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Irritable bowel syndrome (1BS) is a chronic functional gastrointestinal disorder characterized by recurring abdominal pain and altered
bowel habits without detectable organic causes. This study aims to provide a comprehensive overview of the literature on functional
neuroimaging in IBS and to highlight brain alterations similarities with other functional disorders - functional movement disorders
in particular. We conducted the bibliographic search via PubMed in August 2020 and included 50 studies following Preferred
Reporting Items for Systematic Reviews and Meta-analyses (PRISMA) guidelines for systematic reviews. Overall, our findings showed
an aberrant activation and functional connectivity of the insular, cingulate, sensorimotor and frontal cortices, the amygdala and
the hippocampus, suggesting an altered activity of the homeostatic and salience network and of the autonomous nervous system.
Moreover, glutamatergic dysfunction in the anterior insula and hypothalamic pituitary axis dysregulation were often reported. These
alterations seem to be very similar to those observed in patients with functional movement disorders. Hence, we speculate that
different functional disturbances might share a common pathophysiology and we discussed our findings in the light of a Bayesian
model framework.

(J Neurogastroenterol Motil 2022;28:185-203)
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intestinal disorder (FGID) characterized by recurring abdominal
pain associated with altered bowel habits without detectable organic
causes.” The definition of IBS is based on the Rome IV criteria:

Irritable bowel syndrome (IBS) is a chronic functional gastro- recurrent abdominal pain at least 3 days per month in the last 3
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months, associated with a change in stool frequency or form and
improvement with defecation.” IBS is a multi-factorial disorder
with a complex bio-psychosocial pathophysiology,” including
altered gastrointestinal motility, visceral hyperalgesia,” increased
intestinal permeability, immune activation,’ altered microbiota,” and
disrupted communication between the gastrointestinal tract and
the central nervous system.” The relevance of bidirectional com-
munication pathways between the brain and the gastrointestinal
system, namely the brain-gut-axis, is increasingly acknowledged as
underlying pathophysiological mechanism of different somatic and
neuropsychiatric disturbances.® Multiple brain networks (salience,
sensorimotor; and executive-control networks) have been reported
to mediate the effects of affect, mood, and environmental factors
on gut function and pain perception, resulting in visceral hyper-
sensitivity and altered bowel habits™"” and IBS can be considered
an exemplary disorder of brain-gut communication. Therefore, in
the recent years, several neuroimaging studies have been conducted
to investigate brain alterations associated with IBS. Recent stud-
ies implementing quantitative magnetic resonance spectroscopy

(QMRS) highlighted an aberrant glutamatergic neurotransmission

PRISMA 2009 flow diagram

in limbic structures of IBS patients.'™* Bednarska et al'' observed
that increased concentration of glutamate was also reported in the
posterior insula (pINS) of patients with fibromyalgia."* Moreover,
according to a recent case-control study from our group,” a glu-
tamate increase has been detected in the limbic system of patients
suffering from functional movement disorders (FIMD, also called
conversion disorders) when compared to healthy controls (HC).
Based on these observations, herein we conducted a systematic
review of the literature focused on functional neuroimaging in the
IBS setting. Consequently, we discuss whether these shared brain
alterations may represent a common pathophysiology for different

functional disturbances.

Methods

We followed Preferred Reporting Items for Systematic Reviews
and Meta-analyses (PRISMA) guidelines for systematic reviews.'®
The bibliographic search was conducted on PubMed in August
2020. Moreover, we looked through reference lists of screened ar-

ticles.

For more information, visit www.prisma-statement.org.
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Figure 1. Preferred Reporting Items for
Systematic Reviews and Meta-analyses
(PRISMA) flow diagram illustrating
the bibliographic search and the selec-
tion process. Adapted from Moher et
al." IBS, irritable bowel syndrome; HC,
healthy control.
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Inclusion criteria were: (1) English-written articles, (2) articles
including only human subjects above 18 years old, (3) studies on
IBS, and (4) functional neuroimaging studies.

Exclusion criteria were: (1) studies about any other functional
somatic disorder, (2) review articles, (3) structural neuroimaging
studies, (4) case series (less than 10 patients with IBS), (5) studies
without a HC group, and (6) studies including pediatric patients
with IBS.

The search was conducted using the following keywords:
(irritable bowel syndrome), (spastic colon), (spastic bowel), (mu-
cous colitis), and (nervous colon); and combined on a string with
the keywords: (functional neuroimaging) and (functional brain
imaging). Supplementary Table shows results for each string on
PubMed. We retrieved 911 articles. After removing duplicates, 210
articles remained, which were independently screened by 2 authors
(VN. and RE.R.) by reading abstracts and full text. Disagreement
was resolved by discussion between the 2 independent authors; if no
agreement was reached, a third independent party (B.D.) was in-
volved as an arbiter. Fifty studies were selected (Fig. 1). Results are
presented divided up by methodology in Table 1 and synthetically
described in Table 2.

Results

Functional Magnetic Resonance Imaging at Resting-
state

Compared to HC, patients with IBS showed hypoactivity at
resting-state in: (1) the left superior frontal gyrus (SFG), the right
hippocampus, the bilateral post-central gyrus (primary somatosen-
sory cortex [S1]), and the right superior temporal pole’; (2) the
right middle frontal gyrus (MFG)'™"* and the right orbital part of
the SFG"; (3) several default mode network (DMN) regions: the
medial prefrontal cortex (mPFC), the posterior cingulate cortex
(PCC), and the bilateral inferior parietal cortices.”” Hyperactivity
was found in the left median cingulate cortex (MCC)," the cal-
carine,"” the bilateral pINS," and cuneus."® Duration of the IBS
disease positively correlated with the right MFG activity and nega-
tively correlated with the left MCC activity'’; dorsal and ventral
anterior cingulate cortex (ACC) hypoactivity disappeared after con-
trolling for anxiety and depression, leading the authors to hypoth-
esize that high anxious-depressive symptomatology may explain
the intrinsic decreased brain activity in regions involved in affective
processing (the ACC)." Focusing on gender- and disease-related
differences, Hong and colleagues'” found that: (1) female IBS pa-

Functional Neuroimaging in IBS

tients, compared to HC, showed hyperactivity in the amygdala and
hippocampus, and hypoactivity in sensorimotor regions; (2) both
female HC and female IBS patients showed higher activity in the
amygdala and hippocampus than male HC and male IBS patients,
respectively; female IBS patients, compared with males, showed
insular hyperactivity; and (3) in female patients, altered activity cor-
related with abdominal discomfort ratings."

In summary; these studies show a global frontal, sensorimotor
and DMN hypoactivity, and a cingulate, insular and amygdala hy-
peractivity in patients with IBS at resting state, compared to HC.

Resting-state functional connectivity

In IBS patients, increased connectivity was found between: (1)
the left MCC and left SFG;" (2) the right MFG, left SFG, and
left PCC"; and (3) the mPFC and cuneus (negative FC™). De-
creased connectivity was found between: (1) the right superior pa-
rietal gyrus and left rectus'’, (2) mPFC and the right orbital part of
the SFG (positive connectivity'®), (3) ventral ACC and PCC (posi-
tive connectivity ), and (4) mPFC and left pINS (negative con-
nectivity"*). Qi and colleagues™ found that FC was not influenced
by anxiety and depression, although other studies did not confirm
this finding.””*' Moreover, Qi and colleagues™ showed that IBS pa-
tients, compared to HC, had higher interhemispheric FC between
thalamus (bilateral), PCC, cuneus, lingual gyri, and cerebellar
lobes, together with lower interhemispheric FC between bilateral
ventral ACC and inferior parietal lobules. Controlling for anxiety
and depression, connectivity differences in the ventral ACC were
abolished. Weng and colleagues™ calculated the long-range and
short-range FC density (LR- and SR-FCD: the amount of distant
and local functional connections of cortical areas). Compared to
HC, IBS patients showed several FCD alteration in areas deputed
to sensorimotor, homeostatic, emotional and cognitive regulation:
(1) decreased LLR- and SR-FCD in bilateral anterior MCC and in-
ferior parietal lobules; (2) decreased LR-FCD in the right anterior
insula (aINS), positively correlated with severity of IBS symptoms;
(3) decreased SR-FCD in bilateral PFC, subgenual ACC and cau-
date, positively correlated with disease duration; (4) increased LLR-
and SR-FCD in S1; (5) increased LR-FCD in right supplemen-
tary motor area (SMA); and (6) increased SR-FCD in occipital
lobe. Moreover, they found altered FC in IBS patients’ pain matrix,
in particular: increased FC between the anterior MCC, right aINS;
and superior prefrontal cortices; decreased FC between anterior
MCC, right aINS, and PCC/precuneus. Postcentral cortices with
stronger FCD showed: (1) increased FC with bilateral pre-central
cortices, PCC/precuneus and mPFC; and (2) decreased FC
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Functional Neuroimaging in IBS

Table 2. Main Findings of the Systematic Review Divided up by Brain Areas

Network

Main findings

Sensorimotor network  Resting state: S1 hypoactivation, M 1 hyperactivation, increased FC between S1 and thalamus, and aberrant FC between

the sensorimotor network and affective-interoceptive areas (amygdala and insula in particular). H-IBS showed

increased FC between sensorimotor network and pINS, compared to N-IBS.

Affective and

interoceptive areas

Resting state: aberrant FC between the cingulate and the frontal cortices, and between amygdala, insula, sensorimotor
network, and hippocampal/para-hippocampal gyri.

Amygdala: hyperactivity at resting state; aberrant activation during fear acquisition and during the formation of abdomi-

nal pain-related memories. Higher FC of R amygdala positively correlated with pain intensity and decreased gut

permeability; FC between L. amygdala, bilateral insula, and midbrain positively correlated with symptom severity.

Bilateral INS: aberrant activation and FC with limbic and cortical areas at resting-state and during painful and

nonpainful rectal distention. R INS: aberrant activation correlated with pain intensity. I INS: abnormal activation

correlated with symptom severity and interoceptive awareness; aINS hyperactive during pain anticipation.

Attentional areas

Resting state: decreased activity of the DMN. Rectal stimulation: ACC and PFC hyperactivity. Pain anticipation: mPFC

and MFG aberrant activation. Painful distension: greater stress-induced activation in insula and VLPFC, and

hypoactivation of DLPFC and subgenual ACC. History of adverse life event was associated with altered FC in
the salience network and in the executive control network. Regions of the salience network (MCC, MTG, and STG)
were positively correlated with proinflammatory genes (IL-6 and APOLZ2).

S1, primary somatosensory cortex; M1, primary motor cortex; FC, functional connectivity; H-IBS, hypersensitive IBS; pINS, posterior insula; N-IBS, normosensi-
tive IBS; INS, insula; R, right; L, left; aINS, anterior insula; DMN, default mode network; ACC, anterior cingulate corte; PFC, prefrontal cortex; mPFC, medial
prefrontal cortex; MFG, middle frontal gyrus; VLPFC, ventrolateral prefrontal cortex; DLPFC, dorsolateral prefrontal cortex; MCC, mid-cingulate cortex; MTG,
middle temporal gyrus; STG, superior temporal gyrus; APOL2, apolipoprotein 1.2 gene.

with anterior MCC, aINS, bilateral dorsolateral prefrontal cortex
(DLPFC), and inferior parietal lobule. Pre-central cortices with
stronger FCD showed increased FC with bilateral PFC.

Gupta and colleagues™ found that IBS patients presented a
greater within-network connectivity than HC in: (1) the salience
network (putamen, insula, ACC, MCC, and supramarginal gyrus);
(2) the left frontal parietal network (putamen, ACC, thalamus, and
frontal cortex); (3) the DMN (precuneus, inferior parietal gyrus
and angular gyrus). Within IBS patients only, early adverse life
events positively correlated with (1) FC within the salience network,
and (2) FC within the cerebellar network for male subjects only.
The same group found that regions of the salience network, includ-
ing MCC, and mid and superior temporal gyrus (STG) positively
correlated with pro-inflammatory genes (IL-6 and APOL?2) in
patients with IBS; but negatively correlated with anti-inflammatory
genes (KRT8 and APOA4) in HC, suggesting that, in IBS, a
peripheral pro-inflammatory state is maintained by chronically acti-
vated stress signalling pathways.”

Several studies further examined the DMN.*** IBS patients
presented decreased DMN inter-regional FC between the precu-
neus and (1) the ACC, (2) the middle temporal gyrus, and (3) the
medial orbital SFG. Moreover, the average DMN FC negatively
correlated with IBS symptom severity.”* The DMN showed altered
FC with sensorimotor regions, the right amygdala, the left orbital

frontal cortex, the bilateral middle, and inferior frontal gyri, and
regions deputed to pain processing (periaqueductal grey and ros-
tral ventral medulla). Interestingly, patients with IBS only showed
increased FC in the right amygdala, correlated with decreased gut
permeability.”’

"Two studies focused on FC in 2 main regions of interoception
and emotion regulation, the insula® and the amygdala.”” Hong
et al® found that male patients, compared to females, presented
increased positive connectivity of the bilateral dorsal aINS with the
mPFC, which positively correlated with scores of visceral sensitiv-
ity; conversely, female patients had greater negative connectivity
of the left dorsal aINS with the left precuneus than males, which
positively correlated with symptom intensity. Moreover, disease-
related differences in the FC between the bilateral dorsal aINS and
the dorsal mPFC were observed in female subjects. As regards the
amygdala, Qi and colleagues” found that IBS patients, compared
to controls, had: (1) higher left amygdala positive FC with right in-
sula, midbrain, right precentral gyrus (primary motor cortex [M1]),
left S1/M 1, left parahippocampal gyrus, and bilateral SMA; and (2)
higher right amygdala positive FC with the right insula, midbrain,
left parahippocampal gyrus, bilateral M1, and right SMA. These
results hold when controlling for anxiety and depression. Pain
intensity positively correlated with the FC between the right amyg-
dala, the right M1 and right insula; symptom severity positively
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correlated with FC between the left amygdala, bilateral insula and
the midbrain, and with FC between the right amygdala and right
insula. Significant clinical correlations emerged also in the study
of Longarzo and colleagues,” which showed that the FC between
PCC and left supramarginal gyrus/STG negatively correlated with
attitude, fear and beliefs associated with hypochondriac behavior,
and that the FC between left ventral aINS and bilateral supramar-
ginal gyrus positively correlated with interoceptive awareness, the
ability to perceive signals from within the body.

Icenhour and colleagues” made a step further by evaluating
FC within the salience, sensorimotor and DMN in a sample of
selected IBS patients with and without visceral hypersensitivity (a
distinction presumably subtended by differences in the processing
of visceral afferent signals), compared to HC. Hypersensitive IBS
(H-IBS) patients showed increased positive FC of pregenual ACC
and thalamus in the salience network and of pINS in the sensorim-
otor network than normosensitive IBS (N-IBS). N-IBS patients
(compared to H-IBS and HC) showed less positive amygdala FC
and less negative dorsal aINS FC in the DMN. DMN and senso-
rimotor network FC were associated with rectal perception thresh-
olds, and FC in pINS correlated with IBS symptom severity.

Ke et al’ showed that IBS patients presented higher FC in the
bilateral S1, calcarine, vermis, right thalamus, left superior parietal
lobule, and less FC in the bilateral ACC and MCC, PFC, right
caudate, and angular gyrus (not influenced by anxiety and depres-
sion). Correlations emerged between (1) disease duration and FC
in the right S1 (positive correlation) and FC in the right anterior
MCC/SMA and bilateral insula (negative correlation), (2) IBS
symptoms severity and FC in the left thalamus (positive correla-
tion) and FC in the right ventral mPFC and MFG (negative
correlation), and (3) pain intensity and FC in the left S1 (positive
correlation) and with FC in right dorsal mPFC and left MFG
(negative correlation). The authors concluded that the abnormal
synchronization in spontaneous brain activity may reflect symptoms
manifestation.

In summary, overall, aberrant FC in IBS patients was found
in the salience, sensorimotor and DIMN; limbic regions (amygdala
and cingulate cortex in particular) showed abnormal FC with sen-
sorimotor, insular and frontal cortical regions. These findings were
associated with severity of IBS symptoms, gut permeability, and
inflammatory genes, and with the presence of adverse life events.
Contradictive results emerged about the influence of anxiety and

depression.

Functional Magnetic Resonance Imaging With Tasks

To assess abnormalities in visceral pain processing in IBS,
several studies performed functional magnetic resonance imaging
(fMRI) during non-painful and painful rectal distension. Overall,
patients with IBS rate rectal distension as more painful than HC'"
** and, when combined with painful heterotopic stimulation (eg, a
foot in ice-cold water), rectal pain is significantly decreased in HC
but not in patients with IBS.”* Rectal stimulation generally elicits
in both IBS and HC the activation of ACC, PFC, insula, and

1207 together with the cerebellum.”” Brain activation

thalamus,
of these areas apparently increase along with rectal balloon dilation,
but not in women with IBS and in patients whose symptoms lasted
more than § years."” More specifically, in IBS subjects, Mertz and
colleagues’ found that painful stimulation led to a greater activa-
tion in the ACC, while Yuan et al”* found it in the insula, PFC,
and thalamus, suggesting a heightened pain sensitivity of the brain-
gut axis in IBS, with a normal pattern of activation. Anxiety and
depression appeared associated with subjective stimulus ratings and
with cerebral activations’™”’: anxiety correlated with pain-induced
activation of the right anterior MCC and pregenual ACC, and
depression with pain-induced activation of left PFC and cerebel-
lar areas. To further understand the role of emotional modulation
of neural responses to visceral stimuli, the same group combined
rectal stimulation with a psychological distraction (either stress or
relaxation).” During painful distension, patients with IBS showed
a greater stress-induced increase in the insula and the ventrolateral
prefrontal cortex (VLPFC), and a lower activation of the DLLPFC
and the subgenual ACC compared to HC, suggesting that HC
presented greater up-regulation during stress in these areas. Relax-
ation brought to a reduced modulation of the activation in the right
insula, the cerebellum, the putamen, and temporal regions during
non-painful distensions, and in the VLPFC, precuneus and thala-
mus during painful distensions. However, when controlling for
levels of anxiety, only activations in the cerebellum and precuneus
survived the correction.” Similarly, Rosenberger et al™ found that
in IBS patients, cerebellar activations induced by non-painful dis-
tension (right cerebellum) and by painful distension (intermediate
cerebellum) correlated with depression, while non-painful induced
cerebellar activations correlated with anxiety. Labus and colleagues"
aimed to evaluate sex- and disease-related differences in brain acti-
vation of IBS patients during an emotion recognition paradigm (fear
and anger): male subjects (IBS and HC), showed greater activa-
tion than females in PFC, insula, and amygdala, as well as stronger

connectivity between ACC, amygdala, and insula; female subjects
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showed stronger connectivity to and from the PFC.

Combining rectal and heterotopic stimulation (to elicit a simul-
taneous activation of endogenous descending pathways of nocicep-
tive inhibition), Song et al* found that (1) during rectal stimulation
alone, HC showed greater activation bilaterally in the aINS, in the
secondary somatosensory cortex (S2), and putamen than patients
with IBS; and (2) during rectal plus heterotopic stimulation, HC
showed greater activation in bilateral S1 and right STG, while IBS
patients in bilateral STF and right inferior lobules.

Berman and colleagues™ added to this task the evaluation of
brain changes during rectal distension anticipation, to assess anoma-
lies in preparatory brain activity before painful pelvic visceral disten-
sion. In the anticipation phase, HC showed reduced activity in the
insula, supragenual ACC, amygdala, and dorsal brainstem; IBS pa-
tients showed less anticipatory inactivation, particularly in the right
pINS and dorsal brainstem; moreover, the anticipatory decrease in
the pons (dorsal brainstem) was associated with higher stimulation-
induced activation in right orbitofrontal areas and bilateral supra-
genual ACC, suggesting that deficits in preparatory inhibition
of dorsal brainstem may interfere with descending corticolimbic
inhibition. Expectation of pain was investigated also by Hong and
colleagues,” who performed fMRI during cued and uncued pain
expectation. In absence of a cue about the occurrence of abdominal
pain stimulus (ie, in front of an uncertain painful prospect), IBS
subjects (especially females, compared to HC) showed greater
brain activations in the affective (amygdala), interoceptive (aINS),
and attentional (MFG) regions, together with the thalamus and
precuneus. The authors interpreted this hyperactivation as a pos-
sible evidence that IBS subjects tend to overestimate the likelihood
of painful somatic occurrence and engage brain networks involved
in affective and sensory processing. Similarly, Kano and colleagues**
found that IBS patients, compared to HC, in a condition of uncer-
tain anticipation of painful stimulation showed greater activation
of anterior MCC, thalamus, and visual processing areas, and a
higher activity in PCC/MCC and precuneus induced by the fol-
lowing rectal distension; if; after the uncertain cue, rectal distention
was not performed, IBS patients, contrary to HC, lacked to show
bilateral insula activation (but the authors note how this effect might
have been due to the elevated bilateral insular responses during
non-distention after the safe cue, the comparison condition). The
authors conclude that cue-dependent alterations in brain responses
may underlie hypervigilance to visceral sensations in IBS patients.
To investigate the learning processes shaping the expectation of pain
in IBS, Icenhour et al” performed fMRI during the formation,

extinction, and reactivation of abdominal pain-related memories in

Functional Neuroimaging in IBS

IBS patients and HC, through a fear conditioning paradigm. IBS
patients showed: (1) during the fear acquisition phase, differential
activation of PFC, amygdala, and cerebellum™; (2) during extinc-
tion, enhanced differential cingulate activation; and (3) during
reinstatement, greater differential hippocampal activation.” These
results shed another light on the factors that could play a role in
the pathophysiology of chronic abdominal pain and suggest that
extinction-based interventions might have therapeutic effects on
IBS. As regards therapeutic interventions, in fact, L.owen and col-
leagues™ showed, in a longitudinal fMRI study, that 16 sessions
of hypnotherapy or educational intervention were both effective in
reducing pain during rectal distention in both IBS and HC groups;
after the treatment, brain response to distension was similar between
IBS and HC, possibly indicating that this treatment may have nor-
malized the anomalies in the central processing of visceral signals in
IBS.

Kano et al*’ made a step further by examining, during colorec-
tal distention, brain activation via fIMRI and heart rate variability.
Patients with IBS,; although all constipation-predominant (IBS-C),
displayed blunted sympathovagal balance in response to colorectal
distention compared to HC; additionally; in the HC but not in the
IBS group, brain activation in the right caudate, bilateral dorsolat-
eral ACC and pregenual ACC in response to rectal distention posi-
tively correlated with baseline high frequency values.

Several studies performed the same task by dividing IBS
subjects according to specific criteria. Patients with diarrhea-
predominant IBS, during heterotopic stimulation, showed deactiva-
tion in the right aINS; IBS-C showed hyperactivation of amygdala
and hippocampus; HC showed deactivation of the periaqueductal
grey, suggesting a different abnormal endogenous pain inhibitory
mechanism.” IBS patients with a history of sexual abuse showed
hyperactivation in the left MCC and PCC, hypoactivation in the
left supragenual ACC, and greater pain, than subjects who did not
suffer abuse™; the authors hypothesized that adverse life events
may enhance the activation of dorsal cingulate regions implicated
in homeostatic afferent processing. IBS patients presenting inhibi-
tion or facilitation of the RIII nociceptive spinal reflex induced by
rectal distension did not present differences in brain activity as-
sociated with non-painful distensions, while differences associated
with painful distensions (in frontal areas, the MCC and aINS)
were influenced by levels of anxiety, depression, and tendency of
catastrophizing.”” Larsson and colleagues showed that H-IBS
patients, during painful rectal distensions, had greater activation of
insula and reduced deactivation in pregenual ACC than HC and
patients with N-IBS (which did not differ to each other); during
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expectation of rectal distension, N-IBS presented more activation in
right hippocampus than controls. Similarly, Lowen and colleagues™
compared H-IBS and N-IBS in their ability to engage endogenous
pain modulation mechanism during habituation to repeated visceral
painful stimuli. In the last trials of a series of rectal distension, N-
IBS showed hypoactivation in insula and amygdala, and H-IBS
showed greater activation than N-IBS and HC in insula, ACC, and
MCC; this suggests a lack of habituation to repeated delivery of
rectal stimuli, in terms of both sensitization of sensory pathways and
habituation of emotional arousal, consistent with IBS well-known
gut-related hypervigilance.

Given the reported aberrant activation of the insula and of the
DLPFC, Aizawa et al’' assessed IBS patients’ cognitive flexibility
through the Wisconsin Card Sorting Test; they presented more
perseverative errors than HC, together with: (1) reduced activity of
right DLPFC and right hippocampus, (2) increased activity of left
pINS, (3) diminished FC from DLPFC to pre-SMA. Similarly,
Hubbard and colleagues™ tested attentional abilities in IBS, by
employing a form of flanker task during fIMRI. Patients with IBS,
with respect to HC, had shorter reaction times during the alerting
and orienting conditions, associated with: (1) greater MCC and in-
sula activation, and (2) less activity in the right inferior frontal junc-
tion and SMA; also, they showed activation in the dorsal mPFC
together with hypoactivation of the thalamus. This aberrant activity
correlated with gastrointestinal-specific anxiety, pain catastrophiz-
ing, and symptom severity.

Only 1 study performed genetic analysis™: via fMRI, they
compared brain response during an affect-matching paradigm in
IBS patients and HC, further dividing participants according to
their genotype (the C/C genotype of the ¢.-42C>T polymorphism
in serotonin (5-H'T) receptor 3, associated with aberrant amygdalar
activity while processing emotional faces, compared to T-carrier).
The C/C genotype, in both IBS and HC, appeared to correlate
with increased anxiety and amygdala responsiveness during emo-
tional and non-emotional tasks; furthermore, the polymorphism
was associated with severity of IBS symptoms, and only a few IBS
subjects with the C/C genotype presented significantly increased
amygdala responses to nonemotional stimuli.

One of the main limits of the aforementioned studies is the
high prevalence of female subjects. Guleria et al** performed the
same task in a group of male IBS patients and, consistently with the
other studies, found that they hyperactivated the insula, MTG, and
cerebellum in the left hemisphere compared to HC, but did not
activate the bilateral precuneus/superior parietal lobules. Moreover,

it emerged that patients with IBS-C activated the right MCC while

patients with IBS-D activated the left inferior orbito-frontal cortex,
left calcarine, and bilateral fusiform gyri. A second limit of the ma-
jority of the fMRI studies with tasks is pointed out by Wong et al,”
as they showed that performing rectal stimulation within the scan-
ner environment significantly increases visceral, but not somatic,
pain perception in both IBS patients and HC (compared to the
same exam performed outside the MRI scanner).

Taken together, these results point in the direction of a higher
activation of sensitive, interoceptive and frontal areas in IBS patients
following painful rectal stimulation; its anticipation is linked to an
aberrant activation of attentional (mPFC and MFG) and affective-
interoceptive (amygdala, aINS, and ACC) regions. Patients with
IBS also resulted in more alertness and presented a reduced atten-
tional shift, when compared to HC, which was associated with an

abnormal frontal activation.”"*

Pharmacological functional magnetic resonance imag-
ing studies

To test the hypothesis that alterations in 5-HT signaling within
the brain-gut axis may be implicated in IBS pathophysiology,
Labus and colleagues' examined brain responses via fMRI at the
rectal distension task after performing acute tryptophan depletion
(ATD) in a group of IBS patients (all female, IBS-C) and HC. In
both groups, ATD resulted in increased response of an extensive
brain network to balloon distension, including the amygdala and
nodes of emotional arousal and homeostatic afferent networks.
These findings were consistent with an ATD-mediated disinhibi-
tion of an emotional arousal network during aversive stimulation,
and increased connectivity within the same network, suggesting
that 5S-HT dysregulation may play a role in central pain amplifica-
tion and, ultimately, in IBS pathophysiology. Also alterations in
corticotropin-releasing factor (CRF) signaling pathways have been
implicated in IBS pathophysiology: the CRF receptor is present in
many sites of the central nervous system, and is able to influence the
activity of many areas, regardless of its effect on the hypothalamus-
pituitary-adrenal (HPA) axis. Hubbard and colleagues™ admin-
istered the selective CRF receptor 1 antagonist GW876008 or a
placebo to a group of HC and a group of IBS patients, while per-
forming fMRI during expectation of abdominal pain. During pain
expectation, both IBS patients and HC who received the CRF re-
ceptor 1 antagonist showed hypoactivation in amygdala, hippocam-
pus, insula, ACC, and orbito-medial PFC, compared to partici-
pants who received placebo. Under placebo, patients showed higher
activity in the hypothalamus and locus coeruleus (noradrenergic

pathway involved in arousal responses, alarm, and visceral body
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preparation reactions) than HC, suggesting a greater baseline re-
activity in patients; activity at the hypothalamic level decreases after
administration of the drug only in patients having average and high
levels of state anxiety. More recently, Kano and colleagues’ found
in HC, but not in patients with IBS, a negative correlation between
adrenocorticotropic hormone response to administered CRF and
the activity in the pregenual ACC during rectal distention; authors,
therefore, hypothesized that impaired top-down inhibitory input
from the pregenual ACC to the HPA-axis may lead to altered neu-
roendocrine and gastrointestinal responses to CRE in patients with
IBS. In a subsequent study;” they also found that individuals (IBS
and HC) with higher levels of alexithymia showed stronger adre-
nocorticotropic hormone responses to CRF administration, and
that brain responses to rectal distention in the right insula, putamen,
right pallidum, thalamus, orbital part of inferior frontal gyrus, and
left inferior temporal gyrus positively associated with alexithymia
scores to a greater extent in patients with IBS than in HC.

When interpreting the results of pharmacological studies,
it should be considered that Lee and colleagues™ found that the
placebo condition evoked more activity in affective and cognitive
regions (insula, MCC, and VLPFC) in IBS patients than in HC
(although their visceral placebo analgesia was comparable).

In summary, these data show, from a biochemical perspective,
an important role of 5-HT in central modulation (exerted by the
amygdala on the emotional arousal circuits), higher basal activity of
the noradrenergic centers, and a dysregulation of the corticotropic

axis in patients with IBS.

Quantitative Magnetic Resonance Spectroscopy
Bednarska and colleagues'' found that concentrations of glu-
tamate + glutamine (Glx) were lower in bilateral aINS of women
with IBS, compared with HC; furthermore, a lateralization pattern
emerged, with the lower Glx concentrations of the right aINS being
predicted by longer pain duration, and those of the left aINS be-
ing predicted by less use of adaptive pain-coping strategies. At the
same time, GABA concentrations where comparable between the 2
groups, showing overall a reduced excitatory but unaltered inhibi-
tory neurotransmitter (N'T) levels in aINS in IBS patients. Nid-
dam and colleagues' found a reduction in Glx in IBS patients’ hip-
pocampus, with a concentration inversely related to emotional stress
indicators. Furthermore, a functional lateralization was observed as
glutamate concentrations in the left, but not the right hippocampus
of IBS patients negatively correlated with anxiety; pain catastroph-
izing, and pain duration. Icenhour and colleagues" found that IBS
patients overall did not differ from HC with respect to mPFC

Functional Neuroimaging in IBS

GABA+ or Glx levels; only IBS patients with higher anxiety levels
showed increased GABA + in mPFC, together with lower FC be-
tween mPFC and ACC.

In summary, these studies, although sharing the same limita-
tions of the fIMRI studies (a female-predominant sample of IBS
patients), showed a reduced excitatory NT level in aINS and hip-
pocampus, an unvaried level of inhibitory NT in aINS, and an
influence of anxiety on the levels of inhibitory N'T in mPEFC.

Positron Emission Tomography

Nakai and colleagues™ sought for disease-related and gender-
related effect in HT synthesis, and found that female patients
with IBS, compared to HC, presented a greater S-HT synthesis
in the right medial temporal gyrus, a multimodal sensory associa-
tion cortex, widely connected to the PFC and to the limbic system
through the cingulate gyrus, parahippocampus and insula.”** To
investigate the noradrenergic activity in a sample of IBS patients,
compared to HC, Berman et al* performed double-blind study
where participants had to perform an auditory vigilance task after
intake of the o2-adrenoreceptor (a2AR) antagonist yohimbine
(YOH), the 02AR agonist clonidine, or placebo. The ai2AR is
a presynaptic receptor that controls the release of catecholamine
from the synaptic terminal: agonists like clonidine inhibit the re-
lease of norepinephrine, while antagonists like YOH facilitates the
release of catecholamine from the synapse, which ultimately leads
to a reduction in cortical metabolism.” First, they showed that IBS
patients had higher plasma noradrenergic levels than HC before
and after ingestion of all drugs. Second, IBS patients showed less
YOH-mediated reduction of activity in the central arousal circuit,
consistent with a downregulation (ie, fewer functional presynaptic
02AR). YOH-mediated reduction of activity in the brainstem and
amygdala negatively associated with adverse early life event. Third,
in HC only, the activation of anterior MCC negatively correlated
with the activation of the amygdala and the subgenual ACC. One
longitudinal positron emission tomography study which evaluated
brain responses to rectal distention showed a stable activation in the
central pain matrix but a decreased activity in limbic, paralimbic,
and pontine regions, suggesting a habituation of visceral perception
and central arousal in patients with IBS linked to repeated exposure
to experimental aversive visceral stimuli.”

Overall, these data underline the role of specific N'Ts in central
modulation in patients with IBS: 5-H'T, which is shown to be in-
creased in brain areas closely interconnected with the limbic circuit
especially in women; norepinephrine, which seems to subtend a

greater basal activity in the arousal circuits in IBS patients, espe-
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cially in those with a history of early emotional trauma.

Discussion

This study aims at reviewing the literature on functional neu-
roimaging in IBS patients. Most of the studies included suggested
an involvement of specific areas of the brain (amygdala, insula,
prefrontal, and cingulate cortex) in the pathophysiology of IBS, al-
though many studies shared the limitations of female predominance
and the presence of confounding factors (such as psychiatric comor-
bidities).

A first group of studies analysed brain activation and FC at
resting-state via fIMRI. They highlighted an aberrant activation and
FC of the insular, cingulate and frontal cortices, the amygdala, and
the hippocampus, suggesting an altered activity of the homeostatic
and salience network and of the autonomous nervous system (pos-
sibly accounting, respectively, for IBS patients” hypervigilance and
HPA-axis dysregulation). In parallel, hypoactivity in the DMN
emerged at the resting state: since the DMIN is the brain network
presenting the highest activity in the idling brain, its hypoactivity
in IBS patients was interpreted as a further hint of their continuous
hypervigilance and spontaneous perception of pain."

Most studies implemented fMRI while the experimental
groups were performing different tasks, with a particular focus
on painful and non-painful rectal distention. Rectal stimulation
seems to elicit in both IBS patients and HC the activation of ACC,

31323639 1 - o
; this activation

PFC, insula, thalamus, and cerebellum
seems higher in IBS patients,”"" as confirmed by a recent meta-
analysis.” Aberrant activation of attentional (mPFC and MFG)
and affective-interoceptive (amygdala, aINS, and ACC) regions, as
well as of the dorsal brainstem, are reported during anticipation of
pain™**** and during the learning process shaping the expectation
of pain,”* accounting, again, for an alteration in hypervigilance
and in descending corticolimbic inhibition of pain—further un-
derlined by patients’ enhanced activity of noradrenergic centres.”**
Several studies showed similarities between dysfunctional cerebral
activation of IBS patients and patients with other functional dis-

% and other

orders, such as functional dyspepsia,” fibromyalgia,"*
conditions characterized by chronic pain, such as endometriosis.”
Here, we suggest that similarities with the neural activity of patients
with functional neurological disorders, FMD in particular, should
be also highlighted. In a recent study,” our group reviewed the
literature on functional neuroimaging in patients with FMD: we
found a decreased activation in the primary motor cortex contralat-

eral to the symptoms and in the parietal lobe, an aberrant activation

of the amygdala, and an increased temporo-parietal junction activity.
Most importantly, functional connectivity findings highlighted ab-
errant connections between the amygdala and motor areas (including
the SMA, involved in motor programming), the temporo-parietal
junction and the insula. We propose a model where amygdala func-
tional alterations have a crucial role in producing and maintaining
FMD, and the aberrant FC between amygdala and the aforemen-
tioned brain regions may explain specific secondary co-causative
etiopathogenetic FMD mechanisms, respectively: (1) the impaired
motor conceptualization, motor preparation and the inhibition of
motor execution; (2) the altered sense of agency; and (3) the deficit
in processing of the affected body parts at a cognitive level. Here,
as well, a predominant role of the amygdala in maintaining IBS
symptoms may be highlighted, given its aberrant activation in an-

L 33434465 - 115660
ticipation and regulation

of pain. In IBS, a major role
of the insula (recognized as site of self-awareness, interoception,
self-regulation of emotions and of integration between emotion and
motor control), must be acknowledged: bilateral insula showed
aberrant activation and FC with limbic and cortical areas at resting-

#0%0% and during painful and nonpainful rectal distention exam

state
(see above). Moreover, a lateralization pattern emerged, with right
insular aberrant activation often correlating with pain intensity,”
and left insular abnormal activation correlating with symptom
severity™”” and levels of interoceptive awareness.” The activity of
insula in FIMD was less studied, although first evidence suggests
that the insula is aberrantly activated at resting-state’' and when the
patient imagines or tries to move the paralyzed leg,” and hypoacti-
vated during emotional tasks.”" Overall, these findings suggest that
the aberrant FC between amygdala and the insula may play a role
in the production of IBS symptoms, while the aberrant FC between
amygdala and the motor cortices may play a role in the production
of functional motor symptoms. Moreover, the insula seems to have
a role in Psychogenic Non-Epileptic Seizure (PNES — another
widespread subtype of functional neurological disorder): in fact, in
patients with PNES, the insula was found to be hyperactivated and
its F'C with motor areas to be greatly aberrant, suggesting that an
aberrant insular-motor interaction may account for some psycho-
logical features underlying PNES such as dissociation.”*

At the NT level, qMRS studies highlighted a dysregulation
in the glutamatergic system of patients with functional disorders.
Reduced Glx levels in aINS and hippocampus, unvaried levels of
GABA+ in aINS, and an influence of anxiety in GABA + levels
in mPFC were found in IBS patients." ™ Conversely, an increase of
Glx in the limbic system has been found in patients with FMD,"

in the somatosensory cortex of patients with functional dyspepsia,”
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and in the pINS of patients with fibromyalgia."* FMD patients
also showed lower cerebrospinal fluid levels of glutamate than HC,
suggesting that a glutamatergic dysfunction plays a role in FMD
pathophysiology.”

HPA axis dysregulation, widely documented in IBS patients,
has been reported in FMD patients as well,” although future stud-
ies should further investigate this area.

Finally, most of the studies included in this review corrected
their results for the levels of anxious-depressive symptomatolo-
gy, usually assessed through self-report questionnaires. At the
resting state, several studies reported that anxiety and depression in-
fluenced the activity and FC of the ACC""**"** involved in affec-
tive processing,® but not amygdala activity and FC.” During pain-
ful rectal distension, the differences between IBS and HC in frontal
areas, the MICC and aINS were found to be influenced by levels of
anxiety, depression, and tendency of catastrophizing.”” Moreover,
anxiety correlated with pain-induced activation of the right anterior
MCC and pregenual ACC, and depression with pain-induced acti-
vation of left PFC and cerebellar areas.”*” When combining rectal
stimulation and a psychological distraction (a task implemented to
understand the role of emotional modulation of neural responses
to visceral stimuli), Elsenbruch and colleagues” found that during
painful distension, IBS patients showed a greater stress-induced
increase in the insula and the VLLPFC, and a lower activation of the
DLPFC and the subgenual ACC compared to HC, suggesting that
HC presented greater up-regulation during stress in these areas.""

In the attempt to find a unified theoretical approach for func-
tional disorders, recent advances in cognitive neuroscience and neu-
robiology in a hierarchical Bayesian framework may help. According
to this approach, perception arises from the comparison of a knowl-
edge-driven probabilistic inference on the external causes of sensory
signals (top-down generative models) and the correspondent bot-
tom-up signals which convey eventual error to the aforementioned
predictions (prediction errors).”” Through prediction errors, proba-
bilistic predictive models are re-computed and refined, in conso-
nance with Bayesian principles; otherwise, through active inference,
agents suppress prediction errors by performing actions to modify
the environment and make it fit with its predictions. In fact, accord-
ing to the “Free Energy Principle”, each organism tries to minimize
the differences between their predicted models of the environment
(priors) and the sensations conveyed by their sense organs.” This
comparison results in a posterior distribution corresponding to the
percept (posterior belief). This framework was applied also to psy-
chosomatic medicine. Edwards and colleagues” recently proposed

that functional motor and sensory symptoms arise because of the

Functional Neuroimaging in IBS

presence of an abnormal prior belief at an intermediate level in the
cortical hierarchy. This belief is granted too much precision through
an abnormal allocation of attention, and inevitably bias the outcome
of the entire process towards itself, regardless the bottom-up input.
In functional sensory symptoms, an abnormal prior in sensory cor-
tices would predict, for example, anaesthesia or pain; in functional
motor symptoms, an aberrant prior in SIMA would imply a wrong
expectation about the proprioceptive consequence of a movement
which, in a higher level of the hierarchy (eg, pre-SMA), would be
explained as a failure to realize that the movement was intended (ac-
tive inference). Similarly; it has been proposed™ that an abnormal
prior in the control regions of the intestines, highly precise, may
produce a perception of intestine pain and discomfort, although
intestines sensory signals are normal. Alterations of motility of the
intestine, resulting in alterations in defecation, may be a strategy to
minimize prediction error.

The results of our systematic review fit perfectly within this
framework (Fig. 2). The aberrant frontal activation shown in pa-
tients with FIMD and with IBS may account for the abnormal at-
tention allocated to the aberrant priors. These priors may be located
in SMA in FMD, and in the insula and S2 in IBS.””*" Anterior
INS has been hypothesized by several authors as a possible neural
substrate for the comparator system between predictions and errors

82,83

in the interoceptive domain.””" Finally, the amygdala may have a
predominant role in the creation and maintenance of these priors.
Edwards et al” proposed that pathological expectations, which lead
to the construction of the abnormal prior when afforded too much
attention and precision, may originate through a multitude of fac-
tors, from a traumatic salient event to personal and cultural beliefs,
negative effects and cognitive biases. The role of the amygdala in
modulating perception and attention, in the elaboration of a per-
ceptual stimuli with a high emotional valence® and in its retention
in memory,” is well-known. In a predictive coding framework, it
has been proposed that the amygdala, with the ACC, may work as
a comparator of predictions and predictions errors, ultimately lead-
ing to dysfunctional behaviours.” Therefore, the aberrant activation
and FC of the amygdala in functional syndromes may explain, to a
certain extent, the maintenance of abnormal priors in specific brain
area, producing a continuous discrepancy in the comparison be-
tween top-down and bottom-up signals, ultimately leading to each
patient specific symptomatology (either motor or sensitive-visceral).
This may be supported by the findings of Icenhour and colleagues®
who showed that during the formation of abdominal pain-related
memories, IBS patients presented a different activity in the amyg-
dala, compared to HC.
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Functional movement disorder Irritable bowel syndrome

Amygdala

Abnormal prior
creation and
maintenance
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Abnormal
SMA attention afforded Insula
to the prior

Prior location Prior location

Figure 2. A common pathophysiology for irritable bowel syndrome
(IBS) and functional movement disorders (FMD) in a Bayesian per-
spective. Recent hypotheses in psychosomatic medicine suggest that
functional symptoms might arise when excessive attention is granted
to abnormal prior beliefs, located at an intermediate level in the corti-
cal hierarchy. In line with this framework, here we propose that the ab-
errant frontal activation shown by both patients with FMD and with
IBS may account for the abnormal attention allocated to the aberrant
priors, which may be located in supplementary motor area (SMA) in
FMD, and in the insula and secondary somatosensory cortex (S2) in
IBS.””"" Anterior insula has been hypothesized by several authors as

a possible neural substrate for the comparator system between predic-
82,83

tions and errors in the interoceptive domain. ™" Finally, the amygdala

may have a predominant role in the creation and maintenance of these
priors.” PFC, prefrontal cortex.

Limitations and Future Perspectives

Our study has the following limitations. First, we discussed
functional disorders only: it is possible that the brain alterations that
we highlighted here are shared by several other organic diseases,
representing either an epiphenomenon of the disorders or a con-
tributing factor to their pathophysiology, as reported for pelvic pain
associated with endometriosis.” Second, although we mentioned
other functional disorders such as functional dyspepsia, fibromy-
algia and PNES, we mostly focused on FMD; next steps in the
research agenda would be (1) to revise the literature about neuroim-
aging in other functional disorders, and (2) to conduct experimental
neuroimaging studies, comparing patients with different functional
symptoms, in order to investigate both their common core and their
specificity. Third, we included mostly cross-sectional studies: hence,
we cannot exclude the hypothesis that these common brain altera-
tions are only common epiphenomena of the functional disorders,
and we cannot confirm our hypothesis that they may account for

IBS (and functional disorders) pathophysiology. Fourth, we did

not conduct a meta-analysis or quantitative analysis, which would
have reinforced our claim; future meta-analytic studies should as-
sess whether this similarity is confirmed when focusing on the sub-

regions of the aforementioned common areas.

Conclusions

Functional neuroimaging helps detecting, in patients with IBS,
several brain alterations which appear very similar to the ones ob-
served in patients with other functional disorders, such as FMD.
Overall, our findings lead us to speculate, under a theoretical and
neurobiological perspective, that different functional disturbances

may share a common pathophysiology.
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