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ABSTRACT

Pain is a highly subjective conscious experience and studies in this field are focused on brain
regions involved in pain perception and on the developing of models to better understand the

influence of cognitive factors on pain experience.
We investigated the domains of this field with thdgéerent studies

Firstly, we studied the modulation of pain perception in a case of chronic pain, specifically a
patient affected by painful phantom limb syoche (right foot). The patient's brain activity
during the execution of tasks or at rest was investigated with functional magnetic resonance
imaging (fMRI). In particular, the tasks performed by the subject were imagination tasks,
where he had to imaginehagh level of pain in the phantom limb or something pleasant in
order to modulate pain. Moreover, both talgpendent and restirgjate activity were
recorded in two subsequent days, characterized by different level of persistent pain intensity

referred ly the patient: a low intensity in Dayl and an higher intensity in Day?2.

Significant activations of pairelated brain areas were foumdth pain imagination task in

Dayl but not in Day2. Furthermore, regions of increased activity were found in cortical
domains usually related with attention and executive control. These results indicated which
brain areas were involved in the effective modulation of patient's chronic pain and which areas
of the pain matrix were possibly related with perception in the phattob. The analysis of

fMRI data acquired during the execution of the distraction task revealed in both days a
network of activated areas that resembled the network of brain regions normally active at rest
(defaultmode network). This data supported tlypdthesis that the distraction task was able

to interfere with the ongoing mechanisms of persistent pain sensation, shifting the patient's
brain state toward a condition similar to that described in healthy subjects in the absence of
specific input or outpt. These findingwerefurther confirmed by the results obtained with the
analysis of the data recorded when the patient laid in the MRI scanner, without performing any
specific task (resting state). In fact, correlation analysis revealed that neuriivigf a€the
defaultmode network had opposite dynamics compared with the activity within the pain
matrix and, moreover, the level of activation of pesfated areas was higher when the patient

perceived an high persistent pain level.
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The study of phanta limb pain gave a preliminary result about brain activity during chronic
pain, investigating neuronal processing at restfMRI approach developed only in recent
years. Moreoveranalysingdata recorded at different pain intensities and using diffqraint
modulating tasks, this study showed which brain areas could be responsible for effective pain
modulation in this pathological condition.

In the context of how several factors can influence pain perception, we developed a theoretical
model based on Bagian decision theory. Bayesian models have been effectively developed
to explain processes that occur in the visual system or during learning. We were aimed to
develop a model able to explain how the pain perceptive system integrates peripheral noxious
information data with previous experience and the subject's expectation, driven by visual cues.
To test the correctness of the proposed model, two experiments weneneerfoith healthy
subjects. Specifically, in both experiments a classical conditionisgjosewith an analgesic
treatment was used to inform the subjects about painful stimuli applied during the experiment.
This provided the previous experience for subsequent test sessions. The occurrence of an
placebo analgesic effeatas tested in a subsent session, demonstrating the efficacy of this

experimental procedure in the modulation of pain perception.

The predictions of the model were compared with data measured in the group of volunteers.
Two integrative processes were considered: firstly, titegration of peripheral noxious
signals and information derived by previous experience, subsequently the integration of
noxious signals, previous experience and the current expectation of incoming pain, guided by
visual cues. In both cases, the predicionthe model were in agreement with observed data,
corroborating the validity of the proposed model and suggesting that the tasks performed by
the sensorgognitive system may be described by a Bayesian integrative process. Moreover,
the experiments demetrated how pain perception could be influenced by previous
experience even in the absence of current suggestion about the incoming stimulus. A further
relevant point is that the predictions of the Bayesian model can open new perspectives in the

investigdion of placebo analgesic effeatso in a clinical context.

Finally, we investigated the relationship between pain perception and physical activity. Two
groups of healthy volunteers (trained and untrained subjects) were recruited and performed an
exhaustre incremental exercise at cycle ergometer. Pain pressure thresholds were recorded
before, immediately and 15 minutes after the physical activity. The results demonstrated how
fatiguing exercise induced the modulation in pain perception and how this ddfemhded on

the fitness level of the subjects. In particular, in trained subjects the exercise induced an
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hypoalgesic effect, that lasted for few minutes after the exercise. Such hypoalgesic effect was
not significant in untrained subjects, where, on dmmtrary, an hyperalgesic effect was
observed 15 minutes after the execution of the fatiguing exercise. Other authors have studied
the painmodulation effect of physical exercise, but they have focused their attention on low or
mediumhigh level of physichkactivity, without investigating the role of the fitness status. The
findings we obtained were a first demonstration of the role of training level and fatigue in
inducing significant pain modulation, suggesting the hypothesisababrding to the degree

of the adaptation of the organism to the stressful actidifyjerent mechanisms could be
involved in thee effectsor that the pain perceptive system responded differently te pain
modulating substances, released during the physiatise The differences found between
trained and untrained healthy volunteers also suggested that pain perception could indicate
how the organism would respond to an intensive exercise and that information provided by the
pain perceptive system could be related to the rgémstate of the organism. Moreover, the
results found in this study have important implication in relation to the possibilities offered by
physical activity as nepharmacological treatment of pathological conditions characterized by
pain as a symptom. lihis context, the hyperalgesic state induced by an excessive exercise has

to be taken into account when the modality of the exercise are evaluated.
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1 - PAIN PERCEPTION AND | TS MODULATION

Pain is the sense that warns about a possible or real damage to tee Ngste precisely, the
International Association for the Study of Pain defipasn as fian unpleasant sensory and
emotional experience associated with actual or potential tissue damage, or described in terms
ofsuchdamagea nd it u nd eisunquestonably asensaianinra pait or parts of

the body, but it is also always unpleasant and therefore also an emotional expdtisBPe

2011)

Pain is vital to avoid dangeroussituatiors, protect the human body and allow healing
processes to occur. Due to its importanc&easmechanism of body defence and protection,
pain has evolved as an intricate interplay between sensory and cognitivenmets, distinct

from the classical senseg is inherently variableand multifaceted it is a discriminative
sensation, an affective motivation, a potent autonomic drne a reflexive motor stimulus
(Craig 2003b; Perl 2011 nlike other senses such as vision, hearing, and smell, pain has an
urgent and primitive quality, a quality responsible for the affective and emotional aspect of
pain perception. Moreovethe intensity with which pain is felt is affected by surrounding
conditions, and the same stimulus can produce different responses in different individuals
under similar conditiongTracey and Mantyh 2007; Wiech et al. 2008)

From a clinical point of way, gin is the main reason for visiting the emergency department in
morethan 50% of cases and is presen8@¥ of family practice visit¢Breivik et al. 2006)
Betweenthe two mainform of pain(figure 1.1) acute pains a direct outcome od noxious
event,such asa trauma ora surgery,and its management is reasonably gpod the other

hand, chronic pain can be described as a condition in which pain persists long after its
usefuness as an alarm sigreahdthe healing of thetissue damageand constitutesne of the

major medical health pldem in the developed countri€eracey and Mantyh 2007)
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Figure 1.17 The problem with chronic pain. Therapy for acute pain (e.g., acute inflammation, trau
postsurgical pain) is overakxcellent. However, in chronic pain (e.g., neuropathic pain, fiboromyal
complex regional pain syndrome), therapy is pobhis group thus falls into a zone (circles)
"therapeutic failure” or "therapeutic impasse" whenaltiple therapies are triedith overall little

successFunctional imaging appears poised to open up new approaches to the understanding of
painconditions. An improved basic understanding of the mechanisms underlying chronic pain is il
swggest new avenues fahe development of novel pharmacotherapfe®m (Borsook and Becerra

2006)
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Only in Europe, for example, epidemiological studies have revealed the 19% of the population

suffers from chronic pairwith a greater prevalee in women or in adult aged between 41 and

50 years (figure A and figure 1.2B Furthermoreit has beemeportedavarying prevalence

rates forthis chronic conditioramong countiesrangingfrom 12 to 30% (figure 2C), but

also within the samecounty. In Italy, for example,the prevalencas above 32% in the

northern part othe countryand less than 22% in the southern gBreivik et al. 2006)
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Pain perception and its modulation

A B C Spain

Ireland

Number of respondents answering:

Spain = 3801
Ireland = 2722

UK = 3800

France = 3846
Switzerland = 2083
Denmark = 2169
Israel = 2244
Germany = 3832
Netherlands = 3197
Sweden = 2563
Finland = 2004
Austria = 2004
Belgium = 2451
Italy = 3849
Poland = 3812
Norway = 2018

Sex (n = 4839) Age (n = 4839) Population

estimates: UK

18-30 ® a0 France

31-40 18 20% Switzerland
Denmark
41-50 21 18%
Israel

51-60 18 15% Germany

Age (years)

Netherlands
81-70 14 13%

Sweden

71-80 10 9% Finland

Population estimates: Average age = 50 years

male = 48% Ll 4 5%

Austria

Belgium

female = 52%

0 10 20 30 40 50 60 70 80 90 100
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Italy
Poland

Norway
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Figure 1.2 7 Prevalence of chronic pain among 46,394 adults (>18 years) in 15 European countri
and Israel responding to a computeraided telephone screening interviewChronic pain was definec
as pain lasting more than 6 months, having pain during the last month, several times duringviek|a
and last experienced pain having an intensity 5 orensor a Numeric Rating Scale: 1 (ho pain) to
(worst pain imaginable)lhe prevalence in the two sexes and in seven age categories is repAréel it
B; data are calculated considering a total of 4839 responders that were interviedeguthin The
prevdence of chronic pain in the 16 countries is present&l Modified fom (Breivik et al. 2006)

The needs of chronic pain sufferers are largely unmet, creating an enormous emotional and
financial burden to sufferers, carers and society. Improvements in our ability tcoskagn
chronic pain and develop new treatments are neddgdther withrobust and less subjective
"readouts” of the pain experiend&ain imagingtechniquesave provided novel insights into
functional anatomicakndchemical changes in the huma@rvoussystenthat allow to define

new approaches that may assist current drug development .effbdagh,our knowledge

about the mechanisms of pain percept@speciallyin pathologicaktonditions,is still far from

be clear and completas wellthe processeinvolved in the fine modulation of pain perception

to adapt the appropriate behavioural responses to the surrounding environment are not
completely understoofBorsook and Becerra 2006; Borsook et al. 2007; Borsook and Becerra
2011)

This first chapteof this thesids mainly aldressed to review the current knowledge about the
sensory and cognitive processes involved in pain sensation. In particulanaitheeuronal
pathways and brain areas will be presentedetherwith the factors and mechanisms that
modulate thgerceptie response evoked laynoxious stimulus. This first chapter is therefore
thought to introduce the context in which the results presented in this thesis are inserted and to

be useful for the following discussion.
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1.1- Pain and the nociceptive pathway

Painis an highly subjective and personal experieassically pain sensation is classified as

a submodality of somatic sensory system, together with touch, pressure, position and
temperature sensgBasbaum and Jessell 2000; Panerai 20Hbweve, pain has peculiar
aspects that make it a unique sensation. Firstly, pain involves not only a sensory
discriminative component, but also affective and emotional compofiegisar 1999; Bingel

and Tracey 200&hat make pain sensation variable not only between subjects, but also within
the same individual. Secondarily, pain has a role both as a sensory/detection system and as a
protective system thadlerts the body about a real or possible incoming dangerous event.
Considering the difference between the first and the second roles, it is possible to understand
the difference between the terms 'nociception’ and 'pain’: 'nociception’ refers to thierdefec
stimuli that are capable of producing tissue injumhereas 'ain' refers to the unpleasant
sensory and emotional experience associated with actual or potential tissue, dbataljeves
subsequent effective behavioural responsesther wordspain isthe product of the brain's
abstraction and elaboration of sensory inf@asbaum and Jessell 2000; Craig 2003c)

To fully understand why pain is a unique sensation, it is important to think about the role of
this sensation. Senses like vision and touch are needed to collect information from surrounding
environment with the aim of producing a good representation of the world, useful for planning
effective movements and behaviours. Similarly, send@griminative component of pain
(nociception) contributes to improve the effectiveness of world repedgant adding
information about harmful stimuli or conditions. Though, the contribution of nociception goes
beyond the planning and execution of effective movements, in fact it is the first step that,
together with affective and emotional components, malas fundamental to protect the
organism from dangerous or even deadly situation. Pain alerts the organism about a dangerous
situation, warns about a condition that should be avoided and contributes to organize and
maintain a record of previous experieme@rder to prevent possible future harmful situation.

In a more general meaning, pain is one of the homeostatic mechanisms that organisms have to
maintain the integrity of the body. For this reason, the human feeling of pain is both a distinct
sensationand a specific emotion that reflects homeostatic behavioural drive, similar to

temperature, itch, hunger attdrst (Craig 2003h)

Considering all these factort, is possibé to understand why pain perception involves a
diffuse neuronal networlnd it is not just the collection and organization of incoming stimuli,

but a complex processing that involves the integration with autonomic system and affective
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Pain perception and its modulation

and emotional sphere®ain processing involves the contribution of different brain areas,
within all thecentral nervous systerin fact, neuroimaging studies have identified a complex
assembly of brain areas (figure 1.3) which inclugesnary (SI) and secondary(Sll)
somat@ensory areas, insula, anterior cingulatel prefrontal corticedyut also subcortical
structures such ththalamus the brainstem, the amygdalae and the cerebelRingel and
Tracey 2008)

Brainstem

rACC Sl

Figure 1.31 The pain matrix. Increased bloo@xygenrleveldependent activity in response to thern
painful stimuli overlaid on a structural Meighted MRI.From (Bingel and Tracey 2008)

The areas inched i n the HApain matri xo0 are not on
perception, but also in its modulation according to many faclikesexpectation, anxietgnd

mood Examples obrain nuclei with a paimodulatoryeffectare the midbrain pergueductal

grey (PAG) andthe rostral ventrolateral medull@VM). Specifically, hey constitute the

starting point ofa descending pat#imhibiting pathwaythat ends in the spinalords with

positive and/or negative effects on spinal cord excitabiffyacey and Mantyh 2007)
Modulatory pathways are fundament if om®nsidersthe biological role of painas
homeostatic emotion. In fact, these mechanisms have evolved for a fine tune of the pain
sensation in order to produce thppropriatebehaviourfor the stimulus and the context in

which it is pesentedBee and Dickenso2007)
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1.1.1- Afferent nociceptive pathways

The process that leads to pain perception is typically initiated by the activation of peripheral
receptors, which selectively detect intense, potentially tidsumeaging stimul(Fields 2004)

These receptors, called nociceptdrayeunencapsated free nerve endinggure 1.4)and
constitutethe starting point of a specific sensory charihat start at the periphery and ascend

in a central afferent pathway to the bré@thaible and Richter 2004)

Figure 1.471 Structure of a nociceptive terminal.
Reconstration of the t er mi nal s

mechanical nociceptor based on electror
microscopic observationsThe afferent fibre has
several different unencapsulatedendings that
penetrate the bastmina (BLe) and then exten
into the epidermis. The myelin sheatMy] ends
within the dermis. Most ofhe terminal membrane
of the endings is covered by Schwann cell (S
processes. Other abbreviationgy, axon; K,
keratinocytesFrom (Willis and Westlund 2004)

Nociceptors present irskin, muscles, joints, deep visceral tissugteeth and da mater,have
been classifiecaccording to their stimuluspecificity and the conduction velocity of their

afferent fibers.

Considering cutaneous sensory neurons, nociceptors that respond preferentially to mechanical
or thermal stimuli have been found:etHirst are highly responsive for intensive pressure
applied to the skin, whereas the latter are specifieftneme temperatures (>45°C or < 5°C)
However a third type of nociceptorss widely distributed in the skin and includes those
neurons that areensitive to several types of mechanical, thermal and chemical noxious
stimuli, such agprotons (acid pH) lactic acid, ATP, histamine and bradykiflrese receptors

have been thugalled polymodal nociceptorfCraig 2003c; Schaible and Richter 2004)
Finally, some nociceptorare silent in normal conditions, butespond to subsequent tissue

damage or inflamation (Basbaum and Jess2D00)
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Pain perception and its modulation

Nociceptors have unmyelinated-{iBers) or thinly myelinateda x o n sfibe(s)tliat conduct

the electric information, transduced by the sensory terminals, at velocitie30oh#s and 1

m/s, respectivelyBecause of different conduction velogit¢-f i b e r s -fibara darryA U
different information about the status of the various tissue of the bodydifiedentially
contribute to the paiperception In fact it has beerfrequently observedhat two different
sensations of first and second pain & evoked in a subject after a single painful stimulation
of the skin, specificallghortlatency pricking painfollowed by bng latency pain of a burning

and less bearable quali(¢Zraig 2003c) In according withthe latency of thesdifferent pain
componentsit has been demonstrated that they are related with nociceptive input carried by
A ifibers and Cfibers respectivelyWillis and Westlund 2004 )supporting the hypothesis that
differences inthe pain processing are present since the first structures included in the pain

perceptivesystem .

The primary sensory neurons have cell bodies in the dorsalgamglia (DRG) or the
trigeminalganglia In particular, axonal projections of those neurons that have the cell bodies
in the DRGterminate in thelorsal horn of thepinal cord(figure 1.5), which has an important
role in the integration and modulation of pa@lated signaland where secordrder neurons

with different properties have been foufRiedel and Neeck 200.1)

Afferent Sharp Burning
fibers pain pain Cool Itch?

~ D=

Specificity (Lamina I)

Figure 1.5 1 Afferent nociceptive fibers
in the spinal cord. Summary diagram
representing the anatoralc basis for
afferent inputs to specific cells in lamina
and integrative cells in lamina V of th
spinal cordModified fom (Craig 2003c)

Integration (Lamina V)

Wide-dynamic-range cells

Both AU and C f i ber sheleinstsearu etrhbes stpriantdayersceonrddi

(figure 1.5); he majority of theséibersterminates in the superficial region of the dorsal horn

Tesi di dottorato di Marco Zanon, d7ii scus



innervating cell bdies of lamina¢ and I, while AU fibers terminatelsoin lamina V(Riedel

and Neeck 2001)Secondorder neurons in these spinal sites) be differentiatedhainly in

two types,on the basis of their sensitivitgifthe noxious stimuli and the characteristics of the
nociceptive information processed by théRiedel and Neeck 2001)amina | hasseveral
distinct, modalityselective neuronsthat receive inputrom particular subsets of small
diameterfibers andtransmit information aboute ongoing physiological status of thedy
tissues. TIs group of neuronsconstitutesvirtual labelled lines because their activity
correspondso distinct sensations, albeidfter integration in the forebrai®n the other hand,
lamina V neurons are large cells with dendrites that receive -thageeter (myelinated)
primary afferent input fr om c ut aotieeptaripua nd
They respond topressure, noxious heat, noxious cold, and noxious deep and visceral
stimulation, therefore they are called widgnamicrange cells (figure 1.5)Moreover in
contrast to lamina | neurons, they are not somatotopically organized (Craig, 2003 labelled).
Findly, the dorsal horn islsothe terminal site of descending modulatory pathways (figure
1.6), that originate ibrainstencentres, such as PAG and R\(Wracey and Mantyh 2007)

Both lamina | and lamina V neurons projentainly to the contralateral thalamus through the
spinothalamic ract in theanterolateral systerffigure 1.6) although dorsal pattays have
been describe@Willis and Westlud 2004) Although there is no absolute clear anatomical
separation in the spinothalamic tract, it can be subdivided in two systems, according to the
pain components in which they are involv€xh one hand he lateral thalamocortical system
consistsof the relay nuclein the laterathalamusthat then projecmainly to Sl and Sl in the
postcentral gyruson the other handhe medial thalamocortical systeronsists of relay nuclei

in the central and medial thalamiiigt have connections withe anterio cingulate cortex, the
insula, and the prefrontal cortg®chaible and Richter 2004; Tracey and Mantyh 2007)
Considering the different components that characterize the pain percepti@iethbsystem

is mainly involved in tie analysis of thiocation, duration andhtensityof the noxious stimuli
onthe contrarythe medial system, integrating spinal cord inputs with brainstem homeostatic
activity, is mainly involved in theaffective aspest related tothe unpleasant feelings
associated with theoxiousstimulus andwvith the aversive reactions that it caugesacey and
Mantyh 2007) Together these two pathways generate the feeling and the motivation,

respectively, that constitute the homeostatic emotion of (Qaaig2003b)
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Pain perception and its modulation

Figure 1.6 i Summary of the projections,
ascending from the spinal cord Brainstem and
thalamic sites arebbreviated as followsA1-A2
and AS5A7, noradrenergic cell groups; PE
parabrachial nucleus; PAG, periaqueductal gr
VMpo, posterior part of the ventral medii
nucleus; MDvc, ventral caudal part of the med
dorsal nucleug=rom (Craig 2003b)

1.1.2- The pain matrix

The development of neuroimagirigchniguesike functional magnetic resonance imaging
(fMRI) andpositroremission tomographyPET), havegiven the possibility to investigate the
cerelval representation of pain and delineate the functional anatomy of different aspects of
pain perception in the brai&ince the first studies, a diffuse assembly of brain structures that
commonly activate in the processing of acute pain was describedesmta s named dp
ma t r(Bingal and Tracey 2008As shown in figure 1.7,he brain areas most commonly
observed in the context of pain inclu@, Sll, insular, anterior cingulate and prefrontal
cortices as well as the thalami#gpkarian et al. 2005; Borsook and Becerra 2006; Bingel and
Tracey 2008) However, even not systematically found to be involved perceptive
processing it should be noticed that subcortical areas like the bramstanygdalae and

cerebellum also play a role in the miflictorial experience of paiiBingel and Tracey 2008)

Finally, the pain networlshould not be seen ags &olated andstatic entity but rather as a
substrate that is significagthndactively modulated bgeveral othebrain regionglepending
on the precise interplay of factors that contritat¢he individual perception of pagisuch as

cognition,moodand injury(Tracey and Mantyh 2007; Wiech et al. 2008)
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[ Sensory
B Affective

B Cognitive
H-N+H
H-H+H

(1) Early identification

) Recognition and
immediate reaction

Evaluation and
substained behaviours

3)

Figure 1.7 1 The cerebral signature of pain The picture summarizes the areas found to be active
fMRI studies: colorcoding reflects the hypothesized role of each area in procefisinglifferent
dimensions of pain, whereas numbers in parenthesis indicate their relative involvement during ¢
temporal stages of the pain experience. The names of the structures are abbreviated as follov
anterior cingulate cortex; PCC, pedbr cingulate cortex; Sl, primary somatosensory cortex;
secondary somatosensory cortex; Pér, inferior parietal lobe; DLPFC, dorsolateral prefrontal cort
premotor cortex OFC,orbitofrontal cortexMed. PFC, medial prefrontal cortex; P. Inmsterior insula;
A. Ins, anterior insula; Hip, hippocampasd Ento,entorhinal cortexModified from(Borsook et al.
2007)

Primary and secondary somatosensory cortices

The primary ad secondary somatosensory cortices (S| andr&tgive projections from the
thalamic relay nuclei of the lateral pain system arglthe main cortical sites involved in the
processing of the discriminathsensory properties of the experience of paihthough
electrical stimulation of Sl did not evoke painful responses in neurosuggtiahts nor the
ablation of Sl causes detectable sensory defititgvar 1999) several neuroimaging studies
have demonstratedhat these two cortical structures have tipeimarily function to
discriminate the location and intensity of a painful stimyRerro et al. 1998; Porro et al.
2004) For exampleBornhévd and colleagug®002) studiedthe relation between BOLD
signal and the intensity of a laser stimulus. In particular, they chosmférssities: from a not
noticed stimulus (P0) to the highest painful stimulus (P5), comprising a stimulus intensity that
the subjects perceived as warm, but not painful (P1). With this experimental protocol, they
demonstrated that S| was involved lretoding of the stimulus intensity, independently from

its harmful quality, whereaSIl and the posterior portion of the insula wareolved in the

coding of the pain intensity (figure 1.8)
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Pain perception and its modulation
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Figure 1.81 Relationship between stimulus intensity and BOLD signal in SI and SllAlthough, both
somatosensory cortices are involved in theirogdof stimulus intensity, only the activation of th
secondary somatosensory cortex is related to therpkted spatially discriminative aspects of noxic
stimulus.Modified from (Bornhovd et al. 2002)

More recently, Nir and coworke2008) published a study in which they recordeldctrical
scalp signal with electroencephalography (EEG) and reconstructedrtieal activity evoked

by five different intensities of thermal stimuli, randomly applied on the back of healthy
volunteers. As shown in figure 1.9the activation magnitude ofhe contralateral Sl
significantly correlated withthe subjective perception afoxious stimuli proving that the

contralateraprimary somatosensory cortex has a key ijgain intensity coding

Figure 1.9 1 Correlation between the mean
activation in Sl and the mean pain rating on a
numerical pain scale. Mean activation was
calculated as the area under the curve (AUC)
| the Sl waveform reconstrted with EEG source
iR imaging.From (Nir et al. 2008)

Numerical Pain Scale
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0 200 400 600 800
AUC of current density in contralateral SI [A.-’mz]

Insula

Insular cortex is located bilaterally within the brain, tucked awager the posterior part of

the frontal lobe and the tarior part of thetemporal lobe The most relevant anatomic
landmark is the central insular sulcus, that separates the insular cortex in two main divisions,
anterior and posterior insula, with functional distinct feat&eger et al. 2009)In fact, it

has been shown thanterior insula (Al) is involved in emotional and affective dimensions of

pain experience as well as in thepresentation and integi@at of autonomic andisceral
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signals and in interoception(Singer et al. 2009; Craig 2011Wwhereas somatosensory
discriminationis performed by postasr insula (see figure 1.9)These functional subdivision
of the insula is reflected in tllense anatomical connectivitiyat anterior and posterior insula
have withmany subcortical and cortical areds is interconnected with subcortical structures
swch as the nuclei ahe brainstem, limbic structures and the basal ganghde the posterior
insulais connected witthe thalamus and basal gandliamm and Singer 2010)

Neuroimaging studies have demonstrated a bilateral activation of anterior insular cortex during
the experience of painthat has acrucial role for integrating cognitive, emotional and
vegetativeactivitiesandthe affective dimension of pa{Wiech et al. 2010)For example, the

i nvestigat i on o finthe mgntaat neryoasssystem tevedled thé iavelvement
of anterior insula in the processing of emotional state felt when a loved person experienced
pain (figure 1.10). On the contraryctavity in the posterior insul&ll, the sensorimotor
cortex(SI/MI) and the caudal anterior cingulate cortex was specifieteivingpain (Singer et

al. 2004)

Figure 1.107 Shared networks observed when pain was applied to self or to the partnegdnly part

of the network mediatig pain experience is shared when empathizing with pain in others, sugge:
segregation of sensedjscriminative and emotionalfective attributes of the pain, in which tr
anterior insula and anterior cingulate cortex (ACC) are mainly irdoin the latterFrom (Singer et al.

2004)

Furthermore, it has been suggested that &8 hlso a role in the anticipation of pain, in

particular, in theintegration ofthe perceived threat value of the stimulation into tleeision

aboutthe salience of the impendistimulus(Wiech et al. 2010)

These experiments, together witther finctional imaging studiedave accumulateevidence
thatthe anterior insula of humans is associated withjective emotional feelingsot only in
the experience of pain, but also ali taskrelatedand attentiosrelated aspects of behavior,
including subjective time estimation, music appreciation, mental teffoxd behavioral
saliencgLamm and Singer 2010; Craig 2011)
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Pain perception and its modulation

Anterior cingulate cortex

The anterior cingulate cortex (AC® the anterior part of the cingulate gyrus, locatethe
medial wall of the brain hemisphere, immediately above the corpus calldgure (1.113.

This cortex domain can be separated in specialized parts on theobagt®architecture,
connetivity and functionsACC integrates input from various sourcegluding motivation,
evaluation of error and modulation of executive and attention functions, andbwcts
influencing activity in otherbrain regions modulating cognitive, motor, endocrirend
visceral responsefBush et al. 2000)In particular, it has been shown that cognitive and
emotiondinformation are processed separately in the two main subdivisions of ACC: a dorsal
cognitive division and a rostrakntral affective division (respectively in red and blue in figure
1.11)

Cingulate

| . . . . .
SIS Cingulate  Figure 1.11 i Anterior cingulate cortex

[ 9 anatomy. The right part of the figureontains a
reconstructed MRI of the medial réace of the
right hemisphere of a singléhuman brain
(anterior towards the left, posterior towards t
right). The cortical surfack as been
inflatedd to allow s
and sulci.The cingulate gyrus lies between th
cingulae sulcus and the corpus callosum.
schematic representation of cytoarchitectu
areas (humbered) of ACC is shown the left
Cognitive division areas are outlined in red a
affective divisionareas are outlined in blu
Modified from(Bush et al. 2000)

ACC is activated during the majoyitof PET or fMRI studies of pain and it has been
implicated in the affective processing of péipkarian et al. 2005; Chen 2008)his role has

been confirmed by lesion studig3albot et al. 1995; Greenspan et al. 20@8)d its
connections with other brain struots. Specifically, ACC receives nociceptive afferent inputs
from the thalamic nuclei of the medial pain system and projects to other regions with
executive and cognitive functions such as the prefrontal cortex, the amygdala or brainstem
structureqCraig 20@a). Together with the insular cortex, ACC is believed to act as a neural
Aal arm systemo or conflict monitor, det ect i
in conflict with current goals. Moreover, these two regions can be seen as the sewkory a
motor components of an interoceptive system for detecting potentially or current dangerous
stimuli and organizing coherent and effectbahaviorakesponses. In this contexthas been

shown thatrostratventral divisionACC is primarily involved inassessing the salience of
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emotional and motivational information and the regulation of emotional resp({fPsnerai
2011) Finally, ACC is also involvedn the cognitive modulation of @in. For example, it has
been demonstrated that expectatiotuced analgesia is mediated by an enhanced coupling of
ACC, in particular its rostral parfrACC), with subcortical brain structures such as the
periaqueductal greyOn the basis of these findjsg, it has been proposed thatCC directly

act on the descending modulatory system through the activafianidbrain structures,
inducing an opioiedependent modulatory effect on péietovic et al. 2002)

Prefrontal cortex

The prefrontal cortex (PFC) imdeterogeneoubrain area, wheralifferentsubdivisions are
thought to play spefic roles in various cognitive, emotiorehd memoryfunctions(Apkarian

et al. 2005) Considering its role in relation to the experience of pain, PFC has a substantial
role in the cognitive regulation of paias demonstratedor example,by the activations of
prefrontal cortex regionsgluring the performancefdasks that involve attention toward or
away from a concurrent noxious stimylugsulting in an enhanced decrease evoked
perception(Apkarian et al. 2005; Brooks and Tracey 2005; Wiech et al. 200&)eover, its
anatomical position supports this role as an essential source of modulation: it receives sensory
information from all modalities and is associated with limbic structures that are crucial for
affect andemotion Furthermore, it has connections with motor system structures, resulting in
a direct translation of PFC outcome into behavigWiech et al. 2008)The dorsolateral
prefrontal cortex (DLPFC), in particular, is involved in maintaining and appropriately
updating internal representations of expectations, which modulate processing itrather
areas. In this sense, many authors have described the pivotal role of DLPFC in anticipation
and expectation mechanisms that mediate the placebo effect. Using fMRI, Wager and
colleagueg2004)were the first in describing a significant increase in DLPFC activity in the
period immediately before the delivery of a noxious stimulus, when a visual cue anticipated
the subjects about the intensity of the stimulati@n the contrary the authors found
significant reduction in neural activity in paiasponsive structures, such as the ACC, insula

andthalamus only during the shock period.

DLPFC is not the only subdivision of the prefrontal cortex that participategializing pain
modulation. In fact, evidence suggest that the ventrolateral prefrontal cortex (VLPFC) is also
involved in cognitive modulations of pain, reflecting reappraisal of the emotional significance

of a stimulus resulting in a decrease in subjectaia ptensity(Wiech et al. 2008)
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Pain perception and its modulation

Finally, orbitofrontal cortex (OFCgontains neurons responsive to negative emotional stimuli
furthermore,the electrical stimulation of the orbitofrontatchthe medial prefrontal cortices
results in analgesia. These findings are supported by fMRI studies that showed a negative
correlation between experimental pain intensity ratings and activation of these areas, so that
lower activations in these corticatéhines occurred with higher pain ratindggantick et al.

2002; Brooks and Tracey 2005)

All together, the functionally different subdivisierof PFC underlie a complex interplay
between cognitive and executive areas thélizes and regulate thegain processing within
the other areas of the pain matrix (figure 1.12).

Figure 1.121 Possible neural pathwaysof

cognitive  pain  modulation.  Cognitive
modulations of pain are related to activation
prefrontal brain areas(DLPFC, VLPFC and
ACC; shown in orange), which modula
activation in pairassociated regions in th
cortex (ACC, S] Sll andinsula), brainste and
dorsal horn (the PAG and dorsal horn; shown
blue). Abbreviationsare as follows ACC,

anterior cingulate cortex; DLPFC, dorsolater:
prefrontal cortex; PAG, periaqueductaky; Sl,

primary somatosensory cortex; Sll, secondi

somatosensory cortexVLPFC, ventrolateral %E\iﬁﬂ'&i‘r‘:’fv
prefrontal cortexFrom (Wiech et al. 2008) Ascending %
nociceptive input
Nociceptive Dorsal

’ _——
input horn
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1.2- Modulation of pain perception

Because the biologically relevant output of the nervous system is behaviourtscape
meaningfully definedbnly in relation to a specific behaviour. In the case of pain perception,
signals related to noxious or potentially noxious input could receive enhanced attention or be
subordinated to other bodily needs of higher priorityottmer wordspociceptive inpwt can be
regulated in order to produce the most effective behaviour as respastsadild that harm or
threaten to harm theody(Brooks and Tracey 2005)

1.21 - Pathways for pain modulation

Severalcortical structures have been found in studies aimed to identify the neuronal substrates
underlying the cognitive modulati elicited by the factorsuch as attention or expectatidys

mention in paragraph 1.1.2, the prefrontal cortex has an essential role in controlling the
activity of painprocessing areas such as the insula or the primary somatosensory cortex;
furthermore the anterior cingulate cortex has been described as source of inputs that modulate

the activityin other areas of the pain perceptive system.

Since the studies performed by Sherrington, showing that nociceptive reflexes were enhanced
after transection othe spinal cord(Sherrington 1906) the existence of paimhibitory
pathway has been postulated. This pathway originates in the brain and descends in the spinal
cord, terminating in the dorsal horn and modulating the transmission of nociceptive
information between firstand seconebrder nociceptors. Most of the knowledge about the
descending control of nociception derives from studies in animals, like mice and rats;
however, in recent years the development ofinvasive methods for investigating in humans

the functionally of structures such as the spinal cdrave opened new perspectives for
understanding the complex mechanisms that regulate the transmission and the processing of
nociceptive information from the spinal cord to higlheder brain structure, in normal and

pathological conditiorfTracey et al. 2002; Tracey and lannetti 2006)

Many of the brain regions that modulate the perception of pain act through a common pathway
that originate in the periaqueductal grey matter (PAGnidbrain regiorocated around the
cerebral ageduct. The first direct demonstration that this area has an activi rd&anging

the experience of paicame from the work Mayer and Pri€E976) that demonstrated that
stimulation inthe PAG produced analgesiaithout any concurngt effects on alertness or

motor performancdn the context of the PAG activation, opioids such as morphine and heroin
are one of the best known and most studied group of substances able to induce analgesic effect

through the binding with receptors on PA&urons
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Pain perception and its modulation

Investigationsabout the effects of these substancegpain have focused largely on the p
opioid receptor (MOR), because its activation is necessaryh®action of thesepotent
analgesicgFields 2004) MOR agonists produce analgesia through both s@nd postsynaptic
mechanismsat multiple CNS sitesMOR agonists can directly inhibit painansmission &
spinal levels furthermore he MOR is present in all of the known supraspinal components of
the paimmodulation circuit including the insular cortex, amygdala, hypothalamdidrain
stem structure@~ields 20@).

In the context of physiological activation of opioid receptors, one of the best example is the
placebo effect that has been shown to be induced by the release of endogenous opioids and the

activation of the descending modulatory sys{@ubieta et al. 2005)

PAG does not controhociceptive transmission directlyput throughconnections with the
rostral ventromedial medulla (RVM), that is defined functionally, as the midline
pontomedullary area in which electrical stimulation or opioid microinjection produces
behavioral antinociceptio(Heinricher et al. 2009)It contains serotoninergic neurons that,
together with naadrenergicneurons inthe dorsolateral pontntegmentumproject through

the spinal cord dorsolateral funiculus and selectively tattggetnociceptive neurons in the
dorsal horn Thus, it canbe considered the final output of the 4d@wvn painmodulation
system(Bee and Dickenson 2007)In particular,the RVM shapes spinal processiagting
through a direct action goresynaptiderminals of thgprimary afferentibers,on postsynaptic
receptorson second order projection neurons and also on intrinsic interneurdma wie

spinal cordBee and Dickenson 20Q7)

RVM neurons can be clasgd on the basis of their effect on nociception; in particular,
stimulation or inactivation of these neurons can suppress or enhance nociceptiodingepen

on the functional context. By means of whal@malelectrophysiological experimenttree

classes of neurons have been identifiiggute 113): ON-cells, that facilitate nociception,
OFFcells, that suppress nociception aNBUTRAL-cells thatseemsto have no effect on
nociception(Fields 2004) For example, it has been demonstrated the stressful factors can
induce both analgesia and hyperalgesia, according to the type of stressor involved, and that
OFFcells are implicated in stresgnduced analgesia related to conditioned ,feenile ON-

cells are activatedby what is referred to by various authors gssychologicad, fimildo, or

fiemotionab stresgMartenson et al. 2009; Cornelio et al. 2011)

As in the case of the PAG, also RVM neurons have receptors for opioid ligands, that mediate

the analgesic effect induced by these substahtésis case,his effect is due to several types
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of synaptic actions by MOR ligands, such as plestsynaptical inhibibn of ON-cells or
disinhibition of OFFcells through presynaptic inhibition of GABAergic neuro(Bields
2004)

Off cell
B
i \_‘9"/4*1 fkog A
4 J P e
TF _ P
— . N PAN fl e )

On cell P - PN

o Dorsal horn

Figure 1.137 Two populations of neurons exert opposing modulatory actions have been identifie
in the midbrain. In A, recodings from neurons in the rostraéntromedial medulla (RVMPf rats

during application of noxious heat to the tail reveals one class that pauses (off cells) and st
(on cells) just prior to the withdrawal tail flick (TFpemonstrating both €ditatory and inhibitory
control of nociceptive transmissioB)( Abbreviations are as follows, amygdala; H, hypothalamus
PAG, periaqueductal greiAN, primary afferent nociceptoR, recording electrode; SC, spinal cord

pain transmission neuroRrom (Fields 2004)

Although the involvement of PAGnd RVM in pain modulation are we&hown, other
structures have been identified as origin of descending pain modulatory patfiguanes 114
Heinricher, 2009 Moreover, corticecortical interactions among regions involved in sensory
and emotional infanation of painshould be considered to fully understand the neuronal

mechanisms responsible for perception of pain and its modu({&iogel and Tracey 2008)

18 Tesi di dottorato di Marco Zanon, di scusse



Pain perception and its modulation

. ¢,

- - A
- - .‘
“, "Taggaunnt® o

L -
LI TTI L i o
.
* +
."""- .*

Figure 1.147 Schematic representation of the main pain modulatory descending pathway3he

periaqueductal gray matter (PAG) especially, but also the rostral ventromedial medulla (RVMN
lateral and caudal dorsal reticular nucleus (DRt) and the ventrolateral medu\l) (¥ceive important
direct and indirect inputs from limbic forebrain areas including anterior cingulate cortex (A
amygdala (Amy), dorsomedial nucleus of the hypothalamus (DMH) and medial prefrontal cortex (
From (Heinricher et al. 2009)

All the brainareas and pathwaykescribed irthe above paragraplasts, in normal condition,

to ensurea fine equilibrium between the opposing descending controls t@augpinal gain

that is large enough to detect noxious stimuli, yet not large enough to permit excessive sensory
transmission.On one hand this can be advantageous finely tuning the processing of
nociceptive information, in order to generate an appropriate behavioral response. However, it
may alternatively become maladaptive and permitd@asgng pain, possibly in the absende o

any identiiable cause, so thatessitization of the nervous system at different levels can
contribute to the development and/or maintenance of some chronic pain(Ztatdseanu et

al. 2005; Heinricher et al. 20Q9)

1.22 - Factors that shape theperception of pain

As mentioned in the previous paragraph, the descendingnpedunlatig pathways are the
final brain output that regulate the spinal transmission of nociceptive information te supra
spinal structures. On the brainstem pathways, manydridér brain areas exert their action.
These brain areas are involved in the modulatibthe relationship between reported pain
intensity and the peripheral stimulirduced bymany factorssuch as the level of arousal,
anxiety, depression, attentiamd expectation or anticipatipthatestablishthe significancenf

the stimulusandhelp determinean appropriate response tgBrooks and Tracey 2005)

Attention modulates perception grwognition by allocating processing resources to relevant
external and internadvents.It therdore amplifiesbehaviourabind physiological responses to

relevant events and attenuates responses to irrelevant events. The highly subjective and
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behaviouraly relevant experience of pain is particularly susceptible to these attentional
modulationsand ever simple manipulations with attention can alter the experience of pain.
(Tracey and Mantyh 2007; Wiech et al. 2008he neuronal substrate$ these modulation

have been extensively studied and several brain structures haveleegfied.In particular,

for its clinical importance, several authors have investigated the neuronal circuits involved in
the paininhibiting effects of distractionThe main effect ofdistractionappears to behe
increased activityin regions of themedial pain systemsuch as theorbitofrontal and the
dorsdateral domains of the prefrontal cortex and the rostral part ofiierior cingulate
cortex and a corresponding reduction in activation inlttteral pain systepiike the thalamus

and the inglar cortex(Bantick et al. 2002; Porro et al. 2004; Brooksl afracey 2005)
Furthermore, it has been suggested that these areas decrease pain perception via the
descending pain modulatory systéhnacey et al. 2002; Valet et al. 2004)

These fndings demonstrated the effects of attention on-peated brain areas; however, a
direct evidence of the involvement of highender frontal and parietal areas, which mediate
top-down attentional changes in other sensory and cognitive processes ameluisive,
probably because of the inherently difficulty in grading attention in experiments on pain. In
fact, pain attracts attentigper seand can rarely be ignored, making difficult ismlate the
attentionrelated brain activity neuroimaging experimgnfFor example, in experimental
paradigms in which subjectre actively engage in distracting tasks and these distraction
conditionsare comparetb conditions in which subjects attended to pain, the level of attention
might be similar for attention andistraction conditions, so that the comparison of these
conditions does not enable identification of brain areas that specifically influence pain
processing via attentional mechanisms. Moreover, even distraction paradigms cannot ensure

that attention is ééctively diverted from paifWiech et al. 2008)

Attention is not the only factor that can have an effect on pain perceptpactation of high

pain intensity anénticipation ofa painful experience can influence the paelated activities

in several brain areashé& effecs of anticipation ofa painful stimuluson brain activitywere
observed inthe rostral anterior insula anthe prefrontal cortex, in particular its medial
subdivision but also in pain discriminative areas such as the primary somatosensory cortex
and the thalamus, whemggnficant increases in neuronal activity were fouddring the
anticipation of pair(Ploghaus et al. 1999; Porro et al. 20@)pectations enable an organism

to be prepared for the incoming noxious stimulus, therefore it is essential to detect
discrepancies between expected and perceived fedfigw® 1.15),s0 that egectation can

be updated if necessafyiech et al. 2008)The mechanisms of expectation and comparison
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Pain perception and its modulation

between sensory information and internal representation of the incoming input leagldd on
the best example of the cognitive modulation of pain: the plaaralgesieffect (Enck et al.
2008; Price et al. 2008)

A placebo can be an inert treatmh¢hat is giveras it has an effective action on the organism.
The placebo effect, or response, is the outcome after the sham tre&@ewuise the placebo

has an effect on the perception of pain, this can derive exclusively from the action of the
contextual nornoxious stimuli, associated with the administration of the sham treatment.
Therefore, the study of the placebo effect is the study of the psychosocial context around the
patient(Benedetti et al. 2005)n this sense, expectations can induce an internal representation
of the incoming noxious stimulus that is different from the actual stimulation, resiritiag
biased perception of pain evoked by the stimulug) gure 1.15B and figure 1.15C.

Expectation Nociceptive Percept Example
input

Nocebo effect
(non-responder)

Nocebo effect

ENg) (responder)

Placebo effect
(responder)

: Placebo effect
High (non-responder)

Figure 1.15 i Violation of expectations and possible consequencdn.an experimental settingajp-
intensityrelated expectations can be induced by presenting the sulfjectues that signal the intensit
| evel of the next stimulus (6expectationd).
violate the induced expectation intbalirections: it can either be less interféeandB) or more intense
(C andD. In both cases, the expectation can bias the perception so that subjectively rated stin
intensity (O6percept 6) anflis ¢éitheorated ag lfigreB) ar loveedC) ithan the
actual nociceptive input. Alternatively, the nociceptive input ceerrule the induced expectatidii
andD). An example of this paimodulating effect of expectation is the placebo effect, that is induce
an inert substace together with the suggestion that the pain nmighelieved From (Wiech et al. 2008)
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Furthermore, the role of expectation in inducing the placebo effect is further supported by the
results that demonstrated a correlatibetween reported placebo effects and prefrontal
activationinvolved in generating and maintaining expectatitike the dorsolateral prefrontal
cortex(Wager et al. 2004)

Expectatims can be inducely verbal suggestion, but also pyevious knowledgaboutthe

effect of a real analgesic treatmefi@enedetti et al. 2003; Colloca and Bdeti 2006) The
previous experiences of pain aleérningare also implicated in the unconscious mechanism

of Pavlovian conditioning that has been demonstrated to have an essential role in inducing an
effectiveplacebo analgesic effe@pecifically, theearning of relations between events allows

a better representation and therefore prediction of environmental siidalibca et al. 2008)

First insights of the neurobiological basis of the placebo effect came from pharmacological
studies that showed that placebo analgesia could by blocked by naloxcenetaganist of

opioid receptor, suggesting the involvementesidogenouspioid system in the placebo
response(Benedetti et al. 2005)This hypothesis was further confirmday functional
neuroimagingexperiments that have demonstrated a shared neuronal network between placebo
and opioid analgesia. In particular, both opioid and placebo analgesia are associated with
increased activity in the rostral anterior cingulate cortek @&ith an increased correlation in

the activities of this cortical area and brainstem nuclei, such as the periaqueductal grey matter
(Petrovic et al. 2002Finally, using PETa n d -opioidgeceptoiselective radiotraceZubieta

and colleaguef005)demonstrated a reduced receptor availability in several brain structures
following administration of a placeb@roviding a direct evidence of the involvement of
endogenous opioid system in the cognitive modulation of pain perceptiooethdoy a

placebo (figure 1.8).
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DLPFC

Figure 1.16T Ef f ect s of p | ac e b-opiod receptdr-mediatedtnéuroteansimigsion.
Significant effects of placebo on the activation of thepioid system were detected in the I
dorsolateral prefrontal cortex (DLPFY; rostral anterior cingulate cortex (RACing), left nucleus
accumbensNAcc) andtheinsula Z-scores of statistical significance are represented bystedocolor
scale the left side of the axial and coronal images corresponds to the right side of the body (radlic
convention) From (Zubieta et al. 2005)

Although it has been demonsteal that psychosocial factor@cts on the paiperceptive
processing through the endogenous opioid system, more recent studies have underlined the
role of nonopioid mechanismsas for example, the subject was previously exposed te non
opioid substance@Benedetti et al. 2005; Price et al. 2008preover, placebo analgesia is not

the only effect obsereeafter the administration of a placebo. For example, placebo motor
responses have been observed in Parkinsonian patients, after administratioshain a
antiparkinsonian medicinefurthermore, cardiac and respiratory placebo responses
immunomodulatoryeffects have also been report@knedetti et al. 2005; Pachetopez et

al. 2006; Price et al. 2008)

Finally, the study of theplacebo effectacquire greater relevance for ibnical and ethical
implications, because theaisf inactive (placebo) conditions in clinical trials when effective
treatments are available has created an ethical contra\Rrisg et al. 2008)However, it has

been well documented that placebo effects can obscure those of active conditions, even for
treatments that were eventually demonstratede effective. Thus, placebo effects may
represent points of either strength or vulnerability for the expression and maintenance of

various pathological states and their inherent therapeutic interve(Biensdetti et al. 2005)
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2 - AIMS OF THE THESIS

This thesis is mainly aimed to present and discuss the results of experiments conducted during
the PhDcourse. Themain context that undigs the studies here presentedhe investigation

of cognitive processes involved in pain sensation and its modulation, from different point of
view. For this reason, the work sibdivided in three parts, each conaagrthe investigation

of a particular aspect of pain modulation:

- | part investigation of brain activity in a pathological case of pain sensation without
incoming noxious stimulation, using functional magnetic resonance imaging. In
physiological conditionspain sensation is triggered by a noxious stimulus. However,
pain sensation can be produced even in absence of a real stimulus, determining a
pathological conditionsften observed ichronic painln this sense, brain activity in a
patient with phantomirhb pain was investigatedoth whenthe persistent paiwas

modulated by attention and duriagesting statg@eriod

- Il part: evaluation of a theoretical model of pain modulation, based on Bayesian
decision theory. e proposed model tries to expldiow cognitive processsintegrate
several factors, such as the incoming noxious stimulus, contextual information and the
previous experiencen order toproduce theperception of painThe hypothesisvas
that this integration is based on a statistical infeaé process and that the nociceptive

system could work asBayesiaroperator.

- Il part: modulation of pain perception by external intervention: relationship between
pain sensation and physical activity. Several authors have demonstrated thattd stressf
event, such as physical exercise, can activate-iphibiting descending pathways,
leading to an hypoalgesia state. However recent findings in animals have also reported
that highintense exercise can produce an opposite effect of hyperalgesia. Téerefo
the third study wasaimed toinvestigatethe influence of exercise on paierception
and to test whether an exhaustive exercise would be able to induce hypoalgesia,

hyperalges or both, subsequently in time.
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3- BRAIN ACTIVITY IN PHA NTOM LIMB PA IN

3.1- Introduction

Pain has always fascinated neuroscientists for its peculiar characteristics that make it different
from the other sensory modalities. One of these is its intrinsic connection with diseases and
pathological conditions. In fact, painhéhe fundamental function to alert the body when an
event is damaging or is potentially able to hurt the organi$owever, in many cases, the
experience of pain persists long after its usefulness as an alarm signal and often, after the
tissue damage hdwealed. Chronic pain in these patients is probably not directly related to
their initial injury or disease condition, but rather to secondary changes including ones that
occur in the pain perceptive system itg@brsook et al. 2007 Moreover, the chronic pain is
frequently associated with comorbid psychosocial disorder, sudtlepsession and anxiety,

sleep disturbances, and decisimaking abnormalities which significantly diminish their

guality of life (Borsook and Becerra 2011)

Given that the brain is a higghinterconnected dynamical network, and that chronic pain
conditions are states that are maintained over years and even a whole lifetime, it is not
surprising that many studies have identified injinguced reorganization at any level of the
central nereus system (figure 3.1) and that these alterations are not only functional but may
be due also to a modification of the structural organization of the nervous g¥siesnok et

al. 2007; Vranken 2009Moreover, the wide variety giferipheral and central nervous system
lesions corresponds to highieterogeneous clinical conditions, that couldlassified in two

main categories, according to the causes of the disease: nociceptive/inflammatory pain, in
which pain is associated widomatic lesions, and neuropathic pain, which is the consequence
of a peripheral or central nervous system lesion. The latter represent the more challenging
form, especially because of the aetiology of the dysfunction and the difficulty in the treatment.
In fact, neuropathic pain still represents a clinical challenge due to the fact that it poorly

responds to conventional analgegiosvorkin et al. 2003; Vranken 2009)
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Figure 3.17 Summary of changes in mural function that could be responsible for chronic painThe

several forms of chronic pain can be divided in two main categories: those caused by chronic ac
of nociceptors (1) and thosaused by damage to or malfunction of the nervous systethese case,
changes can occur along the neural axis. In the peripheral nerve there may be loss of fiber:
changes in function of neurons in the dorsal root ganglia (2) and alterations in the dorsal horn (3
central nervous system, thereeathanges in dorsal horn (rafferent inputs) as well as changes
sensory processing (e.g., hyperalgesia (35hdnd emotional processing (5). These changes also r
in an alteration of descending modulatory influences (4). The constellatiommjeh in peripheral ani
central nervous systems result in changes to the pain intensity during spontaneous and evoked

emotional processing (e.g., altered reward or hedonic state) that may lead to changes in comorbir

Brain

Descending
Modulatory
Systems

Normal

Cord

Spinal

Chronic Pain

Spontanecus Pain

Evoked Pain

O Depression
Anxiety

Altered Reward

in chronic pain (e.gdepression or anxietyf.-rom (Borsook et al. 2007)

Neuropathic pain is a wftidimensional clinical entity probably mediated by a number of

different pathophysiological mechanisms. The heterogeneity of neuropathic pain syndromes is

apparent from the clinical examination of patients who may present with various painful

symptoms (fyure 3.2), including spontaneous pain and evoked pain that, in some case, can be

even more distressing than spontaneous (daaisset and Bouhassira 2007)

Neuropathic Pain Symptoms

y

non nociceptive nociceptive
stimuli stimuli
CONTINUOUS || PAROXYSMAL ALLODYNIA ||HYPERALGESIA

mechanical and/or thermal

a

dynamic  static heat

cold

Figure 3.2 1 Multiple symptoms in
patients with neuropathic pain. The
patients may present with variol
combinations of spontaneous ar
evoked pains which magepend on and
different mechanisms. Evoked pal
includes bdt allodynia and hyperalgesii
induced by various types of mechanic
and thermal stimuliFrom (Moisset and
Bouhassira 2007)

Despite this heterogeneity, theabr represents the final common pathway in behavioural

responses to pain, both conscious and unconscious, therefore understanding and disentangling
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Brain activity in phantom limb pain

the cerebral mechanisms of chronic pain could be of great help in characterizing and treating
the differenttypes of chronic pain. Nemvasive braiAmaging techniques, such as functional
magnetic resonance (fMRI) and positron emission tomography (PET) can help to understand
the processing of pain in normal and pathological conditions, hopefully improvingdbess

of clinical interventiongBorsook et & 2007; Borsook and Becerra 2011)

Given the success in identifying a unique, fairly reproducible, brain activity pattern for painful
stimuli in normal subjects, an approach early used in the attempt to characterize clinical pain
states is the comparisor brain activity between chronic and physiological pain, with the aim

of understanding whether these conditions show the same or different patterns of brain activity
(Apkarian et al. 2005; Borsook and Becerra 2006; Friebel et al. 2B&d )example, Moisset

and collaborator§2007)recently reviewed neaimaging studies that specifically investigated,
both with fMRI and PET, the changes in brain activity associated with Jevmsked
allodynia, a condition frequently associated with spontaneous pain in patients, but still poorly
understood. The authors wertined that allodynia was predominantly associated with changes

in the lateral system, relating to sensory discriminative aspects of pain, rather than the medial
system, which relates to the affectemotional dimension of pain (medial thalamus, ACC
and insula). In fact, many of the studies taken into account that investigated the regional
cerebral differences between brushing the painful area and rest, in patients with unilateral
chronic pain, showed an increased brain response in structures of thkepatersystem, such

as the lateral thalamus, primary and secondary somatosensory cortices (SI and SlI,
respectively) or the posterior insula. Activation of medial thalamus, anterior cingulate cortex
(ACC) and insula were observed in few of them. Moreotegether with other authors
(Borsook and Becerra 2006; Wiech et al. 200} review of Moisset and ewmorkers
highlighted the role of the prefrontal cortex (Brodmann aaes 45 and 46) in brusévoked
allodynia. This result is similar to that showed by Apkarian and colleag\psarian et al.

2005) in their metaanalysis, demonstrating that the prefrontal cortex is the cbdaaain

most frequently involved in chronic pain condition (detected 81% of the times in clinical
conditions, 55% in normal subjects), therefore suggesting the participation of the
cognitive/evaluative dimensioof pain These studies indicate that acyt®ysiological pain

and neuropathic pain may have distinct although overlapping brain activation patterns, but that

there is not a unique A p(Maoiseet anchBouwhassgira 2007) fal |

Our knowledge abouthe mechanisms involved in spontaneous pain is still far from being
clear, and methodological limitations make it difficult to study such processewo in

humans, even with common neuroimaging techniques. For this reason, only in recent years
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results lave been published on the brain processing in spontaneous chronic pain. A first

attempt to shed light on brain activity in spontaneous pain come from the study of Baliki and

colleaguegBaliki et al. 2006) They applied tb general linear model analysis, commonly

used for analysing fMRI data acquired in bleddsign experiments, to investigate the brain

activity during two conditions of the spontaneous pain in the chronic back pain patients:

spontaneous pain perceived austained high level and during the increasing in the intensity

of the spontaneous pain increased (figure 3.3).
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B Spontaneous pain is sustained
at a high intensity : nature
of the subjective experience
of chronic back pain

B Spontaneous pain is
increasing: increased
peripheral nociceptive
input reaching the brain

Figure 3.3 1 Two distinct phases of
spontaneous pain can be separated ol
the basis of the pain ratirgs of chronic

back pain patients. Example rating of
spontaneous fluctuations of pain in o
CBP patient. The panshows twoideal

signals derived from such ratings t
search for brain activity BOLD signal
The first signal (blue) corresponds tc
time periads when the subjective ratin
of spontaneous pain intensitg high,

whereas the second one (red)

corresponds to time periods whe
ratings are rapidly increasing, whict
may correspond to increased nocicepti
input to the brain. The bottom pani
shows rehtionships between the thre
time-curves at a higher time resolution.
Modified from(Baliki et al. 2006)

With such approach they found that, during high sustained pain, brain activity increased in

regions known to & involved in negative emotions and detection of unfavourable outcomes,

such as the medial prefrontal cortex and the rostral anterior cingulate. On the other hand,

during the increasing phase of chronic back pain, they found a significant and transient

increase in cortical domains commonly observed to be activated in acute pain (figure 3.4).

Figure 34 1

active compare
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Brain activity in phantom limb pain

These findings therefore suggests that the emotion/affective dimension of pain was mainly
involved during sustained spontaneous peioaptwhereas the increasing phase was
principally related to the activity in the sensory/discriminative pain areas. Moreover, the
authors also suggested that there was a shift in perceptual characteristics in the experience of
pain and that perception bewa dominated by cognitive evaluations of the condition, with
decreased emphasis on its sensory properties, when the pain was perceived at a sustained high
level (Apkarian 2004)

Changes in the functional relationship among cortical structures have been hypothesised to be
responsible for spontaneous chronic pain. Following this idea, two independent studies have
been published in 2010 regarding the functiongjaaization during the resting state in the
brain of chronic pain patient. These studies demonstrated that the modular organization of the
brain is disrupted in chronic pain patients. Specifically, the dynamics of the default mode
network (Fox and Raichle 2007yere changed by long enduring pain, and pelated areas,

such as the insular cortex, were found to be significantly involved in cerebral activity during
the resting conditior{Tagliazucchi et al. 2010jlemonstrating the impact of lotlgsting

chronic condition on the braimmction.

Finally, together with the functional impairment within pgirocessing areas, some authors
have also highlighted that the mechanisms beneath the chronic perception of pain could
involve anatomical changes, such as neurodegeneration and atrdhbyneuronal substrate

of the pain processing system, and that the duration of the progression of the neuroanatomical
modification could be related to the duration of the chronic condifikarian 2004;
Kuchinad et al. 2007; May 2011Pne of the first examples on this issue comes from a study

by Apkarian and colleagu€2004) They have investigated the neurodegenerative changes in
the brain of patients affected by chronic back pain, using Moxstd morphometry to
measure the loss abrtical grey matter. In their study, the authors observed regional specific
morphometric abnormalities, highlighted by the significant grey matter density reduction in
the dorsolateral prefrontal cortex and the thalamus, two key regions in pain pearceptio
processing and in its control by executive higbeder functions (figure 3.5A). Using the
same technique, another study investigated the degree of grey matter atrophy in patients
affected by fiboromyalgia and observed a significant reduction in cirggutaular and medial
frontal cortices, and in parahippocampal gyri (figure 3.5B). Moreover, the loss in grey matter
correlated with the number of years since the diagnosis, further supporting the hypothesis that

the pathological disorder had a relatiothwthe neuronal dysfunctig Kuchinad et al. 2007)
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A. Chronic back pain B. Fibromyalgia

Figure 35 T Structural changes in the brain in patients affected by two different chronic pain
pathologies.Red circles highlight significant decreases in grey density relative to healthy subjects. Th
structures are abbreviated as follows: CC, cingulatexprDLPFC, dorsolateral prefrontal cortex; Med. PF
medial prefrontal cortex; PHG, parahippocampal gyFusm (Borsook et al. 2007)

However, it is still debated which is the direction of the dependency between chronic pain and
the neuronal degeneration, and it is not unlikely that these changes are the consequence and
not the cause of the painful syndromes. In fact, they reagrse once the pain is adequately
treated. Moreover, structural changes of the brain may not be specific to a particular pain
syndrome and only mirror the magnitude or duration of the pain suffBadiki et al. 2011,

May 2011)

In conclusion, chronic pain is a complex pathological state that has correlates at the cortical
level, and is associated with cortical reorganization and perhaps even neurodegeneration.
Furthermore, newimaging data relating to neuropathic pain tend to confirm that acute
physiological pain and clinical pain are associated with different, but overlapping patterns of
brain activation.
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Brain activity in phantom limb pain

3.2- Material and methods

The first study described in this thesis v@sformed with a patient affected by phantom limb
syndrome and a painful sensation in the missing limb. The patient wagyeaddld Italian

male whose right leg was amputated above the knee 4 years before the experiment. The study
was aimed to identifjprain areas involved in modulation of the persistent pain and in the
ongoing processes that characterized this chronic condition.

3.21- Description of the patient

The clinical history of the patient started in 1989 when he referred for the first tiate sci

pain in the right inferior limb. In 1990, a magnetic resonance imaging (MRI) scanning allowed
to diagnose a right sacischiatic neurogenic neoplasia (schwannoma) that was subsequently
removed with the damaging of sciatic nerve. After the surgeeypdlient reported a reduction

in the strength and the sensation with a right sciatic distribution, but no pain. However, after
about one year, the sciatic pain in the right leg restarted due to the reactivation of the neoplasia
and therefore the patienhderwent a second surgery to remove the renewed tumoral tissue.
Immediately after the surgery, a new type of pain was perceived in the right foot, that the
patient described as fAneedles scratching th
ongoing painful scratching sensation, the patient referred periods lasting 20 fin in

which the pain increased in intensity and distribution, extending from the tip of the foot to the
posterior part of the thigh. At the beginning, the scratching sensatas periodical and

perceived each second day.

Since the first attempt to remove the tumour, the patient had undergone several surgeries
(about 10) to progressively reduce the neoplasia, because it continuously regrow in what
remained of the sciatic n&¥ in the thigh and the calf. At the same time, the patient had also
been treated with interleaved cycles of radiotherapy and chemotherapy (Adriamycin and

Holoxan).

In June 2002, a transfemoral amputation was performed to the right leg. After the amputatio
the patient still referred to perceived the missing foot (phantom limb) and the painful
scratching sensation in it (phantom limb pain). In October 2002 a temporary prosthesis was
applied to the stump, while a permanent one was implanted in April 20G5.patent
regularly used the prosthetic leg54hours in the morning and then he removed it due to
fatigue and movement difficulties (lack of muscular strength). The prosthesis did not
ameliorate the phantom limb, though it reversed the abnormal poshminthe phantom limb

takes.
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In March 2006, the patient voluntary underwent the experiment described in this thesis, in

order to possibly improve the knowledge about the brain processes involved in phantom limb

pain. Until that moment, no changes in thamiom sensation had been occurred and the pain

was stil/l descri bed as q-tatralddraesof thehrght fod,c r at c h
producing a nuisance s-iGwwerbal stcaleoThajintemsity of this ed as
sensation followedlaily fluctuations: usually quantified as 2 in the morning, it increased to 6

8 in the afternoon and the evening. The phantom pain was not stable in subsequent days, but it
increased for 2 days and then decreased in the followirg)@ays, reaching a mimum pain

scoring that normally was not below 1/10 (figla®) . Moreover, this fAscrat
was exacerbated by peaks of pain at high intensiti€g1®) lasting for 180 minutes. Two

pieces of the patientlinb paid ars reporteg in box B.sandbbox t he
3.2.
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Figure 3.6- Pain perception reported by the patient in subsequent day#n two separated periods (4
and B) the patient scoredtben goi ng fiscr at c hphantgm fgoR usinga@i100 sdalb.
The rating was performed each day at 8: 00 a
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Exogenous factors could modify the pain intensity in the phantom foot, although the patient
referred he was not able to identify factors or situations that systematically ettreas
reduced the phantom perception. Low temper e
in the stump, but not the Abursting paino.
being afraid of falling, could worsen the pain for few secomdsrest or in absence of
distracting stimuli, the pain could sometinm
worst, indicating a fever state. Movements, such as massages of the stump or the involuntary
rhythmic movement of the left leg, were albdereduce the phantoperception. Finally, the

light touch of the stump with clothes or sheets could not evoke pain.

At the moment of the experiment, the patient was pharmacologically treated with Laroxyl
7gtts at the evening and ContramatZ® gtts whemeeded (sometimes substituted by Co
efferalgan). When the fibursting paino becat

Toradol 1fl could ameliorate the intolerable perception.

Box 3.17 First description of the pathological pain condition, reprted by the patient when he
introduced himself the first time.

(..)

Le espongo brevemente il mio caso: ho subito una amputazione transfemorale dell'arto destr
di un neurofibrosarcoma del nervo sciatitbprecedenza ho subito diversi intertiadi sezionament
di tale nervo che mi hanno lasciato uno "strano" dolore localizzato sul piede dell'arto interessat
che non & scomparso con la definitiva amputazione dell'arto malato. La particolarita di questo
che non é continuo ma @enta una certa cadenza periodica comparendo pill 0 meno acuto pe
giorni e scomparendo per altri.

Le cure a base di antidolorifici o antiepiletticsasiati a Grbapentin non migliorano sensibilment
quadro dolorosol terapisti del dolore allgano le braccia di fronte al mio caso in quanto dolo
questo tipo, assimilabili al tipico dolore da arto fantasma, sono estremamente difficili da comba|
(.._.) _

Dimenticavo...

Ho 41 anni, il dolore si € presentato per la prima volta nel 1991 eufamigne € avvenuta nel 2002.

(.)
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Box32iPati ent 86s description of the missing i

(...) la sensazione dolorosa é indipendente dall'uso della protesi, il fenomeno si & presentato a
un interventonella regione glutea, nel corso del quale & stato interrotto il percorso del nervo
senza compromettere ulteriormente l'arto inferiore. Successivamente, dopo innumerevoli in
chemio e perfino una perfusione antiblastica si & deciso dfisa@ la gamba destra. Ma il dolore n
ha subito modifiche a seguito dell'amputazione. La protesi ha modificato, in positivo, la sen
spaziale dell'arto, in altre parole normalizza la posizione percepita della gamba che in assenza
a volta sembra sfidare la leggi dell'anatomia assumendo posizioni improbabili. Per quanto cor
periodicita del dolore le posso dire che non vi € una regola; il dolore compare di solito la mattin
ad aumentare durante la giornasggiungendad picchi nel primo pomeriggio e la sera. La cos
ripete per uno, due giorni, poi il dolore scompare per altri due, tre giorni. Ho cercato in tutti i n
nesso a tale fenomeno ma le assicuro che non ho trovato dei particolari comportamenti che in
comparsa, e di conseguenza la scomparsa, del dolore. Attivita particolari, alimentazione, stati

0 stress, niente di niente...

Il mio cruccio € capire non tanto il motivo per cui compare il dolore, ma perché esso scompare.

Il dolore si localzza sul lato esterno del piede immaginario destro come se tanti lungh
penetrassero nella pelle. A volte il dolore € cosi forte che mi impedisce addirittura di pensare.

(.

3.22 - Description of the experimental sessions

In order to investigatehe brain activity in the patient affected by phantom limb pain, a
functional magnetic resonance imaging (fMRI) protocol comprising three scanning sessions

was chosen. The patient underwent it in three subsequent days characterized by different
intensities of persistent pain. In Dayl (3:00 pm) he referred a low level of pain sensation (8 on

a 0to-100 verbal scale), whereas in Day2 (7:00 pm) the patient reported a much higher pain

level (80 on the verbal scale). The third day, the intensity of pain chaoged the execution

of the experimental protocol. In fact, in Dayl and Day2, the same pain scoring was referred by

the patient before and after the MRI acquisition, on the other handay3 he reported

di fferent pain ratingsyamebdnngg phah t hetbaga
remain stable during all the scanning session. For this reason, the data acquired during the

third day were excluded by the subsequent analyses.

Each scanning session included three fMRI scans (fi§ufe that were performed during

three conditions: two imagination tasks, each organized in a block design, and astasting
protocol. In the first task, the patient had to imagine a high pain in his phantom foot (pain
imagination task), in particular he reportdt performing this task made his pain increase to

a higher level, similar to that reported in Day2. In the subsequent task he performed a visual
imagination task (distraction task): he thought about something pleasant, in order to move
away his attentio from pain; he reported that performing this task reduced the pain sensation.
Finally, in the last part of the experiment, fMRI images were acquired during a typical brain

resting state protocol (Fox and Raichle 2007), in which the subject was lying stanner
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and asked to not concentrate on specific and recurrent thoughts, but keep his mind as blank as
possible, eyes closed and avoid falling asleep. This protocol was chosen in order to investigate
the neuronal processes at rest, therefore when #ie Isr active in the absence of explicit

input or output.

( Session 1 - Low persistent pain (Day1) j \\
Run 1 Run 2 Run 3
& | H H
300 sec 30 sec 30 sec
. Rest D Rest |:|
Resting state L. L ) .
Pian-imagination task [JJj Distraction task [
o _/
( Session 2 - High persistent pain (Day2) j \
Run 1 Run 2 Run 3
‘ | — —
300 sec 30 sec 30 sec
. Rest D Rest |:|
Resting state L L . .
\ Pian-imagination task [JJi Distraction task D/

Figure 3.71 Descriptive representation of the experiment performed by the patient with phantom
limb pain. The experinent was composed by two scanning session, performed in two subsequen
In particular, the patient referred a low persistent pain in Dayl, whereas a much higher pain inten
referred in the following day (Day2). The two sessions comprised the aaguisition protocol: during
the first run, the BOLD fMRI signal was acquired when the patient laid at rest, the second rt
carried on when the patient performed a paiagination task, in which he had to imagine the high
pain level in the phanto foot, finally the patient performed a distraction task in the third run, imagi
a pleasant situation. Both tasks where organized in a block design in which task intervals were al
with periods of rest.

3.23- Acquisition of magnetic resonance data

All imaging was performed on aB magnetic resonance scanner Philips Intera. Functional
data were collectedsing anecho-planar sequence sensitive to BOLD contrast [echo time (TE)
= 35 ms, flip angle = 90°, volume repetition time (TR) = 3000 ms]. Whole brain coverage was
obtained with 30 axial slices (thickness = 3.75 mm, gap = 0.5 mm), witl¥ &84matrix and

a field d view (FOV) of 230 mm x 230 mm x 127 mm, resulting in aiplane resolution of

3.63 3.6 mm. Structural data included a higdsolution (13 13 1-mm voxels) axial T4
weighted (TR = 9.9 ms, TE = 4.6 ms, flip angle = 8.0°) acquisition at the end ofitt@hal
sessions of each days, while aWgighted scan was performed in Dayl 0.@.43 3.75mm
voxels, TR = 9.9 ms, TE = 80.0 ms, flip angle = 90.0°).
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3.2.4- General linear model analysis

Blood oxygen levetlependent (BOLD) fMRI time seriesbtainedduring painimagination
and distraction taskaere prepared and fully analysed using free availdi#d-SL package
(FMRIB's Software Librarywww.fmrib.ox.ac.uk/fs). Before applying general linear model
analysis, fMRI signals were pqocessed in ordeto remove artefacts and confounding
signals. Pregrocessing were carried out using FEAT (FMRI Expert Analysis Tool) Version
5.98 and included the following steps:

- rigid body correction for interframe head motion within runs using MCFLIRIBtion

Correctiim using FMRI BOs Li neaiThisistepapgoeidedReerecord t r at i

of the six head movement parameters (translation and rotation both on x, y and z axes)
within all fMRI runs, subsequently added in general linear moddiais as confounding

variables;
- spatial smoothing usgna Gaussian kernel of FWHM 5mm;

- grandmean intensity normalisation of the entire 4D dataset by a single multiplicative
factor, to yield avhole brain mode value of 1.000;

- high-pass temporal filtering (Gausstareighted leassquares straight line fitting, with

sigma=50.0s).

fMRI signak were linearly modelled on a voxddy-voxel basis using FILM (FMRIB's
ImprovedLinear Model) with local autocorrelation correctigwoolrich et al. 2001)Each of

the four condition considered in the study (Dayl_dol, Day2_dol, Dayl piac and Day2_piac)
were analysed separately, obtainfogir statistical parametric maps in which positive and

negative statistically significant modulation in BOLD activity were displayed.

Figure3.8 showsa representative design matrix applieddentify significant clusters. Due to

the fact thata block degn was used, the ideal signal walstained by the convolution of a
Gamma variate (a normalization of the probability density function of the Gamma function),
as haemodynamic response function (HRF), amacar signal where rest and task were
respectiely represented as 0 and 1. A cludtesed correction of the Z (Gaussianised T)
statistic images was performed and thresholded at z scores > 3.1. For each resulting cluster of
spatially connected voxels surviving the z threshold, a cluster probabikshibid of p = 0.01

was applied to the computed significance of that cluster, which corrects for multiple

comparisongFriston et al. 1994; Worsley 2001)
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Two contrasts were used to identify significant activations and dea#iofis in task execution

compared to rest period, respectively C1 (Imag) and-Ig#ag) in figure 3.8,

Registration tohigh resolution structural anstandard space images was carried out using
FLIRT( FMRI B6s Linear | m@aenknsoR angl Srmith 2081t; Jeokimsormed o | )
al. 2002)

A C
= =

Imag Imag conf conf conf conf conf conf conf conf conf
Gl Imag 1 0 0 0 0 0 0 0 0 0 0
c2 -Imag -1 0 1] 0 ] 0 0 0 1] 0 0

Figure 3.87 Example of design matrix usel in the first-level analysis.The first column(A) shows the
properties of the higipass temporal filter, the secowde B) is the ideal signaéxplaining the time
course of the BOLD fMRI signaluring the task. All the other columns show confoundaaprsadded
to improve the fitting ofthe general linear moddh particular, slice time correction is shown in the th
column (C), whereas the last six colum(i3) shows the six parameters of motion artefacts obtaine:
rigid body correction of head rtion.

Conjunction aalysis(Nichols et al. 2005yvas performed to investigate brain areas that were
jointly modulated above the significant threshold. The analysis waedarut with FSL and
the script Oeasyt hr es h_ c o n jhip:/nevveatwkae.uk/ by

fac/sci/statistics/staff/academiesearch/nichols/scripts/fsl/

Z-statistic images were thresholded atcdres > 3.1 and a cluster probabithyeshold of p =
0.01 was applied for multiple spatial comparisons according to Gaussian random field theory
(Friston et al. 1994)
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3.25- Correlation analysis

The fMRI data acquired during the restistate runs in Dayl and Day?2 (see figBré were
analysed computing the Pear sonosounsescfthree el at i o
seeds regions and all other brain voxelsd tim
et al., (2005)

At first, motion artefacts were removed from BOLD signal through linear regression with the
six parameters obtained by body coti@t of head motion using the FSL MCFLIRT package.
Subsequently, after this pprocessing step, data were analysed according to the following

procedure:
- bandpass temporal filtering (0.60.08 Hz);
- extraction mean signal from a volume of interest (sedssdescription reported below);

- computation of Pearsonds r correlation coe-

ot her brain voxelsbd time series.

These three steps were per(€CaxrRmM¥ @01lpgailablgin t he oI
the imaging software AFN{Cox, R. 1996; Cox, R. W. and Hyde 199%kgely available on
http://afni.nimh.nih.gov/afni/

Seed regions were dm-diametr spheres centred in three previously published(Faxi et

al. 2005; Baliki et al. 2008)specifically in the medial prefrontal cortex (mPFC; standard
coordinates1, 47,-4), posterior cingulate cortex/precuneus (PPC; standard catedib, -

49, 40) and leeral parietal cortex (LPstandardcoordinates-45, -67, 39. Therefore three
correlation maps were obtained from restitgte data recorded in Dayl dbdy2. Figure3.9

shows thegposition of the selected seeds on the Higgoldion T1-weighted structural image.
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Figure 3.9- The three seeds chosen to investigate functional connectivity during the restistate.
The time series of three seeds were taken for the wagel correlation analysis applied to BOLD fMF
signals recorded during the restisigte prtocol in both daysSpecifically, the seeds were spheres w
a diameter of 10 mm, centred in medial prefrontal cortex (mPFC), lateral parietal cortex (LP)
posterior cingulate cortex (PPC). The seeds are shown in the same axial and sagittalesimeslyp
shown in paragrapB.2.3( Functional connectivity during resting statg : ni ne s-spgeack
axial slices inA and a single sagittal slice B1 Anatomical coordinate terms are indicated as follow: A
anterior; |, inferior; L, left; Pposterior, R, right; S, superior.

n order to obtain a unique map for each day, in which voxels that significantly correlated or
anticorrelated with the three seed regions would be included, the three single correlation maps

were averaged and this average was masked by using the following analysis.

- In each single map, correlation coefficiemtere converted to normally distributed z

z=0.5+In( _1+?- )

scoresf i rstly using the 1=, gyhette rr dsntkef o r m:

correlation coefficient and indicates the normally distributed correlation coefficjemtd
then transforming z in -gcore dividing by the square root of the variance
z
1
Vdf =3 (where df corresponds to the degree of freedoms in the

Z—Sscore=

measuremeiit Because BOLDOsS c o n staistically independerd, mp | e
the degrees of freedom were corrected by a factor of 2.86, in accond@hcBartlett
theory(Jenkins and Watts 1968ksulting in 100/2.86 = 34.9degrees of freedom.

- Anticorrelation zscore maps were computed, multiplyingcore maps byl. This step
was needed by the fact that a siAglé statistical test would be applied subsequently,

therefore only positive-gcores would be considered.
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- Voxels that were significantly correlated or anticorrelated with all the seed regions were
identified by mean of a conjunction analygiichols et al. 2005karried out with the
script 6easyt hresh_conj 6 d estatsticoipaget wdrey Dr
thresholded at Bcores > 3.1 and a cluster probability threshold of p = 0.01 was applied

for multiple spatial comparisons.

- Finally, the thresholded-maps of Dayl and Day2 were than used to mask the respective

average correlation maps.
3.26 - Modelling of brain's cortical surfaces

3D models ofthe patient's brain surfaces were constructed, in order to facilitate the
visualizaton of the functional regions of the highiglded cerebral cortex. Cortical
reconstruction and volumetric segmentation were performed with the Freesurfer imaging
software packagéDale et al. 1999; Fischl et al. 1999; Fischl 2Q1#2¢ely available for
download online (http://surfer.nmr.mgh.harvard.edu/). The process was carried on the high
resolution Tiweighted image acquired in Dhyandit included the removal of norbrain

tissue using a hybrid watershed/surface deformation proce(fegonne et al. 2004)
automaged Talairach transformation, segmentation of the subcortical white matter and deep
grey matter volumetric structures (including hippocampus, amygdala, caudate, putamen,
ventricles)(Fischl et al. 2002; Fischl et al. 2004a)ensity normalizatior{Sled et al. 1998)
tesellation of the grey matter white matter boundary, automated topology corr@aésonl et

al. 2001; Segonne et al. 20079nd surface deformation following intensity gradients to
optimally place the grey/white and grey/cerebrospinal fluid borders at the location where the
greatest shift in intensity defines ttransition to the other tissue clg&ale and Sereno 1993;

Dale et al. 1999; Fischl and Dale 2000nce the cortical maas werecomplete, two further
procedures were performedurface inflation(Fischl et & 1999) and parcellation of the
cerebral cortex into units based orafjand sulcal structur@-ischl et al. 2004b; Bsikan et al.

2006)

The results of the analyses of functional data, both-telsked and restingtate, were
visualized with AFNI and SUMASaad and Reynolds 2011) particular, the latter is a freely
available software http://afni.nimh.nih.gov/afni/sump/distributed vith AFNI and allows

viewing 3D cortical surface models and mapping volumetric data onto them.

The results of this procedure is shown in fig®&Q Pial and white matter surfaces are

highlighted respectively in green and red on axial and sagittal stalgnage both in figure
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Brain activity in phantom limb pain

3.10A and in figure3.1(B, whereas the reconstructed 3D pial surface model is shown in figure

3.10C.

Central sulcus

Lateral
sulcus

Figure 3.101 3 D model of pat i Ereesudes wab usaditmcreatela IDab@in mc
from the highresolution Tiwheighted structural images of the patient with phantom limb pain. Pial
white matter surfees are highlighted respectively in green and red end B. C shows the latera
surface of the left hemispherAnatomical coordinate terms are indicated as follow: Ant, anterio

inferior; L, left; P, posterior, R, right; S, superior.
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3.3 - Results

The results presented in this part of the thesis concern a study aimed to invélseégagrebral
activity in a specific case of spontanemgsiropathigain. A patient affected by phantom limb
syndrome, withchronicpain in themissing limb, underwent an experiment in which his brain
activity during both the execution of pain modulatéagks and in a resting condition was
investigatedoy means of fMRI

3.3.1- Regression analysis of taskelated BOLD signal changes

A general linear model was used to identify the brain regions in which the cerebral BOLD
signal changed during the exeautiof the two tasks in Dayl and Day2. This analysis was
carried out in order to identify cortical areas that were positively or negatively modulated by
distraction and by the imagination of a higher level of pain in the phantom foot; moreover
these effectsvere considered in the light of the different persistent pain intensities referred
during the two scanning days. A total of eight statistical parametric maps were obtained,
showing regions of increased as well as decreased BOLD signals in each of ttasksvo

performed in the two subsequent days.

Tables 3.1, 3.2, 3.3 and 3.4 report the brain regions in which the neuronal activity were
positively or negatively modulated by the tasks. For each anatomical region, the coordinates in
the standard space, thenmoer of voxels in the cluster as well as thacere and the
corresponding corrected-yalue are reported. Considering the number and the extent of
significant clusters, a first finding was that the two tasks had different effects in the two days,
when the patient referred different intensities of persistent pain. This means that the
imagination tasks were capable of different modulating effects, depending on the ongoing pain
perception and the underlying brain mechanisms. In particular, when the paiptipergethe
phantom limb was lower and the patient focused his attention on pain, the regression analysis
detected a greater extent of activations compared with those found when the pain perception
was already higher (see tables 3.1 and 3.2). On theacgnthe pairinhibiting task had a

greater modulating effect in the second day than in the first day.
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Brain activity in phantom limb pain

Table 3.17 Significant changes in BOLD fMRI signal during pain-imagination taskin Day 1

Activations

X Y 4 Anatomical localization Brodmann Clu_ster p-value Maximum

area size z-value

28.4 61.6 2.0 | Superior frontal gyrus (R) 10 164 2.36E26 6.55
-52.4 34.8 -14.8]Inferior frontal gyrus (L) 47 69 2.47E14 9.44
48.5 -65.3 34.6 | Parietal Lobe Angular gyrus (R) 39 61 4.04E13 5.81
-46.3 3.8 -41.9| Middle temporal gyrus (L) 38 35 9.88E09 6.97
-40.6 -9.0 3.8 |Insula (L) 13 29 1.19E07 5.31
-19.5 -11.9 62.9 | Superior frontal gyrus (L) 6 21 6.62E06 4.55
-55.1 -26.9 44.3|Postcentral gyrus (L) 2 20 1.10E05 4.52
-7.2 -45.7 70.1 | Postcentral gyrus (L) 5 18 3.16E05 4.50
-31.6 -41.1 -3.9 | Parahippocampal gyrus (L) 19 17 5.43E05 4.69
26.2 32.7 43.2|Middle frontal gyrus (R) 8 16 9.43E05 3.87
-24.7 48.8 -1.3 | Superior frontal gyrus (L) 10 15 1.66E04 4.77
56.0 -10.8 34.4|Precentral gyrus (R) 4 15 1.66E04 4.72
-43.4 -32.8 55.7 | Postcentral gyrus (L) 40 15 1.66E04 4.63
7.4 359 12.8| Anterior cingulate cortex (R) 32 15 1.66E04 4.06
-59.0 6.5 33.0|Precentral gyrus (L) 6 14 2.95E04 4.90
31.4 11.3 28.6 | Middle frontal gyrus (R) 9 12 9.73E04 4.43
-9.8 -718 51.0(Precuneus (L) 7 11 1.81E03 4.24
6.8 -41.7 41.7|Cingulate gyrus (R) 31 10 3.44E03 4.80
-19.4 -53.6 70.7 | Postcentral gyrus (L) 7 9 6.66E03 3.94
-20.4 -30.6 13.9| Thalamus (L) 11 1.81E03 4.79
27.1 -54.2 -21.3|Cerebellum anterior lobe, culme(R) 370 0.00E+00 6.22
-46.4 -71.3 -23.0| Cerebellum posterior lobe, tuber (L) 47 7.39E11 5.24
-26.3 -77.7 -15.7| Cerebellum posterior lobe, declive (L) 22 3.99E06 5.48
Deactivations

X Y Z Anatomical localization Brodmann CIu_ster p-value Maximum

area size z-value
49.7 48.8 -10.6|Middle frontal gyrus (R) 47 64 1.40E13 7.44
479 1.9 -40.0| Middle temporal gyrus (R) 38 25 8.94E07 6.55
22.8 -44.4 48.0 | Paracentral Lobule (R) 5 21 6.62E06 4.29
-47.6 -27.0 -12.4|Inferior temporal gyrus (L) 20 16 9.43E05 6.17
35.7 12.9 -42.9| Superior temporal gyrus (R) 38 13 5.31E04 7.79
-34.0 -14.8 -37.6|Uncus (L) 20 37 4.22E09 7.95
35.4 -9.2 -34.0|Uncus (R) 20 15 1.66E04 5.13
-36.6 -5.1 3.3 |Claustrum (L) 10 3.44E03 5.89
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Table 3271 Significant changes in BOLD fMRI signal during pain-imagination taskin Day 2

Activations
X Y y4 Anatomical localization Brodmann Clu_ster p-value Maximum
area size z-value
19.9 59.7 -15.8]|Superior frontal gyrus (R) 11 26 2.98E06 4.14
61.6 5.0 3.8 |Superior tempral gyrus (R) 22 11 4.26E03 3.80
-46.2 40.8 8.1 |Inferior frontal gyrus (L) 46 11 4.26E03 4.80
35.6 30.0 27.4|Middle frontal gyrus (R) 9 11 4.26E03 4.18
35.4 -53.9 -31.1|Cerebellar tonsil (R) 29 8.34E07 4.39
11.8 -90.1 -36.0|Cerebellum, pyramis (R) 12 2.44E03 4.12
Deactivations
X Y y4 Anatomical localization Brodmann Clqster p-value Maximum
area size z-value
-45.8 -14.4 35.5|Precentral gyrus (L) 4 26 2.98E06 4.46

Table 3.37 Significant changes in BOLD fMRI signal during distracting imagination in Day 1

Activations

X Y Z Anatomical localization Brodmann Clu_ster p-value Maximum

area size z-value

6.0 64.7 21.8|Superior frontal gyrus (R) 10 722  0.00E+00 6.76
0.4 -60.6 16.2 |Posterior cingulate cortex (L) 23 1044 0.00E+00 6.59
36.3 -61.4 33.1 |[Angular gyrus (R) 39 155 8.05E26 6.56
49.9 25.4 -15.5(Inferior frontal gyrus (R) 47 144  1.56E24 6.23
-31.8 2.4 54.7 | Middle frontal gyrus (L) 6 70 9.29E15 6.30
-30.7 15.0 33.4 | Middle frontal gyrus (L) 8 67 2.65E14 6.81
-43.7 -47.2 63.2 | Postcentragyrus (L) 5 38 1.83E09 4.93
-27.2 -20.9 54.6 | Precentral gyrus (L) 4 16 7.58E05 5.06
-7.8 17.4 -8.4 | Anterior cingulate cortex (L) 25 12 8.17E04 4.06
-56.6 -18.2 -5.0 | Middle temporal gyrus (L) 21 10 2.96E03 4.42
-64.3 -0.8 -18.3|Middle temporal gyrs (L) 21 10 2.96E03 5.57
34.7 -35.4 51.9|Postcentral gyrus (R) 40 10 2.96E03 4.72
0.5 -18.1 70.2 |Medial frontal gyrus (L) 6 10 2.96E03 3.79
-30.7 -13.1 -28.0|Uncus (L) 20 374 0.00E+00 6.71
12.1 155 2.8 |Caudate (R) 25 6.56E07 5.54
33.1 -83.9 -43.9|Cerebelluminferior semilunar lobule(R) 378 0.00E+00 6.44
-25.5 -86.2 -23.6|Cerebellum, uvula (L) 28 1.79e07 4.66
-13.1 -34.1 -42.0|Cerebellar tonsil (L) 16 7.58E05 4.62
Deactivations

X Y z Anatomical localization Brodmann CIu_ster p-value Maximum

area size z-value

60.8 -15.8 21.4|Postcentral gyrus (R) 3 9 5.80E03 4.42
53.1 38.9 -3.5 |Inferior frontal gyrus (R) 47 9 5.80E03 4.43
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Table 347 Significant changes in BOLD fMRI signal during distracting imagination in Day 2

Activations
. o Brodmann | Cluster Maximum
X Y y4 Anatomical localization area size p-value Z-value
9.3 71.3 -12.5| Superior frontal gyrus (R) 10 554  0.00E+00 6.65
-43.4 -69.6 20.2 | Middle temporal gyrus (L) 39 1312 0.00E+00 7.42
-48.7 19.3 21.1|Inferior frontal gyrus (L) 9 232 1.26E30 7.78
20.1 34.6 40.8|Middle frontal gyrus (R) 8 121 1.71E19 6.01
-33.1 -0.7 48.4|Middle frontal gyrus (L) 6 72 1.68E13 6.91
-0.6 15,9 52.1 | Superior frontal gyrus (L) 6 46 9.30E10 5.78
-40.3 -29.5 33.4 | Postcentral gyrus (L) 2 42 3.99E09 5.45
39.9 -22.7 -30.4|Inferior temporal gyrus (R) 20 24 5.66E06 5.39
-32.5 61.2 10.9 | Middle frontal gyrus (L) 10 22 1.39E05 5.47
-59.2 -8.2 -18.0] Inferior temporal gyrus (L) 21 20 3.54E05 5.63
-29.0 48.0 31.9| Superior frontal gyrus (L) 9 17 1.52E04 4.64
67.9 -50.0 -1.4|Middle temporal gyrus (R) 21 16 2.52E04 4.57
-21.4 34.9 53.2 | Superior frontal gyrus (L) 8 10 6.77E03 4.56
13.2 1.0 17.0|Caudate (R) 35 5.96E08 491
-19.4 3.4 10.5|Putamen, lentiform nucleus (L) 23 8.82E06 4.68
11.9 -88.8 -26.6|Cerebellum, uvula (R) 348 1.94E40 5.93
-16.6 -60.0 -41.6| Cerebelluminferior semilunar lobule(L) 49 3.21E10 5.90
Deactivations
X Y z Anatomical localization Brodmann Clqster p-value Maximum
area size z-value
-7.6 -10.1 27.2|Cingulate gyrugL) 23 56 2.90E11 4.93
-60.4 -53.4 31.3 | Supramarginal gyrus (L) 40 56 2.90E11 5.52
62.4 -53.9 36.8|Supramarginal gyrus (R) 40 33 1.19e07 5.04
-44.1  -4.4 153 ]Insula (L) 13 32 1.79E07 4.93
48.1 -4.0 -37.5|Inferior temporal gyrus (R) 20 24 5.66E06 6.39
-15.3 -63.6 34.8|Precuneus (L) 7 24 5.66E06 4.89
29.2 65.7 3.5 | Superior frontal gyrus (R) 10 23 8.82E06 451
-3.3 -47.6 37.7 | Precuneus (L) 31 23 8.82E06 5.41
58.6 -2.6 10.1|Precentral gyrus (R) 6 21 2.21E05 5.53
26.3 -83.0 25.3|Cuneus (R) 19 18 9.28E05 4.90
-42.3 13.2 -39.4| Superior temporal gyrus (L) 38 13 1.23E03 5.22
-65.3 -25.4 41.1|Postcentral gyrus (L) 2 12 2.14E03 4.08
-12.7 59.9 30.9 | Superior frontal gyrus (L) 9 11 3.77E03 4.45
-11.4 45.1 0.0 | Anterior cingulate cortex (L) 32 10 6.77E03 4.98
17.0 13.0 20.2]|Caudate (R) 17 1.52E04 4.55

Brain activityduring pain imagination

The cortical areas positively modulated by the pain imagination task in Dayl are shown in
figure 311 Specifically, this task significantly activated braireas normally described within

the pain matrixBorsook et al. 2007)such as the contralateral primary somatosensory (SI)
and insular cortices, and the inferior parietal lobule, near the parietal operculum. Furthermore,
attentionrelated cortical activations were obged bilaterally in the lateral prefrontal cortex

and in the right parietal cortex. In particular, the specific role of parietal cortex in pain

processing seems to be directing attention towards the painful stimulus, and this is comparable
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with the shifts ¢ visualspatial attention to unexpected visual targets, while prefrontal cortex

seems to be involved in working memory processing such as keeping information about

painful stimuli online for further processin@Bornhovd et al. 2002)

Central sulcus B Foot area in the primary
somatosensory cortex (SI)

Interhemispheric [))
fissure

Central sulcus

Interhemispheric

/ fissure

Temporal pole

Central sulcus

Insular cortex

Lateral sulcus |

z-value

+6

Figure 3.11 7 Brain regions activated recalling high pain perception in the phantom limb When
performed with low pain at rest (Dayl), the task activated cortical areas of the pain matrix as well ¢
previously described as involved in attention and executive gges# andB show respectively the latere
and medial surfaces of the left hemisphere, contralateral to the phantom foot. C and D show the a
domains respectively in right parietal and prefrontal cortice€ the left hemisphere is inflated thiev
activations in the insular cortex; light and dark greys represent respectively circumvolutions and sulci.

Deactivations were observed mainly in the inferior part of the frontal cortex, precisely in the

orbitofrontal cortex. The activity in this areagpreviously described as negatively correlated

with the rating of experimental pain in several studies, suggesting that it is involved in pain
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modulation induced by attentive tasks or in copying strategies. In particular, it has been
suggested that regis like orbitofrontal cortex are involved in the activation of descending
pairrinhibiting mechanismg@Petrovic et al. 2000; Bantick et al. 2002)

As mentioned before, the same task did not induce significant changes in neuronal activity in
this patient in Day2, when a high paicosing was reported at rest (see table 3.2 and figure
3.12). This finding can be explain considering the pain level and the task that the patient had to
performe. The task required to focus attention on phantom pain and imagine as it was
perceived at higlntensity. However, the patient reported to perceive in Day2 a high level of
pain already at rest, therefore the imagination of a high pain failed to significantly modulate
the ongoing pain. This hypothesis is further supported be the fact that the pegenrstd that

he was not able to consistently increase pain perception through imagination in the context of
Day?2.

Figure 3.127 Concentration on pain when the patient referred a high intensity of persistent pain (Day?2)
On the contrary to what observed in Dayhe pairimagination task failed to modulated the ongoing br.
activity when the pain intensity perceived in the phantom limb was already high. Sixteen subseque
slices are reported, each slice im# spaced from the subsequent and taken infarior-superior direction.
Anatomical coordinate terms are indicated as follow: Ant, anterior; L, left; P, posterior, R, right.
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Brain activity during distracting imagination

Considering the distraction task, the results obtained werasin the two days (seelikes

3.3 and 3.4 and figures 3.ABd 315). Regression analysis revealed activations bilaterally, in
the posterior and the prefrontal cortices. In particular, when the patient moved his attention
away from the persistent paifMRI signals increased in lateral parietal cortex, in posterior

cingulate cortex and precuneus and in medial prefrontal cortex.

Taskinduced deactivations were more consistent in Day2 than in Dayl. These results were
specular to those observed with imeagion of pain, in fact in both cases the task had a
greater effect when the pain intensity was such that the induced modulation could effectively
change the perceived pain: the paiareasing task was more effective when pain intensity at
rest was lowwhereas the paimhibiting task had a greater effect when a higher pain scoring
was reported at rest.
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Figure 3.131 Cortex domains activated by the distracting imagination task in Day1The main activations
were observed irposterior cingulate cortex and precuneus, posterior parietal cortex and lateral pre
cortex. Most of this activations are related with the processes involved in imagination and in the shi
attention from the lovintensity pain toward the distcting thoughts.

L

3 e g ’ \__\ i
[‘at?' al Posterior cingulate/
parietal cortex precuneus

Figure 3.14 i Distracting imagination task in Dayl. The significant activations shown in figure 3.5 a
overlapped on axialA) and sagittal B) slices. Specifically, nine-Bim spaced axial slices were taken in
inferior-posterior diretion and are indicated with green linesBnin the same way, the sagittal slice
indicated inA. Anatomical coordinate terms are indicated as follow: Ant, anterior; I, inferior; L, lefi

posterior, R, right; S, superior.
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Figure 3.15 1 Distracting imagination task in Day2. The task significantly modulate most of the cortic
areas found in Dayl (see figure 3.3) in posterior parietal and lateral prefrontal cortices. However, sig
negative modulation were observed in inferior parietal lobdiferently to what found when the persiste
pain level was low.

. — Posterior cingulate/
parietal cortex precuneus

Figure 3.16 7 Distracting imagination task in Day2. Clusters of significantly increased and decrea:
neuronal activity are shown on axial and sagittal slices. Green lines in A and Ben¢epespectively the
sagittal slice shown in B and axial slices shown in A. Anatomical coordinate terms are indicated as
Ant, anterior; 1, inferior; L, left; P, posterior, R, right; S, superior.
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3.3.2- Conjunction analysis

Distraction from pain led to similar activation patterns in both days, and a conjunction analysis
was performed to identify regions of similar activations. It is worthy of note that the patient
did not imagine the same pleasant situation in We days, therefore conjunction analysis
revealed brain areas jointly activated, but not specific for the task. In other words, this analysis

highlighted neuronal regions commonly involved in distraction and reduction of pain.

The activations that were fad to be significant in both days are shown in figurdg &and

3.18. Significant voxels were mainly observed bilaterally in the lateral parietal cortex and in
the medial part of the two hemispheres, within the posterior cingulate cortex and the
precuneusin prticular, the cortical pattern observed in these conditions resambled network
observed by other authors when subjects did not perform any specific task an is therefore
called defaukmode networKFox and Raichle 2007; Harrison et al. 2008)

5 Posterior cingulate/
parietal cortex precuneus

Figure 3.171 Regions that were active both in Dal and Day?2, during the distraction task.Conjunction
analysis revealed voxels that were significantly active in both days within the lateral parietal cortex a
region that includes posterior cingulate cortex and the precuneus. The statisticalaveqajgoed on high
resolution Tiweighted and representativenBn spaced axialA) and sagittal B) slices are shown.
Anatomical coordinate terms are indicated as follow: Ant, anterior; |, inferior; L, left; P, posterior, R, ric
superior.

Tesi di dottorato di Marco Zanon, BB scus:



Interhemispheric
[fissure

z-value

; 4
Central sulcus J

Lateral sulcus

Posterior cingulate /

parietal cortex precuneus

Figure 3.181 Results of the conjunction analysis presented on 3D model of cortical surfackhe 3D
reconstruction of pial surface allows to better visualized the common cortical areas that were active
days, when the patient performed a cognitive distactask.A) lateral surface of the left hemispheB;
medial surface of the right hemisphere.

Because both tasks performed in Dayl and in Day2 involved attentional processesi¢hat p
used to shift his attention either toward the ongoing pain, trying to imagine a high pain
intensity, or toward pleasant thoughts, imaging to perform activities he enjoyed , a second
conjunction analysis was performed in order to identify brain saiezive in the three
conditions that showed significant modulation in brain activity, specifically the- pain
imaginative task in Dayl and padlistraction task in both days. The result of this analysis
indicate the involvement of right inferior parietalblde in the execution of the two
imaginative tasks, as shown in figurd 2.

Interhemispheric
fissure

] v .
| Central sulcus

1 z-value

+5

Figure 3.197 The right inferior parietal lobule was involved in the both imaginative tasks.The result of
the conjunction analysis performed on the brain atitms that were observed during paimaginative task in
Dayl and pairdistraction task in both days revealed that the right parietal cortex was commonly ac
these three condition, suggesting its role in the attentional mechanisms these tasks share.
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3.3.3- Functional connectivity during resting state

The default mode network was originally identified in positron emission tomography studies
(Mazoyer et al. 2001and refers specifically to a set odrtical regions that show common
activity decreases or deactivations when subjects perform cognitively demanding tasks.
However, recent studies with fMRI have both confirmed and extended original findings,
showing that the default mode network can batified as a pattern of restirgjate functional
connectivity in the absence of specific tasks (for a review, see Fox and Raichle, 2007). In the
light of the extensive literature on the resting state of the brain and considering the chronic
condition of te patient, who reported a pain sensation without specific nociceptive
stimulation, fMRI data were acquired at rest in both days. Temporal correlation between the
time course of three regions of interest, typically activated during the resting stathps@ad t

of all the other brain voxels was calculated, in order to identify spatial patterns of coherent
BOLD activity and investigate whether functional connectivity could be altered or depend on
the intensity of the persistent pain in the phantom limb (fetailed decription of the
procedure, see paragraph 3.2.5 in 'Materials and methods’).

Restingstate analysis in Day1l

Voxels showing significant correlation coefficients were observed bilaterally in each of the
three brain regions involved in the typicalrtcal néwork active at rest. Figure 3Zhows in

axial and sagittal T-weighted slices the functional connectivity of the areas within the
defaultmode network in Day 1, during which the patient reported a low intensity of persistent
pain at rest. Spdeally, significant positive correlations were observed in the medial
prefrontal cortex, and in the parietal cortex, precisely in the inferior parietal lobule, near the
occipital lobe, and in a region comprising the posterior cingulate cortex and tumgus. In

figure 321, these three areas are presented on the 3D reconstruction of the pial surface of
patient's brain, in order to better visualize the anatomical relationships among the areas of the
default mode network. No statistically significant ientrelation domains were observed in
Dayl.
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Figure 3.207 Regions showing significant correlation between BOLD fMRI signals with seeds in the
default-mode network (in Day1).Correlation analysis allowed to identified a network of areas whose f|
signals correlated during the resting state. Sicpnift positive correlation coefficients were observed
regions previously described as belonging to the default mode network. The correlation map is overla
high-resolution Tiweighted images, and representative axial and sagittal slices are dspeactively inA
andB. Anatomical coordinate terms are indicated as follow: Ant, anterior; I, inferior; L, left; P, posteri
right; S, superior.
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Figure 3.217 Results of the correlation analysis performed on data acquired at rest in DaySignificant
correlation coefficients were computed considering three seed regions, one in the medial frontal col
two in the parietal lobe. Correlation maps is presented on the reconstruction of patient's corticalfsigrfac
lateratposterior view the la@in, whereas the medial part of the left hemisphere is shown lim C the left
hemisphere is inflated to show in the insular cortex; light and dark greys represent respe
circumvolutions and sulci.
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Brain activity in phantom limb pain

Restingstate analysis in Day?2

Different correlation patterns were obtained in Day2. In fact, when the phantom limb pain at
rest was higher, extengareas with statistically significant negative correlation coefficients
were observed (figures2Z2 and 3.3) together with the positive correlation pattern detected
also in Day1. Interestingly, the cortical domains exhibiting negative correlation wezevet

mainly in the insular cortices, the inferior parietal lobule and the foot area of the primary
somatosensory cortex. These areas were consistent with the typical activation resulting from
noxious stimulation, suggesting that the painful sensatiotd dmirelated with the persistent

activation of brain areas within the pain matrix.

The results obtained with the correlation analysis showed similar patterns when compared
with those obtained with the regression analysis. In fact, cortical domains showietated

and anticorrelated activities resembled regions in the frontal and parietal lobes whose activity
was significantly modulated by attention and distraction. In particular, the correlation analysis
demonstrated an activation/deactivation dichotdretween the defauthode network and the

pain network, mainly when the intensity of the persistent pain was high, probably because
only in this case the ongoing pain processing required a higher amount of cognitive effort and
deeply interfered with the neonal mechanisms within the defanfbde network. In addition,

this finding is similar to what observed in the regression analysis, where the -tiedaiat
network was found to be significantly more active when the patient moved his attention away
from pan, whereas the pain network was more active when the patient paid attention on the
persistent pain in the phantom foot. Taken together, these results suggest that cortical domains
within the defaukmode network exhibited opposite temporal patterns ofamalractivity in

respect to the areas usually described in the pain network.
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Figure 3.221 Regions showing significant correltion between BOLD fMRI signals with seeds in the
default-mode network (in Day?2).In this case, correlation analysis revealed brain regions, whose fMRI s
negatively correlated with the time series acquired from the three seed regions. In particitie
coefficients were observed in the medial frontal cortex, the posterior cingulate cortex and the lateral
cortex @ and C), whereas anticorrelation pattern included inferior parietal cortex;cpastal gyrus and
insular cortexB). The corelation map is overlapped on higbsolution Tiweighted and representative axi
(A andB) and sagittal©) slices are shown respectively in A and B. Anatomical coordinate terms are ind
as follow: Ant, anterior; |, inferior; L, left; P, posterid, right; S, superior.
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Figure 3.2371 Correlation map shown on the 3D model of the pial surfaceDifferently from results
observed in Dayl resting state, in Day2 the correlation midp seeds in the defaukmode network
included both positive and negadi correlation patterns. In particular, signals of pain network areas
significant anticorrelation with time series of areas of the default mode netvtoakid B show positive and
negative correlations in the default mode network and the pain netiwdZkandD, pial surface is inflated tc
better visualize significant anticorrelation within the insular cortices of both hemispheres; light and dar
represent respectively circumvolutions and sulci.
In conclusion, the correlation analyses detected that pain matrix and -defaldt network
were both ative at rest in the brain of the patient with phantom limb pain, whereas the
imagination tasks highlighted that the activity of both these networks was modulated by an
attentional shifting. In particular, functional connectivity among the pain netwodstivas
higher when the patient referred a lower intensity of persistent pain, while the positive
correlation pattern within prefrontal and parietal areas of the defade network was

similar in the two subsequent days.

Tesi di dottorato di Marco Zanon, &BDscus



3.4 - Discussion

The investigatin of pain perception in chronic conditions with functional magnetic resonance
imaging (fMRI) has been challenged by technical and methodological reasons that make
difficult to study persistent ongoing state and spontaneous fluctuations indtyggedn leel
dependent (BOLD) signals. The study presented in this thesis was aimed to understand which
brain areas are involved in phantom limb pain, a specific chronic pain condition, and how
these brain structures are related to different levels of persistannfesity. For this reason,

data obtained from an experiment, which included both tasks execution and-sésting
period, were analysed in two different ways. Firstly, a regression analysis was applied to
identify increased or decreased activities asded with the performing of two opposite tasks,
specifically a distraction task and a pamaginative task. Subsequently, the degree of
correlation between BOLD signals from three regions of interest and all the other voxels of the
brain was investigatkin brain volumes acquired at rest, in order to identify brain regions that
could be spatially separated but showed functional connection in their activities. The same
experimental procedure, including tasks and resting state, was performed by therpatient
subsequent days, characterized by different levels of persistent pain intensity in the phantom

right foot.
3.4.1- Regression analysis

To begin with, data acquired in the two subsequent days were analysed using a general linear
model (GLM) to idetify the brain regions in which brain BOLD signal changed during the

tasks relative to rest.

Considering statistically significant activations and deactivations the pain imaginative task
was able to induce a greater modulation of brain activity when pagl ht rest was low

(Dayl) than when was high (Day2).

Painful imagination

In Day 1, significant activations were found in areas that are commonly associated with pain
processing and are described within the pain net{Boknhovd et al. 2002; Porro et al. 2004;
Chen 2008) In particular, when the patient focused his attention on the pain in his phantom
right limb and tried to imagine the sensation at the highest legelfisant cortical activations

were found in left primary somatosensory cortex (Sl) and insula, as well as in regions of the
frontal and parietal cortices that several authors have found to be involved in executive control

and attention processing, such lateral prefrontal cortex and right inferior parietal lobule
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Brain activity in phantom limb pain

(Ingvar 1999; Bornhovd et al. 2002Moreover, a significandeactivation was observed in the
orbitofrontal cortex, a region that is known for its involvement in the activation of descending
pairrinhibiting pathwaygWager et al. 2004)These changes in neuronal activity in specific
painrelated areas but also in areas that have been demonstrated to be involved in cognitive
and executive control of pain perception were not present in Daghoiild be notice that

Day2 was characterized by a higher level of pain perception, that the patient rated as 80 in a
range from O (no pain) to 100 (worst imaginable pain) and that this was the intensity normally
perceived by the patient in those days ihich the persistent pain was at the most intense
levels (see figur8.6i n 6 Mat eri al and met hodso6) .

The lack of significant difference from rest in Day2 can therefore be explained by an
ineffective modulation of brain activity by imaginative processdschvcould not increase a

pain level that was already high. On the contrary, in Day1, when the perceived pain was mild,
the modulating effect of attention on ongoing pain processing was more effective in increasing

pain intensity.

Distracting imagination

Despite of a different pattern of activation between Dayl and Day2 in attention task, the
distraction task induced similar activations in both days. The GLM analysis of data acquired
during the execution of the second type of task showed an extensivatiantiof cortical

areas involved in the mechanisms of attention and pleasant imagination. Considering the
significant modulation in the pain network, the results were specular to those observed with
the pain imaginative task. In fact, the distraction tasks effective in reducing the activation

of painrelated areas, such as Sl and insula, only with intense pain perception at rest (Day2),

whereas it proved to Hess effectivevith low pain (Dayl).

The more interesting finding was the increased brain igctfeund mainly in the lateral
parietal cortex and in the posterior cingulate cortex/precuneus. Extensive literature has
demonstrated that these areas belong to the defede network, a network (figure23.) that
showes an opposite relation with tagfated changes (for a review, seex and Raichle,
2007). Interestingly, this network i€ommonly active at rest and deactivates during the
execution of a task, whereas, in the case of phantom limb patient, it was activated during

distraction task.
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Figure 3.24 i Intrinsically defined anticorrelated networks in the human brain. The defaukmode
network is defined as an assemble of cortical areas that routinelgtidate during focused attention ar
working memory (cool colours). On the opposite, the fMRI signal in-pasitive nodesshown in wam
colours,is significantly correlated with the execution attentiondemandingcognitive tasks Taskpositive
and tasknegative nodes are abbreviated as follows: IRBa-parietal sulcusFEF, frontal eyefield; MT,
middle temporal areaPCC, posterior cingulate/precuneysLP, lateral parietal cortexand MPF, medial
prefrontal cortexFrom (Fox and Raichle 2007)

During the distraction task, the patient was asked to think about something pleasant in order to
move his attention away from the persistent pain and reduced in this way the harmful
sensation. He was free to think whatever he waritel first day the patient referred that he

had thought about an activity he liked doing before the amputation (skiing), in the second day,
instead, he reported that he had imagined to drive a sport car. It is worth noting that, in both
days, he remembeatepassed experiences that he personally enrolled, in other words, he
performed introspective thought that involved the explicit memdiys task is generally
thoughtto be associated with the activation of the defendde network. In fact, the default
mode network has been associated indirectly with the pattern of evoked activity that is
observed with tasks involving sglfdgments, autobiographical memory recall, moral

dilemma, and prospective thinking, among others. In a more general cantextmon

feature of these tasks is that t hefHamsonhance

et al. 2008)

The pdtern of activations found in both days during the distraction tasks suggest that the
distraction from persistent pain could move the brain state from a condition in which pain
processing involved the most of the cognitive demand to a state generalljpetbstrrest,

that is when the brain is active even in the absence of explicit input or output.
3.4.2 - Correlation analysis

Correlation analysis of fMRI data acquired at rest showed a pattern of brain areas whose

signals were temporarily correlated andysgibly, functionally connected. In both days

62 Tesi di dottorato di Marco Zanon, di scuss

S

~

C
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functional connectivity was identified within d&n regions of the defaufhode network,
whereas the time courses in these areas were differently correlated with key regions of the pain
network, such as the mi&r cortex and the primary somatosensory cortex.

The defaukmode network have been described by several authors when subjects did not
perform any specific task and kept their mind f{éex and Raichle 2007; Harrison et al.
2008) In particular, a network of lateral and midline cortical regions is often referred to as
"default system" to connote greater activity at rest. The results reparteplie 3.7 and 3.8
support the hypothesis that the distraction task was able to interfere with the ongoing
mechanisms of persistent pain sensation, shifting the patient's brain state toward a condition

similar to that described in healthy subjects indhsence of specific input or output.

In fact, only in Day2, that is the day when the patient referred a much more intense pain
sensation in the phantom limb, the signal pattern in the defade network was
anticorrelated to the one in the pain matrdpxels. Interestingly, this pattern of awbrrelated
BOLD signal included most of the commonly identified pain matrix areas, such as S1, the
insular cortex and the inferior parietal cortex. In particular, the involvement of this latter
cortical area receed further support by a recent study in which the defaoltle network at

rest in normal control and patient affected by diabetic neuropathic pain was compared. In this
case, the findings suggested that the brain of chronic pain patients differs fravhhibatthy
subjects (figure 25) by showing a reduced defanfiode network and an increased resting
functional connectivity in some pamelated areas, such as the inferior parietal cd@@auda

et al. 2009)
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Figure 3.257 DMN differencesfound in a study in which were compared restingstatesbetween controls
and patientswith diabetic neuropathic pain The blue foci indicate the areas that showed significantly
correlational activity in the pain group than in the healthy group. Vice versa the yellow/red foci indic:
areas that showed significantly more correlationalvigtin the pain group than in the healthy grodip.
should be notice the significant increased correlation in the inferior parietal cortex of p&tiem$Cauda et
al. 2009)

Among the cortical domains that showed a significant negative correlation with the nodes of
the defaukmode network, the observed synchronous activities in the insutzoasistent with
previous findings linking these region with processing of persistent(ppkarian et al. 2005)

and emotional modulation of paifGodinho et al. 2006)In particular, there is extensive
evidence supporting the hypesis that insula plays a prominent role in the evaluation of pain
intensity and introspection in generéCritchley et al. 2004; Tagliazucchi et al. 2010)
Moreover, insula plays a key role in regulation of emotional behaviours aimed to maintain
optimal physiological balance in the body. The role of the insula in pain perception can be
explained considering the behavioural relevance of pain as an 'ext@recepmatosensory
system, but also as an 'interoceptive’ system. Interoception is defined as the ability that the
individual subject has to receive, and possibly bring to the level of consciousness, several
inputs from its body(Panerai 2011)Several studies have highlighted the central role of the
insula as an hub that not only receives inputs from the sympathetic and parasympathetic
systems, but also from pain pathways, and sends tbheother cortical areas (Craig, 2011,
significance of the insula). According to this hypothesis, the integration of information in this
brain area corresponds to what the subject recognizes as being its optimal or at least its present
status, in other wuals its homeostatic being. Moreover, the internal representation of the
'normality’ is used as comparative representation to identify changes in the optimal
physiological state. When data do not fit, the destabilizing new input may be recognized as

pain trat drives appropriate behaviours, in an attempt to reach again the homeostasis.
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In addition, sincdrom early studies on pain, it has been demonstrated the association of the
affective motivation of pain with anterior cingulate corféngvar 1999; Craig 2003ayvhich

is considered thenotor components of thHanbic systemthat elaborates emotional responses.
The hypothesis of the central contribution of cingulate coded insula in chronic pain
processing is supported by sevestidies on brain activity in chronic pain which reported

significant activation clusters in these two brain af€a®bel et al. 2011)

The results found in the phantom limb patient support the hypotesis of the role of the insula as
a key brain region for pain perception and its homeostatic purpose. In fact,@hteaxtoxels
that showed synchronous fluctuations is larger when the pain sensation is higher. Furthermore,
these findings suggest that the functional connectivity within the defade network could

be negatively influenced by the activity of pain netlwareas.

These results are also in agreement with those found with regression analysis. In fact, default
mode network was found to be more active with the distraction task in both days, that is when
the pain sensation was reduced by moving the atteati@y from the persistent sensation of
pain, while keeping the attention on pain induced an increase in the activity at|zded

brain regions. A recent study have demonstrated how persistent pain disrupts the dynamics of
the defauktmode network, congring defaulkmode network synchronous signals between
normal subjects and chronic pain patier@ur findings suggest an opposite activation of
defaultmode network and pain matrix, in partiaulthe insula and that the extent of
synchronous activatiowithin the regions involved in pain processing are functionally related

to the intensity of pain suffered by the patient.
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4 - SENSORY AND COGNITIVE BAYESIAN INTEGRATION IN
PAIN PERCEPTION AND PLACEBO ANALGESIA

4.1- Introduction

Several factors can modulate the unpleasant sensation evoked by a noxious stimulus,
influencing thesensory an@ognitive processes that produce the conscious perception of pain.
Anxiety state, previous experiences orba suggestions, to namast few of them can
influence perceptive mechanisms elaborating incoming noxious inputs, resulting in an
increased or decreased pain perceptiime of thebest examplefor such modulatory effect is

the placebo analgesic effech placebo isaninert treatment, given as it has a real analgesic
effect.In other wordsthe treatment is not active, but it is givierthe same context dtiereal

one, sothat the contextual factors presented together with the placebo act on tlwaleur
nociceptive system reducing the pain perceived byhdathy subject or thpatient. For this
reason, through the study of tidacebo analgesic effecit is possible to investigate and

understand how contextual factors can interact afhaeince peceptive mechanisms.

Different ways can be followed to investigate this interaction, in this thesis are reported results
about the correctness of a theoretical model that try to integrate several aspects of pain
perception processes. This model is basetherBayesiamecisiontheory and it is proposed

as a theoretical and mathematical framework to reproduce the cognitive computation beneath

the conscious perception of aoxious simulus.
4.1.1- A theoretic framework for modelling how the brain works

It is generally accepted that the experience of pain is not simply the passive transmission of
noxious input along the sensory channels to the brain, driven by noxious stimulus
characteristics. Analogous to w&hown visual perceptions, such as ambiguousrég, the
resultant pain experienced to the same sensory input can vary considerably. Along these lines,
clinical and everyday life teaches us how cognitive and emotional variables such as attention,
expectation, prior experiences, and mood shape ourptenceof pain(Bingel and Tracey

2008) In this sense, as the visual perception is based on the integration of different sources of
information, in the same way, the pain perception system collects and integrates multiple
pieces of informtion, that are often incomplete and ambiguous, to end up with a unique

perception, with the aim of driving effective behaviors. Therefore, a complete knowledge of
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all the perceptive systems comes from the investigation of the neuronal substrates that unde
to sensory and cognitive integration, but also from the comprehension of how they perform
this integration and which are the. In particular, regarding the purpose of understanding the
principles that govern the integrative process, in recent yeaBatyesian inference has been
adopted as a useful and valuable framework for a formal description of the computational
processes involved not only in percepti@rnst and Bulthoff 2004; Beierholm et al. 2009)

but also in sensorimotor contrafWolpert 2007) inductive learning and reasoning
(Tenenbaum et al. 2006)lassical Pavlovian conditionir{@ourville et al. 2006and decision
making(Lee 2008)

4.12 - Bayesian decision theory

When a perceptual representation of the world has to be generated in order to guide effecti
actions, the perceptive systems have to deal with ambiguous, incomplete and noisy
information. For example, many factors contribute to limiting the reliability of visual
information about the world, such as the mapping of 3D objects into a 2D imagal, mege
introduced in early stages of sensory coding and structural constraints on neural
representations and computatigKsill and Pouget 2004)To overcome this problem and end

up with a robust and uniguperception, the perceptive systems maximized and integrate
multiple sources of sensory informati¢lrnst and Bulthoff 2004)Considering for example,

the object in figure 4.1A, called the NexkCube. The visual input that arrives to the central
nervous system from the retina is ambiguous so that two stable percepts are both equally
possible. However, the figure can be easily disambiguated by adding other elements to the
scene, like shadows arsmall bar that introduces an occlusion cue (figure 1.4B). If more than
one perceptive systems are considered, this integration can also occur among different sensory
information, such as visual and auditory information to detect the source of a(8muihend

Pouget 2004; Beierholm et al. 20@9)visual and tactile inputs in the case of the perception of
the dimension of an obje¢Ernst and Bulthoff 2004)Therefore, one of the key to robust

perception is the combination and integration of multiple sources of sensory information.
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Figure 4.17 The Necker Cube.
The drawing object presented i
A induces a bstable percept.
However, disambiguation can b
achieved by introducing ar
occlusion cue and a shado®)(
Modified from (Emst and
Bulthoff 2004)

It is however impossible to reconstruct the iemvo n me n t-u p&®b oftrt om t he
information alone. Prior knowledge is needed to interpret ambiguous sensory information.
Bayesian inference provides a formal way to describe such interactions and enables one to
model the uncertainty about the world/ lkombining prior knowledge (that might be
unconscious) with observational, sensory evidence to infer the most probable interpretation of
the environmen(Ernst and Bulthoff 2004)

In this sensejnformation about the environment, available prior to encountering the given
stimuli and, thus, not dependent on the incoming stimuli, can be integrated with the
information carried by the incoming stimuli to generate the probability of each possible true

state of the environment, according to the Bayes rule:

Likelihood Prior
P(s|0) P(0)

—— P(s)

Posterior

whered represents percepts and s the incoming stimuli.

However, the Bayes rule is not enough for describing the computational effect performed by
the central nervous system. In fact, the Bayesian inference calculate a probability distribution
of possible percdp given the incoming stimulP(( d),|treggh daily life experience tells us

that the brain come up with a unique and unambiguous representation of the surrounding
world. Considering again the Necker Cube in figure 4.1A, although two percepts are equally
probable, it is not possible to see two cubes at the same times. In other words, although more
and more information, using different sources, can be collected to reduce the ambiguity in
incoming stream of noisy sensory inputs, the brain has to pick a sogition from all the

possibilities. Therefore a decisionaking process has to be considered, in addition to the

S

e
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sensoryestimation process, resulting in the definition of a Bayesian decision theory (figure
4.2) that can provide a useful and valuablel to understand and interpret sensory and
cognitive processes performed by the central nervous sy&eisler and Kersten 2002; Knill
and Pouget 2004\olpert 2007)

l

[ Organism

Figure 4.2 17  Graphical
Bayes' ; . .
Rﬁﬁf/ kmf::g;ge representation of the Bayesian

Der(zjlseion — O decision theory. descion The
Response / \ Sensory Stimulus
Action C'\Goa, processing | <

Necker Cube. T A complete
Gain/loss

model for the inferential proces
e performedby the nervous systen
includes the integratioaf sensory
Action <— Perception Sensation information with prior knowledge
o and the decisiomaking phase.

Modified from(Ernst and Bulthoff

2004)

sioj0ay3
Senses

4.13 - A Bayesian model of pain perception

The data presented in this part of the thesis are the results of two experiments performed with
the aim of validating a theoretical model for the integration ados inputs with modulatory

information to obtain pain perception. In particular, the model proposed is based on Bayesian
decision theory and was tested comparing its predictions with data obtained from human

subjects.

The underlying hypothesis is thab, tome up with a useful and effective perception, the pain
perceptive system has to integrate both noxious inputs coming from the peripheral nociceptors,
with cognitive information derived from different sources, as demonstrated for other
perceptivesystens (see paragraphs 4.1.1daf1.2). In the case of the model here described,
these information come from the experimental paradigm applied in the study. Specifically, a
classical condition procedure was used to induce a placebo analgesic effect in time heal
subjects: two noxious stimuli were associated with to visual cues presented on a PC screen, so
that a high stimulus intensity was always applied together with a red cue, whereas a low level
of pain was applied together with a green cue Esgerimentaprocedurein paragraphs 4.2.2

and 423 n OMaterials and met hodso6) . Therefore,
conditioning session represents the basis for the esteem of prior distribution that enters in the

Bayes rule together with the infoation about the stimulus. Furthermore, it constituted the
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basis for the expectation generated by the visual cue presented during the testing session. A
graphical representation of the model proposed is shown in figure 4.3.

Updating of the probability
distribution according to the Stimulation
variability

[Infom‘naﬁon about the contcxtl : environmental information

color of the visual cue

Posterior
probability

Experience of the

o . Bayes
condlllonmg Session

Motor output
variability
Integration of the
varabilities in
stimulus intensity

: Decisional strategy and motor output

Decision

(P

Posterior
) probability rule
Incoming Gain/loss
function

noxious stimulus Integration of past
@ experience with
new information

to choose the most
effective percept

Figure 4.3 7 Schematic representation of the proposed model, based on Bayesidecision theory.
Different parts compose the Bayesian model. The first three parts represents the integrative pr
performed by sensory pain system to produce a conscious sensation of pain. The last step adds two :
variability that contribtes to explain the variability found in pain ratings recorded in experiments with he
volunteers

Given a firing rate of, induced in nociceptors by a stimul) (the posterior probability of

a possible pain perceptiog) is p(E|F«,C;,X), where Gis the colour of the visual cue (where |

may be red or green) presented together with the stimuliXaepresents the knowledge
derived from all the previous experiences of pain, that cannot be taken into account, but is
added for formal correctness of the model. According to the Bayes rule, and assuming that
frequency and cue are independent factons, posterior probability distribution can be

calculated as:

pE)*p(F|E X )xp(C|E,X)

p(F/‘\'Cj‘X)

p(Ef‘FJ.'(‘jX) =

(1)

wherep(E) represents the prior probability, whipgF|E; X) andp(G|E; X) are the likelihood
functions associated with the incoming firing rate and the visual cue presented. Therefore, the
prior probability constitutes the prior knowledge about the possible experience of pain, while
the two likelihood functions represent the knowledge about the current stimulation and, in
particular, respectively the relationship between the current nosindsvisual information

and thepossible pain perception.
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These three terms can be estimated according to the following formulas:
plE) = [p(EIS I)p(S|I)+p(EIS,I)p(SIT)]*R + [p(E[B)x(1-R]] (2)

P((‘J"X)‘*P(E‘('jX} (3)
plEIX)

p(CIEX) =

pFJEX) ~ N(u=1-10,6°=0.75) (4)

More in detalils, it is assumed an arbitrary range from 1 to 10 to represent all the possible firing
rates and thathe relation between the noxious stimulus and the responses of the cutaneous
nociceptors follows a normal distribution as expressed in the equatiiraMotte and
Campbell 1978; Torebjork et al. 1984)

Considering the prior probabilitp(E), it depends on the knowledge acquired during the
conditioning session due to thaip levels experienced, which are related to the stimulus
intensities applied. However, it also depends, to a certain extent, on all the experiences of pain
that the subject had before he or she underwent the experiment. For this reason, equation 2 can
be subdivided in two parts: the first representing the knowledge acquired during the
conditioning and the second representing the generic backgrBunéithe subject. Both these

two parts contributed to the prior probabilggE;), but with different weight, according to the
scaling factor R. Taking the two parts separately, the first can be calculated considering that,
in the conditioning session, two equally probable stimuli are applied to the subjects and that
these stimuli have a specific relation witte perception of pain. Therefore, in equation 2 the
probabilities of each stimulug(S|l) andp(S]l), are multiplied by a normal distribution that

links the stimulus intensity to the actual energy detected by the nociceptors.

This energy, in the absee of any manipulation (as in the conditioning stage), may be
considered to have a direct and linear relationship with the esteem that the system makes of it
and codes through the pain leyeaMotte and Campbell 1978; Torebjork et al. 1984)r this
reason,p(E) can be viewed as the prior probability of the possible ggnégvels in the

experimental context. 5)
p(Ei|Sm"[) ~ N(lll=Sm’(jz=25}

plS|)=p(C|I)=05 and p(s,

I)=p(C I)=05 (6,7)

wherel indicates the conditioning background, provided by the experimental experience and

added for formal correctness of the model.
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The second part or equation 2, concerning the backgrexperience of the subject, can be
modelled as:

p(E|B) ~ N(u=0,0"=400)+0.003 (8)

in which, however, the negative values of the normal distribution are not considered because

they would represent negative values of pain perception.

Together with the prior knowledge (equation 2) and tkelihood function of the firing rate
(equation 4), two other terms complete the Bayes rule described in equation 1. These are the
likelihood functions associated with the visual c@g and the denominator, which is simply a

normalization factor.

The likelihood function of the stimulus energy(G|E X), can be calculated applying again the
Bayes rule. In fact, as shown in equation 3, it is equal to the probability associated with the
visual cues {presented during the conditioning (see equation 6 andtieq 7), multiplied by

the probability distribution of E given a visual cygE|G,X). In particular,p(E|G,X) derives

from the knowledge about pain perception and visual cue learnt during the conditioning
session and can be obtained by one of thevotlg equations according to the colour of the

visual cue presented:

plE|S,\X) = p(E|C,X) = p(EIS|I)*R + p(E[B)*(1-R) (9)

plE|S; X) p|E|S,I)*R + p(E|B)x(1-Rr) (10)

plE|C,X)
whereR is the same weighting factor of equationp?&|S,l) andp(E|S,1) are derived from
equation 5, whereggE|B)is the same probability of equation 5.

Finally, the denommator in equation 1 can be calculated as the joint probability of the visual

cue G and firing rateF:
p(F.ClX) = 3 plEF|C, X)) (11)
wherep(E Fi/C; X) derivesfrom equation 4 and equations 9 or 10:
PlELFIC,X) = p(FJE, X)xp(E|C, X) (12)

The Bayesian framework allows to create a model that describes the relatiogistdgen the
nociceptor activity elicited by the noxious stimulus, the coloured visual cue presented on the
PC screen and the pain perception evoked in the subject. However, equation 1 describes this
relationship as a distribution of probabilities ass@tlato each possible pain experience, a

situation that is far from what is actually reported from the subject. In fact, unique pain
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perception is rated by the subject at the end of each stimulation. According to Bayesian
decision theory, a decision rule hts be applied to the posterior probability distribution
p(E|F«C;,X). Here we considered that the decision is made by choosing the maximally
probable pain perception.

Applying this rule, the result of equation 1 becomes:

E=f(F.C.x) (13)
A final point is that equatiod3 links a unique pain perception to the firing r&teand the
visual cueC;, however it does not consider two sources of variability that contribute to the
outcome of real experiments, that is the pain rating through the visual analogue scale (VAS).

A first source of uncertainty is the variability both in the motor response of the subject that has
to move an object (a potentiometer or a computer mouse) to rate the pain perceived, and in the
coding of a pain level on a visual bar; the other is the véitiali (14) ponse of the sensory
system to the noxious stimulus, in other words, the variability in the relationship between the
stimulus intensityg, and the firing raté. The variability in the motor response and pain level
coding can be modelled @ normal distribution centred on the pain percept:

P(V‘chjX) ~ N(u=E, o =5)

whereV is the scoring reported by the subject on the VAS. The second source of variability

can be calculated through this relation:

p(F];SmX)

p (F\‘SIHX) = (
: Zp(«Ff:S:nX)
]\.

(15)

X) (16)

m

where p(F,S,X) = 2, p(F|E X)xp(E]|S
that is obtained multiplying equation 4 by

plE[S,X) = plE|S, I)*R + p(E|B)*(1-R) (17)

m m

Considering tese sources of variability, the following formula is obtained

This equation describes the relationship between the variables considered in the placebo
analgesia experiments and evaluated in this thesis. In particular, the experimental data
expected fron this formula were used to evaluate the predictions of the model about pain
perception and its ratind\ll the equations described above are reported in figure 4.4, in which

they are organized according to their relations.
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Figure 44 7 Schematic representation of te equations that constitute the proposed model of pair
perception. The variables taken into account are abbreviated as follows: S, stimulus intensity, specifici
high intensity and s2, low intensity; E, perceived intensity, what the system trisinate; F, nociceptor
firing rate; C, visual cue, specifically Cr, red cue and Cg, green cue; B, generic background, provi
previous experience and the biological structure of the system; I, conditioning background, provided
experimental expénce during placebo conditioning; X, overall background, resulting from the experirr
experience during the placebo conditioning procedure (I) and the generic background (B). The contrib
the conditioning session and the background knowledgeeighted by a scaling factor (R).
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4.2 - Materials and methods

4.2.1- Participants

A total of 44 healthy human volunteers were recruited by advertising at the University of
Udine (Italy) subdivided in two groups for the two experiments described below. In particular
the first experimentvas performed by group of 31 subjectee@n age 21.50 + 1.21; 19
female, 12 male)whereas a group of 13 subjectsegn age23.13+ 2.3, 7 female,6 male
underwent the second experiment. Both groups were deceptively told that the experiment was
aimed to evaluate a new protocol to be applied for Transcutaneous Electrical Nerve
Stimulation (TENS) an analgesic technique already used as treatment for chronic pain
conditions like chronic back painAll the experimental procedwsewas conducted in
conformanceswith the declaration of Helsinki and written informed consent whtsined

from all participants.

The actual procedurgurreptitiouslyperformed in the experiment was a classical conditioning
protocol to i nduce modul at i ovas aimad tc tesh fhe ct s
correctness of the proposed Bayesian model. For this reason, two experiments were conducted
in order to evaluate different predictions made by the model, specifically the first experiment
was aimed to assess the pain modulatory effEptevious experience, whereas in the second
experiment the aim was to compare observed and expected data when conflicting pieces of
information were presented to the subject. The classical conditioning protocol described by
(Colloca and Benedetti 200@)as chosen for both Experimentl and Experiment2; though, the

two Experimets differed in respect to the stimulation protocol used in the testing sessions
(seefigure 4.5 and figure 4.7), and the type of painful stimuli applied: electrical stimuli in

Experimentl and paipressure stimuli in Experiment2.

In both the Experimentshe same description of the experiment was given to the subjects. In
particular, the subjectsere told thata painful stimulusvould be applied, associated with a

red or a green visual cue presented on a PC screen placed on a table in front d&f the
particular, TENS would be applied as an analgesic treatment with green cue, whereas no

treatment would be associated with red cue.
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4.2.2 - Experiment 1
Experimental procedure

After collecting the informed consent and describing the sham experimentadprec
subjects set on a comfortable chair and were prepared for the experiment: they were asked to
put one of their feet onto a wooden holderp electrodes were placed on the back of the foot

for painful electrical stimulationwhile two electrodes fosham analgesic treatment were
placed on the ankle. In particulamth paired of electrodesere placed on the right or left

ankle of the subjects, in a random order among the group.

The experiment started with the determination of pain threshold (T)dicegaio the method

of the limits. Briefly, an ascending series eléctric stimuli were deliveredbeginningfrom
subtactile threshold until pain sensation was induced. After determination of T, an intensity
able to induce a clearly detectable pain sensatias choserhy continuing ascending series

of pressure stimuli. Alsoa lower painful intensity was chosen without subject's knowledge,

for the purpose of inducing a sham analgesic effect as described below.

The experimental procedure was subdividedtwo sessions (see figu#e5). In the first
session, classical conditioning was used to induce placebo effect in recruited subjects. For this
purpose, the subjects were told that the same stimulus intensity would be applied, associated
with a red or a gren visual cue presented on a PC screen placed on a table in front of the
subject. As state above, subjects were told that TENS would be applied as an analgesic
treatment with green cue, whereas no treatment would be associated with red cue. Though, a
lower painful stimulus was surreptitiously associated with the green cue, in order to make the
subject experience the putative analgesic effect. The conditioning stimuli were delivered
during two blocks, including 16 stimuli each (8 stimuli at the high intasd 8 at the low
intensity) each delivered after ab4s presentation of the visual cue. Therefore, in this session

16 associations higred and 16 lowgreen (8 for each block) were performed in random order.
Following each stimulation, the subjectpoeted their perceived pain intensity according to a
Visual Analogue Scale (VAS).

The testing session followed classical conditioning and was subdivided in two blocks of
stimuli. Visual cues were presented on a PC screen and subjects reported perdaived pa
intensities according to a VAS. The first block of stimuli was aimed to test the predictions of
the theoretical model about subjects' pain rating when no cue was presented, the latter was

aimed to test for placebo effect. During the first block, 16 diimere applied paired with a
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neutral blue cue in order to have an experimental condition similar to the conditioning session.
Three levels of intensity were chosen for the test: 4-mtggnsity stimuli, 4 lowintensity

stimuli and 8 middlantensity stinuli were delivered in random order (figue5). The
middle-intensity was chosen as the midpoint intensity between the other two. Finally, the
placebo testing phase was similar to a block of the conditioning session: both red and green
visual cues were psented, however only high intensity stimuli were used. Similarly to the
conditioning blocks, 16 stimuli were delivered, randomly paired with the red (n=8) or green
(n=8) cues (figurd.5).

| Classical conditioning session | | Testing session |

mninmmi |||||||||||||||| Leceve b beeenly COEEEERREEEEELTY

Figure 4.5 1 Stimulation protocol used in Experiment2. The stimulation protocol applied ir
Experiment2 was constituted by four blocks of 16 stimuli each, two in the conditioning session a
in the testing session. Baheight indicates the stimulus intensities (low, medium, high), wherea
series of coloured rectangles below each block represent the visual cues associated with the stin

Electrical pain stimulation

The eletrical stimuli were squared pulses delivered by a constant current high voltage
stimulator (DS7A model, Digitimer Ltd, Welwyn Garden City, England) with a duration of
200 e€s. Two Ag/ AgCl electrodes with foam an
= 2 cnf) were placed on the back of the foot. Stimuli were delivered at the end of either a red

or green visual cue presented on a PC sdffegire 4.6).

A toolbox developed with the softwaMATLAB 7.1-R14 (The MathWorks Inc., Natick,
Massachusetts, USAyas used to present on the PC screen the visual cues, the VAS and to

collect the pain ratings. All the data were stored on a computer for the subsequent analyses.
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Figure 4.6 17 Setup for the electrical pain stimulation. Electric puses were delivered by a consta
current stimulator &) , using two electrodes pl aB)eTdvo ather
electrodes were placed on the ankle and were used to simulate the procedure foB)TENS (

4.2.3 - Experiment 2

Experimental procedure

The intial phases of the experimental procedure used in the second Experiment were similar
to those described for the first Experiment. Briefly, aftescribing the experimental
procedure, subjects set on a comfortable chair and were prepared for the expeheyent
were asked to put one of their feet onto a wooden holder, in order to avoid large foot
movements and therefore allow a more precise stimulation, and two electrodes for sham
analgesic treatment were placed on the ankle. In particular, the electreideplaced on the

right or left ankle of the subjects, in a random order among the group.

Pain threshold was measuradcording to the method of the limitan ascending series of
pressurestimuli were deliveredbeginningfrom subtactile threshold untipain sensation was
induced.Subsequentlyan intensity able to induced a clearly detectable pain sensation was
chosen, whereas a lower painful intensity was also chosen without subject's knowledge, for the

purpose of inducing a sham analgesic effect asritesl below.

The experimental procedure was subdivided in two sessions (as shown irdfigura the

first session, the same conditioning protocol described for Experimentl was applied to induce

a modul ation of subj ect fdl6 stipul €anh wpre delivergdt Theon. T w
order of high and low intensity stimuli was randomly chosen. Each stimulus intensity was

paired with a visual cue, according to the following associations:-reighlowgreen. After

each stimulus, the subject ratée perceived pain intensity by means of a VAS.
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The testing session followed the classical conditioning one (figujeand comprised a single

block of 16 stimuli, associated with visual cues presented on the PC screen; though, the
intensitycue associati;ks was changed, wit hout the subje
intensity between the other two was applied with both the red and the green cues, in the same
block with the high and low intensities used in the previous session that were still agdsociate
respectively the red and green cues. Therefore, in the testing session, 16 association were
applied in a random order, specifically: 4 higdd, 4 lowgreen, 4 middleged and 4 middle

green. As in the conditioning session, subjects were asked to rat@dhmeption through

VAS.

| Classical conditioning session | | Testing session I

I A I A e A R AT AT

Figure 4.7 7 Stimulation protocol used in Experimentl. The stimulation protocol applied ir
Experimentl was constituted by three blocks of 16 stimuli each, two in the conditioning session ¢
in the testing session. Bars height indicates the stimulus intensities (low, mediumwiigigas the
series of coloured rectangles below each block represent the visual cues associated with the stin

Pressure pairstimulation

In the firstExperiment mechanical noxious stimuli were delivered to the lateral ankle of the
volunteers by mean of an custanade manual pressure device (figdr8A), similar to those
described in literature (see, for examplEgziri et al. 2011) In particular, a plastic tipped
probe (surface = @ mnt) was mounted on a load cell (AZ100, LUMASettronica Italy)
allowing to continuously record the force applied to the foot (figw&®) into an electric
potential continuously recorded and digitalized by an amplifidP100ACE, BIOPAC

System Inc, Santa Barbara, California, USA).
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The visual cues and the VAS were présdnon the same PC screen. In particular, the VAS
was a bar which length the subjects could increase or decrease in order to report their pain
perception. This was done turning a potentiometer connected to the same amplifier used to
record the load cell ettric potential.

All the data were stored on a Bad subsequently used to obtained the pressure values applied
during each stimulation and the pain rating.

The subjects placed their foot on a fdmider to allow a stable position of the foot and

therefae, a more precise stimulation. Three stimulus intensities were chosen by the operator
during the preparatory phase, before starting the experiment; these intensities were
subsequently delivered pushing a handle (figuB8). The maximal pressure nevernvever

5000 N, in order to (Mezimeta. 20dl)bj ect 6s skin dama

Figure 4.8 1 Setup for the pressure pain stimulation.Pressure pain stimuli were delivered by
custommade manual pressure algomé#sx A plastic tipped probe was used to apply painful stimuli
the lateral ankle of the subject, whiléoat-holder allowed a stable position of the foot for a more pre:
stimulation B). The operator chose could set the stimulus intensities by ofemrscrew, whereas th
stimuli were delivered with the yellow handle. Moreover, during all the experiment, the operator
check on a digital display the applied pressure. Finally, Two electrodes were placed just above tt
and were used to simt#athe procedure for TENSBY).

4.2.4- Statistical analysis

In both theExperiments gatistical comparisons were perined by means diVilcoxon rank
sumtests, carried out by using 'BAvironment for statistical computing and graphicsely
available athttp://www.Rproject.org/(lhaka and Gentleman 1996) probability value of

0.05 was accepted as the level of statistical significance in all the tests performed.
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