual analogue scale. Visual analogue scales
and verbal descriptors of sensory experience and psychological state such as anxiety should be used in a
controlled manner throughout the study so that
acquisition of these does not interfere with data
analysis and does not confound the results. Independent physiological measures of stress responsiveness
during the study of visceral sensation such as autonomic nervous system measures and cortisol levels

and imaging genetics, it is likely that the application of
neuroimaging techniques to the study of brain–gut
interactions in healthy and diseased people will lead to
breakthroughs in the understanding of pathophysiology of chronic visceral pain conditions, including FGID
and in the prediction of treatment responses in the near
future.
The vast majority of studies described in this
review have involved detecting and determining the
extent of regional brain activation across levels of an
independent variable such as stimulus intensity or
group. This is essentially a univariate analysis in that
each brain volume or a priori chosen region is
examined separately and the statistical threshold is
adjusted for the large number of individual
comparisons made. While important for generating
hypotheses about what parts of the brain might be
involved in visceral sensation and the response to
these sensations, this descriptive approach to imaging
clearly does not capture the critical interrelationships
among structures that form the foundation of brain
function. The brain operates as functional networks
and activations in specific brain areas may have very
different interpretations based on the co-activation of
other regions that are connected via a network of
inputs and projections.106 The first step towards
understanding networks involves detection of regional pairwise associations. This bivariate correlational
technique can be labelled as a #functional connectivity analysis$ and can show important relationships
between separate regions, but does not allow for
directly testing the nature of these associations over
time or across conditions, provides no information on
how these associations may come about and permits
only rudimentary inferences regarding the characterization of neural networks.
Much more sophisticated connectivity analyses that
include a much larger set of highly specific brain
regions are now becoming possible and they go
hand-in-hand with other advances in brain imaging,
including increased spatial and temporal scanner
resolution,42 use of radioligand tracers specific to
molecules of interest,95 and the application of genetic
analyses related to the development of specific brain
circuitry.107 These new analytical tools should yield
important breakthroughs in our understanding of
central processes related to the pathophysiology of
visceral pain disorders.
It is clear from the discussion above that in order to
perform meaningful functional brain imaging studies
investigators must be mindful of the numerous
factors that are likely to influence results. As a
starting point, it is important to pay particular
! 2009 Blackwell Publishing Ltd
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well be the reason why there are sometimes #contradictory$ findings across studies.
In summary, meticulous attention to controlling for
age, sex, stimulus modality, psycho-physiological factors, the imaging environment and the task will
undoubtedly lead to a considerable improvement in
the quality of studies performed and will lead to a
significant advancement in our understanding of the
brain processing of visceral sensation in healthy and
diseased subjects.

may also be helpful in subsequent data interpretation.
Correlation of the psycho-physiological state with the
imaging results can provide important information
which would be missed if the above measures are
ignored.
The experimental environment within the brain
imaging suite and the mental state of the subject
must be adequately controlled. For instance, different
brain areas will be activated if subjects attend to
bodily sensations vs. emotional feelings. This is
particularly important during rest or baseline conditions when volunteers quite often have no control
task to perform. The extent to which psychological
factors are controlled and the extent to which
behavioural measures are obtained during imaging
to verify that the instructions were followed (e.g.
measuring reactions times during an attention task)
are essential for the conduct of good quality studies.
In some of the previously published studies, no
specific instructions had been given and this may
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SUPPORTING INFORMATION
Additional Supporting Information may be found in the online version of this article:
Appendix S1. This document contains more detailed knowledge on a variety of neuroimaging techniques
including functional magnetic resonance imaging, positron emission tomography and magnetic resonance
spectroscopy. In particular this additional material highlights aspects such as design, analysis, advantages and
disadvantages related to each specific imaging modality as well as providing technical information on the
mechanisms of the different methods of brain imaging.
Please note: Wiley-Blackwell are not responsible for the content or functionality of any supporting materials supplied
by the authors. Any queries (other than missing material) should be directed to the corresponding author for the article.
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