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“The best driver of neuroplastic change in your brain is your behavior. (....)
Go out and shape the brain you want to have!”

Laura Boyd TEDx Talks Vancouver 2015
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ABSTRACT

Irritable bowel syndrome (IBS) is a common disorder of gut-brain interaction
defined by recurrent and longstanding abdominal pain and disturbed bowel
habits. This thesis aims to deepen the knowledge about aberrant visceral
sensory processing seen in a large group of patients with IBS, with particular
focus on central mechanisms. The methods used were rectal balloon
distensions using a barostat to evaluate rectal sensitivity, structural magnetic
resonance imaging of the brain to investigate regional gray matter properties,
and questionnaires to assess psychosocial factors, gastrointestinal and multiple
somatic symptoms (somatization).

Anxiety, depression and somatization were all associated with increased pain
intensity ratings in hypersensitive IBS patients. Non-painful intensity ratings
were influenced only by anxiety and to the same extent in normo- and
hypersensitive IBS patients. Somatization was further associated with several
measurements of rectal pain sensitivity, and mediated the effects of depression
and Gl-specific anxiety on rectal pain perception. Sex, age and sexual abuse in
adulthood were also associated with rectal pain sensitivity.

The level of somatization in IBS was related to differences in local gray matter
network connectivity, mainly in regions of the prefrontal cortex, insula and
cerebellum. The increased importance of prefrontal cortex and decreased
importance of insula implies that cognitive aspects are more important than
primary viscerosensory aspects in the neurobiological sensitization process in
IBS patients with high levels of somatization. Gray matter morphometry
differences between IBS and healthy controls in sensorimotor network seem to
be related to psychological distress in women, but not in men.

In conclusion, somatization, measured as multiple somatic symptoms, is
important for visceral (hyper-) sensitivity in IBS, and associated with altered
structural connectivity within the brain.
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SAMMANFATTNING PA SVENSKA

Irritable bowel syndrome (IBS) &r ett vanligt tillstind som karakteriseras av
aterkommande buksmaérta och avforingsrubbning. Orsakerna till IBS ér inte
helt klarlagda, men stérd kommunikation mellan mage-tarm och hjérna, via
den s& kallade ’brain-gut-axis’, anses vara av central betydelse. I denna
avhandling fordjupar vi kunskaperna kring bearbetningen av kénslosignaler
som kommer fran tarmen till hjarnan. Hos en stor del av patienter med IBS ar
denna bearbetning avvikande. Séarskilt intresserade dr vi av faktorer som
involverar centrala nervsystemet.

Med hjilp av ballong-distension av dndtarmen och gradering av symtom har
vi utvérderat kénslobearbetningen hos personer med IBS. Vi har visat att for
personer med IBS som har 6verkénslig tarm (14g smérttroskel), okar graden av
angest, depressiva symptom och multipla fysiska symtom (s.k. somatisering)
den smaértintensitet som rapporteras vid alla distensionsnivéer. For intensitet
av obehag har endast angestnivan en intensifierande effekt, och da bade for
personer med och utan Gverkdnslig tarm. Vi har dven visat att nivan av
somatisering hos personer med IBS dr associerat med ett flertal matt pa
smartkinslighet i dndtarmen. Somatisering medierar den smartintensifierande
effekt som depressiva symptom och mag- och tarmspecifik angest har pé
uppmétt smartkénslighet.

Med hjélp av anatomisk avbildning av hjirnan med magnetresonanstomografi
(MR/MRI) har vi undersokt form och storlek av hjérnans grasubstans i olika
omraden. Vi har visat att nétverket av hur lokala grasubstansvolymer
samvarierar skiljer sig mellan IBS-patienter som har hog respektive lag niva
av somatisering. Natverket skiljer sig &ven mellan bada dessa IBS-grupper och
friska forsokspersoner. Vi har utvirderat de omrdden som &r involverade, och
pa det sitt de skiljer sig i sina kopplingar. Vara resultat tyder pa att kognitiva
faktorer &r viktigare dn sensoriska signaler frdn mag- och tarmkanalen hos
personer med IBS som har hdg grad av somatisering. Vara resultat indikerar
ocksa att skillnader i omraden i hjarnan som hanterar direkta kidnselintryck och
motorisk aktivitet dr relaterade till psykisk ohélsa hos kvinnor, men vi ser inte
samma trend hos mén.

Slutsatsen av denna avhandling &r att somatisering, méitt som antal och
svarighetsgrad av multipla fysiska symtom, dr viktig for tarmens kénslighet
vid IBS. Detta kan ses som en neurobiologisk process med dndrade organiska
kopplingar i hjairnomraden vars huvudsakliga funktion dr inom kognition och
bearbetning av kinsloinformation fran kroppens inre organ.
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PHQ The Patient Health Questionnaire
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S2 Secondary Somatosensory cortex
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SCL-90R  The Symptom Checklist-90-Revised

sMRI Structural Magnetic Resonance Imaging
Tha Thalamus

v Volume

VAS Visual Analogue Scale

VBM Voxel Based Morphometry

WDR Wide dynamic range

VSI Visceral Sensitivity Index
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DEFINITIONS IN SHORT

Allodynia

Afferent

Efferent

Hyperalgesia

Hypersensitivity
Morphometry
Nociception

Nociceptor

Noxious stimulus

Pain

Perception

Plasticity

Viscera

Pain in response to a normally non-painful stimulus

[1].

Input fibers, travelling towards the central nervous
system from the periphery.

Output fibers, travelling from the central nervous
system towards the periphery.

An exaggerated sensitivity and perception of pain in
response to nociceptive stimuli [2].

Increased sensation of stimuli [3].
The quantitative analysis of size and shape [4].
The neural process of encoding noxious stimuli [5].

A peripheral sensory receptor that signals actual
tissue damage [6].

A stimulus that is damaging or threatens damage to
normal tissues [5].

An unpleasant sensory and emotional experience
associated with actual or potential tissue damage, or
described in terms of such damage [5].

The organization, identification, and interpretation of
sensory information in order to represent and
understand the presented information, or the
environment [7].

The ability to change in an activity-dependent
manner; it encompasses both structural and

functional changes [1].

Internal organs [6].
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1 INTRODUCTION

The brain is a fascinating place, a piece of jelly of about 1.3 kilograms [8, 9]
where we experience the world. Within the brain emotions, affections, goals
and dreams are created, but it is also the residence for pain.

The gut has an enteric nervous system (ENS) with approximately 100 million
neurons with the same embryonic basis as the brain and the spinal cord [10].
The gut with its nervous system has by tradition been closely linked to feelings
and emotions, such as having butterflies in ones stomach [11]. Irritable bowel
syndrome (IBS) is a disorder hallmarked by pain and disturbed bowel habits
[12]. It is also a disorder of gut-brain-interaction [ 13]. Many patients with IBS
suffer from visceral hypersensitivity [14] i.e. “feel their gut too much”, from
anxiety, depressed mood and various symptoms from many other regions of
the body (a phenomenon called somatization) [15]. Furthermore, some have
noted that IBS patients more often than others have experienced abuse [15].
What this does to the brain, having these chronic or recurrent adverse
experiences, or why some people experience these symptoms while others do
not, is still far from known.

In this thesis, we show that psychological distress in IBS is associated with
increased perception of rectal pain and that anxiety, but not depression or
somatization, is associated with unpleasant rectal sensations (paper ). We
show that the experience of multiple somatic symptoms from different bodily
regions (somatization) is related to the upregulation of rectal pain sensitivity
in IBS (paper II). Further, we show that possible differences in the brains of
IBS patients and healthy controls are influenced by sex and psychological
distress (manuscript III). Finally, we found differences in the gray matter
connectivity pattern based on different levels of somatization in IBS
(manuscript IV).

With this introduction, let the journey begin. A journey into the most intriguing
organ in the human body and its relation to the gut, in people suffering from
abdominal complaints, where the links are so complex no thesis alone can try
to explain it. This is my contribution.



Brain-gut interactions in IBS

1.1 IRRITABLE BOWEL SYNDROME

Irritable bowel syndrome (IBS) is a common disorder affecting approximately
11% of the adult population worldwide [16]. It is associated with impaired
quality of life [17] and limitations in daily activities [ 18], without affecting the
overall survival [19]. The economic burden of the disease is substantial at the
individual, healthcare system and societal levels [20].

IBS is defined by symptom-based diagnostic criteria that have changed over
time. The Rome IV criteria [21] were published in 2016 and are the current
standard. However, all subject inclusions for the works in this thesis were
completed before 2016. Therefore, for this thesis, Rome II [22] and Rome II1
[23] criteria are relevant. Common for all diagnostic criteria is recurring and
longstanding abdominal pain associated with disturbed bowel habits.

Differences between criteria are outlined in Table 1. The differences between
Rome II and III is the increased pain frequency, and the clarification in Rome
III that the symptoms must have been prevalent the last 3 months and present
for at least 6 months prior to the diagnosis.

Table 1. Definition of IBS according to different Rome criteria.

Rome I1 Rome 111 Rome IV
Frequency > 12 weeks/ 12 months | >3 days/ month > 1 day/ week
Duration The last 3 months The last 3 months
Symptom > 6 months > 6 months
onset
Pain Abdominal pain or Abdominal pain or Abdominal pain
discomfort discomfort
Associated (1) Relieved with (1) Improvement with (1) Related to
with >2 of: defecation. defecation. defecation.

(2) Onset associated
with a change in
frequency of stool.
(3) Onset associated
with a change in form
(appearance) of stool.

(2) Onset associated
with a change in
frequency of stool.
(3) Onset associated
with a change in form
(appearance) of stool.

(2) Associated with a
change in frequency
of stool.

(3) Associated with a
change in form
(appearance) of
stool.

In addition to the diagnostic criteria, symptoms of bloating, distension, gas,
dyspepsia, urgency and sensation of incomplete evacuation are common in IBS
[24]. There is also an increased prevalence of symptoms originating from
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outside the gastrointestinal (GI) tract, extraintestinal symptoms, compared to
healthy controls as well as compared to patients with organic GI disorders [25].

IBS is considered a multifactorial disorder with many functional alterations
described, amongst others: visceral hypersensitivity, functional brain
alterations, bowel motility and secretory dysfunctions, gut dysbiosis, altered
expression and release of mucosal and immune mediators, and somatic and
psychiatric comorbidities [12]. However, a coherent link between particular
pathologies and specific IBS symptoms has not yet been established [12]. The
disorder might be best understood through the biopsychosocial model [13, 15].
The biopsychosocial model postulate that illness presentation is the product of
biological (physiological and pathophysiological), psychological, and social
functions interacting at multiple levels [13].

IBS is one of many Functional Gastrointestinal Disorders (FGID). More than
a third of subjects with FGIDs, have multiple affected GI regions [26].
Increased number of FGIDs is associated with reduced quality of life (QoL),
increased health care consumption and increased level of somatization [26].

IBS and other FGIDs are often considered as chronic; however, there is a
considerable turnover, to other FGIDs or complete remission. In a population
based longitudinal study of FGIDs, around 20% had the same symptoms at
follow-up, 40% had no symptoms, and 40% had different symptoms at follow-
up [27]. In a 5-year longitudinal study in our secondary/tertiary outpatient
clinic at Sahlgrenska University hospital, 83% of the IBS patients had reduced
GI symptom severity over time and 17% had not [28]. The individuals with GI
symptoms without improvement had higher GI symptom burden to begin with,
and compared to the groups with improvement they were younger, more likely
female, had higher visceral sensitivity (lower rectal pain threshold during rectal
barostat), and had higher/worse baseline score on all psychological features
[28].

With this brief overview, we can conclude that IBS is common, and that a
subgroup of IBS patients have multiple somatic symptoms, high levels of
psychological symptoms, lower quality of life and worse prognosis than IBS
patients with limited GI symptoms. This view has recently been supported by
a study from our group using mixture model analysis showing six latent groups
based on bowel habits and the presence of high or low co-morbidities [29].

1.1.1 PATHOPHYSIOLOGY

There are several pathophysiological mechanisms that have been identified at
the group level, but at the individual level a coherent link between particular
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pathologies and specific IBS symptoms has not yet been established [12]. In
this section only a few of the pathophysiological mechanisms are described,
the ones with the greatest relevance for this thesis; the brain-gut axis, visceral
hypersensitivity, psychological distress and somatization.

The brain-gut axis is a complex, bi-directional system connecting the enteric
nervous system (ENS) and central nervous system (CNS). Disturbances at all
levels of the brain-gut axis could cause gastrointestinal symptoms [30, 31]. It
has been shown that IBS patients have lowered rectal pain threshold [32, 33]
and alterations in brain activation, demonstrated with functional brain imaging
techniques, when stimulating the rectum or sigmoid colon [34-37]. Moreover,
when simultaneously applying rectal and somatic painful stimuli, there is a
greater reduction in rectal pain intensity in healthy controls than in IBS
patients. This implies impaired activation of pain inhibitory control
mechanisms, termed conditional pain modulation, in IBS [38, 39]. In a recent
review and meta-analysis, it was shown that conditional pain modulation
indeed was significantly lower in IBS compared to controls with an odds ratio
of 484 (95% CI: 2.19-10.71) [40]. This strongly supports abnormal
descending pathways, most likely in combination with central sensitization, to
play an important pathophysiological role in IBS [40]. In the last decades, the
understanding of the role of the CNS and brain-gut interactions in IBS has
increased. In fact, in Rome IV, the term “Disorders of Gut-Brain interaction”
has been decided to be a more suitable term than Functional Gastrointestinal
Disorders for denoting this group of disorders [13].

Visceral hypersensitivity is a collective term for increased sensitivity for
visceral stimuli. It could be either the perception of normally non-noxious
stimuli as painful (analogous to allodynia), or increased intensity of noxious
stimuli (analogous to hyperalgesia) [41]. Rectal hypersensitivity, most often
defined as reduced thresholds to rectal balloon distensions, is found in 35-60%
of IBS patients [42]. Increased visceral sensitivity is associated with increased
GI symptom severity, and visceral hypersensitivity is considered an important
contributor to GI symptom generation in FGIDs [14].

There has been a longstanding debate on the role of peripheral versus central
factors contributing to visceral hypersensitivity in IBS [43]. Both peripheral
and central mechanisms are likely involved, but to which degree each of these
mechanisms contributes to the overall perception of visceral pain remains
unclear [44]. Visceral hypersensitivity can be mediated by a variety of factors
acting on peripheral, spinal, and/or central pathways [45]. Peripheral factors
might involve epithelial barrier dysfunction, alteration in serotonin signaling,
gut microbiota and mucosal immune response, and central factors might
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include hypervigilance, stress and symptom-driven anxiety [43]. It is stated
that the pathogenesis of visceral hypersensitivity is clearly complex and
multifactorial, involving a multitude of mediators, neurotransmitters, cell
types, at different locations of the brain-gut axis [46].

An important factor that warrants attention in IBS (and other disorders of gut-
brain interaction) is psychological distress [47]. Associations between IBS
symptoms, psychological factors and psychiatric co-morbidity have been
found in several epidemiological studies [48-51]. In the general population
about half of the people with IBS have psychiatric symptoms (compared with
one third in controls), and in other settings 40-90% of the IBS patients fulfill
criteria for a psychiatric disorder [52]. Levels of anxiety and depression are
consistently higher in IBS patients compared to healthy controls (regardless of
subgroup) [53], as well as compared to patients with inflammatory bowel
disease (IBD) [54]. Psychological symptoms and psychiatric disorders such as
anxiety, depression, panic, posttraumatic stress and somatization disorders
often precede or exacerbate FGID symptoms [55].

Somatization is a concept that can be defined and operationalized in different
ways. It can be viewed as a tendency to express psychological distress or
psychiatric illness as bodily symptoms [56]. The view of somatization as
secondary to psychological distress is sometimes referred to as “presenting
somatization” [57]. Alternatively, it can be viewed as the primary presence of
multiple medically unexplained symptoms, possibly reflecting an altered
functioning of the CNS [58]. This phenomenon is sometimes referred to as
“functional somatization” [57]. For research purposes, the number and severity
of somatic symptoms can be measured using questionnaires, with the sum of
the scores indicating level of somatization [59]. About two-thirds of FGID
patients experience symptoms of other functional somatic syndromes such as
interstitial cystitis, chronic pelvic pain, headaches, and fibromyalgia, at least
partly independent of psychiatric comorbidity [15]. The majority of the excess
health care costs in IBS is from medical care not directly related to lower GI
problems [60].

However, there has been some debate about the nosology. ‘Multisystem
symptoms’ or ‘multiple somatic symptoms’ might be a more appropriate
nomenclature, since somatization unfortunately is conceived as a patient-
blaming term, not fully related to the underlying neurobiological mechanisms
[61]. Another suggestion for the terminology has been ‘multiple physical
symptoms’ [62]. In this thesis, the term somatization is consistently used, as
the questionnaires used to measure multiple somatic symptoms are known as
questionnaires of somatization. It is my personal view that somatization is a
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neurobiological process that makes some individuals more susceptible to
perceive stimuli (in particular painful stimuli), both external and from within
the body, in association with psychological and behavioral attributes. This will
be brought up in the Results and Discussion subchapter 4.5.1 ‘Somatization or
central sensitization?’. Somatization in this sense is most likely only present in
a subgroup of IBS subjects, and probably represents the ones who are affected
worst by their disorder [26].

In a large 5-cohort, 3-country study of visceral hypersensitivity, the association
between visceral sensitivity and GI symptom severity remained significant
after controlling for psychological distress as well as after controlling for non-
GI symptom severity [14]. This suggests that visceral hypersensitivity,
psychological factors and somatization have independent, and possible
additive effects, in the pathophysiology of IBS.

1.2 SENSORY TRANSMISSION OF THE Gl
TRACT

The GI tract has many functions necessary for digesting food, absorbing
nutrients and expelling waste. In paper I, II and manuscript III, rectal
mechanosensory function was investigated in IBS. In order to put the results
in a broader context, a brief overview of the transmission of sensory stimuli,
especially focusing on pain, is presented in this section.

The innervation of the GI tract can be divided into extrinsic and intrinsic, and
only a minority of the sensory information from the GI tract induces conscious
perception [63]. The intrinsic innervation, i.e. the ENS, is a part of the
autonomic nervous system [64]. It consists mostly of regulatory loops
controlling motility, mucosal secretion and absorption, local blood flow and
immune function in the gut [65]. The relevance of the ENS related to pain is
thought to be primarily based on excitation of extrinsic afferents by
neuropeptides [65].

The extrinsic innervation conveys information between the GI tract and the
CNS, and consists of vagal and spinal (splanchnic and pelvic nerves)
innervation [6]. The vagus nerve and pelvic nerves are mostly involved in
physiological sensations; the vagus for the upper GI tract (hunger, satiety,
emesis etc) and the pelvic nerves for the lower GI tract (urgency, desire to
defecate, etc), even though they have some implications for painful sensations
as well [65]. The major players in colorectal pain transmission are the
splanchnic nerves. The splanchnic nerves have cell bodies in thoracolumbar
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dorsal root ganglia, and secondary neurons in the spinal cord dorsal horn. The
ascending pathways takes one of five tracts to the brain. Some paths have
mainly subcortical regulatory functions not reaching consciousness and some
conveys information via thalamus to the cortex were it is consciously perceived
and interpreted [65]. There are two parallel streams from the thalamus, one
reaching the posterior insula (pIns) and somatosensory cortex (S1), and one
reaching the anterior cingulate cortex (ACC) and prefrontal cortex (PFC) [66].
The plns-S1 stream is thought to primarily encode sensory-discriminatory
aspects of visceral sensory perception. The ACC-PFC stream is thought to
primarily encode motivational and cognitive aspects of visceral sensory
processing [66].

There are several different ways to characterize the sensory afferents of the GI
tract. To simplify this, Brookes et al have suggested five types of sensory
neurons; intraganglionic laminar endings (IGLEs), mucosal afferents,
muscular-mucosal afferents, intramuscular endings, and vascular afferents
[67]. Of these, vagal IGLEs and mucosal afferents likely only generate limited
conscious perception. Rectal intraganglionic laminar endings (rIGLEs), on the
other hand, are low-threshold slow adapting mechanoreceptors with a wide
dynamic range (WDR) of responses to distension, also into the noxious range
[67]. Vagal intramuscular endings responds to higher thresholds than the
IGLEs, have a wide dynamic range into the noxious range of intraluminal
pressures and contain capsaicin-sensitive TrpV1 channels, as is the case for
many nociceptors [67]. Spinal/rectal intramuscular endings exist, but their
physiological function is less well studied than their vagal counterparts.
Vascular afferents seem to be present only in the spinal innervation, not the
vagal. They are thought to be nociceptors, responding to strong compression
or probing, changes in perfusion rate, and are sometimes called mesenteric or
serosal afferents based on their anatomical location [67].

Pain pathways could probably be activated by rectal distension through pelvic
nerve activation induced by rIGLEs, rectal muscular and muscular—mucosal
endings, and vascular afferents. The muscular and muscular-mucosal afferents
are thought to have low-threshold, WDR mechanoreceptors in the colorectum.
Vascular afferents have high thresholds to distension, show slow firing rates
and have other characteristics frequently associated specifically with
nociceptors [67].

A special class of afferents have also been implicated in visceral
hypersensitivity, so called silent nociceptors or mechanically insensitive
afferents [2]. These are normally insensitive to mechanical stimulation but
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become active and mechanosensitive in pathophysiological conditions where
they contribute to the development of hyperalgesia [2].

1.3 RECTAL SENSITIVITY TESTING USING
RECTAL BAROSTAT

Rectal barostat testing for evaluating the visceral sensitivity status in IBS is
widely used for research and, to a lesser extent, clinical purposes. “The
principle of the barostat is to maintain a constant pressure within an air-filled
flaccid bag positioned in the lumen of the organ to be studied” [68].

Several techniques can be used to assess visceral responses to colorectal
distension. Nociceptive responses can be quantified by pain ratings,
neurophysiological readouts, inhibition of the RIII reflex, autonomic responses
or brain imaging [46]. Perceptual responses to rectal barostat testing refers to
the participant defining thresholds or intensity ratings for sensations (usually
of first sensation, urge to defecate, discomfort and pain), or viscerosomatic
referral. Perceptual responses to rectal distension have shown moderate
correlations with IBS symptoms, are highly reproducible and are relatively
easy to assess [46].

If choosing perceptual responses to quantify visceral sensitivity in rectal
barostat testing, various other considerations need to be made which might
influence the results. The exact location of the distension (sigmiodeum, colon,
rectum); distensions based on pressure or volume; the speed of inflation;
returning to baseline pressure between distensions or not; ascending methods
of limits (AML) or (double) random staircase methods; how to define visceral
hypersensitivity, etc.

The discriminatory properties of rectal barostat to identify IBS subjects were
investigated in a study using AML distension. Pain threshold was defined as
the first time subjects rated the sensation as painful, with sensation of pain
scoring at least VAS 3 out of 10 [32]. With a cut-off level for pain threshold <
40 mmHg, the sensitivity of the rectal barostat to identify IBS patients from
healthy controls and non-IBS patients with abdominal pain was 95.5% and its
specificity was 71.8%. The positive and negative predictive value was 85.4%
and 90.2% respectively [32].

The definitions of visceral hypersensitivity have varied in different studies. It
could for example be based on pressure thresholds, or VAS cut-off values [69].
By calculating receiver operating characteristic curves of pain perception, the
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optimal cut-off for defining visceral hypersensitivity was in one study detected
to be a VAS pain ratings >20 mm at < 26 mmHg rectal distension [69]. The
author points out that this cut-off, however, is for their specific barostat
protocol.

Although there are several considerations to be made, rectal barostat testing
can reliably give valuable information about the visceral sensitivity status in
an individual. However, direct comparisons between studies can be difficult
based on the many different ways of perform rectal barostat testing, as
highlighted above.

1.4 NEUROPLASTICITY

Neuroplasticity, or neuronal plasticity, refers to structural and functional
changes in neural circuits in response to experience [70, 71]. Plasticity can be
addressed at different levels: from the level of synapses with changes in
synaptic strength or formation of new synapses and removal of existing
synapses [70] to changes in the human adult brain in response to changes in
the external environment or the internal milieu [71]. These adaptive changes
can occur in response to new experiences throughout life [70], and there is
strong evidence of correlation between learning and brain changes [71].

In a review of 33 longitudinal studies in healthy volunteers using MRI-based
techniques to measure morphological changes in response to learning, the
results were mixed [72]. In most visuo-motor tasks, such as juggling, there
were increased regional gray matter volumes whilst the results for cognitive
tasks were less consistent (both increase, decrease and no change in gray matter
volume were found) [72].

Plasticity could be maladaptive, leading to behavioral loss or development of
disease symptoms [71]. Maladaptive plasticity is considered an established
factor in pain chronicity [1]. In a meta-analysis of chronic pain, decreased gray
matter volumes were seen in several regions, some involved in pain perception
(such as insula, putamen, ACC, precentral gyrus and thalamus), as well as
regions not commonly regarded as pain-processing areas (such as inferior and
middle frontal gyrus and superior temporal gyrus) [73].

Longitudinal studies suggest that the pain state drives the morphological
changes, as opposed to morphologic alterations being predisposing for disease
[74-77]. In some instances, longitudinal studies have shown disease-related
changes that normalize after treatment [76, 78]. Further, the association of
transient gray matter changes in relation to pain has been shown in patients
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with episodic tension-type headache [79], and patients who develop chronic
headache after traumatic whiplash injury [77]. Interestingly, in healthy subjects
who sensitized to repeated noxious stimuli, there were regional gray matter
reductions similar to those seen in chronic pain states (including cingulate,
insular and frontal regions, and amygdala), whereas subjects who habituated
did not show any changes after repeated heath stimuli [80].

The cellular correlates that underlie the macroscopically detected gray matter
plastic changes are so far incompletely understood. They are thought to be
composed of a combination of adult neurogenesis (for certain regions such as
the hippocampus), synaptic changes (such as changes in dendritic length and
branching or in the number of dendritic spines per neuron), and changes in the
number and morphology of glial cells [81]. It could also reflect a change in cell
sizes, as well as changes in blood flow or interstitial fluid. [71].

It has been suggested that individual brain structure can potentially be used to
predict subsequent performance and plasticity [82], and that inter-individual
variability can give information about the neural basis of human behavior and
cognition [83]. For example, the size of the amygdala correlates with inter-
individual differences in memory, social phobia and social network size [83].
There is also a possibility that experience-induced plasticity differ between
health and disease.

With structural brain MRI, regional changes in gray matter have been seen in
response to learning, as well as in disease. To fully understand these changes,
the underlying mechanisms must be determined. The results and discussion in
this thesis will be unsatisfactory in this regard, since mapping the cellular
changes of regional gray matter in relation to disease is not being studied
herein. Instead, we will increase our knowledge of regional gray matter
properties in IBS, and how regional gray matter volumes are linked depending
on level of somatization.

1.5 FUNCTIONAL NEUROANATOMY

This section gives a brief overview of the known or postulated functions of
brain regions of relevance for this thesis. The descriptions are incomplete but
are meant to serve as a dictionary when reading this thesis, and will mostly
highlight functions that might be of relevance for IBS. However, it is crucial
to also have the basic understanding that the relationship between information
encoded in primary afferents of the Gl-tract and the conscious perception of
such information is far from linear [37].

10



Cecilia Grinsvall

The brain regions below are included in manuscript III or IV, or both, which is
displayed in brackets and the regions with descriptions in this brief overview
are written in italic. The regions are displayed alphabetically and includes:
Amygdala (IV), Basal ganglia (11l and 1V), Cerebellum (1V), Cingulate (IV),
Hippocampus (IV), Hypothalamus (IV), Inferior parietal lobe (1V), Insula (111
and 1V), Prefrontal cortex (IV), Primary motor cortex (11l and 1V), Primary
somatosensory cortex (Il and 1V), Secondary somatosensory cortex (I11),
Superior frontal gyrus (III and IV), Superior temporal gyrus (IV),
Supplementary motor area (111 and 1V), and Thalamus (I1I and 1IV).

The Amygdala (IV) is a subcortical structure in the bilateral temporal lobes,
which has been well conserved through evolution [84]. It has a crucial role in
fear responsivity and the acquisition of experience-dependent fear and threat
memories. Amygdala contributes to human emotional behavior in general [85].
Amygdala is a rapid detector of aversive environmental stimuli and situations,
leading to affective or behavioral responses to potential threats [84].

The Basal ganglia is a collection of subcortical gray matter nuclei: putamen
(III and IV), caudate nucleus (III), nucleus accumbens (III) (collectively also
known as the striatum) and globus pallidus (III) [85]. The striatum receives
input from all cortical areas through the thalamus, and projects principally to
frontal lobe areas [86]. There are interactions between the regions, but there
seems to be regional specializations with the ventral striatum being more
associated with reward and reinforcement, the caudate nucleus with cognition,
and the putamen with motor control and automated movements that require
little cognitive effort [87]. The basal ganglia and frontal cortex cooperate to
learn optimal behavior and to execute goal directed behaviors [87]. The dorsal
striatum is implicated in habit memory and stimulus-response learning [88].
There is evidence indicating that stress and glucocorticoids may, in addition to
influencing the hippocampus-dependent memory system, also impact memory
processes in the dorsal striatum, and may induce a shift from hippocampal to
dorsal striatal control of learning [88].

The Cerebellum (IV) contains almost 80% of the total brain neurons. It
consists anatomically of two hemispheres and a narrow midline zone (vermis),
and is functionally divided into the flocculonodular lobe, the medial (vermis),
intermediate (paravermis) lobes —together called the spinocerebellum, and the
lateral zone regarded as the cereberocerebellum [89]. The cerebrocerebellum
is the largest and functionally most important part, and is reciprocally
connected with the cerebral cortex [89].

11



Brain-gut interactions in IBS

The cerebellum is believed to constantly compare planned motor commands
and the actual somatosensory feedback to adjust motor output if necessary. In
functional brain imaging studies, the cerebellum is also activated during
cognitive tasks involving working memory, language, time perception,
executive functioning and emotional processing [89]. The cerebellum is
critical to motor and cognitive automation and adaptation, situations in which
operations become skilled and automatic. [90].

Further, the cerebellum is involved in emotions, social cognition, autonomic
functions, perception and pain [91]. Perceptual optimization and prediction of
incoming information have been shown to rely on cerebellar processing in
virtually all sensory domains, and cerebellum is one of the brain structures that
is most consistently responsive to pain [91].

The Cingulate Cortex is situated on the medial side of the hemispheres and
can be subdivided into anterior cingulate cortex/ ACC (IV), middle cingulate
cortex/ MCC (IV), and posterior cingulate cortex/ PCC. The middle cingulate
has relatively recently been acknowledged as separate from ACC and PCC in
terms of structure and function, and has two divisions, anterior (aMCC) and
posterior (pMCC) middle cingulate cotex [92]. Sometimes the term dorsal
ACC has been used for aMCC [92].

The cingulate cortex receives afferent signals from anterior nuclei of the
thalamus, sends efferent projections to parahippocampus and then
hippocampus, and has many bilateral connections with frontal, temporal and
occipital cortices [93].

The ACC is assumed to have a role in memory functioning and filtering of
irrelevant information in order to protect memory processes from interfering
stimuli [93]. It is activated by a range of emotions, and seems to facilitate
prefrontal influences in corticolimbic inhibition, including emotional and
cognitive modulation of pain [94]. The ACC is involved in emotional
awareness and has a role in central autonomic regulation [92]. The ACC
evaluates the outcome of planned actions, and if confident we can reach our
goal, the ACC informs the motor system about the best action, whereas if the
outcome is uncertain, the ACC initiates a stress response through amygdala
[95]. The ACC is involved in the affective aspects of pain processing [73].

The MCC has a role in skeletomotor functioning, cognitive information
processing, and pain [92]. The aMCC is frequently activated during fear but
not during non-emotional conditions, and generates avoidance responses to
fear, which is postulated to be implicit premotor signals, not conscious
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emotions [92]. The aMCC is also frequently activated in human pain studies
[92]. The pMCC is involved in reflexive orientation of the body in space to
sensory stimuli, including noxious stimuli. The pMCC has almost no evoked
emotional activity, and is activated in response to pain that is perceived as
controllable rather than uncontrollable [92].

Hippocampus (IV) is one of the most studied parts of the brain, with
associations to various memory functions, spatial navigation/discrimination,
and creative thinking and flexible cognitions, amongst others [96].
Hippocampus is a key structure for spatial and declarative memory formation,
and therefore important for plasticity and adaptive brain functions [97]. The
hippocampus encodes both spatial and temporal information, and is essential
for remembering information about temporal and situational contexts, as well
as sequences [98].

Further, the hippocampus, and adjacent parahippocampal regions, have vast
and complex bidirectional interconnections with amygdala. These interactions
play a critical role in emotion, learning, memory and complex behavior [99].

There is adult neurogenesis (formation of new neurons) in the hippocampus,
which is highly regulated by experience as well as environmental and
biological factors [100]. The adult neurogenesis has been implicated in
learning, memory, but also in regulating emotional status, such as anxiety and
depression, and cognitive flexibility. Further, adult neurogenesis is required
for some of the beneficial effects of antidepressants through SHT 1A receptors
[100].

Insula can be roughly subdivided into anterior (IV) and posterior (III and IV)
sections, and each section has different cytoarchitectonic features,
connectivity, and functions. The insular cortex might be the main cortical
target of the spinothalamic system [101]. Insula has been related to sensory,
gustative, language and auditory functions, but also viscerosensation,
vomiting, autonomic control and vestibular processing [101]. Insular seizures
are commonly associated with viscerosensory and gastromotor symptoms
[102].

Interceptive information reaches the posterior insula by ascending sensory
inputs from spinal and brainstem pathways via specific thalamic relays [103].
From posterior insula, the information is projected onto the anterior insula,
where it is integrated with emotional, cognitive, and motivational signals from
an array of cortical and subcortical regions [103]. In a small study of
intracranial stimulation of human insula, stimulations that produced visceral
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responses were located in midposterior insula [104]. Anterior insula is
associated with the affective dimension of pain processing and expectation of
pain, and posterior insula is associated with sensory-discriminative aspects of
pain processing, including somatotopy [73].

The Inferior parietal lobe /IPL (IV) is one of the most densely
interconnected cortical regions in the human brain [105], and has connections
with inferior frontal, posterior temporal and insular regions [106]. The
inferior parietal cortex is generally considered to intergrade various
modalities (eg somatosensory, visual and auditory), and plays an important
role in various higher cognitive functions [107]. IPL, in conjunction with
prefrontal areas, is argued to have an important role in how self relates to
other, as well as in the sense of agency [108]. IPL has been suggested being a
part of the neuronal basis for empathy; specifically the emotional part of
empathy [109].

Prefrontal cortex /PFC (IV) is an important brain structure for performing
executive functions. Executive function is a product of the coordinated
operation of various neural systems, is essential for achieving a particular
goal in a flexible manner, and is essential for most cognitive functions [110].
PFC functions includes attentional set, temporal organization of behavior,
planning of complex tasks to accomplish future goals, access and manipulate
information stored in long-term memory, working memory and error
monitoring [110, 111].

PFC exerts top-down modulation on various cortical and subcortical structures
[110]. During working memory, PFC is activated in conjunction to other
regions dependent of the nature of the memory task. Regardless of memory
task, orbital PFC (OFC) is activated after the choice, reflecting the reward
value of the outcome of that choice [111].

Different parts of PFC have some specific characteristics. Mental simulation
of an outcome, especially if it is pleasant, activates medial prefrontal areas
(mPFC). The ventrolateral prefrontal regions (vIPFC) is engaged during
complex pain modulation, leading to a change or reappraisal of the emotional
significance of pain [112]. The vIPFC has been shown to mediate the
hyperalgesic effects of negative cognitions in patients with fibromyalgia [113].
Further, vIPFC contribute to long-term memory formation, and the degree of
activity in the vIPFC during encoding predicts the probability of the successful
recall of memorized materials [110]. The anterior prefrontal regions are
involved in memory retrieval, and hemispheric differences in prefrontal
contribution to long-term memory processes have been reported. [110]. The
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venteromedial prefrontal cortex (vimPFC) is closely associated with visceral
and emotional functions, and has strong connections to the hypothalamus,
amygdala, and hippocampus [87]. The orbitofrontal cortex (OFC) links
sensory representations of stimuli to outcomes [87].

Primary motor cortex/ M1/ Precentral gyrus (III and IV) is by tradition
known to consist of ‘upper motor neurons’, but the evidence of its involvement
in cognitive motor processing and motor learning is increasing [114, 115].
Intracortical recordings in human patients with epilepsy have shown activation
in M1 in response to both non-noxious and especially noxious cutaneous
stimuli. The noxious response in M1 had similar latencies as in S1, which
suggests parallel processing, and indicates spinothalamic input directly to M1
[116]. Also with MEG technique in healthy subjects, evidence for M1
excitation by noxious stimuli have been found [117].

Primary somatosensory cortex/ S1/ Postcentral gyrus (III and 1V) is
associated with coding innocuous tactile somatosensory information in a
somatotopic fashion, thereby generating somatic sensations [118, 119].
Evidence supports that S1 is also involved in pain processing, in particular the
localization of the stimuli [118]. It has been argued that neuronal activity in S1
participates in producing awareness of the sensory/discriminative aspects of
pain, but not the awareness of its unpleasantness [119]. There are also
indications of S1 being involved in modulation of the affective and attentional
component of pain [120]. Visceral stimuli, both innocuous and noxious, have
in many (but not all) studies been show to elicit activation in S1 in HC, as well
as in IBS subjects [37].

Secondary somatosensory cortex/ S2 (III) is involved in the processing of
both nociceptive and non-nociceptive information [121], with a predominant
role of S2 is in the sensory—discriminative dimension of pain [120]. There
exists parallel pathways from thalamus to S1 and thalamus to S2, as well as
intrinsic connectivity between S1 and S2 [122]. The quality of the pain elicited
by direct stimulation of S2 are very similar to those elicited by stimulation to
(adjacent) insula. [121]. The activity in S2 measured by MEG were tightly
time-locked to the painful esophageal stimulus, showing it has a role also in
visceral sensory characterization and intensity coding [120].

Superior frontal gyrus (III —included in SMA, IV —included in PFC but
specified as superior frontal gyrus (and sulcus)).

Supplementary motor area/ M2/ SMA (IIl, IV) has traditionally been
considered a key region for motor planning and execution. SMA has been
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implied in timing, spatial processing, numerical cognition and working
memory. The diversity of the functions in which SMA are involved in has
given rise to the notion that the unifying cause of these associations is a role of
SMA in sequence processing [123]. SMA has an abstract role, subserving
sequential processes required to create a representation of time, likely
dependent on other brain regions being co-activated [123].

Superior temporal gyrus (IV) might be involved in the aspect of pain
processing responsible for monitoring mismatches between predicted and
actual sensations [73].

The Thalamus (III and [V) is a subcortical gray matter structure in the midline,
deep within the brain. The thalamus is a critical hub, consists of several nuclei,
and relays sensory information from the periphery, or subcortical structures, to
the cortex. In fact, all cortical regions receive projections from the thalamus.
[124]. It is implied that the human thalamus is an integrative hub for functional
brain networks, not only a passive relay station, and that it is engaged in
multiple cognitive functions. [124]. In supraliminal rectal distension studies,
thalamus is consistently activated in HC and IBS, but to a larger spatial extent
in IBS patients [36].

1.6 BRAIN IMAGING IN IBS

Brain imaging, or neuroimaging, is a collective term for the use of various
techniques to directly or indirectly visualize the structure or function of the
CNS. There are different modalities of brain imaging, such as magnetic
resonance 1imaging (MRI), positron emission tomography (PET),
electroencephalography (EEG) and magnetoencephalography (MEG)
[37]¢uPPL), The most commonly used modality of brain imaging in IBS is MRI,
which can be either structural or functional. MRI modalities are further divided
into structural gray matter (as is used in manuscript III and IV) or structural
white matter (for instance with diffusion tensor imaging/DTI) analyses, and
functional MRI (fMRI) using an evoked paradigm or resting state recording of
spontaneous blood oxygenation level dependent (BOLD) fluctuations [125].
The BOLD fluctuations in fMRI are indirect measures of neuronal activity and
can be used to identify which brain regions are more or less active during a
certain experimental paradigm, such as painful rectal stimulation [125].

The MRI technique uses magnetic fields, radio waves and field gradients [96].
“A strong electromagnetic field align the hydrogen atoms of water molecules
in the brain tissue. Radio frequency fields are used to systematically change
the alignment of the magnetization. This results in a rotating magnetic field
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created by the hydrogen atoms as they return to baseline that can be detected
by the MRI scanner. The resulting signal can be used to construct an image of
the brain because different tissues (e.g., gray and white matter) have different
magnetic properties” [81]. T1-weighted images creates large differences
between white and gray matter and are therefore commonly used for measures
of gray matter morphology [81]. Structural MRI scans are high resolution
anatomical scans, and time course for changes of regional gray matter is not
completely established but seems to take days to weeks to occur [126].

There are several studies on FGIDs, especially IBS, using different brain
imaging modalities. In this background, I will not be able review the entire
literature, but will highlight the current knowledge by referring to a few
influential papers published on this topic.

First, the Rome Working Team Report from 2009 [37] covered published
fMRI studies using acute visceral stimulation of the esophagus, stomach and
colon in healthy controls (36 studies) and patients with FGIDs (18 studies, 16
of which were in IBS) from 1997 and later. They found that the insula and
anterior cingulate cortex (ACC) were the most commonly reported regions
activated by visceral stimuli both in patients and in healthy controls. Overall,
patients showed similar regions of activation as healthy controls, but greater
activation in ACC, insula, hypothalamus, infragenual cingulate cortex and
amygdala, and decreased activation in dorsal pons [37].

Next, a meta-analysis from 2011 by Tillisch et al [36] aggregated brain
imaging data (fMRI and PET) from 18 supraliminal rectal distension studies.
They found regional overlap in IBS and healthy controls in the thalamus,
aMCC, pACC, and anterior insula, though greater spatial extent of activation
in IBS was seen in thalamus and aMCC. The insular activation differed
between groups, with IBS having greater extension posteriorly to middle
insula, and healthy controls greater activity in anterior insula. IBS showed
greater activation in right pACC, left amygdala, right superior frontal cortex
and the midbrain. Healthy controls had greater activity in the putamen, pre-
and postcentral gyrus and some parts of the prefrontal cortex. Further,
Brodmann area 40 (inferior parietal lobe) were activated in healthy controls
but not in IBS. The authors conclude that IBS patients have greater engagement
of regions associated with emotional arousal and endogenous pain modulation,
similar activation of regions involved in processing of visceral afferent
information, and controls have greater engagement of cognitive modulatory
regions [36].
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Lastly, a review by Weaver at al [125] was published in 2016, covering 27
articles (6 structural gray matter MRI studies, 2 structural white matter
connectivity analysis/DTI studies, 9 rectal distension fMRI studies, 4 resting
state fTMRI studies, 4 other fMRI studies, and 2 studies using other brain
imaging modalities) from the years 2009 to 2015. The two most consistent
findings using gray matter structural MRI was: reduced cortical thickness of
anterior insula in IBS, and in women increased gray matter (cortical thickness
and volume respectively) in left primary somatosensory cortex. In the two
white matter (DTI) studies included in this review, no consistent results were
reported [125]. Differences in functional responsiveness during rectal
distension showed consistently greater activation in IBS than healthy controls
in ACC, MCC, amygdala, anterior and posterior insula and PFC. [125]. They
also conclude that the results of brain imaging studies in IBS are greatly
influenced by confounding factors such as sex, anxiety, depression, traumatic
experiences, pain catastrophizing and level of gastrointestinal symptoms [125].

To date (November 1% 2018), there are 13 published papers available on
PubMed on gray matter morphometry in IBS [127-139], the first one published
in 2008 [127]. Eleven studies compared IBS and healthy controls, one study
compared IBS with healthy controls and ulcerative colitis [133] and one study
compared IBS with asymptomatic diverticular disorder, low somatization
diverticular disorder and high somatization diverticular disorder [139]. Eleven
studies investigated correlations between gray matter and clinical parameters
(two did not investigate group differences, only looked at correlations between
brain and Catechol-O-methyltransferase (COMT) genotype [134] and
microbiota and brain [138] respectively), and one study only investigated
group differences and not correlations with clinical variables [127]. Study
populations ranged from N=IBS/HC: 9/11 [127] to 121/209 [134]. Six studies
were done in females only, and seven was done in, or in collaboration with the
group at UCLA, Los Angeles, USA.

There are several different methodologies, regions of interest (ROIs), research
questions etc., which precludes from direct comparisons between studies.
There are a number of inconsistent findings, but the overall picture is
summarized below. Please note that [ have not done a formal structured review
or meta-analysis supporting these statements.

1) In all instances but one (right posterior cingulate cortex in an
adolescent male/female cohort) where IBS had greater gray
matter metrics than healthy controls, the studies were made
only in females or this group difference were only seen in the
female subgroup.
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2)

3)

4)

5)

6)

Regions larger in (female) IBS than healthy controls were
mainly seen in primary sensory- and motor- cortices (e.g. pre-
and postcentral gyrus, central sulcus, paracentral lobe).
There were more instances where healthy controls had greater
gray matter metrics than IBS, these were seen both in studies
in females only, as well as in mixed-sex-studies.

Regions larger in healthy controls than IBS were more
frequently seen in subcortical regions (thalamus, ventral
striatum, amygdala, hippocampus, brainstem, putamen),
insula (anterior, middle and posterior), 4ACC (especially
subgenual ACC were shown repeatedly), PF'C (middle frontal
gyrus, middle orbitofrontal gyrus, lateral and medial
orbitofrontal gyrus, dorsomedial and dorsolateral PFC), and
posterior parietal cortex.

Group differences and correlations does not have to occur in
the same regions within the studies.

Due to different clinical measurements used, gray matter
metrics, other methodological differences and inconsistent
findings, there is hard to see an overall picture for the
correlational analyses.

19



Brain-gut interactions in IBS

2 AIMS

At the start of this PhD project, it was clear that abnormal CNS function is
present in at least subgroups of IBS patients, and probably important in the
etiology and pathogenesis of IBS. It was not clear if these abnormalities are
restricted to visceral sensations, or represent a generalized phenomenon of
altered CNS function. It was also not well known if the heightened visceral
sensitivity in IBS is due to local factors in the colon, such as receptor
abnormalities, dysfunction in the gut-brain-gut-communication, or abnormal
processing or modulation of the signals that reaches the brain.

The overall aim of this PhD project was to deepen the knowledge of the
abnormal visceral sensory processing in IBS patients, especially regarding the
involvement of central factors such as psychological distress and somatization
in this pathophysiologic mechanism of IBS.

Specific aims and hypotheses

Paper I: The aim was to characterize the differences in perception of painful
and non-painful sensations during rectal distension, and explore the impact of
psychological factors on this perception in hypersensitive and normosensitive
IBS patients. We hypothesized that we would be able to demonstrate the type
of afferent pathways that are upregulated in visceral hypersensitivity: high-
threshold afferent pathways, or wide dynamic range (WDR) afferent pathways.
This concept comes from the theory that the sensory intensity ratings at
different distension levels can give information about the type of afferent
pathways are involved [140], see Figure 1.
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Figure 1. Hypothesis of separate upregulation of pain-specific (high-threshold) afferent
pathways and wide dynamic range (WDR) afferent pathways (first presented by
Vandenberghe et al [140]). Upregulation of pain-specific pathways should only increase
the response to higher levels of distension pressures. Upregulation of WDR afferent
pathways, on the other hand, should increase the response to all pressure levels.

Paper II: The aim was to explore how psychological factors, abuse and
somatization relate to visceral sensitivity. The main hypothesis was that
somatization mediates the relationship between abuse and/or psychological
factors and visceral sensitivity.

Somatization

Abuse &

Psychological
factors

Visceral
sensitivity

Figure 2. Hypothesis of paper II, somatization mediates the relationship between abuse
and/or psychological factors and visceral sensitivity.
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Figure 3. Hypothesis of manuscript 111, gray matter morphometry of the sensorimotor
network differs between patients with IBS and healthy controls. In the IBS group, different
parts of the sensorimotor network correlates with reported symptoms of abdominal pain
and bloating, than the regions correlating with symptoms evoked by rectal barostat
distension.
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Manuscript III: The aim was to explore the sensorimotor brain network
morphometries and the relation to psychological factors, symptoms and
visceral sensitivity in IBS. The hypotheses were that there would be
differences between IBS and HC in regions of the sensorimotor network, that
these differences would be influenced by psychological factors, abuse and sex,
and that there would be correlations between clinical measurements of visceral
sensitivity and gray matter morphometry in IBS.

Manuscript I[V: The aim was to identify “a somatization brain network™ in IBS.
The hypothesis was that the brain connectivity in IBS with high level of
somatization would differ from those with IBS low somatization, and that both
IBS groups should differ from healthy controls, but IBS high somatization
should differ greater compared to healthy controls than IBS low somatization.
This would indicate that the underlying pathophysiology differs between IBS
high and low somatization, with IBS high somatization having more
contributing components of central nature.

IBS high somatization IBS low somatization

?

Figure 4. Hypothesis IV. The concept of using graph analysis to compare
connectivity between two groups. Please note that the nodes and edges are
completely unrelated to brain structures and hypothesized links, but are meant only
for illustrative purposes of the concept.
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3 SUBJECT COHORTS AND METHODS

All four articles are based on analyses of two different study cohorts, collected
in large studies with the overall aim to evaluate different aspects of the
pathophysiology of IBS. Both cohorts were recruited from the outpatient clinic
for functional GI disorders (Mag- och tarmlaboratorium) at Sahlgrenska
University Hospital, Gothenburg, Sweden, which has a mixed secondary —
tertiary care function. The patients came for their IBS through self-referral or
referral from another physician, mainly in primary health care. The diagnosis
was based on Rome criteria, a typical clinical presentation and additional
investigations if considered necessary. Exclusion criteria for both cohorts
were: other GI disease(s) explaining the symptoms, severe disease(s) such as
malignancy, severe heart disease, kidney disease or neurological disease,
severe psychiatric disease or pregnancy.

Table 2. Overview of the subject cohorts used in the analyses for the different
papers.

Paper | Paper 11 Paper 111 Paper IV
Total subjects N=138 N=1372 N=98 N=97
IBS N=138 Cohort 1 (C1) N=231 N=67 N= 66
Cohort 2 (C2) N= 141
Females, N (%) 105 (76%) | C1/C2: 181 (78)/100 (71) | 48 (72%) 48 (72%)
Males, N (%) 33 (24%) | C1/C2:50(22)/ 41 (29) 19 (28%) 18 27%)
Healthy controls N=0 N=0 N=131 N=31
(previous
Females, N (%) study for 20 (65%) 20 (65%)
Males, N (%) reference, 11 (35%) 11 (35%)
N=34)
Age range 18-75 C1: 18-75 18-65 18-65
(accepted in C2: 18-65
study)
Age mean +/- sd
IBS 36+12 C1/C2:36+12/35£12 33£10 33£10
HC 3249 3249
Included year 2003- C1:2003-2007
2007 C2:2010-2014 2011-2014 2011-2014
Rome criteria Rome IT Cl: Rome II Rome III Rome III
C2: Rome IIT

Cohort 1 was enrolled between 2003 and 2007, aged 18 to 75, and diagnosed
with IBS according to Rome II criteria [22]. The second cohort was enrolled
between 2010 and 2014, aged 18 to 65 and had IBS according to Rome III
criteria [23]. Cohort 1 is used in article II and (a subgroup) in article I. Cohort
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2 is used in article II, III, and IV. Cohort 2 is almost the same in paper I1I and
IV (apart from one male IBS patient who had not completed the PHQ
questionnaire), and the subjects in paper III/IV is a subset of the individuals in
cohort 2 in paper IL

Table 3. Overview of the questionnaire data and physiological measurements
used in the different papers.

Paper | Paper 11 Paper 111 Paper IV
Anxiety SCL-90R HADS subscore | - -
Depression SCL-90R HADS subscore | - -
Psychological | - - HADS total score | HADS
distress total score
Somatization | SCL-90R C1: SCL-90R - PHQ-14
(N=124), PHQ-
15 (N=107)
C2: PHQ-15
Abuse data - CI N=124 N= 96 (missing= -
C2 N=141 2, both IBS)
4 subcategories. | Overall Yes/No
Other VSI (GI- IBS-SSS IBS-SSS
questionnaires specific GSRS-IBS
anxiety) -Abdominal pain
-Bloating
Rectal Protocol A Protocol A Protocol B -
barostat, Protocol B
distension
protocol
Rectal -Thresholds: -Pain threshold | -Pain threshold -
barostat *First sensation -Pain referral -Pain intensity
measurements | *Urge to defecate | area ratings at 24
*Discomfort -Pain intensity mmHg
*Pain rating (36
-Intensity ratings, | mmHg rectal
(several distension | distension).
levels):
*Unpleasantness
*Pain
Brain imaging | - - -Volumes -Volumes
Structural -Cortical thickness | -ROIs
MRI -Surface area from
-Measurments - Mean curvature literature
-Region of -Sensorimotor [36] [125]
interest network associated
(ROIs) with IBS
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3.1 QUESTIONNAIRES
IBS symptoms

Two of the most widely used questionnaires to assess the severity of IBS
symptoms are the IBS severity scoring system (IBS-SSS) and the
Gastrointestinal Symptom Rating Scale (GSRS), which has been developed
into an IBS-specific version (GSRS-IBS) [59].

IBS-SSS is a validated questionnaire to assess symptom severity consisting of
five questions: pain severity, frequency of pain, severity of abdominal
distension, bowel habits dissatisfaction and how much IBS interferes with life
in general [141]. Each question generates a score between 0-100, and the total
questionnaire is scored 0-500 where 0 is no symptoms and 500 is the maximal
symptom severity [141].

The GSRS-IBS and IBS-SSS differs in several ways. Most importantly, in
GSRS-IBS it is possible to separately determine the perceived severity of
diarrhea and constipation, which is not possible with IBS-SSS, as this
questionnaire only asks for dissatisfaction with bowel habits [59]. The GSRS-
IBS contains 13 items, arranged into 5 domains: satiety, abdominal pain,
diarrhea, constipation and bloating [24].

Psychological symptoms

The Hospital Anxiety and Depression scale (HADS) is a self-report
questionnaire consisting of 14 questions to assess emotional and cognitive
aspects of depression and anxiety [142]. The score is traditionally calculated
for the 7 anxiety items and 7 depression items separately, resulting in 2 scores;
one for anxiety (0-21) and one for depression (0-21) with high scores reflecting
high symptom burden [143]. In recent years, the latent structure of HADS has
been questioned with the suggestion to use the total score as a measure of
emotional/psychological distress [144].

The Visceral Sensitivity Index (VSI) is a validated questionnaire to measure
Gl-specific anxiety [145, 146] consisting of 15 statements covering five
dimensions of Gl-related cognitions and behaviors; worry, fear, vigilance,
sensitivity and avoidance. After conversion, the total scores range from 0 to 75
and reflects the level of GI-specific anxiety with a high VSI score indicating a
high level of Gl-specific anxiety. The Visceral Sensitivity Index is the only
validated instrument to measure Gl-specific anxiety, with good psychometric
properties [59].
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The Symptom Checklist-90-Revised (SCL-90R) [147] is a questionnaire
developed to measure psychological symptom patterns of psychiatric and
medical patients. It consists of nine primary symptom dimensions and three
global indices of distress. Of these, we have used depression and anxiety in
paper I, and somatization in paper I and cohort 1 in paper II.

Somatic symptom severity / somatization

The PHQ-15 consists of 15 questions about the most prevalent somatic
symptoms across different bodily systems; nausea, abdominal pain, altered
bowel habit, back pain, limb pain, headaches, chest pain, dizziness, fainting
spells, palpitations, breathlessness, menstrual cramps, dyspareunia, insomnia,
and lethargy. The total score ranges from 0 to 30, with increased scores
denoting increased somatic symptom severity, or somatization [148]. The 15
somatic symptom account for more than 90% of symptoms seen in primary
care [59]. Three of the questions are gastrointestinal questions (‘stomach pain’;
‘constipation, loose bowels, or diarrhea’; and ‘nausea, gas, or indigestion’),
and one question is regarding menstrual pain. In paper IV, the menstrual
question was removed, and we called this questionnaire PHQ-14.

In primary care setting, the psychometric properties of nine questionnaires of
somatization were tested, including PHQ-15 and SCL-90R. In that setting,
PHQ-15 was one of the top two questionnaires, whereas SCL-90R had some
promising results, but had too little evidence for higher ranking [149]. For
large-scale studies, the SCL-90 somatization subscale and PHQ-15 has been
recommended in a review of 40 questionnaires, due to their well-established
psychometric properties, inclusion of relevant symptoms, and relatively short
length [150].

History of abuse

The abuse questionnaire by Leserman and Drossman [151] was used to obtain
information about abuse history. Four different domains were investigated:
childhood physical, childhood sexual, adult physical and adult sexual abuse.
In paper II, the presence or absence of abuse history was dichotomized for the
four domains, and in manuscript III, subjects were dichotomized as having
experienced abuse overall or not. The division between having experienced
abuse (or not) was for the yes/no questions of the questionnaire defined as any
‘yes’, and for the frequency parts of the questionnaire as: ‘seldom’,
sometimes’, or ‘often’.
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3.2 RECTAL BAROSTAT PROTOCOLS

A seminal consensus-paper on rectal barostat testing from 1997 [68] states that
subjects should be fasted; only tap water enema should be used for rectal
cleansing to minimize rectal irritation; sensory thresholds should be reported
as pressures rather than volumes since pressures show less measurement error;
and sensations should be reported on a graduated scales (not only yes/no). All
these recommendations have been followed in the work presented in this
thesis.

In paper I, visceral hypersensitivity was defined as pain threshold <31 mmHg;
this value represents the mean pain threshold for healthy controls minus 2 SD
using the same protocol. In paper Il and III we did not divide the IBS patients
into normo- or hypersensitive. Instead, we used the pain threshold as a
continuous variable. Therefore, no threshold defining visceral hypersensitivity
was required.

The exact protocols of the barostat procedures can be found in paper I, 11
(including supplementary information) and III. A summary of protocol A (used
in paper I and II), and protocol B (used in paper II and III) is represented in
Figure 5 and 6 respectively. The preparations for both protocols were similar;
subjects came after an overnight fast and received a rectal cleansing tap water
enema (500-800 mL). A polyethylene balloon attached to a double-lumen
polyvinyl tube (Salem Sump Tube, 18F; Sherwood Medical, Tullamore,
Ireland) was inserted into the rectum, leaving the distal attachment site 5 cm
from the anal verge. Distension to a maximal volume (650 mL) resulted in a
spherical balloon shape. The catheter was connected to a computer-driven
electronic barostat (Dual Drive Barostat, Distender Series II; G&J Electronics
Inc, Toronto, Ontario, Canada). The initial inflation sequence to unfold the
balloon and familiarize the subjects with the barostat differed between the
protocols. For protocol A, two distensions at 25 mmHg each were performed.
For protocol B, one distension sequence increasing in steps of 4 mmHg from
0 to 20 mmHg was used. The operating pressure (OP) was set to 2 mmHg
above the minimal distending pressure (MDP) necessary to record respiratory
variations in the balloon volume, and these definitions were the same in both
protocols. The protocols from here on forward differed substantially.

In protocol A, an AML rectal distension protocol [33] was performed (Figure
5), with each phasic isobaric distension step (inflation speed 45mL/s) lasting
30 seconds and followed by 30 seconds at OP. Starting at OP, in every
distension step the intra-balloon pressure was increased by 5 mmHg until pain
was reported, or until a pressure of 70 mmHg was reached. During the last 10
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seconds of each distension step, subjects were asked to rate their perceived
rectal sensation as either no sensation, rectal fullness, urge to defecate,
discomfort or pain. Following each pressure step, all subjects rated the
perceived intensity of pain on a 100-mm visual analog scale (VAS), from ‘no
pain’ to ‘worst imaginable pain’, and the perceived overall intensity of non-
painful sensations (‘unpleasantness’) on a 100-mm VAS ranging from ‘no
unpleasantness’ to ‘worst imaginable unpleasantness’.

After the distension protocol, patients were asked to mark the location of their
painful sensations on a schematic body map (scale 1:4) to assess the
viscerosomatic referral area for pain, considered to reflect processing of
sensory information at the level of the spinal cord [152]. Pain threshold in
paper I and paper II cohort 1 was defined as the distension pressure above OP
at which the subject first reported pain.

Sensory thresholds Pain referral area

Distension leve
N
(4]

0D 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
Minutes

Figure 5. Rectal barostat protocol A [153]. See text for further information.

In protocol B, another AML rectal distension protocol [154] was used, with
ramp inflation increasing with steps of 4 mmHg (inflation speed 45mL/s)
without returning to OP between different steps. Starting at 0 mmHg, the
distensions progressed with 4 mmHg increments every 60 seconds until pain
was reported or until a pressure of 60 mmHg was reached. Thresholds for first
sensation, desire to defecate, urgency, discomfort and pain were assessed
(Figure 6).
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After this AML protocol, the balloon pressure returned to OP before the second
distension paradigm, where the subjects received four fixed phasic distensions
at 12, 24, 36 and 48 mmHg above OP in random order. The distensions lasted
for 60 seconds with an inter-stimulus interval of 2 minutes with the balloon
pressure at OP. During the last 30 seconds of distension, the participants were
asked to complete VAS ratings for urge to defecate, gas, discomfort and pain.
The maximum pressure used for the random phasic distension was limited by
the pain threshold from the previous AML; only one distension level above the
AML pain threshold was delivered (e.g. if pain threshold in the AML was 32
mmHg; distensions of 12, 24 and 36 mmHg above OP were delivered, but not
48 mmHg above OP).

Sensory thresholds VAS intensity ratings
l No pain Worst imaginable pain
60;
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0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
Minutes

Figure 6. Rectal barostat protocol B [153]. See text for further information.

Few subjects completed all four distensions, therefore we choose to analyze
the 36 mmHg distension with last value carried forward if the 36 mmHg
distension was not performed in paper 11, whereas the distension of 24 mmHg
was used for paper III. The different approaches were due to amount of
information lost when using the 36 mmHg, last distension carried forward
approach.
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3.3 GRAY MATTER MORPHOMETRY AND
FREESURFER

The gray matter is where the neuronal cell bodies are located, and can in the
human brain can be found as the outer surface of the brain called the cortex,
and collections of grouped nuclei deep within the brain: the basal ganglia,
thalamus and brainstem. Gray matter morphometry refers to the quantitative
analysis of gray matter form (size and shape).

The first study describing subtle anatomical changes using morphometry in
patients was published in 1999 [71], using voxel-based morphometry (VBM)
and studying idiopathic headache [155]. The two most used method to study
gray matter morphometry are VBM and surface-based analysis (of which
FreeSurfer is the most commonly used segmentation tool) [156]. A voxel is
defined as a three-dimensional pixel [157], for example, in our studies with the
size of 1x1x1 mm’. There are a number of gray matter segmentation tools
available such as Statistical Parametric Mapping (SPM), FMRIB’s Software
Library (FSL) and FreeSurfer, each having strengths and weaknesses, but all
showing high reliability [158].

The automated or semi-automated processes involved in these cortical
parcellation softwares can be divided into the steps of preprocessing and
parcellation. The preprocessing usually includes skull stripping, bias field
correction and tissue classification (also known as segmentation) into gray
matter, white matter, cerebrospinal fluid and other [159]. With parcellation the
brain is divided into smaller anatomical regions and labeled based on atlases
and algorithms of the software [159].

The VBM method involves spatially normalizing the images to a stereotactic
space; extracting gray matter by characterizing the voxels as either gray matter,
white matter, cerebrospinal fluid or background noise based on voxel
intensities; smoothing; and finally statistical comparison of groups [160]. The
output from the VBM method is a statistical parametric map showing regions
where gray matter concentration differs significantly between groups [160].
With modulated VBM, a jacobian deformation field is used to be able to
interpret the statistical parametric maps as the volume of gray matter instead
of gray matter concentration/density [161].

The work on gray matter morphometry included in this thesis used FreeSurfer,
a freely available suite of tools for surface-based analysis
(http://surfer.nmr.mgh.harvard.edu/) with high level of automated processes.
The FreeSurfer reliability have been shown to be excellent with intraclass
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correlation coefficients, for cortical regions>0.87 and for subcortical
regions>0.95 [162].

In surface-based analysis, morphometric measures are derived from geometric
models of the cortical surface [161]. Surface-based method used by FreeSurfer
includes intensity normalization, skull stripping, segmentation, tessellation,
and inflation [163, 164]. The segmentation procedure is based on a
combination of the voxel intensities and local geometric information
identifying the gray—white mater border [163]. This boundary between gray
and white matter is used as a reference point for morphological measures, and
the pial-gray matter interface (the outer surface of the cortical gray matter) is
determined [156] by ‘growing’ the gray-white matter boarder until the gray
matter-cerebrospinal fluid limit is detected [159]. When the cortical sheet has
been identified this way, the cortical surface is inflated to a spherical
representation with minimization of metric distortion so that the spherical
surface accurately represents the shape of the folding pattern of the cortex
[165]. The alignment of the spherical representation (to an average or a
template) is based on folding patterns, which yields more accurate registration
of cortical areas across individuals than for instance the 3D Talairach
coordinate system [165].

The spherical sheet of cortical gray matter can then be used to calculate
cortical thickness, surface area, volumes etc. Different atlases can be used to
label the different anatomical regions [156]. We used the Destrieux atlas
[166] for cortical parcellation, although other atlases are also available such
as the Desikan-Killiany atlas [159].

The automated segmentation of subcortical regions can be based on a
combination of MRI image properties (such as different intensity histograms),
and local spatial relationships between structures (such as the amygdala is
situated anterior and superior to the hippocampus) [167].

Four morphological measures were computed and extracted for each cortical
parcellation: volume (V), surface area (SA), cortical thickness (CT), and
mean curvature (MC). The different measurements represent distinct features
of the cortex. Cortical thickness and surface area are genetically unrelated
with two distinct sources of genetic influences [168]. Volume is genetically
and phenotypically more closely related to surface area than cortical
thickness [169]. Mean curvature is a measurement of the folding of the
cortex, with increased mean curvature meaning sharper cortical folds [170].
Increased mean curvature has been interpreted as white matter atrophy,
primarily in studies of neurodegenerative disorders [171].
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In manuscript 111, we wanted to investigate the different aspects of the gray
matter morphometry of the sensorimotor network and therefore used all four
measures. For manuscript IV, we chose only volumes as there where many
instances with significant correlations between the different measurements in
the same region, which is not suitable for graph analysis. Volumes were
chosen since it captures information of both surface area and cortical
thickness (although indirect so if they goes in opposite directions it will be
missed), and since volume is the most widely used measure in the literature,
thereby facilitating comparisons between studies.

3.4 STATISTICAL AND DATA ANALYSES

The main results of paper I are based on mixed-models, an extension of general
linear models (GLMs), where we are particularly interested in interaction
effects. Paper II uses mediation analysis based on a combination of stepwise
GLMs and bootstrapping. The main results of manuscript III are based on
ANOVAs and ANCOV As, which are also variants of GLMs. Lastly, the main
results of manuscript IV is based on network connectivity and graph analysis.
The next sections give some background information about the different
methods used. In addition, all papers use basic statistical analyses for
describing and comparing group characteristics.

3.4.1 GLMS, MIXED MODELS AND INTERACTION
EFFECTS

The general equation of the GLM is: Y = o + B:1 X + X2+ . . . + BiXoi, where
Y is the dependent variable (also known as the predicted or response variable),
all X are independent variables (predictor or explanatory variables), the Po is
the intercept (the value Y takes if all X=0) and the [ are the coefficients (or
weights) assigned to the independent variables [172]. The independent
variables are not allowed to correlate, if having more than one independent
variable. If the independent variable(s) are numerical/quantitative/continuous,
they are called covariate(s), and if they represent groups/categorical (e.g.
males/females), they are called factors.

GLMs can be used in different statistical procedures, such as

-the analysis of variance/ANOV A, where all independent variables are
factors;

-the analysis of covariance/ ANCOVA, which is a GLM with at least one
factor and one covariate;

-the linear regression, where all variables are covariates [172].
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A B gives the predicted change in Y for one unit increase in X, and the unit
varies with the independent variable. Therefore, one cannot compare the
magnitude of the Ps for different variables unless they are standardized.
Standardized P are related to standard deviations; one standard deviation
change in variable X, will result in a ; standard deviation change in Y [172].

The linear mixed models are extensions of the GLM [173]. You could rewrite
the GLM equation as: Outcome = Intercept + Fixed effects + Error. The Fixed
effects are the independent variables you are interested in, or want to control
for. The equation for Mixed models would then be: Outcome = Intercept +
Fixed effects + Random effects + Error, with Fixed effects being to variables
you are interested in, or want to control for, and Random effects being
variables that you are not interested in but need to be accounted for.

In a study with repeated measures, the repeated measures cannot be treated as
independent variables as they come from the same individual and are expected
to correlate. In paper I, we use several different distension steps to evaluate the
progression of intensity ratings between groups. By using mixed methods, we
can specify subject as a random effect (a variable we are not interested in but
need to account for since we use the same subject multiple times), and thereby
still being able to detect the fixed effect from the variables we are interested in
such as sensitivity status, anxiety etc.

An interaction effect is an “it depends effect” [174]. The effect of variable X
on Y depends on Z if there is an interaction effect between X and Z. In our
paper I we have main effects, or independent effects, for example sensitivity
status (being normosensitive or hypersensitive to rectal distension), distension
level and depression on pain intensity ratings, but also interaction effects
between for instance sensitivity status*distension level on intensity ratings.
This is an example of a two-way interaction effect, investigating if the increase
in pain intensity ratings with increased distension levels are dependent on
whether you are normo- or hypersensitive to rectal distension. We also
examined three-way interaction effects. A three-way interaction effect
examines to what degree a third variable influence the two-way interaction
effect. In paper [ we used the three-way interaction effect to study if there are
differences in the increase of intensity ratings with increased distension level
based on the interaction between anxiety/depression/somatization and the
sensitivity status (if the subject is normo- or hypersensitive).
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3.42 MEDIATION AND BOOTSTRAPPING

Mediation analysis can be used when we think we know the mechanism
through which a predictor variable affects the outcome through a mediator, and
want to test this statistically. Mediation analysis is an attractive and well-used
method as it can use cross-sectional data to indicate possible causal effects,
given you know, or have good reason to postulate, the temporal precedence.
However, if we are wrong in our presumptions, the model will be of little value,
or worst case misleading [175]. The path going from the independent variable
through the mediator to the dependent variable is called the indirect effect, and
all other ways that the independent variable influences the dependent variable
is called the direct effect [176].

The starting point of a mediation analysis is answering these questions [177]:

1) Does the independent variable (X) predict the dependent (outcome)
variable (Y)? Le. is there an effect that can be mediated?

2) Does the independent (X) variable predict the mediator (M)? I.e. can
the mediator relate some information about the independent variable?

3) Does the mediator (M) affect the dependent variable (Y)? Is there a
significant relationship between the mediator and the outcome after
controlling for the independent variable?

Variable X Variable Y

Significant correlation

== Mediator -,

Variable X Variable Y

Non-significant correlation

Figure 7. Illustration mediation effect.
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In case of complete mediation, the effect of the independent variable on the
outcome variable (direct effect) becomes non-significant when controlling for
the mediator, if only reduced it is called partial mediation.

When mediation has been indicated by answering yes on the above-mentioned
questions, we want to determine if the indirect effect (i.e. the path from
Variable X - Mediator = Variable Y) is significant. This includes rejecting
the null-hypothesis that the indirect effect = zero, and can be tested using a
variety of methods such as the Sobel test, or as in our paper 11, bootstrapping.

Bootstrapping is a nonparametric approach to estimate effect-size and test
hypothesis that makes no assumptions about the shape of the distributions of
the variables or the sampling distribution of the statistic [177]. In
bootstrapping, the sample data is used to simulate new data sets. One bootstrap
sample is created by randomly selecting the same number of observations as is
in the sample data, from that pool of possible outcomes. The sampling is made
with replacement so that the same value can appear many times in the
simulated data, which by that is not identical as the sample data. This
bootstrapping procedure is repeated many times, in paper II we used 1000
bootstrap samples, each with its own statistical properties such as mean,
standard deviation and spread. The bootstrap procedure uses these sampling
distributions as the foundation for creating confidence intervals and hypothesis
testing of our sample data.

3.43 NETWORK CONNECTIVITY AND GRAPH
ANALYSIS

“Graph theory provides a powerful method for quantifying the organization of
brain connectivity” [178].

Analyzing the brain’s structural connectivity is thought to capture
neurobiologically important aspects of the brain organization [179]. Network
analysis can help identify similarities and differences in the organization of
neural networks [180], and abnormal connectivity has been found in
neurological and psychological disorders by comparing structural or functional
brain network properties [181].
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The analysis of networks originated from the mathematical field of graph
theory [180]. Networks in graph theory are based on nodes, also known as
vertices, and links, also known as edges or connections [181]. Nodes are called
neighbors if they have direct connections through an edge [180]. Links can be
binary, i.e. connection defined as present or absent based on threshold(s), or
weighted i.e. bear information about the connection strength between the nodes
[180, 181]. In this thesis, we have used weighted graph analysis, since the
results are presumably more straightforward, it is more robust, and it retains
more information of the network properties, albeit at the cost of being more
computationally demanding [182].

Binary graph Weighted graph

Nodes Nodes

- =

N N

Edges Edges

Figure 8. Binary vs weighted graphs.

There are several measures of brain connectivity graphs (=networks) that could
be calculated, both at a global, and a local level. Since global measurements
were not significantly different between the groups of interest in paper IV,
these measurements are not specified in detail herein. Global measurements
reflect overall estimates for the entire network, and “provide an indication of
the entire network’s capability for information integration” [183].

In this thesis, nodes = regional gray matter volumes, and edges = Pearson
correlations between regional brain volumes (corrected for total gray matter
volume). There is an underlying assumption in this paradigm, that the
correlations of brain regional volumes have a biological meaning. For
example, brain regions where the volumes correlate may have similar
functions, may be part of the same network, or may be influenced by the same
factors.
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In the following section, the local graph measures used in this thesis are
described. Please note that we have used weighted graphs in this thesis,
whereas the figures shows binary graph measures (except node strength where
a weighted graph is shown) for simplification, the weighted equivalents are
much more complicated.

3.44 GRAPHANALYSIS MEASUREMENTS (LOCAL)

Node degree is the number of links connected to the node, and the weighted
variant of node degree is called node strength. Node strength is defined as the
sum of weights of all links connected to a specific node [181]. A change in a
node with high node strength would strongly effect many other nodes [184].

Node degree Node strength

> weights of connected edges

Number of edges, for N, =4
(here shown for N,

Figure 9. Node degree and node strength.

Paths are sequences of linked nodes. Path length in a weighted network is the
total sum of individual link length, where link lengths are inversely related to
link weights [181]. In anatomical networks paths represent potential routes of
information flow, and shorter paths imply stronger potential integration [181].
Centrality regards the relative importance of a node or edge within the overall
network architecture, one frequently used metric of centrality is betweenness
centrality [185].

Betweenness centrality is defined as the fraction of shortest paths in the
network that pass through a given node [181]. Nodes with high values of
betweenness centrality participate in a large number of shortest paths [186].
Betweenness centrality represents how strongly a given node can influence
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information flow in the network, an estimate of how a change in a given node
would affect the rest of the network [184].

Paths and shortest path

Possible paths between N and N, Shortest path between N; and N,

PN

Figure 10. Paths and shortest path.

Betweenness centrality Clustering coefficient
How often the shortest path between any two How often a node’s (here N,)
nodes goes through a certain node neigbhours are connected

For instance, N, is part of the shorthest path
between Ny and N,

SN

Figure 11. Betweenness centrality and clustering coefficient.

The local clustering coefficient is a measure of neighborhood connectivity
[180]. It is defined as the number of connections between the neighbors of a
node divided by the number of all potential connections between its neighbors
[180]. High clustering is associated with robustness of a network, i.e. resilience
against random network damage [187].
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The efficiency of a network measures how well information propagates over
the network [188, 189]. Local efficiency is the averaged efficiency of all first-
order neighborhoods [190], the inverse of the average shortest path connecting
all neighbors of that node [187]. Local efficiency measures how fault tolerant
the system is at a local level, how efficient the communication between
neighbors would be if one of the nodes were removed [188].

Local efficiency Hubs

Efficiency (related to the inverse of the
characteristic path length) of the subnetwork (in
green) consisting of the neighbours of node N1 and

their connections.

Nodes with a central position in the overall
organization of the network.

Figure 12. Local efficiency and hubs.

A hub is a node with a central position in the overall organization of the
network [ 185]. There are no single measure for defining network hubs; instead,
it is often preferable to detect hubs by aggregating rankings across different
measures, most of which express aspects of node centrality [185]. In paper IV
we have used four criteria for detecting hubs. Using dummy scores with one
point for each of the four: 20% of nodes showing highest strength, highest
betweenness centrality, lowest path length and lowest local clustering
coefficient, hubs were defined as hub score >2.

Modules are subgroup of nodes within a network that have a larger number of
connections within the module, and a smaller number of connections to nodes
outside of their module [185]. Modules are also called clusters, communities
[180], modular structure or community structure [181]. The nodes in a module
should have maximal within-module connections and minimal between-
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modules connections and represents functional segregation [181]. Nodes in
the same modules tend to have similar functions [180].

Modules

|
Module B

Figure 13. Modules and modular structure.
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4 RESULTS & DISCUSSION

In this chapter, the main results from the four papers/manuscripts will be
described separately. The results will be described without numbers, as these
can be found in the respective paper/manuscript, to simplify reading. The
results will be presented in three ways: a brief summary, bullet points, and
graphical abstract, to try to convey the results as clearly as possible.

Thereafter, I will discuss results arching over more than one paper/manuscript,
and address some aspects that I would like to discuss more in depth, moving
beyond what have already been discussed in the respective paper/manuscript.

4.1 MAIN RESULTS PAPER |

Paper 1 showed that depression and somatization were associated with
increased perception of painful rectal sensations in hypersensitive, but not in
normosensitive IBS patients. Anxiety was associated with augmented ratings
of painful rectal sensation in hypersensitive IBS, and non-painful rectal
sensations were increased by anxiety in both hypersensitive and
normosensitive IBS patients alike. The results indicated upregulation of WDR
afferent pathways, either solely or in combination with high threshold afferent
pathways, as the intensity ratings were increased in hypersensitive IBS patients
for the full range of distension levels, including innocuous stimuli.

Main results in bullet format:

1) Anxiety and hypersensitivity independently increased the
slope of the distension-perception curves for both pain and
unpleasantness ratings.

2) When including the interaction between anxiety and
sensitivity status, anxiety increased the pain ratings —
distension level curve only in hypersensitive IBS patients.

3) Anxiety had the same effect on the slope of the distension-
unpleasantness curve in hypersensitive and normosensitive
IBS patients.

4) Depression had no independent effect on the slope of the
distension-perception curve, for pain nor unpleasantness
ratings.

5) When including the interaction between depression and
sensitivity status, depression increased the slope of the
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distension-pain curve in hypersensitive IBS patients only, but
had no effect on unpleasantness ratings.

6) Somatization increased the slope of the distension-pain curve.
When including interaction with sensitivity status, this
increase was seen only in hypersensitive IBS.

7) Somatization had no effect on the slope of the distension-
unpleasantness curve, neither alone nor when considering
sensitivity status.

Unpleasantness distension-level- Pain distension-level-anxiety-sensitivty
anxiety-sensitivty interaction 5 interaction
-
o 5
c =
- o
[ 5
> o
= @
¢ =
a o
t =
— n
E I
Distension level i
Unpleasantness distension-level- Pain distension-level-depression-
depression-sensitivty interaction sensitivty interaction
Unpleasantness distension-level-somatization-  Pain distension-level-somatization-
sensitivty interaction sensitivty interaction
m Normosensitive Low  ® Normosensitive High IBSN=131
m Hypersensitive Low  m Hypersensitive High Hypersensitive 45% Normosensitive 55%

Figure 14. Paper I included 131 IBS patients, 45% of whom were hypersensitive to rectal
distension, and 55% were normosensitivie. Shown are the 3-way-interaction-effects for
the three psychological variables x two sensation ratings during increased level of rectal
distension. The high and low category are only created for illustrative purposes, based on
a median split for the respective measure: anxiety, depression and somatization. The
mixed models used these variables as continuous. The progression of the intensity ratings
curve with increased distension levels are shown in blue for normosensitive IBS patients
and in red for hypersensitive IBS patients. The 3-way-interaction-effect can be interpreted
as: if the change in the slope between the red and the blue fields are different there is an
interaction-effect, if they are not different there is no interaction-effect. In the upper left
corner we can see that the increase in the progression of the unpleasantness ratings with
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increased distension level is the same for both hypersensitive and normosensitive IBS
(there is no 3-way-ineraction-effect), i.e. the progression of the slope is not dependent on
the combination of sensitivity status and anxiety. In the upper right corner we can see that
the increase of the progression of the pain ratings with increased distension level is
different between hypersensitive and normosensitive IBS (there is a 3-way-interaction-
effect). Specifically, the progression of pain ratings depends on the combination of anxiety
level and sensitivity status. Similar interpretations can be done in the second row for
depression, and the third row for somatization level.

4.2 MAIN RESULTS PAPERII

Paper II showed that somatization was associated with various measurements
of rectal pain sensitivity in IBS. Somatization mediated the effect Gl-specific
anxiety had on pain referral area, and the effect depression had on pain
intensity ratings. Neither anxiety, depression nor Gl-specific anxiety had any
independent effects in the final models. Sexual abuse in adulthood had an
independent effect on rectal pain thresholds in IBS.

Main results in bullet format:

1) Somatization was significantly associated with most
measures of rectal pain sensitivity (pain threshold when
distension went back to baseline between distensions, pain
referral area, pain intensity ratings at 36 mmHg; but not pain
threshold when distensions were successively increased
without going back to baseline).

2) Somatization mediates the effect of Gl-specific anxiety on
pain thresholds (when the pressure goes back to baseline
between distensions).

3) Somatization mediates the effect of depression on pain
intensity ratings (at 36 mmHg rectal distension level).

4) Sexual abuse in adulthood was the only form of abuse with an
(independent) effect on pain threshold (in both distension
protocols). Experience of adult sexual abuse was associated
with lower thresholds (i.e. higher sensitivity).
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Figure 15. Paper Il used two different IBS cohorts and two different rectal distension
protocols to assess four measurements of visceral sensitivity: pain threshold from the two
different protocols illustrated in the figure, pain referral area (using the rectal distension
protocol to the left), and VAS pain intensity ratings at 36 mmHg rectal distension.
Anxiety, depression, Gl-specific anxiety and four types of abuse (sexual abuse in
childhood and adulthood, physical abuse in childhood and adulthood) were assessed
through questionnaires. Black arrows in the figure represent main effects/direct effects on
the sensory measure as dependent variable, and the red arrows show mediation though
somatization to influence the visceral sensory measures.
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4.3 MAIN RESULTS MANUSCRIPT Il

Manuscript III showed that, at the uncorrected significance level, there were
differences in regional gray matter morphometry between IBS and healthy
controls, especially in posterior insula and supplementary motor cortex, which
in women were related to psychological distress. Evoked pain in IBS showed
positive associations with gray matter metrics in primary sensory and motor
regions, while spontaneous abdominal pain was associated with reduced
thalamic volume and secondary somatosensory cortex area.
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Main results in bullet format:

1) In the entire sample, IBS patients showed a trend towards
thinner cortex in right posterior insula and bilateral
supplementary motor area, related to psychological distress.

2) There were indications of many disease-by-sex interaction
effects on gray matter morphometry in IBS.

3) In women, IBS-related gray matter differences in the
sensorimotor network were related to psychological distress;
this was not seen in men.

4) When controlling for sex and age, increased rectal pain
sensitivity assessed with rectal barostat indicated associations
with increased size of primary motor cortex and primary
somatosensory cortex.

5) When controlling for sex and age, increased symptoms of
abdominal pain indicated associations with decreased
thalamus and secondary somatosensory cortex volumes.

female male

ﬁ i before controlling for
psychological distress

brain regions showing gray
matter differences between
IBS and healthy control

secondary motor cortex /
supplementary motor area

[ caudate nucleus

D mid-posterior insula

after controlling for
psychological distress

Figure 16. Highlights results in manuscript III. Group differences between IBS
and healthy controls vanished in women after taking into account psychological
distress, whereas the results in men were virtually unaltered. Courtesy of Hyo
Ryu, who made this figure.
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Figure 17. An overview of the study of manuscript II1. Structural brain MRI scans of IBS
patients (n=67) and healthy controls (n=31) were acquired and parcellated using
FreeSurfer. Regions of the sensorimotor network were selected as regions of interest. IBS
and healthy controls were compared with and without taking psychological distress and
sex into account. In IBS patients only, pain threshold and pain intensity rating during
rectal barostat distensions, and abdominal pain and bloating from the GSRS-IBS were
correlated with subregions of the sensorimotor network.
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44 MAIN RESULTS MANUSCRIPT IV

In manuscript IV, we demonstrate differences in structural gray matter
connectivity, defined as correlations between (total gray matter volume
corrected) gray matter volumes of regions previously identified to be involved
in IBS. This was seen between IBS patients with high vs low levels of
somatization (IBS high somatization and IBS low somatization, respectively)
as well as between healthy controls and both IBS groups. These differences
were found at the local level, but no group differences were found in the global
network structure. The most robust findings were associated with altered
network metrics in parts of the prefrontal cortex, insula and cerebellum.

Main results in bullet format:

1) At the more robust significance level, FDR-corrected p<0.05:
a. IBS low somatization had increased hub scores in
anterior insula and left cerebellum, compared to IBS

high somatization.

b. Healthy controls had increased hub scores in anterior
and middle insula, compared to IBS low
somatization.

c. IBS high somatization had increased hub scores and
clustering coefficients in subregions of prefrontal
cortex, compared to healthy controls.

2) On the more exploratory significance level (uncorrected
p<0.005) several differences were found, see Figures 18, 19
and 20 below for details.

3) The modular structure and the clustering of hubs were
characterized, but these results are descriptive and hard to
examine with statistical tests. All these results can be found
in manuscript IV supplementary material, some will be
discussed in the Results & Discussion section 4.10
‘Hippocampus, Amygdala and cingulate cortex = memories,
fear and stress in IBS high somatization?’.
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Figure 18. Frontal view of the brain, with the left of the figure being the right of the brain,
showing all regions with differences in graph measures between groups at the FDR-
corrected significance level. Prefrontal regions are shown in red (left triangular part of
inferior frontal gyrus and right orbital gyrus had higher hub scores in IBS high
somatization compared to healthy controls, left triangular part of inferior frontal gyrus
and left horizontal ramus of the anterior segment of the lateral sulcus had increased
clustering coefficients in IBS high somatization compared to healthy controls). Insular
regions are shown in green (left short insular gyri had higher hub score in IBS low
somatization than in IBS high somatization, right short insular gyri and left superior
segment of the central sulcus of the insula had increased hub scores in healthy controls
than IBS low somatization). Cerebellum is shown in blue (left cerebellum had higher hub
score in IBS low somatization than IBS high somatization).
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Figure 19. Differences in connectivity between groups significant at p<0.005. Regions
belonging to the prefrontal cortex are shown as red nodes, insular regions are shown in
green; subcortical and cingulate regions in yellow; SI/M1 in pink; superior temporal and
inferior parietal lobe in gray, and cerebellum in blue. R = right, L = left, for full list of
the anatomical abbreviations please see supplementary material of manuscript IV.

A. Shows all correlations that differs between IBS high somatization and IBS low
somatization. IBS high somatization > IBS low somatization are shown with red lines, IBS
high somatization < IBS low somatization are shown with blue lines.

B (Next page). Shows all correlations that differ between IBS high somatization and
healthy controls. IBS high somatization > healthy controls are shown with red lines, IBS
high somatization < healthy controls in green lines.

C (Next page). Shows all correlations that differ between IBS low somatization and
healthy controls. IBS low somatization > healthy controls are shown with blue lines, IBS
low somatization < healthy controls in green lines.
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Figure 18 B. IBS high somatization vs healthy controls

R_PosCG L CS

IBS Low > HC
IBS Low < HC

R_SupTGLp

L_CeB

R_SupCirlnS

R_IntPS_TiPS \
R_CeB

L_PerCaS

L_Amg

L_TrTs
R_MPosCgG_S
R_ALSHorp
L_InfFGOrp
R_ACirins
R_MedOrS L Js

L _Hip -
L_FMarG_S R_Hip L_LoInG_CinS L_IntPS_TrPS
/ L_MACgG_S

ta L_ACgG_S

R_TI L_Tha
< R MACgG S
L_InfFGTrip R OrS L_RG R_AngG L_PRCG R CS
R_PoPI
L orG L_TrFPoG_S ®p yrg R_ALSVerp L_MFG L_SupFS “R_TPI

Figure 18 C. IBS low somatization vs healthy controls
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4.5 SOMATIZATION AS A RED THREAD

In this thesis, a clear pattern illustrating the importance of somatization in IBS
has emerged. In paper I, somatization was associated with increased pain
ratings during rectal distension, particularly in IBS patients hypersensitive to
rectal distension. In paper II, somatization was associated with all but one
measure of rectal pain sensitivity, and mediated the effect some of the
psychological distress variables had on rectal pain sensitivity. In paper IV,
there were differences in the brain structural network depending on
somatization level in IBS. This leads to a number of questions. What is
somatization, what is central sensitization, and how are they related? What are
we measuring with somatization questionnaires? How should we understand
this phenomenon in relation to IBS?

4.5.1 SOMATIZATION OR CENTRAL
SENSITIZATION?

Somatization is defined in a seminal paper by Lipowski [191] as “a tendency
to experience and communicate somatic distress and symptoms unaccounted
for by pathological findings, to attribute them to physical illness, and to seek
medical help for them”.

Four components of the Lipowski definition have been identified: (1) the
presence of somatic symptoms or complaints, (2) somatic symptoms
unaccounted for by pathological findings, (3) the participant attribute the
somatic symptoms to physical illness, and (4) the participants seek medical
help because of the somatic complaints assessed [62]. There is no golden
standard for measuring somatization, which is a complicated concept to
measure. In studies, somatization is commonly defined only by quantifying
physical symptoms and their severity as a proxy [149].

In our studies, somatization were defined by (1) questionnaire measuring
multiple somatic symptoms severity. (2) The GI symptoms were unaccounted
for by pathological findings, and other major illnesses constituted exclusion
criteria for participating in the study, although the possible pathology of
different somatic symptoms were not systematically evaluated. The rather
extensive workup protocol in the studies should have identified a number of
other possible pathologies unknown to the participant explaining additional
somatic symptoms. (3) We did not assess if the participants attributed the
symptoms to physical illness. (4) The patients had sought medical help for their
GI symptoms and thus constitute a ‘patient-population’, however, we did not
systematically evaluate if the participants had sought medical care for their
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other somatic symptoms. The definition used for somatization could thus be
criticized [62], but adhere to, or could be considered somewhat better than the
commonly used construct of somatization in research settings [62, 149].

The definition of sensitization by the International Association for the Study
of Pain (IASP) is “Increased responsiveness of nociceptive neurons to their
normal input, and/or recruitment of a response to normally subthreshold
inputs” [5]. According to IASP, sensitization is a neurophysiological term that
in clinical setting can be indirectly indicated by phenomena such as
hyperalgesia or allodynia. Wider definitions have also been used, including
increased behavioral, physiological, cognitive, and emotional responses to
repeated stimuli. An alternative, broader definition of sensitization is “a non-
associative learning process occurring when repeated administrations of a
stimulus result in a progressive amplification of a response” [192].

On the cellular level, sensitization is an increased efficiency in a neural circuit,
due to a change in the synapses from repeated use [192]. Sensitization of
nociceptive neurons has been demonstrated at every location along the pain
pathway, from peripheral nociceptors to cortical neurons [193]. In the spinal
cord, increased excitability after repeated afferent stimulation of dorsal horn
neurons have been well documented [193]. Cognitive bias have been proposed
as a higher form of sensitization, called cognitive-emotional sensitization, or
cognitive sensitization [194].

Central sensitization has also been attributed a broader definition: an amplified
response of the central nervous system to peripheral input [61]. This view has
been questioned, and some advocate that sensitization should only be used for
the cellular process of enhanced excitability observed experimentally after
repetitive stimulation of nociceptive afferents [193]. Similarly, central
sensitization has been argued to specifically denote the C-fiber dependent
plasticity in the spinal cord dorsal horn resulting in increased excitability in the
CNS [195]. Others argue that the existence and clinical relevance of central
sensitization, defined operationally as an amplification of neural signaling
within the CNS that elicits pain hypersensitivity, is well documented [192,
196].

The term central sensitization in its wider definition has been shown to be
clinically meaningful [197], even though there yet is not a clear path from
cellular sensitization of nociceptive neurons to a behavioral process of
enhanced pain sensitivity in chronic pain [193]. There is consistent evidence
that having one type of chronic pain is associated with a higher likelihood than
expected of having another chronic pain condition, and the risk increases with
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the number of pain areas at baseline [198]. Central sensitization in clinical
settings are characterized by excessive sensitivity to a variety of peripheral
noxious stimuli, unpleasant after-stimuli sensations, hypersensitivity that
extends beyond the territory of the simulated or injured nerve and secondary
hyperalgesia [61], and may extend to non-noxious stimuli such as odors, noise
etc. [192]. Central sensitization could both precede and be an effect of chronic
pain in a circular fashion (central sensitization predispose an individual to
develop chronic pain, and chronic painful sensations might enhance central
sensitization) [61]. The presence of multiple somatic symptoms have
repeatedly been argued as an indicator of central sensitization [61, 192, 196,
199], as well as an indicator of somatization [ 149]. These two phenomena have
additional components making these concepts overlapping, but not the same.
The total somatic symptom score has been shown to correlate with outcome
(health status and healthcare use) independent of anxiety, depression and
general medical illnesses, and should therefore not be regarded as only a
reflection of underlying psychological distress [200].

According to Lipowski, somatization implies a discrepancy between subjective
and objective health, and the somatizing patients has a pattern of
predominantly somatic rather than cognitive response to stress and related
emotional arousal [191]. Somatizers probably have central sensitization, and
inaccurate perception [192].

What we call “somatization” in this thesis is probably an important component
of central sensitization (if accepting its wider definition) maybe more so than
actual somatization in its original definition. Somatization have behavioural
components, and is usually assumed to be associated with psychological/
psychiatric illnesses, not necessarily present (but quite often is) for the
definition of central sensitization.

4.5.2 CENTRAL SENSITIZATION IN IBS

Visceral hypersensitivity has consistently been shown in a large proportion of
IBS patients [14], and somatic hypersensitivity has been demonstrated [39,
201]. In adolescents with IBS symptoms, increased sensitivity to cutaneous
heat pain was found in a dose-response fashion: the more severe abdominal
pain, the lower pain threshold [202]. Repetitive sigmoid distensions in IBS
patients have been associated with induction of rectal hyperalgesia and
viscerosomatic referral [203]. The presence of increased multiple somatic
symptoms or ‘somatization’ has repeatedly been shown in IBS [204, 205]. IBS
patients have diminished conditioned pain modulation indicative of both
dysregulated descending pain modulation and central sensitization [40]. All
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these factors indicate central sensitization in IBS. Further, many of the
neuroanatomical findings consistently replicated in the IBS population are not
specific to the IBS patient population [125], which also strengthens the
assumption of a general central sensitization phenomenon in IBS.

In a recently published population based study from northern Sweden, not only
high comorbidity in the IBS sample with fibromyalgia, posttraumatic stress
disorder, generalized anxiety syndrome, panic syndrome, depression and
migraine were found, but also intolerance to chemicals and sounds [205].
Further, compared to the reference group (individuals not reporting having a
physician made diagnosis of IBS), IBS subjects had higher somatization levels,
higher levels of stress and burnout, and worse perceived health assessed with
validated questionnaires [205].

The work included in this thesis support central sensitization in IBS, and that
IBS can be viewed as a central sensitization syndrome. We have shown that
hypersensitive IBS patients are sensitive to both noxious and non-noxious
rectal distensions, and the presence of multiple somatic symptoms (indicative
of both central sensitization and somatization) were highly relevant for rectal
pain perception. We also found evidence for a neurobiological substrate at the
brain level for multiple somatic symptoms, possibly reflecting central
sensitization in IBS, in the form of altered structural connectivity patterns.

Central sensitization is most likely present only in a subgroup of IBS patients,
with other pathophysiological factors playing a larger role for IBS patients
without this trait. In paper I, 45% were hypersensitive to rectal distension, and
in manuscript IV, 53% of the IBS patients were in the high somatization group
(based on a mean split). Since both hypersensitivity and multiple somatic
symptoms are indications of central sensitization, my estimate would be that
central sensitization is an important pathophysiological trait in up to half of the
IBS patients at a specialized FGID clinic.

46 WHICH PAIN PATHWAYS ARE INVOLVED
IN IBS?

In paper I, both pain and non-painful intensity ratings with increasing
distension pressures were increased in hypersensitive compared to
normosensitive patients. This indicates that IBS patients have upregulated
wide dynamic range afferent pathways as a mechanism of rectal
hypersensitivity. However, we cannot determine if this upregulation is
specific, or occur in combination with upregulation of high-threshold afferent
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pathways. When adding several psychological factors, the difference in
intensity ratings between hypersensitive and normosensitive patients remained
significant, showing that these psychological factors do not explain the group
difference between hypersensitive and normosensitive patients, but may rather
have an additive effect.

How or why upregulation of WDR afferents occurs in hypersensitive IBS
patients cannot be determined based on our study. Central mechanisms are
probably of importance, as reflected by the effect of anxiety, but does not fully
explain this upregulation. Other central mechanisms, not psychological by
nature, such as spinal cord sensitization, are also likely to be involved [44].
Peripheral sensitization of WDR afferents, nociceptors and activation of silent
receptors [206], potentially mediated through inflammation, and changes in
expression of TRVP1 receptors are also potential underlying mechanisms
[207]. In mice, sensitized muscular-mucosal afferents and awakened silent
afferents were shown to contribute significantly to the afferent input that
sustains hypersensitivity to colorectal distension [208]. WDR neurons in the
lumbal spinal cord of sheep with cutaneous innervation show sensitization to
both noxious and non-noxious repeated stimuli [209].

Paper I thus indicates that both central and peripheral mechanisms play a role
in the increased sensitivity to visceral stimuli in IBS patients. Psychological
factors strongly influenced pain amplification in hypersensitive IBS patients,
whereas amplification of non-painful visceral sensation seemed to be under a
higher influence of peripheral mechanisms. Paper Il and manuscript III further
supports the importance of central factors in aberrant sensory information
processing in IBS, but the methodology does not allow speculation which
afferent pathways are involved.

4.7 PAIN THRESHOLDS VS PAIN INTENSITY
RATINGS?

In paper II, somatization had no mediation effect on pain threshold, whereas it
mediated the effect of Gl-specific anxiety and depression on visceral referral
area and pain intensity ratings, respectively. It thus seems, as it is the
experience and/or evaluation of pain that is influenced by somatization, not the
discriminatory aspect of pain measured by the pain threshold. In manuscript
III the brain regions correlating with pain threshold and pain intensity ratings
showed overlap in M1, but pain intensity ratings had correlations also with S1
and S2. This might indicate that pain ratings at the cortical level is a more
complex phenomenon than detection of the pain threshold.
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Sensory thresholds and sensory ratings seems to correlate, but not correspond
to the same underlying mechanisms. In healthy women, placebo was
associated with decreased pain and unpleasantness ratings during rectal
distension and increased pain threshold, whereas nocebo was associated with
increased pain and unpleasantness rating, but no change in the pain threshold
[210]. Ergo, the expectation of pain was associated with increased pain ratings,
but no change in the pain threshold. This suggests that intensity ratings are
more susceptible for psychological and/or cognitive modulation than the pain
threshold. Another study in healthy participants, when expecting a stimulus
with lower intensity, the pain intensity were rated as less intense, despite that
the same stimuli being delivered [112]. Also in IBS patients, substantial
amounts of evidence support altered evaluation and/or pain reporting,
irrespective of rectal pain thresholds [45].

There are, however, data supporting influence of psychological factors on pain
thresholds [211]. In an elegant and highly cited paper, IBS patients had
compared to healthy controls lower pain and urgency thresholds, similar ability
to discriminate between two stimuli, and increased tendency to report all
distensions as more intense, irrespective of the actual stimuli [211]. Further,
somatization was inversely correlated with pain thresholds and directly with
this ‘response criterion’ [211].

It thus seems as cognitive, psychological factors and somatization (and/or
central sensitization) have the ability to influence both pain thresholds and pain
intensity ratings, but to a greater extent in pain intensity ratings. Depending on
the research question, one might therefore choose either thresholds or ratings
or, as we have done, use both, arguing that it provides complementary
information about sensory processing.

4.8 I1BS SUBGROUPS NOT RELEVANT?

IBS is classified into subgroups based on predominate bowel habit (on the days
with disturbed bowel habits), into IBS with predominant constipation (IBS-C),
IBS with predominant diarrhea (IBS-D), IBS with mixed bowel habits (IBS-
M) and IBS unclassified (IBS-U) [21].

In none of the studies of this theses, the predominant bowel habit has been
taken into account in the analyses. From a clinical point of view, what type of
disturbed bowel habit the IBS patient has is of great interest, and a possible
treatment target [21, 212]. However, the bowel habit subtypes do not differ in
colorectal pain thresholds or in overall IBS symptom severity [14]. In a meta-
analysis showing diminished conditioned pain modulation in IBS, there were
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no significant differences between IBS subgroups [40]. Over time, the patients
might also move between the bowel habits subtypes [213]. In the studies of
gray matter morphometry investigating possible differences based on IBS
subtype, the differences between subtypes have been limited [129, 130].

On the other hand, somatization level based on PHQ-12 have been shown to
be associated with IBS subtype, with IBS-M having higher levels of non GI-
symptoms than IBS-C and IBS-D [204].

There are other potential ways of subgrouping IBS patients than based on
bowel habits alone that might be both clinically and pathophysiological
relevant [214]. Our group has recently used mixture model analysis to identify
latent subgroups based on the combination of bowel habits with and without
multiple extraintestinal somatic and psychological symptoms [29]. Subgroups
with elevated non-GI symptoms showed more frequent healthcare utilization
and medication usage [215]. In line with the discussion in 4.5.2 ‘Central
sensitization in IBS’, one might conclude that bowel habits are of clinical
importance, but the combination of bowel habits and central sensitization (in
the cited studies as non-GI symptoms measured with PHQ-12) is even more
relevant clinically and pathophysiologically.

4.9 WHAT ABOUT ABUSE?

In paper II, only sexual abuse in adulthood had an independent effect on rectal
pain sensitivity in IBS, and in manuscript III, there was unexpectedly no
difference between the experience of abuse in IBS and healthy controls.

Overall, high levels of experienced abuse were seen in both groups; 65% of
healthy controls and 54% IBS patients reported in this cohort some kind of
experience of abuse, which was numerically but not statistically higher in
healthy controls. A validity study in women on the questionnaire used, at a GI
clinic in the USA, showed acceptable test-retest reliability and criterion
validity, higher for sexual than physical abuse [151]. The questionnaire had
more false negatives than false positives when compared to an interview,
indicating a greater risk of underestimating than overestimating the true
prevalence [151].

We used broad definitions of abuse. For sexual abuse including: being exposed
to anyone else’s sexual organs when one did not want it, and being threatened
to have sex when one did not want to. For physical abuse including: being hit,
kicked or beaten seldom, occasionally or often. Since the overall experience of
abuse did not differ between groups, I further examined the available
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information from manuscript III, using different abuse classifications. None of
these classifications showed any statistical difference between IBS patients and
healthy controls. Repeated physical abuse in childhood and adulthood were the
closest to significance, with IBS showing a trend of being subjected to more
repeated physical abuse (both p=0.09).

Table 4. Prevalence of experienced abuse. Comparisons between IBS and healthy controls
based on cross-tabulation and Chi-square test or Fisher’s exact test.

Abuse domain Healthy controls | IBS p-value
N (%) N (%)

Overall abuse Yes 20 (64.5%) 35 (53.8%) 0.32
No 11 (35.5%) 30 (46.2%)

Physical childhood Yes 5 (16.1%) 17 (26.2%) 0.28
No 26 (83.9%) 48 (73.8%)

Sexual childhood Yes 5(16.1%) 10 (15.4%) 0.93
No 26 (83.9%) 55 (84.6%)

Physical adulthood Yes 11 (35.5%) 18 (27.7%) 0.44
No 20 (64.5%) 47 (72.3%)

Sexual adulthood Yes 8 (25.8%) 19 (29.2%) 0.73
No 23 (74.2%) 46 (70.8%)

Abuse quantification 0 11 (35.5%) 30 (46.2%) 0.47

domains 1 13 (41.9%) 16 (24.6%)
2 5(16.1%) 11 (16.9%)
3 2 (6.5%) 7 (10.8%)
4 0 (0%) 1 (1.5%)

Physical childhood Yes 0 (0%) 7 (10.8%) 0.09

more than seldom (i.e. No 31 (100%) 58 (89.2%)

occasionally or often)

Physical adulthood Yes 0 (0%) 7 (10.8%) 0.09

more than seldom (i.e. No 31 (100%) 58 (89.2%)

occasionally or often)

Any penetrative Yes 1(3.2%) 6 (9.2%) 0.42

sexual abuse No 30 (96.8%) 59 (90.8%)

Penetrative sexual Yes 0 (0%) 1 (1.5%) 1.0

abuse childhood No 31 (100%) 64 (98.5%)

Penetrative sexual Yes 1(3.2%) 6 (9.2%) 0.42

abuse adulthood No 30 (96.8%) 59 (90.8%)

In a meta-analysis on the prevalence of childhood sexual abuse in 22 countries
based on non-clinical cohorts, the mean prevalence of childhood sexual abuse
in women were 20% and 8% in men [216]. A review on the prevalence of
sexual abuse in Nordic countries showed a prevalence of childhood sexual
abuse (broadly defined) between 3-23% for boys and 11-36% for girls [217].
Thus, our findings of childhood sexual abuse in 16% and 15% in healthy
controls and IBS, respectively, are within the expected range based on
international and Nordic population based studies.
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A large national Swedish survey were conducted in 2012, examining the
experience of violence/abuse and its associations with health [218]. The
prevalence of adult sexual abuse was 28% in women, and 6% in men [218].
Our results with 26% and 29% having experienced sexual abuse in adulthood
in healthy controls and IBS respectively, seems to be consistent with these
national findings.

The data we have for the individual categories of physical abuse also seems to
be coherent with the literature [218], even though the overall experience of
abuse might be slightly higher than expected.

49.1 ABUSE AND SYMPTOMATOLOGY

The large Swedish survey showed that severe abuse was associated with a 2-
to 5-fold increase in posttraumatic stress disorder (PTSD) symptomatology,
depression, and somatic symptoms measured with PHQ-15, compared to those
who had not experienced severe abuse [218].

In an American specialized GI clinic, the prevalence of abuse (sexual or
physical) was approximately 50%, regardless of functional or organic
diagnosis, but the functional group had experienced more severe abuse [219].
Those with abuse history had poorer health status and were more likely to
report other symptoms [219]. In a more recent study [220], IBS patients with
experience of abuse had, compared to non-abused IBS patients, more severe
abdominal pain and illness-related disability, an effect partially mediated by
comorbid anxiety and depression (and to a lesser extent multiple somatic
symptoms). Further, multiple abuse experiences exerted negative effects on
IBS symptoms and health-related quality of life in an additive fashion [220].

Sexual abuse is the most studied form of childhood abuse in relationship to
IBS [221]. It has rather consistently showed increased prevalence of
experience of sexual childhood abuse in IBS compared to IBD patients and
other reference groups [221]. The relationship between physical abuse in
childhood and IBS is less clear, as several studies have not shown increased
prevalence of childhood physical abuse in adult IBS [221].

It seems important to note that other kinds of abuse can also have severe impact
on physical and mental health. An association between psychological abuse
and several health-related issues was documented in the large Swedish survey
[218]. In a study on abuse, parental styles and symptomatology in IBS patients
by Lackner et al [222], both maternal and paternal rejection was associated
with abuse. However, current abdominal pain level was not associated with
either abuse history or parental style. Only paternal (not maternal) hostility and
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rejection was correlated with somatization, whereas abuse did not show an
association with somatization [222].

In one study, no effect of sexual abuse on pain thresholds during rectal barostat
testing were found, in IBS nor in healthy controls [223]. When comparing IBS
patients with and without experience of severe physical and/or sexual abuse,
the abused patients even had higher thresholds in another study [224]. These
studies differed from our paper II, in their definition of the pain threshold,
abuse definition, and the abuse was not specified as childhood or adult abuse,
which in our study showed different associations with rectal pain threshold. A
third study using clustering analysis in severe IBS found two clusters with low
rectal discomfort threshold; one with higher prevalence of childhood sexual
abuse, psychiatric comorbidity and high rates of doctors’ consultation, and one
with lower prevalence of childhood sexual abuse, moderate psychiatric
comorbidity and low rates of doctors’ consultation [225]. This indicates that
there might be an interaction effect between childhood abuse and psychiatric
comorbidity in the relationship with rectal sensitivity in IBS.

To conclude this paragraph, sexual and physical abuse are associated with
reduced health overall, but not equivocally associated specifically with IBS.
Other kinds of maltreatment, not studied herein, might be important for the
development of IBS symptoms. The association between abuse and visceral
sensitivity seems to depend on the type of abuse, when it occurred, and
potentially also on the severity of abuse, as well as on interactions with other
factors such as psychiatric comorbidity. The results so far have been
inconclusive, possibly due to different methods of determining sensory
thresholds as well as the classification of abuse.

4.10 HIPPOCAMPUS, AMYGDALA AND
CINGULATE CORTEX = MEMORIES, FEAR
AND STRESS IN IBS HIGH
SOMATIZATION?

In manuscript IV, the discussion focused on the prefrontal cortex, insula and
cerebellum, since these were the most robust findings. There were, however,
other interesting findings at the uncorrected significance level p<0.005, and in
the modular structure.

In healthy controls and IBS low somatization, but not in IBS high somatization,
hippocampus and amygdala clustered, as would be expected due to their
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connected role in fear, memory and learning [99]. In IBS high somatization,
amygdala clustered with anterior cingulate cortex instead, which was not seen
in the other groups. The anterior cingulate cortex-amygdala complex reacts to
stress and has two important descending projections: the activation of locus
coeruleus that causes a hypervigilant state, and increased activation in the
sympathetic nervous system through the hypothalamus-pituatary-adrenal axis
[95]. This fits well with the clustering of regional gray matter of anterior
cingulate cortex and amygdala seen in our IBS high somatization group, which
may be involved in the hypervigilant state and/or disturbed hypothalamus-
pituatary-adrenal axis function observed in IBS and thought to be associated
with increased somatic symptom generation [15].

IBS patients with high somatization levels showed less local efficiency of
amygdala and hippocampus compared to healthy controls, indicating the
networks’ vulnerability to changes in these brain regions. The hippocampus is
a key structure for spatial and declarative memory formation, and important
for plasticity and adaptive brain functions [97]. The amygdala-hippocampal
interconnections are important for memory and learning, and critical for fear
conditioning and extinction [99]. It is possible that already learnt schemes of
the reality can shape the hippocampal representation of new events [98]. For
example, if we have vast experience of pain, and this pain triggers a certain
maladaptive reaction, it is more likely that any new pain will make our brain
react in the same way, compared to someone who has not had these painful
experiences. We may speculate that an imbalance between amygdala and
hippocampal function, and their integration within a larger network, is
involved in the generation of multiple somatic symptoms in high somatization
IBS, possibly by reducing extinction abilities after fear conditioning to
interceptive threats.

We also found that right anterior middle cingulate cortex had a more central
role in IBS high somatization compared to IBS low somatization. The aMCC
is involved in fear, and generates avoidance responses to fear, by generating
implicit premotor signals rather than conscious emotional feelings [92]. The
anterior middle cingulate cortex is also frequently activated in human pain
studies, and atrophy in the vaMCC has been correlated with catastrophizing in
migraine headache patients [92]. In a fMRI study using rectal distension at the
individual discomfort level in IBS patients, anxiety scores correlated
significantly with pain-induced activation of the right anterior middle cingulate
cortex [226]. This might be interpreted as the aMCC mediating increased
attention to visceral stimuli and pain amplification by emotions of fear and
anxiety in IBS [226]. The increased centrality of aMCC in IBS high
somatization could thus reflect a stronger role of fear and avoidance responses
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in this group of high somatization IBS patients, distinguishing them from IBS
patients with low somatization levels.

In addition to the differences described in manuscript IV, the above-mentioned
altered clustering and network properties in IBS high somatization, implicates
that regions known for their importance in memory, fear and stress seem to be
important in IBS high somatization.

4.11 INCIDENTAL FINDINGS AND
NEUROETHICS

For any investigation there is the possibility of incidental findings, and this is
especially true for imaging modalities with detailed anatomical representation.
The study participants had verbal and written informed consent before taking
part in the study, in accordance with established research praxis. The autonomy
ethical principal should thereby be addressed. Many subjects expressed
thoughts or comments about the possibility of findings on the MRI as: “If there
is something wrong in my brain I would sure like to know about it”.
Nevertheless, how well do the study participants understand the meaning of an
anomaly or possible pathology on a brain MRI scan? In the possible case of an
asymptomatic malignant tumor, it would of course be of great value for the
person to know, and possible increase the chances of survival. However, the
majority of incidental findings are without clinical consequences [227]. How
will an accidental finding with limited clinical relevance affect a person? The
IBS cohort overall has increased levels of anxiety, catastrophizing etc., so it is
reasonable to think that these participants might suffer more than other study
subjects from accidental findings with uncertain clinical relevance.

In our studies, all brain MRI scans were evaluated by an experienced
neuroradiologist. If needed, we discussed or referred to a neurologist, with vast
experience both from clinical work and research, for clinical evaluation and
follow-up.

In this study with a total of 113 brain scans, there were five with findings that
could clearly be considered as normal variance. Five additional anomalies were
discussed with the neurologist, and four of these subjects were referred for
clinical neurological evaluation. Only one had a finding of possible clinical
relevance, an infratentorial meningioma. This person is now being followed
with regular MRI scans, but has so far not been subject for surgical treatment.
One study participant had an increased intensity signal on T2-weighted images
near the insula of initially unknown clinical relevance. After thorough
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neurological exam and follow-up MRI scan, it was discarded as clinically
irrelevant. However, the study participant got highly distressed by the finding.
In combination with other stressors, this MRI finding culminated in sick leave,
despite repeated reassurance of the benign nature of the lesion.

Routine inspection of brain MRI scans acquired for research purposes have
been advocated [228, 229]. Even the presence of such a debate indicates that it
is not self-evident in all research communities. Another consideration is if all
participants should get a full MRI review report, or only in the cases where the
findings are thought to have clinical relevance. According to a study on subject
that had previously taken part in a study including a brain MRI scan (n=196),
almost 80% of the study participants wanted to receive information about the
MRI result regardless of what it showed [228]. Having a brain MRI scan in a
study serves as a good reference if the subjects later on needs a brain MRI scan
based on a clinical question [228]. Retrospectively reported anxiety created by
the MRI report were in this study low, but significantly correlated with overall
health related anxiety [228]. This study also had focus groups interviews,
disclosing a few themes such as difficulty understanding the radiology report
because it was written in medical terminology [230]. They also showed that
10% of the investigated participants sought follow up care without this being
recommended, and 67% did not seek medical care when recommended to do
so [230].

Another setting where incidental findings are a potential issue is for example
research using whole body MRI scans. The psychosocial consequences of
receiving information of incidental findings in a general population study using
whole body MRI were studied retrospectively [231]. This study showed strong
distress while awaiting a potential notification of incidental findings in 10%,
and 29% reported moderate to severe psychological distress after getting this
notification. The distress increased with the participant’s subjective evaluation
of the severity of the findings, which differed substantially from that of the
radiologists. Despite this, 96% of the participants were content with their
participation in the whole body MRI study, and 36.5% stated they would have
refused taken part if findings of relevance had potentially not been disclosed
to them [231].

With this brief discussion, I wish to illustrate that in research we may think of
a MRI scan as a non-invasive examination, harmless for the participant. It is
however important to reflect on the possible unintended psychosocial effects
our investigations might have for the study participant.
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4.12 CLINCAL RELEVANCE

Based on our studies, we know that roughly half of the IBS patients have
visceral hypersensitivity, and rectal pain perception is enhanced by
somatization, psychological distress and experience of sexual abuse in
adulthood. Further, we showed that somatization, measured as multiple
somatic symptoms, can be visualized with structural brain imaging analyzed
with graph theory. In this paragraph, I highlight some of the potential clinical
relevance of our findings.

First, multiple somatic symptoms are an indication of central sensitization, and
the more symptoms from different bodily regions a patient has, the more likely
that the patient has a central sensitization syndrome or functional somatic
syndrome. In a meta-analysis of longitudinal studies investigating how many
of the patients initially diagnosed with a functional somatic symptom that
turned out to have an underlying somatic disease, the prevalence of missed
somatic diagnosis was 0.5% (95% CI 0.01-1.5) [232]. After an initial, proper,
diagnostic evaluation in accordance with the recommendations from the Rome
foundation [21] resulting in an IBS diagnosis, the more widespread the
symptoms, the more confident you can be of the diagnosis, and the less need
for additional advanced medical investigations. This patient group has
increased levels of psychological distress, and increased stress might
deteriorate IBS symptoms. As a clinician, you must contain your distress about
possibly missing an underlying somatic diagnosis, and be careful not to
transfer it to the patient.

Second, so called functional or psychosomatic symptoms is not ‘all in their
minds’, but it might be ‘partially in their brains’, seen as altered structural or
functional circuits. The symptoms patient experience are real, and quite often
devastating, but the cause or reason for these symptoms might not always be
what the patient believe. As medical professionals, we need to educate our
patients about how complex the sensation of pain is, and help them find tools
to cope with their situation. Pain can be learnt to be autonomous by repeated
experience under unfortunate conditions, but in many cases, it can also be
unlearnt if given the right knowledge and support. The brain plasticity goes
both ways.

Third, there might come a day, hopefully not too far away, when a medication
targeting visceral hypersensitivity becomes available. It is probable that this
drug will have a peripheral target. In that case, it is important to recognize the
possible synergistic effect of that drug and centrally acting treatments,
targeting for instance anxiety (such as SSRI and CBT [233]). Investigating the
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individual patient pathophysiological mechanisms in research settings will
help to develop more effective treatment options, and in clinical settings, it will
help tailoring the treatment options to the individual patient.
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5 FUTURE PERSPECTIVES

In addition to the joy of better understanding the pathophysiology of IBS, a
main goal of my research is to contribute to improved care and therapeutic
options for suffering people. There are many ways forward in improving our
knowledge on brain-gut interactions in IBS in order to meet this goal.

Brain imaging studies have several problems. These include lack of
replicability, source of variance based on neuroimaging techniques, different
results based on different software used for analyzing neuroimaging data,
generally low statistical power, publication bias etc. [234]. To combat this,
larger studies would be helpful, as well as pure replications of existing studies,
and increased appreciation of studies with sound methodological approaches
that ‘fails’ to detect differences between groups. To increase the robustness of
the results, the studies should have standardized protocols and pre-inclusion
power calculations for the selected regions of interest [162]. As discussed in
manuscript 111, sex, psychological factors and other co-morbidities need to be
taken into account when performing gray matter morphometric studies. Since
there are so many possible research questions, and analytical considerations,
the sprawling results of brain imaging in IBS can be expected for some
additional time to come.

Gray matter changes are commonly seen in cross-sectional studies.
Longitudinal studies of gray matter morphometry is greatly needed, to further
evaluate the relevance of findings from these cross-sectional studies. So far, I
have not came across any longitudinal gray matter morphometry study in IBS.
Further, the cellular substrate for the gray matter changes in disease and health
is another question that would make these results more understandable, and
potentially more clinically relevant.

Below are a few suggestions and hypotheses, developed during the work of
this thesis.

Hypothesis 1:

At present it is common to divide IBS patients into hypersensitive and
normosensitive based on pain thresholds. An alternative grouping of IBS
patients could be based on the slope or shape of their sensory ratings during
rectal distension, as an attempt to better reflect the putative physiologic
mechanisms. By adding a measurement of central sensitization, additional
subgrouping will be possible, and lead to added information about the possible
underlying pathophysiological mechanisms.

66



Cecilia Grinsvall

The central sensitization inventory (CSI) was developed to assess key somatic
and emotional complaints often associated with Central Sensitivity Syndromes
[235]. The term Central Sensitivity Syndrome was proposed by Yunus for
nonorganic disorders that have evidence to share central sensitization as
etiology [236]. The CSI part A consists of 25 questions measured on a 5-point
temporal Likert scale from never to always, yielding a score ranging from 0 to
100 [235]. The measurement properties of the CSI have been evaluated in a
recent review, and it has been shown to be reliable, consistent, and valid [237].
Further, it has been shown to correlate with serum levels of brain-derived
neurotrophic factor (BDNF), and those subjects who respond with inhibition
to a conditioned pain modulation (normal reaction) had lower scores on CSI
than those who showed deficiency in the descending modulatory systems
[238]. It thus seems as if the CSl is a good option for evaluating possible central
sensitization in this postulated study.

a) Low VAS pain ratings and low-medium unpleasantness ratings up to
near pain threshold implies ‘normal’ sensitivity. These patients are
expected to have low levels of central sensitization, and their symptom
profile might be dominated by primarily disturbed bowel habits.

b) High VAS pain ratings and high unpleasantness ratings only at higher
distension levels might imply up-regulated high threshold/ nociceptive
pathways.

a. In combination with low level of central sensitization, these
patients can be expected to have primarily peripheral
sensitization with the possible effect of treatments affecting
the local gut environment.

b. In combination with high level of central sensitization, these
patients should have predominantly painful symptoms and
gain from treatments targeting pain caused by central
sensitization.

c) High VAS pain ratings and high unpleasantness ratings, through the
range of distensions, might imply up-regulated WDR afferent
pathways. These patients might have symptoms like urgency, feeling
of incomplete bowel movement, bloating etc.

a. In combination with low levels of central sensitization, they
would be expected to have symptoms restricted to the Gl tract,
and psychological distress mainly focusing on, or secondarily
to GI symptoms.

b. In combination with high level of central sensitization, they
would be expected to have a wide range of symptoms from
different bodily organs. They might be having both painful
and non-painful sensitization symptoms (such as tinnitus,
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chemical hypersensitivity etc.), and probably have high levels
of psychological distress.

Hypothesis 2:

I paper III, we found an indication of psychological distress causing disease
related alterations in women but not in men. This possible disease-by-
psychological distress-by-sex interaction warrants further investigation in a
replication study. Among the regions within the sensorimotor network,
posterior insula and supplementary motor cortex seems to be the most relevant
to IBS.

Specific hypothesis: There are IBS status-by-psychological distress-by sex
interactions effects, with psychological distress causing the disease related
alterations in women, but not in men, with reduced posterior insula and
supplementary motor cortex gray matter in disease.

Basically what I suggest is a replication study of one of the most interesting
results in manuscript III. By a priory focusing on the differences seen in our
study, the likelihood increases for the results remaining statistically significant
after correction for multiple comparisons.

Hypothesis 3:

Learning is associated with an initial increase in gray matter, followed by
selection and normalization of gray matter [§1]. Chronic pain has by definition
been present for a long time, and the initial increase has probably passed by
the time of investigation with MRI brain scan. Hence, an overall decrease of
gray matter is seen in chronic pain states.

Hypothetically, the brain might try to decrease the impact of chronic pain by
diminishing the brain regions where the pain is processed and perceived.
Speculatively, this decrease of gray matter in pain processing regions, which
also has cognitive functions, may as a side effect reduce the cognitive
flexibility by reducing the possible initial increase in gray matter associated
with new learning.

One way to test this could be to follow patients with chronic pain, such as IBS
patients with central sensitization, longitudinally, with multiple brain scans and
at the same time assess painful symptoms and symptom severity as well as
cognitive functions and/or cognitive flexibility. The symptom severity should,
if the hypothesis above is correct, correlate with the changes of gray matter
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volume/cortical thickness over time, and changes in cognitive functions would
be associated with opposite changes with delay in gray matter changes
associated with pain. Given the importance of sex and the possible disease-by-
sex interaction effect displayed in manuscript III, I would suggest to study only
females initially, as they outnumber males in many chronic pain conditions and
central sensitivity syndromes.
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6 CONCLUSION

Anxiety, depression and somatization exert different influences on intensity
ratings with increasing rectal distension levels for painful and non-painful
sensations (unpleasantness). All three factors increased the pain intensity
ratings in hypersensitive IBS patients for the full range of distension levels.
Non-painful intensity ratings were influenced only by anxiety and did not show
an interaction-effect with sensitivity status. Upregulation of wide dynamic
range afferent pathways, either solely or in combination with nociceptive
pathways, seems to be relevant to hypersensitivity in IBS patients.

Somatization, measured as multiple somatic symptoms, is associated with
several measurements of rectal pain sensitivity, and mediates the effects of
depression and GI-specific anxiety on rectal pain perception. Sex and age also
influenced rectal pain sensitivity. Sexual abuse in adulthood was the only
abuse domain investigated associated with increased rectal pain sensitivity.

Group differences in gray matter morphometry of the sensorimotor network
between IBS and healthy controls, as well as correlations with brain and rectal
distension evoked pain and reported symptoms were only indicated, not
confirmed, since the results were not significant after correction for multiple
comparisons. The results implied that gray matter morphometry differences
between IBS and healthy controls might depend on a sex-by-psychological
distress-interaction effect. Further, pain evoked by rectal distension indicated
positive association with the size of primary sensorimotor regions, whereas
symptoms of abdominal pain indicated negative association with thalamus and
secondary somatosensory cortex. A possible interpretation is that these clinical
measures from a neurobiological perspective reflects different aspects of
visceral pain sensory mechanisms.

The connectivity between brain regions, measured as correlations between
regional gray matter volumes corrected for total gray matter volume, differs
between IBS with high and low levels of somatization and between both IBS
groups and healthy controls. The most robust findings showed increased
importance of prefrontal regions in a graduated fashion: IBS high > IBS low >
healthy controls, and insula showed the opposite pattern of importance in
healthy controls> IBS low> IBS high. Further, cerebellum was specifically
central in IBS with low levels of somatization. On a more exploratory
significance level, anterior middle cingulate cortex, hippocampus and
amygdala showed altered connectivity in IBS high somatization. Altogether,
this study indicated that for the neurobiological process associated with
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multiple somatic symptoms, cognitive factors are more important than primary
visceral perception in IBS, and depends on the level of multiple somatic
symptoms. Further, regions known for their involvement in stress, memory and
fear are implicated in IBS high somatization.

This thesis argues for multiple somatic symptoms and visceral hypersensitivity
both being indicators of central sensitization. Central sensitization seems to be
an important pathophysiological mechanism in a subgroup of IBS patients,
possibly the subgroup with the worst health status. The findings in this thesis
also support that central sensitization is an important component of
somatization.

The overall conclusion of this thesis in one sentence is; somatization, measured
as multiple somatic symptoms, are important for visceral (hyper-) sensitivity
in IBS, and can be seen as altered structural connectivity within the brain,
mainly in regions important for cognition and visceral sensory processing.

In order to help a patient with IBS as a medical professional, one cannot only
focus on the GI symptoms. One have to look at the entire person, including,
but not limited to, information about other symptoms, general background,
social situation, fears, cognitive functions and coping strategies. Not until both
the medical professional and the patient has acknowledged the importance of
all of these factors and their interactions, one can expect to really improve the
health for a person living with IBS. Remember that painful experiences and
maladaptive functioning can alter the brain structure, and so can behavior! So,
“g0 out and shape the brain you want to have!”
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