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Abstract

Chronic neuropathic pain affects up to 8% of the United Kingdom population and is a difficult

condition to manage. It is established and maintained through many mechanisms, including central

sensitisation (CS) in the spinal cord and brainstem. Neuropathic pain manifests as spontaneous

pain, sensory loss and evoked hypersensitivity. The development of novel treatments for neuro-

pathic pain is challenging, in part due to inadequate experimental models of clinically relevant

pain. The use of functional magnetic resonance imaging (fMRI) techniques for imaging acute and

increasingly tonic states enables the assessment of the neural correlates of evoked hypersensitivity

and persistent pain, with the goal of developing appropriate biomarkers to test new therapies. This

thesis develops novel techniques for the assessment of ongoing pain states and their modulation by

therapies.

We first identified a suitable human experimental model of CS using topical capsaicin, and

an fMRI pipeline for the investigation of supraspinal involvement in pain hypersensitivity. In a

placebo-controlled study, we then demonstrated the improved sensitivity of fMRI above subjective

reports in detecting the efficacy of a known analgesic as compared to an ineffective active compound

in a small cohort. To translate this to the more clinically relevant symptom of spontaneous pain, we

developed and validated the use of a multi-inversion time pseudo-continuous arterial spin labelling

(ASL) imaging and analysis pipeline for the neural assessment of tonic states and the absolute

quantification of cerebral blood flow (CBF).

Current evidence from structural and functional studies suggests a direct role for the posterior

insula cortex in the encoding of nociception and pain. Using the ASL pipeline, we found that

only a CBF change in the posterior insula region was correlated with the changing perception of

persistent capsaicin-induced pain, and in a separate experiment showed that suppression of CBF in

this region by gabapentin was related to the drug’s suppression of subjective pain perception. We

also demonstrated in a cohort of phantom limb patients that pain relief resulting from transcranial

direct current stimulation of the deprived sensorimotor cortex is neurally represented by a decrease

in posterior insula CBF.

In a separate study, we showed that baseline CBF in the periaqueductal grey can predict indi-

viduals who are most vulnerable to pain and hypersensitivity following the induction of capsaicin-

related CS.

Taken together, these findings suggest that fMRI can be used as a tool to assess the efficacy

of established and novel analgesics, with the midbrain reticular formation and posterior insula

cortex being prime candidates as biomarkers of CS mechanisms and persistent pain respectively.

Relatedly, ASL-fMRI may also be an effective technique for evaluating individuals’ susceptibility

to pain following inflammation or injury.
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Chapter 1

Introduction

1.1 Motivation

Chronic pain, which is defined by the International Association for the Study of Pain

(IASP) as pain persisting beyond 3 months (IASP, 1986), is a major health issue affecting

up to 20% of the adult population (Breivik et al., 2006). As a result, the financial

implications on economic output in the developed world are vast- estimated at $635

billion annually in the USA alone (Institute of Medicine, 2011). Underlying these figures

is the difficulty in managing chronic pain conditions. In particular, neuropathic pain,

defined as pain caused by a lesion or disease to the somatosensory system (Jensen et al.,

2011), can be more difficult to treat than other types of pain (McQuay, 2002).

Research into the neurobiological factors underlying the pain experience has increased in

the past few decades. Due to limitations in investigative methods, most such work has

been in non-primates, which lack analogous higher cortical structures to primates, and

in which the inherently subjective pain experience is difficult to measure. Nonetheless

these preclinical studies have generated a rich literature defining the pathway of pain

perception from the peripherally encoding neurons (nociceptors) to the cortex. Over the

past two decades, the development of non-invasive neuroimaging methods has propelled
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1. Introduction

the investigation of central pain mechanisms in man. Although inferences from such

data can be challenging, it has enabled the assessment of pain states more comparable

to the clinical condition and now allows us to examine the endogenous and exogenous

modulation of pain processing, in view of developing better treatments. In this section

we will review the literature on pain neurophysiology, as is pertinent to the development

and management of neuropathic pain.

1.2 From nociception to pain

IASP define pain as “an unpleasant sensory and emotional experience associated with

actual or potential tissue damage, or described in terms of such damage”. Nociception is

defined as “the neural process of encoding noxious stimuli” (IASP, 2011). As indicated

by these descriptions, there can be a disparity between peripheral nociceptive inputs

triggered by tissue damage, and the perception of pain. Thus, pain is a conscious

experience, which often but does not always arise from nociception. This thesis will

largely focus on pain that is ongoing and consequential to external peripheral noxious

stimulation. We begin by defining the processes by which nociceptive inputs are encoded,

transmitted, perceived and modulated by the nervous system.

1.2.1 Peripheral encoding

Signal transduction begins with noxious stimulation at the nociceptor (Sherrington,

1906). These primary sensory neurons can be classified by their response character-

istics, modality sensitivities and receptor profiles. Nociceptors innervating somatic and

visceral structures can be high-threshold mechano-receptors or polymodal nociceptors

(Steeds, 2009). Mechanoreceptors respond to pressure, vibration and touch, while poly-

modal nociceptors respond to temperature and chemical stimuli (including endogenous
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ligands such as substance P and bradykinin). Some polymodal nociceptors respond to

irritants such as capsaicin and to heat via specific sensors in the Transient Receptor

Potential Vanilloid (TRPV) receptor family (Caterina et al., 1999, 1997).

1.2.2 Signal transmission

Signal transmission occurs from the periphery to the spinal cord, from the spinal cord

to the brainstem and subcortical structures, and finally on to cortical structures.

Two main nociceptor classes are thinly myelinated A fibres and the more common un-

myelinated C-fibres (Millan, 1999; Ringkamp et al., 2013). Aδ fibres are intermediate

conducting (>2m/s) and are functionally subdivided into types I and II based on their

thermal response thresholds (Ringkamp et al., 2013). Type I fibres are mechano-heat-

sensitive with high heat thresholds (>53◦C) to short stimuli, while type II fibres are

largely mechanically insensitive and have lower heat thresholds (39-41◦C). These fibres

depolarize rapidly to elicit a brief, sharp and well-localised ‘first pain’ response, which

serves as an immediate warning signal. C-fibres are slow conducting (<2m/s) and medi-

ate a diffuse and maintained burning sensation in a ‘second pain’ response, which alerts

the body to persisting threats. C-fibres can be subdivided into peptidergic nociceptors

(which express substance P, calcitonin gene-related peptide and tyrosine kinase A recep-

tors, and have cutaneous and visceral targets) and non-peptidergic nociceptors (which

bind to lectin IB4 and mainly innervate the epidermis of the skin) (Hunt and Rossi, 1985;

Snider and McMahon, 1998; Taylor et al., 2009). Noxious stimulation at the peripheral

terminal of the nociceptor leads to depolarisation of these neurons. However, in man,

pain thresholds are higher than the activation thresholds for individual nociceptors, sug-

gesting an important role for central mechanisms of spatial and temporal summation in

pain signalling (Millan, 1999).
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1.2.3 Spinal cord

Peripheral nociceptors have their cell bodies in the dorsal root ganglion and differentially

synapse at the dorsal horn of the spinal cord via central terminals. Aδ fibres terminate

in laminas I, V and VI while C-fibres synapse in laminas I, II and V of the dorsal

horn (Millan, 1999; Price et al., 2003). Peptidergic C-fibres largely terminate more

superficially, synapsing with lamina I neurons and interneurons in outer lamina II, while

non-peptidergic nociceptors synapse with interneurons in the inner aspect of lamina II

(Snider and McMahon, 1998). This disparity in fibre distribution may reflect a difference

in the functions of these nociceptor subclasses (Todd, 2010). This view is supported by a

recent study suggesting a double dissociation in modality-specific thermal or mechanical

nocifensive responses between distinct C-fibre populations (Cavanaugh et al., 2009).

At this first synapse within the central nervous system (CNS), nociceptors terminate

on spinal projection neurons, via complex circuits involving excitatory and inhibitory

interneurons (Todd, 2010). Second-order projection neurons are characterised by their

electrophysiological responses to cutaneous stimuli into wide dynamic range (WDR)

neurons or nociceptive specific (NS) neurons (Price et al., 2003). WDR neurons form

the majority of nociceptive neurons in deep layers of the dorsal horn. They respond to

a broad range of stimulus intensities in a highly discriminative manner and also receive

synaptic input from the large diameter mechanoreceptive Aβ primary afferent neurons

(Price et al., 2003). NS neurons are present in both superficial and deep layers, have a

small receptive field, and respond predominantly to high threshold noxious stimuli.

Plasticity at the level of the spinal cord is thought to be the crucial central mechanism of

post-injury pain hypersensitivity (see below). Projection neurons expressing neurokinin

(NK-1) receptors are necessary for the increased response to noxious stimulation (hyper-

algesia) seen in neuropathic injury, however their role may not be related to the action

4



1. Introduction

of substance P on these receptors (Hill, 2000).

1.2.4 Ascending nociceptive pathways

Multiple ascending tracts relay nociceptive input from the dorsal horn to supraspinal

structures (Dostrovsky and Craig, 2013). These include: direct projections to the tha-

lamus (via the spinothalamic tract [STT] and trigeminothalamic tract); direct projec-

tions to homeostatic control regions in the medulla and brainstem (via spinomedullary

and spinobulbar projections), possible direct projections to the hypothalamus and ven-

tral forebrain (via the spinohypothalamic tract [SHT]); and indirect pathways to the

forebrain through the brainstem (via the post-synaptic dorsal column system and the

spinocervicothalamic pathways).

The STT is the most studied pathway and is thought to be most closely associated with

pain (Craig, 2003; Willis, 1985). It originates from three distinct regions in the spinal

gray matter, crosses the spinal commissure within one or two segments rostral to the

cells of origin, and ascends the contralateral spinal cord in two separate bundles. The

lateral spinothalamic tract arises mainly from the superficial dorsal horn and primar-

ily projects NS neurons while the anterior spinothalamic tract arises mainly from the

deeper laminae and primarily projects WDR neurons. Both projections terminate in

various regions of the brainstem (including the periaqueductal gray [PAG]) and vari-

ous thalamic nuclei, from which they are connected to cortical targets including the

insula cortex, anterior cingulate cortex (ACC), primary somatosensory cortex (SI) and

secondary somatosensory cortex (SII).

Spinobulbar projections have a similar neuronal distribution to STT cells in the dorsal

horn and project to brainstem regions including the PAG, parabrachial nucleus (PB),
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noradrenergic cell groups, and the brainstem reticular formation (Dostrovsky and Craig,

2013; Wiberg et al., 1987). Together with the direct spinohypothalamic projections, this

pathway is important in providing nociceptive relay via the PB to the hypothalamus,

amygdala and other forebrain and cortical limbic structures important in the emotional

regulation of pain (Bernard and Besson, 1990).

1.2.5 Cortical representation and perception

Early views on supraspinal contributions to pain perception posited that pain was a

predominantly subcortical phenomenon. Lesions and electrical stimulation of the cor-

tex during surgery were thought not to affect pain perception (Head and Holmes, 1911;

Penfield and Boldrey, 1937), leading to conclusions that cortical involvement was min-

imal. However, these early studies investigated cortical injuries or focal stimulation

(during epilepsy surgery) without appreciation for the multifaceted nature of cortical

involvement in pain processing. Following the development of integrative pain theories

that highlighted the relevance of emotional and motivational components (Melzack and

Casey, 1968), convergent evidence began to suggest the importance of cortical influ-

ences. Recent studies have since demonstrated that pain can be elicited by focal lesions

or stimulation of cortical brain regions (Garcia-Larrea, 2012). Importantly, the advent of

modern human brain imaging techniques (functional magnetic resonance imaging [fMRI]

and positron emission tomography [PET]) in the early 1990s enabled the investigation

of the brain’s contribution to pain experience (Apkarian et al., 2013). Such studies have

consistently revealed several brain areas where the brain response to acute pain increases

blood flow. These regions include most commonly the thalamus, SI, SII, insula cortex,

ACC, and prefrontal cortex, but also the amygdala, PAG, cerebellum and hippocampus

(Apkarian et al., 2005; Stephenson and Arneric, 2008; Treede et al., 1999). This large net-

work of cortical and subcortical involvement is thought to reflect the multi-dimensional
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nature of the pain experience. There is strong evidence that interactions between struc-

tures in this network are influenced by cognitive, emotional and motivational factors -

as might have been predicted by the importance of these factors in individuals’ subjec-

tive perception of pain (Tracey and Mantyh, 2007; Wiech and Tracey, 2009). Recent

evidence further suggests that a common signature for acute experimental physical pain,

reflecting activation in a network of structures, can be defined using algorithmic meth-

ods (Wager et al., 2013). Despite this, the precise mechanisms by which pain emerges,

from a convergence of nociceptive inputs to the neural signature recorded using brain

imaging, remain largely unknown.

The neural representation of pain perception is thought to reflect two distinct but over-

lapping pathways of nociceptive processing: the sensory-discriminative and affective-

motivational components previously proposed by Melzack and Casey (1968). Current

evidence suggests the importance of the rostral ACC and anterior insula in pain affect

related to both nociceptive (neurogenic) and non-nociceptive (psychogenic) sources (Raij

et al., 2005; Rainville et al., 1997; Singer et al., 2004). These regions are functionally

heterogenous structures within the limbic system, which are thought to interact with pre-

frontal and forebrain structures involved in cognitive and emotional regulation (Wiech

et al., 2008). Conversely, the mid and posterior insula cortex and SII have been shown

to be involved both in parametric modulation of pain intensity and its binary represen-

tation (Bornhövd et al., 2002; Coghill et al., 1999), while modality- and spatial-specific

somatotopy of noxious stimuli has been shown in the somatosensory cortices and the

posterior insula, suggesting their importance in stimulus localisation and discrimination

(Baumgärtner et al., 2010; Bingel et al., 2004b; Brooks et al., 2005; Henderson et al.,

2011). Interestingly, studies of spontaneous pain in chronic back pain patients have

suggested an increased contribution of prefrontal mechanisms, particularly the medial

prefrontal cortex, in intensity modulation as compared to the insula cortex for evoked
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pain (Baliki et al., 2006). This suggests a more significant role for affective systems in

persistent and pathological pain states.

Although the concept of a singular ‘pain cortex’ appears elusive in light of the findings de-

scribed above, recent convergent evidence, including the nociceptive somatotopic studies

described above, suggests a role for the posterior insula and adjacent medial opercula re-

gion in specific nociceptive encoding (reviewed in Garcia-Larrea, 2012). Specifically, this

region in primates receives the densest ascending STT projections of all cortical regions

(Dum et al., 2009) and has recently been reported to receive topographically organised

projections from the posterolateral thalamus (which itself receives somatotopically or-

ganised lamina I STT projections) (Craig, 2013). It is also systematically activated in a

parametric and somatotopic manner by noxious stimuli as described above. Moreover,

lesions in the posterior insula/SII are associated with selective pain and thermosensory

deficits (Birklein et al., 2005; Greenspan et al., 1999) while electrical stimulation of the

posterior insula has been shown to elicit discrete and topographically organised pain

sensations in conscious humans (Mazzola et al., 2009; Ostrowsky et al., 2002).

The temporal integration of pain perception and activity in these spatially defined brain

regions is best understood using tools such as electroencephalography (EEG) or magne-

toencephalography (MEG), which provide improved temporal resolution over fMRI and

PET. Studies measuring latencies of nociceptive-specific laser-evoked potentials (LEP)

suggest that nociceptive input is first processed in the operculoinsula region in a pre-

perceptual phase, before subsequent processing in the bilateral operculoinsula, SI and

cingulate cortex, from which pain percept likely emerges (Garcia-Larrea et al., 2003;

Iannetti et al., 2005a; Lee et al., 2009). Furthermore, there is evidence, from intra-

cortical recordings, of early parallel processing of nociceptive inputs between sensory-

discriminative and affective brain regions (Frot et al., 2008), suggesting the importance
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of rapid integration of contextual information relating to pain, presumably to drive ap-

propriate immediate behaviour.

As nociceptive inputs are transmitted up the central nervous system, they are modulated

at various levels by endogenous factors. We will next consider the top-down modulation

of nociceptive processing from supraspinal centres, and their relevance to the perception

of pain.

1.3 Descending modulation of nociceptive processing

Ever since Sherrington (1906) noted increased nociceptive reflexes after rat spinal cord

transection, it has been thought that descending spinal influences are involved in the

processing of pain. However, investigation of the descending modulation of pain truly

began following the seminal report showing that electrical stimulation of the midbrain

periaqueductal grey matter (PAG) produced adequate analgesia in the rat to permit

abdominal surgery without general anaesthetic (Reynolds, 1969). Several preceding

studies had suggested the modulatory effect of supraspinal centres on non-specific sensory

inputs in the spinal cord (Carpenter et al., 1965; Hagbarth and Kerr, 1954), while the

gate control theory proposed by Melzack and Wall (1965) had purported that supraspinal

influences affected nociceptive spinal excitability, though with no real evidence from

animal or human studies.

In the decades following Reynolds’ report, the PAG became an important region of study

in the pain field and soon, animal behaviour studies began to report that stimulation

of the region produced selective loss of nocifensive behaviour without any changes in

responses to other non-noxious stimuli or in general alertness and movement (Mayer and

Price, 1976). With the discovery of endogenous opioid activity sites, and the analgesic
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effect of microinjection of opioids into the PAG (Yaksh and Rudy, 1978), it became

clear that this region has a profound inhibitory role on the sensation of pain. Further,

analgesia was produced with PAG stimulation in human chronic pain patients without

any additional motor or sensory effects (Boivie and Meyerson, 1982), although this is

uncommonly used now as a method of pain relief due to autonomic side effects. Research

into the connections of the PAG identified other associated brainstem nuclei, which form

a network that modulates nociceptive inputs at the spinal dorsal horn. Although early

studies focused on the inhibitory effect of supraspinal modulation, it is now clear that

this influence can be facilitatory as well as inhibitory. The dynamic balance between

these two is altered in various psychological and pathological conditions, and disruption

of this equilibrium may contribute to the development of chronic pain states (Heinricher

et al., 2009). The PAG acts as a point of convergence between the cortical, forebrain,

and spinal projections. Although many of the structures that provide these inputs have

been independently identified to have a role in pain modulation, the ultimate perception

of pain is likely to involve a complex integration of these inputs, accounting for a range of

physical and contextual factors. This is supported by a range of studies using functional

connectivity analyses where changes in coupling between cortical regions and the PAG

produces analgesia in a range of contexts (Eippert et al., 2009; Petrovic, 2002; Tracey

et al., 2002; Valet et al., 2004). See below for further discussion on the PAG.

1.3.1 Higher cerebral influences

In addition to work on the brainstem descending networks, it has become clear that there

are important top down cerebral influences that result in pain modulation via changes

in emotional and cognitive states from the limbic brain (Figure 1.1). In rodents, modu-

lation of glutaminergic signalling in the anterior cingulate cortex and amygdala has been

linked with the affective aspects of pain perception - assessed using conditioned place
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aversion tests (Deyama et al., 2007b; Johansen and Fields, 2004). These reports sup-

port direct limbic involvement in the processing of the negative affective components of

pain. In humans, the effects of attention, expectation and other psychological variables

on pain have been examined with use of behavioural and functional imaging studies

(Tracey, 2010; Wiech et al., 2008). Behaviourally, there is evidence that negative affect

can increase or even decrease the perception of pain, with respect to the level of per-

ceived threat- high threat can lead to stress-induced analgesia (Wiech and Tracey, 2009).

Furthermore, chronic pain patients often find their problems exacerbated by mood dis-

orders and there is a well-established link in chronic pain patients between depression

and pain. Neuroimaging studies have allowed the investigation of the neural correlates

underlying these behaviours. The value of such methods is perhaps most striking in the

various studies that have investigated the neural correlates of the placebo effect- which

has been shown to involve several opioid rich limbic and brainstem structures (Eippert

et al., 2009; Petrovic, 2002; Wager et al., 2004). We will briefly discuss evidence for

involvement of these and other important structures in the descending pain modulatory

system.

1.3.2 Prefrontal cortex

The involvement of prefrontal structures in pain perception is complex and well docu-

mented but will only be addressed in brief in this section. It has been proposed that

involvement of the ventrolateral prefrontal cortex (VLPFC) during cognitive modulation

may have a role in changing the emotional context and subsequent perception of pain -

a process known as reappraisal (Wiech et al., 2008) (Tracey, 2010). Activation in this

region has been associated with voluntary attenuation of emotion (Ochsner et al., 2004;

Phan et al., 2005), perceived control over pain (Salomons et al., 2007), belief related

pain modulation (Wiech et al., 2008), and placebo analgesia (Petrovic et al., 2010). The
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Figure 1.1: The descending pain modulatory system. From Bingel and Tracey, 2008
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role of the VLPFC in emotional regulation may be effected through its connectivity with

the anterior insula cortex (Mitchell, 2011; Peltz et al., 2011; Veit et al., 2012). The or-

bitofrontal cortex (OFC) is also involved in emotional processing but is associated with

encoding of the reward value of stimuli and the anticipation of future outcome (Kahnt

et al., 2010). Recent findings have highlighted that information from the OFC (together

with the PAG) prior to pain stimulation accurately predicts the trial-by-trial perception

of pain (Brodersen et al., 2012). Conversely, the dorsolateral prefrontal cortex (DLPFC)

activity has been shown to negatively correlate with perceived pain, in association with

disruption of thalamic-midbrain coupling by the left DLPFC and increased anterior in-

sular connectivity with the right DLPFC (Lorenz et al., 2003). The role of the DLPFC

in top-down pain inhibition is further supported by evidence that direct current stim-

ulation of the region has some efficacy against experimental pain (Boggio et al., 2008).

Yet others have reported a role for the medial prefrontal cortex (MPFC) in predicting

pharmacological antihyperalgesic responses in healthy volunteers (Seifert et al., 2009),

and pain chronification in back pain patients (via functional connections with the nu-

cleus accumbens) (Baliki et al., 2012). Furthermore, these prefrontal regions have all

been shown with white matter tract imaging to be structurally connected with midbrain

structures important in descending pain modulation (Hadjipavlou et al., 2006). This

provides a basis for direct cognitive modulation of pain perception.

1.3.3 Amygdala and limbic forebrain

The amygdala is a limbic structure, which is important in the processing of emotionally

salient stimuli and the affective dimension of pain (Neugebauer et al., 2004; Phelps and

LeDoux, 2005). The two key amygdala nuclei relevant for pain and anxiety processing

are the basolateral nucleus (BLA) which processes information from the cortical and

forebrain limbic areas, and the central nucleus (CeA) which receives nociceptive spe-
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cific inputs from the spino-parabrachial system (Neugebauer et al., 2004). The BLA

projects to the CeA, which in turn projects densely to the PAG. In rodents, morphine

microinjection into the BLA has been shown to reduce glutaminergic excitation and so

reduce nocifensive reflex behaviour in rats (Deyama et al., 2007b). Lesioning of the bed

nucleus of the stria terminalis (which projects from the amygdala to hypothalamus) also

suppressed conditioned place aversion, a measure of negative affect in rodents (Deyama

et al., 2007a). The CeA also appears to have a key role in pain perception- it has

been shown to undergo neuroplastic changes in a rodent model of chronic visceral pain

(Han and Neugebauer, 2004). The CeA receives projections from the noradrenergic cell

groups, which modulate negative affective responses to stress. A study by Demaya and

colleagues (2010) reported that bilateral injections of a β-adrenoceptor antagonist into

the CeA is selectively suppressive of visceral pain-induced aversive responses. This sug-

gests that the CeA adrenoreceptors have a key role in modulating negative affective but

not sensory components of visceral pain. In humans, neuroimaging studies have reported

both increases and decreases in amygdala activity in response to pain, with peak activity

in clinical studies located in the BLA region (reviewed recently in Simons et al., 2012).

The amygdala has also been shown to be involved in opioid and cannabinoid analgesia in

healthy human pain models (Lee et al., 2013; Wanigasekera et al., 2012). Importantly,

the amygdala and limbic forebrain are heavily connected to the PAG and the brainstem

nuclei, which are thought to be key drivers of supraspinal pain modulation. A number of

these brainstem nuclei have been studied in conjunction with PAG-RVM network; those

described below form an important but far from exhaustive selection.

1.3.4 Periaqueductal grey

The PAG receives inputs from the limbic cortical areas (anterior cingulate cortex and

insular cortex), hypothalamus, amygdala (which receives inputs from the hippocampus
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and neocortex), as well as from the ascending nociceptive fibres from the dorsal horn

of the spinal cord (Fields et al., 2006). Of note, the nucleus accumbens in the ventral

striatum, which is involved in reward processing and implicated in pain modulation,

receives inputs from the BLA and projects indirectly to the PAG via the lateral hy-

pothalamus. Other important brainstem inputs to the PAG include the pontomedullary

reticular formation, the nucleus cuneiformis (which is adjacent to the PAG and also

receives spinal dorsal horn inputs), the locus coeruleus (LC) and other brainstem nora-

drenergic nuclei (Herbert and Saper, 1992). The main projection of the PAG is to the

rostral ventromedial medulla (RVM) to which it is reciprocally connected, but there are

also projections to the noradrenergic cell groups (which in turn project to the spinal

dorsal horn), and smaller rostral projections to the medial thalamus and orbitofrontal

cortex (Fields et al., 2006). This complex array of connections allows top-down con-

trol of nociception as well as feedback modulation. The PAG is cytoarchitectonically

heterogenous with its ventrolateral and dorsolateral portions contributing differently to

pain modulation. Importantly the PAG (together with the ACC, amygdala and RVM)

contains a high level of opioid receptors, and its involvement in endogenous pain modu-

lation is directly linked to the opioid responsiveness of its cells. In human neuroimaging

studies, the PAG has been shown to be active in pain perception, sensitisation, and

placebo/nocebo responses (reviewed recently by Linnman et al. (2012)).

1.3.5 Rostral ventromedial medulla

The RVM is a functionally defined area in the midline pontomedullary reticular region

of the brainstem, which is thought to be the main common output for descending pro-

and anti-nociceptive signals. The RVM contains the midline serotonergic nucleus raphe

magnus and is closely related to the adjacent ventrolateral reticular formation. Both

medial and lateral parts of the RVM have to be blocked to completely stop descending
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inhibitory effects from PAG stimulation (Sandkühler and Gebhart, 1984) emphasising

the role of this region as a final output. The RVM receives inputs from the PAG, nu-

cleus cuneiformis (NCF), adjacent reticular nuclei, A5 and A7 noradrenergic cell groups

in the dorsolateral pons, and some ascending spinal nociceptive inputs (although these

are mainly via the NCF and adjacent reticular nuclei). It also receives direct projec-

tions from higher limbic cortical regions including the CeA, hypothalamus and prefrontal

cortices. The RVM projects to both deep and superficial layers of the dorsal horn to

directly modulate the excitability of the nociceptive neurons, via 5HT spinal receptors

or otherwise. Although 5HT spinal receptors may be either facilitatory or inhibitory to

nociceptive signalling depending on receptor subtype (Suzuki et al., 2004), the RVM’s

serotonergic projections likely affect 5HT1A spinal receptors, which are thought to be

antinociceptive (Viisanen and Pertovaara, 2010). Early evidence showed that microstim-

ulation or opioid microinjection into the RVM produced profound and selective analgesia

comparable to that seen in the PAG (Yaksh and Rudy, 1978). Conversely, anatomical

lesions or pharmacological inactivation of the RVM abolishes the analgesic effect of PAG

stimulation (Fields et al., 1991). This supported the role of the PAG-RVM system as

an inhibitor of nociception and the RVM as the final supraspinal relay point. However,

a series of reports from Zhuo & Gebhart showed that low intensity electrical stimula-

tion of the RVM can facilitate the tail-flick nocifensive reflex at the same sites where

inhibition can also be produced (Zhuo and Gebhart, 1990, 1992, 1997). Furthermore

focal microinjection of the neuropeptide cholecystokinin (CCK) into the RVM has been

shown to be pronociceptive and hyperalgesic (Heinricher and Neubert, 2004). The RVM

has also been shown to be important in hyperalgesia and maintenance of spontaneous

pain in some neuropathic and inflammatory models but seems to be selective for certain

inputs only (De Felice et al., 2011; Heinricher et al., 2009; Porreca et al., 2002; Wang

et al., 2013). Neuroimaging of the brainstem in humans has revealed regions of the

mesencaphalic and pontine reticular formation to be important in post-injury pain sen-
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sitisation (see below) (Lee et al., 2008; Zambreanu et al., 2005). These studies together

suggest that descending control from the RVM can be facilitatory as well as inhibitory

to nociception.

The neural basis of such complex modulation as seen in the RVM can be understood

by considering an earlier key study by Fields and colleagues (1983) which categorised

two subsets of RVM neurons based on their state changes in association with nocif-

ensive withdrawal. ON cells are abruptly active while OFF cells are suddenly silent

in association with the nocifensive reflex (NEUTRAL cells appeared unaffected and so

were classified by exclusion). OFF cells were first identified as the crucial cell class in

inhibition signalling as disinhibition of these cells by GABA blockade was sufficient to

produce behavioural antinociception (Heinricher and Tortorici, 1994). Opiate drugs are

thought to exert their effects by causing continuous activation of OFF cells- their action

in the basolateral nucleus of the amygdala appears to recruit OFF cells in the RVM

(McGaraughty and Heinricher, 2002). ON cells proved more difficult to characterise but

were later confirmed as the facilitating output cells of the RVM when their selective

activation was shown be adequate to produce hyperalgesia in lightly anaesthetised rats

(Neubert et al., 2004). Stimulation of higher centres such as the ventromedial orbital

cortex and the dorsomedial nucleus of the hypothalamus also appeared to activate ON

cells and produce hyperalgesia (Heinricher et al., 2009). The role of NEUTRAL cells, if

any, is unclear as they are unresponsive during nocifensive reflexes, acute inflammation

or to pharmacological stimulation. Nonetheless, it has been suggested that these cells

may be recruited to become ON or OFF cells in chronic pain states; this idea is given

weight by the fact that a considerable number of these cells are serotonergic while no

ON or OFF cells appear to be (Heinricher et al., 2009). Serotonergic RVM cell popu-

lations have a slow and steady discharge suggesting a role in tonic spinal modulation

(Mason, 1997). These neurons also respond to noxious tail heat independently of ON
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or OFF cells suggesting that these cell groups do not share physiological functions (Gao

and Mason, 2000). The role of pain facilitation can be understood as advantageous in

promoting recuperative behaviours and enhancing vigilance when a threat is possible

but not imminent. This is comparable to the importance of the suppression of pain in

prioritising survival or escape in stressful or dangerous situations.

1.3.6 Dorsal pontomesencephalic formation

The dorsal pontomesencephalic formation includes the nucleus cuneiformis (NCF) and

parabrachial nucleus (NPB). The NCF/PBN region receives major inputs from lamina

I of spinal and trigeminal horns as well as smaller inputs from the deeper laminae of the

spinal cord. Its projections are mainly to the RVM, thus creating a spinal-bulbar-spinal

loop thought to mediate facilitation or inhibition at the dorsal horn (Suzuki et al., 2004).

Although most fibres from the formation terminate in the RVM, there is also a minor

projection of noradrenergic neurons from the region of the ventral NPB and adjacent

Kolliker-Fuse nucleus directly to the dorsal horn, which may serve as a parallel pathway

mediating suppression of nociceptive inputs (Haws et al., 1989). The discovery of ON and

OFF cells in a region of the NCF/NBP that was shown to suppress nocifensive behaviour

in rats on microstimulation suggests that input into the RVM from this region may be

important in pain modulation (Haws et al., 1989). Activity in this area has also been

shown in an fMRI study to be correlated with RVM activity in visceral pain, which

supports the view of a brainstem-spinal loop modulating nociceptive inputs (Dunckley

et al., 2005).

The nucleus cuneiformis (NCF) itself is immediately ventrolateral of the PAG and has

been identified as an important part of the pain modulation network, owing to its inputs

from the prefrontal cortex, hypothalamus and amygdala, strong association with the ad-
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jacent PAG and projection to the nucleus raphe magnus of the RVM. These put the NCF

in a prime position to receive autonomic, executive and affective information with which

it can bidirectionally modulate pain perception. Together with the deep layers of the

superior colliculus, the NCF is thought to have a role in the sensory-motor integration

of pain processing (Zemlan and Behbehani, 1988). Recent findings demonstrated that

microinjection of morphine into the NCF produces analgesia in rats and that the nu-

cleus’ antinociceptive influence is via tonic glutaminergic input modulated by the NMDA

receptor (Haghparast et al., 2007). Further evidence showed that the majority of neu-

rons in the NCF exhibited monophasic excitatory single unit firing during the formalin

test, and that this was suppressed by subcutaneous morphine injection and reinstated

by naloxone administration (Haghparast et al., 2010). These studies suggest that the

NCF acts as an important gateway for the endogenous inhibition of nociception, mod-

ulated by endogenous glutaminergic and opioid receptors. In humans, an fMRI study

by Zambreanu and colleagues (2005) identified the NCF as a major region of brainstem

activation in a healthy volunteer model of hyperalgesia.

1.3.7 Locus coeruleus and noradrenergic nuclei

The dorsolateral pontine tegmentum noradrenergic neurons are important contributors

to the modulation of pain- these include the locus coeruleus (LC) and the A5 and A7 no-

radrenergic cell groups (Fields et al., 2006). The locus coeruleus (LC) is the most studied

of this group. The LC is a principally noradrenaline producing nucleus found on the

floor of the fourth ventricle at the dorsal region of the rostral pons. The nucleus has an

important role in stress and anxiety behaviour modulation and mediates arousal via its

widespread excitatory effects in the brain. The presence of noradrenergic receptors and

terminals in the region of the dorsal horn where small nociceptive fibres terminate was

one of the first suggestions that this class of monoamines are particularly important in
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the modulation of nociceptive signalling (Proudfit, 1988). It has been shown that electri-

cal or chemical stimulation of the LC produces descending antinociception by inhibiting

nociceptive activity in dorsal horns (Jones and Gebhart, 1988). The LC receives major

excitatory afferents from the ventrolateral medullary reticular formation and inhibitory

afferents from the dorsomedial rostral medulla, as well as smaller inputs from the poste-

rior hypothalamus, mesencephalic reticular formation and some forebrain regions (Luppi

et al., 1995). In particular, a projection from the central nucleus of the amygdala may

be important in allowing emotional pain to trigger noradrenergic responses. The LC

projects widely to the forebrain and sensory brainstem nuclei, and provides noradrener-

gic innervation to spinal cord neurons- mostly in the ventral horn but also in the dorsal

horn (Proudfit and Clark, 1991). The LC is also activated in experimentally induced in-

flammation, where it attenuates the development of hyperalgesia (Tsuruoka and Willis,

1996). These observations suggest that noradrenergic neurons have important inhibitory

effects, both as contributors to the PAG-RVM system and as an independent descending

anti-nociceptive pathway.

1.3.8 Summary

The evidence outlined above suggests that active regulation by various excitatory and

inhibitory CNS circuits, gated by brainstem structures, can decrease or increase pain

perception, dependent on a number of cognitive, mood or contextual factors. Disrup-

tions of these circuits at the supraspinal or spinal level can contribute to abnormal and

pathological pain amplification.
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1.4 Response to injury- peripheral and central sensitisa-

tion

The sections above largely describe pathways and events related to nociceptive processing

in the normal state. Of particular relevance to chronic pain are changes resulting from

inflammation or nerve injury. In this section, we will briefly explore peripheral and spinal

mechanisms thought to underlie the development of persistent pain and hypersensitivity

following injury to the nervous system.

A common feature of the nervous system is its ability to modify its properties in response

to inputs- termed plasticity. In this vein, activity dependent plasticity following noxious

stimulation of nociceptors manifests in several forms (von Hehn et al., 2012; Woolf and

Salter, 2000).

In the periphery, nociceptive neurons reversibly decrease their thresholds as a result

of transducer protein changes following activation (autosensitisation) or excitability of

terminal membranes by exposure to inflammatory mediators and neurotrophic factors

(heterosensitisation) (Andrew and Greenspan, 1999a; Woolf and Salter, 2000). As a

result of this peripheral sensitisation, subsequent stimuli to the same nociceptive fibres

initiate action potentials more readily and so identical inputs are perceived to be more

painful (primary hyperalgesia).

In the spinal dorsal horn, plasticity following nociceptive input can result in the phenom-

ena of wind-up and central sensitisation. Wind-up refers to the temporal summation

of inputs, where repeated low frequency inputs lead to a progressive increase in action

potential discharge over the course of the stimuli (Mendell and Wall, 1965; Sivilotti

et al., 1993). Of far greater clinical import is central sensitisation (CS); this refers to
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Figure 1.2: Mechanisms of central sensitisation. Adapted from Woolf (2011). Central
sensitisation results in (1) reduction of thresholds, (2) increase in responsiveness, (3) expansion
of receptive fields of dorsal horn neurons. This lead to the phenotype of hyperalgesia (increased
pain to a normally painful input) and allodynia (pain to a normally innocuous input) shown
above.
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use-dependent synaptic plasticity (increased synaptic strength) resulting in increased

excitability and responsiveness of spinal neurons (Woolf, 1983; Woolf and Salter, 2000)

(Figure 1.2). Facilitation of excitatory synaptic responses, depression of inhibition, and

the consequent increased ‘gain’ and enlargement of receptive fields arise secondary to

activation of intracellular cascades by the initiating input. These changes outlast the

initiating input or are sustained by a very low level of peripheral drive. Importantly

they are not limited to the activated synapse (homosynaptic) but also spread to ad-

jacent synapses (heterosynaptic). This leads to increased responsiveness beyond the

injured tissue (secondary hyperalgesia) and facilitates pain responses to low-threshold,

normally innocuous inputs (allodynia) (LaMotte et al., 1991). Although experimental

CS is typically initiated by C-fibre afferents, mechanical allodynia is mediated by low

threshold Aβ fibres (Torebjörk et al., 1992) while hyperalgesia is mediated by Aδ fibres

(Ziegler et al., 1999); this underscores the heterosynaptic nature of clinically relevant

dorsal horn changes.

CS is thought to be a major mechanism in the development of inflammatory and neu-

ropathic pain conditions; this notion is supported by long-standing evidence of hyperal-

gesia and allodynia amongst these patient groups (Baron, 2006; Rasmussen et al., 2004;

Woolf, 2011). Genetic contributions and molecular interactions between neurons, glia

and inflammatory mediators, which underlie the development of sensitisation and hyper-

sensitivity are complex and beyond the scope of this thesis. However, these molecular

components have provided important therapeutic targets aimed at reducing such pain

(McKelvey et al., 2013; von Hehn et al., 2012).

Several preclinical and human studies have indicated that CS and spontaneous neu-

ropathic pain are maintained by descending supraspinal facilitation, largely from the

RVM and associated structures (De Felice et al., 2011; Lee et al., 2008; Porreca et al.,
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2002; Suzuki et al., 2004; Wang et al., 2013). In the first part of this thesis, we use

an accepted human experimental model of CS in healthy volunteers to assess the use of

neural CS biomarkers as a surrogate for testing analgesic efficacy in neuropathic pain. In

the next section, we will address the epidemiology, treatment and current investigative

methods for neuropathic pain conditions, with a view to understanding our experimental

approach.

1.5 Neuropathic pain

Chronic pain conditions are heterogenous but can be broadly classified as nociceptive, in-

flammatory or pathological (including neuropathic and dysfunctional syndromes) (Woolf,

2010) (Figure 1.3). Nociceptive pain is associated simply with detection of noxious stim-

uli and serves to alert to potential danger. Inflammatory pain is caused by immune

responses to injury, generates hypersensitivity, and is adaptive such that healing occurs

following tissue damage if the source of inflammation is removed. Pathological pain on

the other hand involves maladaptive processes where the hypersensitive state is main-

tained independent of any initiating lesion or disease.

Of these, neuropathic pain poses a particularly significant clinical problem. Although

few epidemiological studies have directly addressed its scope, a survey has estimated a

prevalence of 8% for chronic neuropathic pain (>3 months duration) from a cohort of

3000 patients registered to family practices in three UK cities (Torrance et al., 2006).

Such pain is often more severe and harder to treat than nociceptive pain, particularly

given its poor response to traditional analgesics such as opioids (McQuay, 2002). As

a result, it is associated with a poorer quality of life than other types of chronic pain

(Jensen et al., 2007; McDermott et al., 2006). Neuropathic pain conditions are also

vastly heterogenous with different aetiologies, presentations and putative mechanisms. It
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is now accepted that a mechanism-based classification of these conditions is appropriate,

ideally with correlates to clinical signs and symptoms (Finnerup and Jensen, 2006). This

necessitates development of adequate tools to define these mechanisms, and therapeutic

interventions to target them.

1.5.1 Basis of current treatments

Neuropathic pain therapies aim to modify the nervous system. While there are a large

number of treatment options, few have consistently demonstrated efficacy while many

are costly and have significant side effects. In this section we will focus on up-to-date

pharmacological recommendations for treatment proposed from an evidence base of ran-

domised controlled trials (Dworkin et al., 2007).

Stepwise management of neuropathic pain involves patient assessment and diagnosis;

initiation of first line therapies (alone or in combination); patient evaluation for non-

pharmacological treatments; frequent reassessment and trial of second and third line

therapies if appropriate.

Recommended first line treatments include some anti-depressants (tricyclic antidepres-

sants [TCA] and selective reuptake inhibitors of serotonin and noradrenaline [SSNRI]),

anti-epileptics (calcium channel α2δ ligands- pregabalin and gabapentin) and topical

lidocaine (a sodium channel blocker) (Dworkin et al., 2007). Antidepressants inhibit

monamine uptake at synaptic terminals; their analgesic effect may involve an increase

in serotonin and noradrenaline levels, both important neurotransmitters in the endoge-

nous inhibition network (Sawynok et al., 2001). Calcium channel α2δ ligands bind to

presynaptic voltage-gated calcium channels in the dorsal horn, reducing the release of

excitatory neurotransmitters (Dooley et al., 2007). Efficacy for both classes has largely
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Figure 1.3: Classifications of pain. From Woolf (2010).
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been shown in postherpetic neuralgia (PHN) and painful diabetic neuropathy (DPN), al-

though there is some evidence of broader efficacy for the antiepileptics (Finnerup et al.,

2010). Topical lidocaine is indicated in PHN, allodynia and localised peripheral neu-

ropathies. In cases of trigeminal neuralgia, the antiepileptic carbamezapine is generally

also recommended as a first-line therapy- it may act by inhibiting sodium channels and

reducing neuronal discharge in a use dependent manner (Kuo et al., 1997).

General recommendations for second line treatments include opioid analgesics and tra-

madol (µ-opioid agonist), although these can also be considered a first-line therapy

in cases of acute neuropathic pain, episodic exacerbations or neuropathic cancer pain

(Dworkin et al., 2007). Third line treatments include drugs for which there is substan-

tially less evidence of efficacy- some antiepileptics (e.g. lamotrigine), antidepressants

(e.g. citalopram), N-methyl-d-aspartate (NMDA) antagonists (e.g. memantine) and

high dose topical capsaicin.

Non-pharmacological treatments for neuropathic pain abound- these include psychother-

apeutic and neurostimulatory (invasive and non-invasive) techniques (Xu et al., 2012).

Given the growing knowledge of central mechanisms of pain, there is much promise

for use of targeted neurostimulatory techniques in the management of intractable pain.

While deep brain stimulation has shown efficacy in some of these patient groups (Boc-

card et al., 2013), it is limited by the side effects associated with surgery and non-pain

specific stimulatory effects. Non-invasive neurostimulatory techniques including tran-

scranial magnetic stimulation (TMS) and transcranial direct current stimulation (tDCS)

may be viable options (Fregni et al., 2007). We assess this in Chapter 7, where we inves-

tigate the neural basis of tDCS therapy (the cheaper and safer of the two) in a chronic

neuropathic patient cohort.
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Despite these options, the number needed to treat (NNT) for first line therapies typically

range between 3-5 for the most effective (Finnerup et al., 2010). There is a clear need

for new efficacious pharmacological treatment options for neuropathic pain. In this

thesis, we aim to validate the use of functional imaging as a tool for assessing analgesic

potency in acute and persistent pain states. We will then test the use of such tools in

the assessment of therapeutic efficacy both in healthy controls and in a group of chronic

neuropathic pain patients. In the next section, we will outline the basis of some of the

experimental methods that will underpin this investigation.

1.5.2 Experimental tools

Human experimental methods for evaluating pain

Most preclinical models of neuropathic pain are in rodents. These have been immensely

valuable in elucidating the pathophysiological mechanisms of pain over the past few

decades. However the predictive validity of these models for clinical efficacy of analgesics

is disputed (Berge, 2011). As neuropathic pain by definition involves nerve damage, re-

versible models in healthy human volunteers are difficult to create. Human experimen-

tal models of central sensitisation, such as the use of intradermal or topical capsaicin,

have provided a means to investigate symptoms of neuropathic pain (Lee et al., 2008).

Capsaicin-induced central sensitisation (CS) mimics spontaneous pain, allodynia and hy-

peralgesia, which are common symptoms of neuropathic pain (Klein et al., 2005). The

extensive preclinical knowledge regarding mechanisms of central sensitisation and their

relevance to neuropathic pain provides an important background to its use as a marker

for pharmacological modulation in healthy humans. Furthermore, as chronic pain pa-

tients are a difficult group to study- owing largely to their wide range of co-morbidities,

studying central pain processing and its modulation in healthy volunteers provides less

confounding yet important insights into potential therapies. To examine the clinical
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relevance of our approach, we will also investigate the modulation of neuropathic pain

in a specific cohort of phantom limb pain patients (see Chapter 7), where a putative

mechanism can be directly targeted.

Psychometric tools

Psychophysical evaluation of pain via subjective reports is the standard for assessing

analgesic efficacy in the clinical setting. Following the separation of sensory-discriminative

and affective-motivational components of pain, these tools have attempted to address

both aspects distinctly. In this thesis we largely use two psychometric tools for assess-

ing pain perception- the verbal numerical rating scale (NRS) and the visual analogue

scale (VAS). The 11-point NRS scale (0-10) has been shown to be practical for assess-

ing patient groups (Jensen et al., 1999). We also use an online VAS with anchors that

define the sensations to be reported (e.g. ‘not at all’ and ‘worst imaginable’). In both

cases, we assess pain intensity and pain unpleasantness to capture both sensory and

affective dimensions of the experience. Although the NRS can be easier to use offline,

communication difficulties in the scanner environment make it less practical. The VAS

is comparatively more studied and its scores are thought to be internally consistent and

reproducible across sessions (Price et al., 1983; Rosier et al., 2002).

While these psychophysical measures are most pertinent to the patient’s condition, they

reflect a private and highly contextual experience that cannot easily be accessed by

scientific methods. Furthermore, there is likely a non-direct relationship between pain

experience and subjective report. Therefore neuroimaging provides a tool that allows

more objective measurements of the physiological changes that underlie the subjective

pain experience and subsequent report. It is important to state that functional imaging

of pain experience is not simply a surrogate measure of pain report, as has often been

misstated and misunderstood. It is a measure of the CNS processing that underpins the
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multidimensional experience that is pain, from which a verbal report is derived using

the psychometric measures mentioned above. The two are related but not equivalent

and arguably functional imaging provides the richer measure as it captures much of the

processing underpinning the perception.

Neuroimaging principles

Over the past 15 years, neuroimaging has proven to be an important tool in further-

ing our knowledge of human central pain processing. Functional Magnetic Resonance

Imaging (fMRI) in particular provides non-invasive objective physiological correlates of

nociception and pain, which can enable in vivo assessment of brain function and its

modulation (e.g. by therapy).

The principles of MRI are well established and will not be described in detail here

(Huettel et al., 2008). In brief, fMRI exploits the electromagnetic properties of charged

proton particles found in water. In the presence of an external magnetic field (B0), these

particles become aligned to the field creating a net magnetisation. These aligned parti-

cles can be excited into a high-energy state by use of a brief secondary radiofrequency

(RF) pulse, which tilts the net magnetisation to be perpendicular to B0. Decay of this

transverse magnetisation back to equilibrium over time can be measured and depends

on local magnetic field properties, such as field inhomogeneities. As a result, relaxation

times differ depending on the B0 field strength and tissue properties, allowing contrast

to be generated. The time between RF excitation and data acquisition is known as the

echo time (TE), while the time between cycles of excitation is known as the repetition

time (TR). Image acquisition uses additional magnetic gradients, which cause localised

shifts in frequency and phase that can be recorded mathematically in k-space. Rapid

echo-planar imaging (EPI), which maps k-space in seconds following excitation, is most
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commonly used (Mansfield and Maudsley, 1977). Data in k-space can be converted into

an image by using an inverse Fourier transform.

The most commonly applied fMRI contrast technique is blood oxygen level dependent

(BOLD) imaging. BOLD contrast measures the vascular response to neural activation

(Ogawa et al., 1990); this incorporates changes in cerebral blood flow (CBF), cerebral

blood volume (CBV) and oxygen metabolism. During activation, neurons consume

oxygen carried by haemoglobin in circulating red blood cells- this triggers local increases

in blood flow within a few seconds. It should be noted that the haemodynamic response

to neural activations is highly non-linear- a small increase in metabolic demand leads to

a relative oversupply of oxygenated blood. However the rapid increase in the relative

concentration of oxyhaemoglobin (which is diamagnetic) to deoxyhaemoglobin (which is

paramagnetic) changes the magnetic susceptibility (and hence transverse relaxation) of

blood in the local area, enabling measurement of changes in blood delivery. Physiological

interpretation of the BOLD signal is therefore dependent on the close coupling between

neural activation and vascular changes, as mediated by glial cells (Attwell et al., 2010;

Logothetis et al., 2001).

After image acquisition, the fMRI data is pre-processed before statistical analysis is

performed. Pre-processing typically involves correction of head motion by aligning the

image volumes to a single midbrain volume; correction for B0 field inhomogeneities asso-

ciated with EPI image acquisition; spatial smoothing to increase signal to noise ratio; and

high-pass Gaussian-based temporal filtering to remove low-frequency drifts. For BOLD

imaging, statistical analysis typically involves a convolution of an expected haemody-

namic response with the voxel-wise timecourse of the data in a general linear model.

This generates voxel-wise parameter estimates for the magnitude of signal response and

error estimates for the model fitting. Statistical maps are registered to a standard brain

31



1. Introduction

for between subject comparisons, thresholded and corrected for multiple comparisons

across the whole brain using a range of methods (e.g. cluster based correction using

random field theory (Worsley, 2001)). Region of interest approaches may be used in the

case of a clear a priori hypothesis about effects on a specific brain area (Mitsis et al.,

2008).

fMRI for drug modulation of pain

A large number of fMRI studies have reported BOLD related changes in the acute pain

state. Nonetheless, many of these pain-related changes are known to be non-specific to

nociceptive processing and have been reported during imagined pain (Derbyshire et al.,

2004), social rejection (Eisenberger et al., 2003) and empathy for pain (Singer et al.,

2004). Various studies over the past 15 years have dissected the varying contributions

of different active brain regions to the multidimentional pain experience (Bantick et al.,

2002; Berna et al., 2010; Ploghaus et al., 1999; Wager et al., 2004; Wiech et al., 2008).

More recently, some commentators have also suggested that the BOLD response to brief

noxious stimuli may in part reflect non-specific encoding of stimulus saliency (Legrain

et al., 2011; Mouraux et al., 2011). Despite this, the sensation of pain is distinctive

and perceived differently from innocuous sensory stimuli. Further, ongoing pain is the

dominant symptom in chronic neuropathic pain (Backonja and Stacey, 2004) and so its

assessment with fMRI will likely enable more clinically relevant interpretations of the

underlying neural mechanisms of chronic pain.

BOLD fMRI is optimised for high frequency tasks and so is sub-optimal for the inves-

tigation of ongoing pain states. As onset and maintenance of pain are likely dependent

but separate processes that may recruit different brain networks, newer techniques such

as arterial spin labelling (ASL)- which quantifies CBF over stable states, are a promising
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alternative that may enable assessment of pain states that more closely resemble clinical

reality. In this thesis, we will use both BOLD and ASL (described in detail in Chapter 4)

to define the neural correlates of evoked and persistent pain. We will then investigate its

modulation by pharmacological and non-invasive neurostimulatory methods in healthy

volunteer and patient groups.

Pharmacological fMRI refers to the use of pharmacological agents to modify the phys-

iological state as detected by fMRI. Such studies have been paired with evoked pain

paradigms to investigate the influence of drugs on stimulus-related BOLD activity. The

drug effects measured can be global or local, and neuronal or vascular in origin. Global

changes often result from direct drug effects on cardiorespiratory variables or on the

vasculature (Wise and Tracey, 2006). Monitoring cardiorespiratory variables and use of

well-designed paradigms that include a control task can help to evaluate global effects

of no interest. Quantitative measurements of absolute CBF (e.g. ASL) also allow com-

parisons of global CBF changes between sessions. In Chapter 3 we will use an analgesic,

which has been shown not to have a global effect in a previous study (Iannetti et al.,

2005b); we further confirm this by calculating global CBF changes induced by the drug

in Chapter 6.

1.6 Thesis outline

There is a pressing need to develop new therapies for the management of neuropathic

pain. Functional MRI enables the investigation of central mechanisms of pain, which

can uncover targets for new treatments. This thesis aims to validate the use of fMRI as

a tool for testing analgesic efficacy against evoked and persistent pain.

By assessing preclinical and human evidence about central mechanisms of hypersensi-
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tivity, we formed hypotheses about possible sites of analgesic action against a model of

central sensitisation.

Chapter 2 optimises tools that allow us to image supraspinal sites where we expect to

see modulation. We also validate the use of the topical capsaicin model as a model of

hypersensitivity and spontaneous pain in a crossover design.

In Chapter 3, we use these optimised tools to test the efficacy of two compounds against

CS-induced hypersensitivity- one compound that is known to be effective in neuropathic

pain, and another that has no demonstrated efficacy in neuropathic pain. We aimed here

to validate the superior sensitivity of fMRI over subjective reports for assessing efficacy

between these compounds.

Chapter 4 describes the arterial spin labelling technique and assesses the reliability of an

updated sequence and associated novel analyses methods for imaging resting and long

activation (e.g. persistent pain) states, over week and month time frames.

As there are few studies that have investigated the neural correlates of persistent pain

in healthy volunteers, Chapter 5 defines this using a controlled paradigm design.

In Chapter 6, we use the techniques developed in Chapter 4 and evidence from Chapter

5 to assess the endogenous and pharmacological modulation of the perception and neural

representation of persistent pain.

Chapter 7 uses the validated method for assessing efficacy in persistent pain to test the

use of tDCS as a novel therapy in a cohort of phantom limb patients.

Chapter 8 concludes by discussing the significance of our findings and possible directions

for future work.
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Chapter 2

Optimising Subcortical Brain
Imaging and Defining a Pain
Model for Investigating Central
Sensitisation

The studies described in this thesis aim to employ Functional Magnetic Resonance Imag-

ing (fMRI) in understanding the development and modulation of central sensitisation

(CS) and persistent pain in the brain. Of special interest in this regard are the brainstem

and several subcortical brain structures which are typically difficult to image.

In the two studies described in this chapter, we aimed to define optimal BOLD fMRI

parameters to image the regions relevant to CS-induced pain. We investigated the appli-

cation of such techniques as high-resolution imaging, physiological modelling and ultra

high field imaging in the context of various pain paradigms. We also tested the relia-

bility of a model of mechanical hyperalgesia and spontaneous pain to validate its use in

crossover designs. The findings from this chapter helped to define the protocols used in

the forthcoming chapters.
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2. Optimising Imaging of Central Sensitisation

2.1 Experiment 1

This study establishes an optimised protocol for brainstem fMRI during nociceptive

stimulation. By comparing two high resolution acquisition sequences, with and without

physiological noise modelling (PNM), we aimed to establish the benefit of PNM and

the feasibility of high resolution imaging for assessing activity in small brainstem and

subcortical nuclei.

2.1.1 Introduction

The brainstem is a difficult region to image, owing to the small size and close proximity

of relevant nuclei that requires high spatial resolution for functional localisation, and the

effects of coarse motion (cardiac, respiratory and cerebrospinal fluid [CSF]) on the re-

gional magnetic susceptibility (Harvey et al., 2008). Three key issues that arise from this

are the difficulty of image registration accuracy between subjects, the importance of high

resolution imaging for localising these small structures and the influence of physiological

artefacts on the temporal signal in inferior brain regions.

Despite these issues, a number of studies have highlighted the feasibility and importance

of pain imaging in the brainstem by identifying the neural correlates of somatic and

visceral pain in brainstem nuclei using various pain models (Dunckley et al., 2005; Lee

et al., 2008; Zambreanu et al., 2005) including central sensitisation (CS).

In this study, we tested the importance of physiological noise modelling for pain imaging

of the brainstem and associated subcortical regions, while employing updated three-stage

and boundary-based registration (Greve and Fischl, 2009) techniques in the FMRIB

Software Library (FSL) pipeline. We assessed the effect of varying acquisition orientation

and echo-planar image (EPI) phase-encode direction on the fMRI signal and BOLD
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2. Optimising Imaging of Central Sensitisation

activity in pain relevant brainstem regions. We further compared the sequences by

examining their relative ability to discriminate between the adjacent cuneate and gracile

medullary nuclei, which encode vibrotactile stimuli to the finger and toe respectively.

2.1.1.1 Physiological noise correction

FMRI acquisitions are compromised by fluctuations in the cardiac and respiratory cycle-

coarse motion results from pulsatile activity of blood vessels and CSF, as well as changes

in intracranial pressure (Birn et al., 2006; Poncelet et al., 1992; Shmueli et al., 2007).

As a result of their proximity to these causes of gross motion, inferior brain regions such

as the brainstem show high temporal signal variability, spatio-temporal blurring of the

BOLD signal and bulk magnetic susceptibility changes (Limbrick-Oldfield et al., 2012;

Raj et al., 2001).

Various correction methods have been introduced to account for these artefacts. In par-

ticular, for 2D-echo planar imaging readouts, retrospective image correction (RETROICOR)

using independent physiological measures has been shown to improve functional task-

related BOLD activity (Birn et al., 2006; Glover et al., 2000; Shmueli et al., 2007). This

method is more effective than k-space correction for spatially localised cardiac fluctua-

tions (Glover et al., 2000) and does not necessitate offline image reconstruction (as with

k-space correction). Furthermore, unlike cardiac gating methods (Zhang et al., 2006),

retrospective image correction models both respiratory and cardiac fluctuations, and

avoids the disadvantage of a variable acquisition rate, which can reduce efficiency.

RETROICOR was first developed for whole-brain fMRI (Glover et al., 2000) and removes

structural noise by assigning a cardiac and respiratory phase to each slice of the imaging

data- depending on the slice acquisition order and acquisition time. The effects of
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these phases are modelled using a basis set of 4 Fourier terms. A modified version of

RETROICOR- the Physiological Noise Model (PNM) has been employed in brainstem

(Brooks et al., 2008; Harvey et al., 2008; Limbrick-Oldfield et al., 2012) and spinal studies

to also account for the interactions between cardiac and respiratory cycles and low

frequency heart rate fluctuations (an additional source of low frequency noise) (Chang

et al., 2009). These interactions have also been shown to correlate with CSF pulsations

in the spinal cord (Friese et al., 2004). Removing structural noise by including these

regressors in the general linear modelling of functional data (to a finger-tapping motor

task) can improve the likelihood of detecting true effects and rejecting false positives

(Harvey et al., 2008). The technique is shown to be particularly effective in reducing

inter-subject signal variance.

Despite the clear benefits of noise correction in the context of non-pain paradigms, phasic

pain stimuli are often associated with stimulus related motion. As such there is potential

that in modelling out motion and physiological parameters, some true positive activity is

also removed and BOLD activity is not improved. In the study below, we implemented

the PNM in a pain paradigm within the general linear model, avoiding the loss of degrees

of freedom associated with implementation in pre-processing. We verified that the PNM

stabilises the brainstem signal time-course (reduce signal variance) and also improves

task-related BOLD parameters in the context of painful stimuli.

2.1.1.2 Orientation selection for high-resolution imaging

Pain studies investigating brainstem structures have varied in their use of axial (Iannetti

et al., 2005b; Zambreanu et al., 2005) or coronal (Dunckley et al., 2005) acquisition

orientations, but to our knowledge none has systematically compared both acquisition

methods. Axial sequences typically have an anterior-posterior (y-plane) phase-encode
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direction while coronal sequences encode in the medio-lateral (x-plane) direction. One

potential benefit of encoding in the y-plane is that any distortions are symmetrical

between both hemispheres and may have a decreased overall effect on BOLD signal

in brainstem structures- which are often in the midline and can activate bilaterally to

pain stimuli (Lee et al., 2008). In light of this, we tested which orientation most ably

overcomes these distortions by quantifying regional signal-to-noise ratios (SNR) and

task-related signal changes in relevant regions.

Pain relevant brainstem structures- including the periaqueductal grey, nucleus cuneiformis,

rostral ventromedial medulla and locus coeruleus, have their largest dimension in the

rostro-caudal direction (Naidich et al., 2009). This suggests that using an axial sequence

with high in-plane resolution and larger slice thickness would be able to combine better

localisation with good signal acquisition in these areas. We tested such an axial sequence

(1.5x1.5x3mm3) against a more standard 2mm isotropic coronal sequence acquisition,

which while having larger voxel volumes (and more signal) does not incorporate these

potential structure-specific benefits.

2.1.1.3 Registration

The compact nature of brainstem nuclei increases the importance of registration accu-

racy. Conventional functional neuroimaging analyses typically involve registration of

images from a functional space to a standard space to facilitate between-group compar-

isons. This typically involves a two-step process where a whole-brain functional image is

registered to a higher quality structural image (typically T1-weighted) and the structural

image is then registered to a standard brain (e.g. Montreal Neurological Institute). Both

transformation matrices are then concatenated and applied to the functional data. In the

context of brainstem imaging, limited field of view (FOV) acquisitions are often used to
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allow higher resolution images to be acquired for activity localisation. In these cases, an

additional registration step is added, where the limited FOV functional image is initially

registered to a whole brain EPI from the same session. Here we used this three-step

registration process within the FSL analysis pipeline (www.fmrib.ox.ac.uk/fsl).

Boundary based registration is an improved technique which optimises alignment of input

images to a reference by maximising the intensity gradient across the tissue boundaries

(Greve and Fischl, 2009). As the technique must separate tissue types in the reference

image, it requires adequate resolution and quality of the reference image. While this

technique has been developed for cortical registration, we employed it in the second

registration step between a whole brain EPI image and the subject’s structural image

to improve brainstem and overall brain alignment.

2.1.2 Aim

This study aimed to improve our ability to image the brainstem and associated subcorti-

cal structures using tactile and painful stimuli in a non-CS state. We aimed to optimise

acquisition parameters and registration techniques for high-resolution brainstem imaging

at 3T, using physiological noise modelling to minimize regional susceptibility effects. By

comparing axial and coronal sequences, we also intended to investigate which orientation

most ably overcomes phase-encode specific EPI distortions that commonly affect data

acquisition in the brainstem region.
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2.1.3 Methods

2.1.3.1 Subjects

6 healthy volunteers (3 male, 3 female, mean age: 26 (SD 2.17)) participated in this

study after giving informed consent. Participants were right-handed non-smokers with

no history of chronic pain conditions, free of acute illnesses and on no regular medication.

2.1.3.2 Study protocol and stimulation paradigm

The study involved one fMRI scanning session per subject. Subjects received 2 sets of

painful (thermal and punctate) and vibrotactile stimuli; one using an axial 1.5x1.5x3

mm3 sequence and another using a coronal 2x2x2 mm3 sequence. These sets took place

in a pseudo-randomised order. The image resolutions were chosen to complement the

shapes and sizes of the relevant brainstem nuclei (Naidich et al., 2009), given SNR limits

for 3T imaging. A brainstem-focused acquisition was used (see Fig 2.2) to allow for

a more robust examination of activity in pain-relevant nuclei at high resolution within

reasonable TR and stimulus repetition limitations.

Figure 2.1: Stimulus paradigm for pain & vibrotactile runs. For the pain run, subjects
received a thermal stimulus every 63-70 seconds, with punctate stimuli to the right arm and leg
delivered at 20-second intervals within this time-frame. Vibrotactile runs included two adjacent
stimulus blocks delivered pseudo-randomly to the toe and finger, and interspersed by 16-second
intervals.

41



2. Optimising Imaging of Central Sensitisation

In the pain run, subjects received 15 thermal stimuli to the right volar forearm delivered

with a MEDOC Pathway CHEPS device, and thresholded at 6/10 on an 11-point verbal

pain rating scale (0-10; 0 no pain, 10 worst pain imaginable). The thermal stimuli

were separated by two punctate stimuli delivered pseudo-randomly between the right

forearm and right lower leg (antero-medial aspect) using a 512mN punctate probe (Fig

2.1). Subjects were asked after each experiment to give an average verbal rating of their

thermal pain and to report any change in punctate sensation.

In the vibrotactile run, subjects received 20 blocks of vibrotactile stimuli to the right

index finger and the right hallux delivered pseudo-randomly at 30Hz via a Piezo-electric

vibration device (PI Ceramic, Lederhose, Germany).

For all scans, physiological noise data was collected using a pneumatic belt and a pulse

oximeter (9500 Multigas Monitor MR Equipment, Bay Shore, NY), together with volume

triggers from the scanner. All data was recorded using an MP150 system (BIOPAC

Systems, Inc., Goleta, CA) at a sample rate of 100Hz. Experimental stimulation was

controlled by a computer running PainGain (FMRIB Stimulus Presentation System) and

visual prompting by a computer running Presentation (version 16.0; Neurobehavioral

Systems, Albany, CA).

2.1.3.3 fMRI data acquisition paradigm

All imaging data was acquired using a 3T Siemens Verio MRI scanner (Siemens Medical

Systems, Erlangen, Germany). A 32 channel receiver head-only RF coil was used with a

birdcage RF head coil for pulse transmission and signal reception. Functional scans for

pain and vibrotactile runs were acquired with a partial-brain gradient-echo, echo-planar

imaging (EPI) sequence (matrix 96x96, phase partial Fourier 7/8, echo time (TE)=30 ms,
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repetition time (TR)= 2s, GRAPPA with acceleration factor 2). For the axial sequence,

21 contiguous 3-mm thick axial slices were acquired with an in-plane resolution of 1.5

x 1.5 mm2. For the coronal sequences, 20 contiguous 2-mm thick coronal slices were

acquired with an in-plane resolution of 2 x 2 mm2. 483 and 329 volumes corresponding

to 15 minutes and 10 minutes of scanning time were acquired for the pain and vibrotactile

runs respectively. The field of view (FOV) of each acquisition is illustrated in Figure

2.2. For each subject, a single volume whole-brain EPI image per scan (1 axial and 1

coronal image per subject, same acquisition parameters as above), and a T1-weighted

1x1x1 mm2 structural image were acquired for registration. Field maps were acquired

to correct for regions of field inhomogeneity.

Figure 2.2: Acquisition fields of view Overlaid on structural (left) and functional (right)
images.

2.1.3.4 Data Analysis

Analysis of all imaging data was performed using FMRIB Software Library (FSL) ver-

sion 5.01 (http://fmrib.ox.ac.uk/fsl) (Jenkinson et al., 2002). Preprocessing of func-

tional data included motion correction using MCFLIRT (Jenkinson et al., 2002), spatial

smoothing (full width at half maximum = 1.5mm), high-pass temporal filtering and

application of BET (brain extraction tool) (Smith, 2002).
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Physiological noise regressors were computed using a custom MatLab (MathWorks, Nat-

ick, MA) script (Brooks et al., 2008). A physiological noise model based on Retrospective

Image Correction (RETROICOR) (Glover et al., 2000) was applied to the motion cor-

rected time-series. Cardiac and respiratory phases were calculated from the acquisition

time for each slice and physiological measurements recorded during BOLD image acqui-

sition (Brooks et al., 2008; Harvey et al., 2008; Kong et al., 2012); respiratory phase was

assigned using a histogram equalised transfer function to account for respiratory timing

and amplitude. Next a Fourier series was constructed using the determined phases in

order to independently model the cardiac and respiratory effects- this consisted of 8

cardiac sine/cosine terms and 8 respiratory sine/cosine terms, giving sixteen regressors.

An additional sixteen multiplicative sine/cosine terms modelled the interaction between

cardiac and respiratory effects. A heart rate and a respiratory ventricular trace regressor

were also calculated from the cardiac and respiratory traces respectively giving a total

of 34 slice-dependent physiological noise regressors. These regressors were then included

in the general linear model (GLM) using FEAT (Limbrick-Oldfield et al., 2012) to test

for responses to pain and vibrotactile stimulation tasks.

Each EPI image was first registered to a whole brain EPI image using FLIRT (Jenkinson

and Smith, 2001), then to the individual subject’s T1-weighted structural image using

boundary-based registration (BBR) (Greve and Fischl, 2009). The image was then

registered to a standard 1mm MNI brain for between-subject comparisons using FNIRT

(Andersson et al., 2007).

Individual subject responses to stimuli were modelled in the GLM using convolved task

blocks with a single gamma haemodynamic response function. Temporal derivatives of

the stimuli were included to account for differences in individual HRF functions. Motion

and physiological regressors were added as noise confounds in the GLM. The functional
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acquisitions for all 6 subjects were entered into a fixed effects linear model analysis at

a group level to give an average activation pattern. Z-score images were generated at

a threshold of Z=1.8 with corrected cluster significance of p≤0.05 (Worsley, 2001) or

displayed as an uncorrected statistical map at p≤0.01.

Temporal signal to noise ratio (TSNR) was used to assess the stability of the fMRI sig-

nal in brainstem regions. TSNR was calculated using hand-drawn anatomical masks of

brainstem regions (see Fig 2.4), referenced from Duvernoy’s Brainstem Atlas (Naidich

et al., 2009), and the anatomical mask of the brainstem generated from the Montreal

Neurological Institute (MNI) standard brain and thresholded such that only regions

which had at least a 70% of being part of the brainstem were included (i.e. p>0.7). The

leftover variance of each functional image (after modelling out activation and physiolog-

ical noise) was square rooted to give a standard deviation image. This was then divided

into the mean functional image to give a voxelwise map of the tSNR in the brainstem

region. Voxels in this image were averaged in relevant masks to give the regional tSNR

values for each of the functional acquisitions. A higher tSNR value indicates better

signal stability.

2.1.4 Results

2.1.4.1 Psychophysics

Before each thermal stimulation block, thermal pain was thresholded at 6/10. Following

the block of thermal stimulation, subjects reported an average rating for all thermal

stimuli within the block. Averaged across all subjects (mean ± standard deviation) this

rating was 5.5/10 (±0.84) for the axial acquisitions and 5.3/10 (±1.03) for the coronal

acquisitions, with no significant difference between the two acquisitions (paired t-test:

p=0.77). Subjects reported no change in punctate sensation over the experimental run.
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Figure 2.3: Thermal verbal pain ratings between axial and coronal acquisition runs. n=6. Error
bars represent standard error of the mean (SEM).

2.1.4.2 Temporal Signal to Noise Ratio

Temporal signal to noise ratio (tSNR) across the brainstem region, before physiological

noise modelling (PNM), is illustrated in Fig 2.4. Higher tSNR values are seen in the axial

sequence compared to the coronal sequence across most regions of the brainstem. Both

sequences show higher tSNR values in deeper brainstem regions than in outer regions,

adjacent to ventricles and blood vessels.

As expected, PNM improves tSNR across the brainstem for both axial and coronal

sequences. Both sequences also show greater PNM related tSNR increases in peripheral

brainstem regions compared to deeper regions, with axial acquisitions showing greater

increases than coronal acquisitions (Fig 2.4). When this improvement is assessed in

the brainstem’s three structural divisions (midbrain, pons and medulla), the greatest

PNM increase is seen in the medulla for both sequences- there is a larger proportion

of voxels with >5% improvement (Fig 2.4). The axial sequence shows greater PNM

improvements in the midbrain and pons than the coronal sequence, with the opposite

effect in the medulla.
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Figure 2.4: Regional differences in temporal signal to noise ratio (tSNR) are shown in the top
image (n=6, pain runs only). Improvement in tSNR is shown in the middle row. The graphs
show percentage tSNR improvement by PNM by fraction of voxels in each brainstem region-
normalised to regional voxel number. Anatomical regional masks are shown in the top left
image.
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Figure 2.5: Shows tSNR differences between Axial and Coronal sequences in various brainstem
regions (n=6, pain runs only; regional masks shown in Fig 2.4). Error bars represent SEM.

TSNR values after PNM are quantified in Fig 2.5. In a comparison across the whole

brainstem, there is significantly higher tSNR for axial acquisitions (paired t-test, p=0.042).

Independent samples t-tests comparing each brainstem region between axial and coronal

acquisitions showed axial tSNR is significantly higher than coronal tSNR in the pons

(paired t-test, 2 tailed, p=0.037), and trends in the same direction for the midbrain

(p=0.079) and medulla (p=0.118) (Fig 2.5). Within both axial and coronal acquisitions,

there is no significant difference between tSNR in the different brainstem regions.

2.1.4.3 BOLD effect

Pain run

Suprathreshold activity is present for both acquisitions only with boundary-based regis-

tration. However, in Fig 2.6 we illustrate uncorrected activity (p<0.01) for better visual

comparison between suprathreshold and near threshold voxels.

Both axial and coronal acquisitions show activation of pain-relevant nuclei in the brain-

stem region including the periaqueductal grey (PAG) to thermal and punctate stimuli
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Figure 2.6: Activation to painful stimulation overlaid on an MNI standard brain. Top: thermal
stimuli. Middle: punctate to R arm. Bottom: punctate to R leg. Images are displayed in
radiological convention.
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Figure 2.7: BOLD activity (after PNM) to pain stimuli compared in axial and coronal
acquisitions- within the anatomical PAG (left) and in a conjunction mask (n=6, fixed effects
model, Z=1.8, p<0.05 cluster corrected) within the contralateral posterior insula (right). Error
bars represent SEM.

and rostral ventromedial medulla (RVM) to thermal stimuli (Fig 2.6). These activations

are improved by PNM (Fig 2.6).

Axial acquisitions are shown to be more effective at revealing PAG activity (shown in

all three pain conditions) when compared to coronal acquisitions (no PAG activity) (Fig

2.6). When z-scores are compared, there is greater PAG activity in the axial acquisition

for all conditions (Fig 2.7). Outside of the brainstem, we also test a conjunction region

of suprathreshold activity (Fixed effects; cluster corrected, Z=1.8, p<0.05) in the con-

tralateral posterior insula and show that there is greater BOLD activity with the axial

acquisition (Fig 2.7).

Vibrotactile run

Activity to vibrotactile stimuli did not survive cluster correction at a group level (Z=1.8,

p<0.05)- not surprising given the small size of the sensory nuclei, low stimulus input and

low subject number, but is appropriately visualised in Fig 2.8 (uncorrected p<0.01).

Given the clear improvement in tSNR and relevant BOLD activity demonstrated above,
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Figure 2.8: BOLD activity (after PNM) to vibrotactile stimuli (toe- green, finger- orange) com-
pared in axial and coronal acquisitions (uncorrected p<0.01). Schematic on top right shows
location of dorsal column nuclei (adapted from Gray’s Anatomy (1918)). VPL- ventral postero-
lateral nucleus of the thalamus. Images are displayed in radiological convention.
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the results shown here are only following PNM.

Both acquisitions show poor localisation of the cuneate and gracile nuclei when referenced

with a detailed brainstem atlas (Naidich et al., 2009) (Fig 2.8). However, for the axial

sequence, activation to toe vibration is appropriately more infero-medial when compared

to activation to finger vibration. The axial acquisition also shows contralateral activation

of the ventral posterolateral nucleus of the thalamus to toe vibration. The coronal

acquisition shows ipsilateral activation of the same nucleus to finger vibration.

2.1.5 Discussion

Our results suggest that an axial high-resolution acquisition with physiological modelling

and boundary-based registration is optimal for brainstem imaging

Temporal signal to noise ratio (tSNR) values reflect the change in signal to noise over an

experimental timecourse, as influenced by thermal noise and other sources of timecourse

variation. Physiological noise modelling (PNM), by removing structured noise, showed

a trend of improving tSNR in both axial and coronal images across all regions of the

brainstem (Fig 2.4). The medulla appeared to benefit more from PNM than other

brainstem regions with the greatest voxel fraction showing >5% improvement. This

reproduces a similar result shown by Harvey and colleagues (2008) and supports the use

of PNM for stabilising functional signal from the rostral ventromedial medulla- a key

structure in the descending modulation of pain. Greater tSNR improvements with PNM

in the medulla and peripheral brainstem regions may be explained by their increased

exposure to coarse motion from blood flow and CSF. For most conditions, this improved

tSNR was shown to translate to improved functional visualisation of pain relevant BOLD

activity in the PAG and RVM (Fig 2.6).
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Following PNM, axial sequences were shown to have significantly higher tSNR in the pons

(and to trend strongly in the same direction in the midbrain) when compared to coronal

sequences (Fig 2.5). This is despite the axial prescription having a lower volume (6.75

mm3 for axial, 8 mm3 for coronal), supporting the use of the higher resolution voxels.

This suggests that lower overall signal in higher resolution imaging can be traded for

improved signal to noise by use of an optimised axial sequence that may reduce signal

dropout in key brainstem areas.

A key limitation of this study is that we were unable to directly compare signal ac-

quisition between the two sequences due to differing voxel sizes. However the results

suggest that the benefits of decreased distortion and dropout with the axial sequence

outweigh the theoretical decrease in signal acquisition from the reduced voxel volume.

We therefore propose that normalising voxel volumes would further improve axial tSNR

in the brainstem in comparison to coronal tSNR.

The axial 1.5x1.5x3 mm3 acquisition showed improved activation (cluster volume and Z-

statistics) to pain stimuli in the midbrain PAG when compared to the coronal 2x2x2 mm3

acquisition (Fig 2.6 and Fig 2.7). The PAG as with other brainstem nuclei, while small

in size, has its maximal length rostro-caudally. As such, higher in-plane resolution and

greater slice thickness of the axial sequence may support greater BOLD signal acquisition

in these nuclei despite the smaller voxel size. In addition, the EPI distortions seen in axial

acquisitions are symmetrical in the acquired anterior-posterior phase-encode direction,

which can reduce distortion and signal dropout within the midline PAG.

A drawback of the axial sequence is its reduced coverage of cortical areas compared to

the coronal sequence. However, we showed that functional activity in an overlapping

cortical region (posterior insula) is not compromised and may be improved by use of
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the higher resolution axial sequence (Fig 2.7), supporting its use for larger coverage

acquisitions. Although the field of view (FOV) for the sequences used in this study

were limited to optimise brainstem acquisition, the generalizability of the technique for

a larger axial FOV is important. This enables optimised simultaneous acquisition of

functional activity from cortical, subcortical and brainstem regions, and allows testing

of functional connectivity between these regions.

Results from the vibrotactile run suggest that 3T high-resolution imaging does not en-

able us to distinguish between two small adjacent nuclei in such a small cohort. However,

uncorrected (p<0.01) activity in the region of the sensory nuclei suggested that signifi-

cant BOLD-related neural activity in the gracile and cuneate nuclei might be revealed

with higher subject numbers. The use of an axial orientation in acquisition, in addition

to PNM and boundary-based registration appeared to improve localisation of medullary

functional activity and better reveal a labelled-line subcortical correlate of the vibration

stimulation in the contralateral ventral posterolateral thalamus.

The majority of pain imaging studies focusing on the brainstem have used sequences

with in-plane resolutions of 3x3mm2 or lower (Dunckley et al., 2005; Lee et al., 2008;

Zambreanu et al., 2005); these results suggest that using an axial sequence with a higher

in-plane resolution may be useful in isolating activation from the small nuclei in the

region.

Physiological noise modelling was shown to be beneficial for increasing true positive

fMRI signal in pain-relevant brainstem areas and we propose that it may be useful in

any such pain study involving these regions. Modelling out regressors that may have

some stimulus correlation (e.g. changes in breathing with pain stimulation) may also

remove some true signal from the data and as such the use of PNM should be well
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evaluated, particularly with less robust experimental designs. However, we showed that

the overall effect of PNM is to improve both signal-to-noise ratio stability and functional

activation in the context of a simple pain paradigm.
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2.2 Experiment 2

This study uses the optimised parameters from Experiment 1 to test the use of the

capsaicin model and ultra high field imaging in investigating central sensitisation. We

compare brain activity in a sensitised and sham state before comparing the use of a 3T

scanner to a 7T scanner for identifying the neural correlates of punctate hyperalgesia in

the brainstem and subcortical areas.

2.2.1 Introduction

Our results from study one indicated that the use of physiological noise, boundary-based

registration and high-resolution axially oriented sequences are beneficial for pain imaging

in the human brainstem. However, the pain model used in that experiment was for acute

pain and is not suitable to investigate neuropathic pain and its causes. Neuropathic pain

symptoms include secondary mechanical hyperalgesia, allodynia and ongoing pain, all of

which can be induced by the ethically allowed capscaicin-induced central sensitisation

model (Baron, 2006).

Here we tested the utility of the topical capsaicin model of central sensitisation- its

reproducibility within a one-week time frame and its neural correlates. We further

tested the incremental benefit of ultra high field (7T) imaging over high field (3T) in

investigating subcortical activity with such paradigms.

2.2.1.1 A healthy human model of central sensitisation

Following peripheral injury, there is a heightened behavioural response to heat and me-

chanical noxious stimulation within the injured area (primary hyperalgesia) due to local

release of inflammatory mediators and subsequent sensitisation of peripheral nociceptors
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(Ali et al., 1996).

In addition to this, an increased response to mechanical noxious stimulation in the

area surrounding the injury but not directly innervated by the same group of neurons

(secondary hyperalgesia), and a painful response to innocuous stimulation (allodynia)

can also develop. This response is termed central sensitisation (CS) and is characterised

by an increase in spinal dorsal horn neuronal excitability, which far outlasts the initial

nociceptive input (Ji et al., 2003; Woolf, 1983).

In order to study pain responses secondary to injury, and the mechanism of central sen-

sitisation, safe and reversible human models of hyperalgesia and allodynia have been

developed (Klein et al., 2005). Foremost among these is the capsaicin model. The cap-

saicin model mimics the post-injury spontaneous and evoked pain phenotype most often

seen in post-herpetic neuralgia, peripheral nerve injury and complex regional pain syn-

dromes (Maier et al., 2010). However, it must be noted that capsaicin does not provide

a direct model of neuropathic pain because it does not account for the consequences of

nerve damage (e.g. sensory loss), which are common in many neuropathic pain condi-

tions. Furthermore the evoked sensory perturbations typically measured in this model

vary from the ongoing neuropathic pain that patients mainly complain of and which

are primary outcome measures in randomised controlled trials for analgesic efficacy. As

with most human surrogate models of neuropathic pain, the capsaicin model mimics

sensory symptoms of both neuropathic and nociceptive pain. Therefore findings from

the use of such a model are pertinent but not specific to neuropathic pain (Klein et al.,

2005). Nonetheless, the benefits of studying the underlying mechanisms of CS in a ho-

mogenous, healthy and drug-free population compensates for the difficulty of immediate

clinical translation due to these differences from the true neuropathic pain phenotype.
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Capsaicin application has been reliably used as a model of mechanical punctate hy-

peralgesia, dynamic mechanical allodynia and spontaneous pain (Kilo et al., 1994; Liu

et al., 1998; Zambreanu et al., 2005)- cardinal expressions of central sensitisation (Woolf,

2011). Capsaicin is a pungent alkaloid found in chillies and when applied cutaneously

binds to transient receptor potential vanilloid receptor 1 (TRPV1) on peripheral C-fibre

nociceptor terminals (Caterina and Julius, 2001). The mechanism by which it produces

hyperalgesia and allodynia has been studied extensively (LaMotte et al., 1991; Lee et al.,

2008; Magerl et al., 1998; Ziegler et al., 1999) and is thought to involve the sensitisation

of central second- and third-order mechano-receptive neurons.

Capsaicin can be applied intradermally or topically. Intradermal application leads to

brief but severe burning pain lasting minutes, after which there is mechanical hyperalge-

sia for up to 3 hours. When topically applied to normal skin, a mild to moderate (varying

based on capsaicin concentration) burning sensation develops after 30-40 minutes and

is maintained in addition to mechanical hyperalgesia until the cream is removed. Me-

chanical stimulation is delivered using punctate probes, which give a sharp sensation

by specifically activating mechanoreceptors without also activating Aβ tactile afferents

(Treede et al., 2002). A somedic brush can also be used to elicit mechanical allodynia

through activation of low threshold mechano-sensitive Aβ fibres (Kilo et al., 1994). After

large doses (8%) or prolonged administration, capsaicin can also lead to desensitisation

of sensory neurons (Bevan and Szolcsányi, 1990), lending to its use in the treatment of

neuropathic pain conditions (Derry et al., 2009). In healthy volunteers permanent dam-

age may be avoided with inter-session intervals of at least a week (Karrer and Bartoshuk,

1991).

The neural correlates of central sensitisation and capsaicin-induced hyperalgesia have

been investigated previously with both animal and human data supporting the specific
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importance of descending brainstem activity in the maintenance of spinal excitability

(Lee et al., 2008; Suzuki et al., 2002; Zambreanu et al., 2005). We use the topical

capsaicin model here and in the later chapters to model tonic, ongoing pain and prolonged

hyperalgesia as seen in nerve/tissue injury and the subsequent centrally sensitised state

(Woolf, 2011). We use 1% capsaicin concentration and apply it for at least an hour before

testing. The moderate concentration is to allow adequate induction of sensitisation while

avoiding rapid desensitisation and the time frame is similar to what is used by Zambreanu

and colleagues (2005) in a heat/capsaicin sensitisation model. While spontaneous pain in

the topical model may confound the mechanistic interpretation of behavioural and neural

correlates of hyperalgesia, its similarity with the neuropathic pain phenotype- where

spontaneous pain is the most common symptom (Woolf and Mannion, 1999), improves

its validity as a model. As such, results from this model may be more translatable to

patient populations.

2.2.1.2 Ultra-high field imaging for pain paradigms

The advent of ultra-high field (7 Tesla and above) fMRI in humans provides many

potential benefits beyond the use of clinical strength (1.5 Tesla and 3 Tesla) MRI scanners

(Yacoub et al., 2001). Both the magnitude of magnetic signal and ratio of thermal noise

are proportional to the static (B0) field. As a result, SNR at 7T is theoretically more

than over twice that at 3T (Yacoub et al., 2001). Further, the T2* effect and subsequent

signal change at a given susceptibility difference is also proportional to the static field.

Together with the SNR increase, this means that contrast to noise ratio (CNR) is several

times improved at ultra-high field. These factors allow imaging at a higher resolution to

become more feasible and consequently fMRI signal can be more localised to the grey

matter by avoiding partial volume effects associated with imaging large regions with

mixed vascular compositions (Yacoub et al., 2003).
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Despite these gains, there are also increased geometrical EPI distortions (B0 field in-

homogeneities increase linearly with field strength) and susceptibility artefacts (due to

faster T2/T2* relaxation) at higher field. These effects are particularly evident in infe-

rior brain regions where sharp tissue/non-tissue boundaries are present. Due to these

limitations, the majority of ultra-high field imaging studies have used limited brain cov-

erage acquisitions with localised shimming to improve image quality. However, the use

of multi-channel receive-coils and parallel imaging has enabled whole brain acquisition

at 7T without significantly compromising on efficiency or spatial resolution (De Martino

et al., 2011).

To date, only a single published study has directly compared the use of high field and

ultra-high field imaging in the context of imaging the human pain state (Hahn et al.,

2013). The authors reported increased activity to electrical stimulation in the PAG

at 7T when compared to 3T, although they used a brainstem-specific analysis strategy

and report uncorrected voxel-level statistics (p<0.001). Importantly, the authors do

not control for the varying effects of physiological noise at different field strengths (see

below). We here aimed to investigate the utility of 7T imaging as compared to 3T

in evaluating CS-related brainstem and subcortical brain activity in the context of a

typical whole-brain image acquisition and analysis. We collected physiological data for

noise modelling and B0 field maps to measure field inhomogeneities and correct the

related image distortion (Jezzard and Balaban, 1995).

2.2.1.3 Physiological noise correction at ultra-high field

While the theoretical increase in fMRI contrast is linear to field strength, the increased

ratio of physiological to thermal noise at higher fields (Krueger and Glover, 2001) may

diminish some of this benefit (Fera et al., 2004). This makes physiological noise correc-
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tion particularly important at ultra-high field. However, increasing the resolution and

reducing signal at ultra-high field has been shown to reduce the ratio of physiological

to thermal noise such that the higher sensitivity from the increased field strength still

equates to better SNR overall (Triantafyllou et al., 2005).

In this study, we imaged at a 2mm isotropic resolution for both 3T and 7T. At the

same resolution, we expected the influence of physiological noise to be higher at 7T and

therefore applied the physiological noise model (PNM) to all our analyses as detailed

from experiment 1.

2.2.2 Aim

In this study, we aimed to re-establish the behavioural and neural representation of

the capsaicin model of hyperalgesia, confirm its reproducibility and verify its utility in

investigating modulation of the sensitised state. Further we established the incremental

benefit of ultra-high field (7T) over traditional high field imaging (3T) in the context

of modulating this model of central sensitisation. This guided subsequent studies by

determining how this model is employed for healthy human imaging. This study also

aimed to elucidate the neural processing of lateralised pain by using identical stimuli in

identical sites on both body sides- this part of the investigation will not be discussed in

this thesis.

2.2.3 Methods

2.2.3.1 Subjects

Twelve healthy volunteers (6 male, 6 female mean age: 26(S.D=4.2) participated in this

study after giving informed consent. Participants were right-handed with no history
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Figure 2.9: Experimental design. Subjects attended one of three sessions where they received
1% capsaicin cream to both legs 1 hour before fMRI scanning. Subjects received punctate stimuli
with a force of 128mN and 512mN to both right and left legs (4 runs), and a resting scan.

of chronic pain conditions, free of acute illnesses and on no regular medication. Eight

subjects had previously experienced capsaicin application in an experimental setting-

these were all more than 3 months prior.

2.2.3.2 Study protocol and stimulation paradigm

All subjects participated in a three-way crossover study. The study visits were pseudo-

randomised, separated by 1-2 weeks and followed an identical pattern (Fig 2.9).

During each visit, a designated 4x4 cm2 area was marked out on the antero-medial aspect

of each subject’s lower left and right legs, at least 14cm above the medial malleolus. In

the first visit only, subjects’ responses to a 128mN and 512mN punctate probe were

first tested at least 2cm outside the designated area. Subjects then received either 1%

capsaicin cream or sham cream to the designated area on both lower legs simultaneously.

Two visits involved active 1% capsaicin cream and subjects were scanned at 3T or at 7T.
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One visit involved sham cream and subjects were scanned at 7T. Room temperatures

were controlled in all visits to decrease variability in the capsaicin response (Liu et al.,

1998).

1 hour after capsaicin/sham cream application, subjects underwent four functional scans

which involved punctate stimulation to a secondary area- at least 2cm away from the

designated application area (with the capsaicin cream left on the skin). The punctate

stimulation and secondary mechanical punctate hyperalgesia (SMPH) were elicited to

either leg using two punctate probe forces (128 mN and 512mN), giving a nociceptive/low

pain condition and a high pain condition. As such, the four stimulation runs were- 128mN

punctate to the right leg (1R), 128mN punctate to the left leg (1L), 512mN punctate to

the right leg (5R) and 512mN punctate to the left leg (5L), The order of these stimulation

runs was pseudo-randomised. Each stimulation run included 15 punctate stimuli, applied

for one second with a jittered inter-stimulus interval of 14-24 seconds to reduce subject

expectation and improve BOLD sampling efficiency.

During each session, subjects used a computerised visual analogue scale (VAS) to rate

their ongoing pain (0-100; no pain, extremely painful) before each stimulus run, and

their ongoing pain, average punctate intensity (0-100; not intense, extremely intense)

and average punctate unpleasantness (0-100; not unpleasant; extremely unpleasant) after

each stimulus run. Average ratings were taken from repeated stimuli to help to control

for the experimenter-error in stimulus delivery.

Following the stimulation runs, subjects also undertook a resting state scan- for which

they kept their eyes fixated on a cross and rated their ongoing pain before and after the

scan, as well as a structural scan. Anxiety has been shown to be associated with changes

in behavioural and neural pain responses (Ploghaus et al., 2001). As such subjects also
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completed a trait anxiety questionnaire at the start of the first session, and a state

anxiety questionnaire just prior to the first functional scan in every session.

2.2.3.3 fMRI data acquisition paradigm

Imaging data was acquired using a 3T Siemens Verio MRI scanner and a 7T Siemens

MRI scanner (Siemens Medical Systems, Erlangen, Germany). For the 3T, a 32 channel

receiver head-only RF coil was used with a birdcage RF head coil for pulse transmis-

sion and signal reception. For the 7T, a multi-element receive and transmit head coil

was used. Functional scans were acquired with a whole-brain gradient-echo, echo-planar

imaging sequence (3T: TE=30ms, TR= 4s; 7T: TE=25ms, TR=4s). For both scan-

ner sequences, 61 contiguous 2-mm isotropic axial slices were acquired. 91 volumes,

corresponding to 5 minutes of scan time, were acquired for the each stimulation/rest

run. Slice orientation was adjusted for each subject to minimise inferior brain artefacts.

Structural images [MPRAGE] (3T: T1-weighted 1mm isotropic; 7T: T2-weighted 1mm

isotropic) and field map images were acquired for registration and bias field unwarping.

Physiological data was acquired using a pneumatic belt and a pulse oximeter (9500

Multigas Monitor MR Equipment, Bay Shore, NY). Data was recorded using an MP150

system (BIOPAC Systems, Inc., Goleta, CA) at a sample rate of 100Hz. Subject response

registration was via a computer running Presentation (version 16.0; Neurobehavioral

Systems, Albany, CA). Skin conductance responses (SCR) were recorded with MRI-

safe electrodes attached to the hypothenar of the subject’s left hand. The electrodes

were attached to the same dermatome (C8) to control for potential recording differences

between dermatomes.
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2.2.3.4 Data analysis

Psychophysics

Pain ratings and anxiety scores were assessed using IBM SPSS Statistics, version 18

(IBM, Armonk, NY, USA). Secondary mechanical punctate hyperalgesia (SMPH) was

defined as an increase in the average punctate intensity rating on both legs by at least

a factor of two between the pre-capsaicin and post-capsaicin stimuli and a pain score

greater than 10/100 (painful range). The effects of session and stimulation run were

assessed using repeated measures analyses of variance (ANOVA).

Imaging

Analysis of all imaging data was performed using FMRIB Software Library (FSL) ver-

sion 5.01 (http://fmrib.ox.ac.uk/fsl). Preprocessing of functional data included motion

correction using MCFLIRT (Jenkinson et al., 2002), spatial smoothing (full width at half

maximum = 4mm), high-pass temporal filtering, application of BET (brain extraction

tool) (Smith, 2002). Field map images were unwarped using PRELUDE and applied to

functional images using FUGUE during pre-processing to reduce distortion artefacts.

Physiological noise regressors were computed and modelled as described in Experiment

1 (Brooks et al., 2008). Input functions related to the punctate stimuli and the VAS

rating tasks were modelled in the GLM using convolved task blocks with a single gamma

haemodynamic response function. Temporal derivatives of the stimuli were included

to account for differences in individual HRF functions. Variables relating to the VAS

rating response, motion, and physiological noise were added as noise confounds in the

GLM. The first level functional results for each subject was entered into a fixed effects

linear model analysis in a second level within subject design to compare between the

different stimulation and scan conditions. A mixed effects linear model group analysis

(FLAME 1+2) was performed to generate average activation patterns for each contrast
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and condition across all 12 subjects. Z-score images were generated at a threshold of

Z=2.3 with corrected cluster significance of p≤0.05 (Worsley, 2001).

EPI images were registered to the individual subject’s T1-weighted structural image

(collected at 3T) using FLIRT (Jenkinson et al., 2002) and boundary-based registration

(BBR) (Greve and Fischl, 2009). The image was then registered to a standard 2mm

MNI brain for between-subject comparisons using FNIRT (Andersson et al., 2007).

2.2.4 Results

2.2.4.1 Psychophysics

Trait anxiety scores are low for all subjects (Fig 2.10). State anxiety scores are not

significantly different between the three sessions (F(2,10)=1.588, p=0.257) (Fig 2.10).

Figure 2.10: State Anxiety scores between sessions (left). n=12. Error bars represent standard
error of the mean (SEM). Trait anxiety scores for each individual subject (right).

11 subjects fulfilled the criteria for SMPH for both sessions (Table 2.1). 3 subjects

also exhibit SMPH during the sham session- this is surprising and may have resulted

from the intrinsic variability in subjective ratings as the pre-capsaicin/sham scores were
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Table 2.1: Punctate intensity ratings for each subject and each session. Subjects were
stimulated in a secondary area (>2cm from capsaicin/sham application site). Pre-capsaicin
ratings are for session 1 only. 3T- bold; 7T- italic. Average intensity rating for all runs. Mean
(standard deviation).

Subject
number

Pre-capsaicin/
sham

1st capsaicin
visit

2nd capsaicin
visit

Sham visit

01 0 (0) 0 (0) 0 (0) 0 (0)

02 3.3 (2.1) 10.8 (5.7) 22.5 (7.5) 3.5 (1.7)

03 0 (0) 32.3 (25.9) 31.3 (13.7) 0 (0)

04 0 (0) 28.8 (14.2) 5.5 (4) 1.8 (2.8)

05 14.5 (19) 41.8 (11.4) 41 (9.4) 11.3 (11.6)

06 8.3 (7.6) 40.3 (10.9) 34.5 (9.3) 20.5 (10.3)

07 2.5 (0.6) 46.8 (12.8) 54.5 (12.9) 4.8 (3.4)

08 4.5 (5.4) 57.8 (11) 63 (11.8) 20.5 (19.5)

09 8.3 (3.9) 44 (6.6) 21 (2.4) 16.8 (2.1)

10 0.5 (1) 20 (15.7) 45.8 (13.5) 2 (2.2)

11 1.3 (1.5) 14.3 (3.4) 20 (9.1) 4 (2.4)

12 0.8 (1) 71 (14.1) 18.8 (13.7) 6.3 (5)

taken only during the first session. In paired t-tests comparing the first and second

capsaicin visits, there is no significant difference in average punctate intensity ratings in

the region of SMPH (p=0.49) or OGP ratings (p=0.48). Test-retest correlations between

both visits were significant for SMPH intensity (r=0.69, p=0.014) and OGP (r=0.79,

p=0.002). The coefficient of repeatability was 39.8 for SMPH intensity and 32.6 for

spontaneous pain (Bland and Altman, 1986).

In a 4-way repeated measure ANOVA comparing VAS scores, rating period (pre-stimuli

and post-stimuli), session (3T Capsaicin, 7T Capsaicin, 7T Sham) and stimulation run

(1R, 1L, 5R, 5L), there is a main effect of session (F(2,10)=16.238, p=0.001) and of

rating period (F(1,11)=10.347, p=0.008) on spontaneous/ongoing pain. Pairwise com-

parisons adjusted for multiple comparisons (Bonferonni’s correction) show that subjects

experience significantly less spontaneous/ongoing pain during the sham cream session,
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when compared to the 3T capsaicin session (p<0.001) and the 7T capsaicin session

(p=0.001) (Fig 2.11). Subjects also experience significantly more pain post-stimuli than

pre-stimuli (p=0.008).

There is no main effect of stimulation run (F(3,9)=0.648, p=0.604) on spontaneous/ongoing

pain scores (Fig 2.11).

Figure 2.11: Average pre-stimuli (left) and post-stimuli (right) spontaneous/ongoing pain scores
for different sessions and stimulation runs. n=12. Error bars represent SEM.

In a repeated measure ANOVA, there is a significant effect of session (F(2,10)=17.559,

p=0.001) and run (F(3,9)=5.585, p=0.019) on punctate intensity scores (Fig 2.12).

There is no interaction between run and session (F(6,6)=0.737, p=0.64). Pairwise com-

parisons (Bonferonni corrected) show that subjects report significantly less punctate

intensity in the sham session when compared to the 3T capsaicin (p=0.001) and 7T

capsaicin (p=0.001) sessions. Subjects also report increased punctate intensity in the

512mN left run when compared to the 128mN left (p=0.22) and 128mN right (p=0.19)

runs.
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In a separate repeated measure ANOVA testing effects of stimulation run and session

on punctate unpleasantness, there is only a significant effect of session (F(2,10)=15.641,

p=0.001) on unpleasantness scores (Fig 2.12). Pairwise comparisons (Bonferonni cor-

rected) show that subjects experience significantly less punctate unpleasantness in the

sham session when compared to the 3T capsaicin (p=0.001) and 7T capsaicin (p=0.002)

sessions. There is no main effect of stimulation run (F(3,9)=1.895, p=0.201) and no

interaction between session and run (F(6,6)=0.247, p=0.943).

Figure 2.12: Punctate intensity (left) and unpleasantness (right) ratings for different sessions
and stimulation runs. n=12. Error bars represent SEM.

2.2.4.2 fMRI correlates of Capsaicin Induced Hyperalgesia

All 11 subjects who exhibited SMPH during the 7T capsaicin session were included into

a group analysis comparing the 7T capsaicin session with the 7T sham session (Fig

2.13). We show that there is significantly stronger neural activation in the hyperalgesic

state when compared to a control state (not controlled for perception) within several pain
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Figure 2.13: Group averaged activation maps (at 7T) showing neural correlates of capsaicin-
induced mechanical hyperalgesia to 512mN punctate (A), 128mN punctate (B) and all stimuli
combined (C). All images are in radiological convention (MNI coordinates are shown).
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Figure 2.14: Comparison of neural representation of capsaicin-induced mechanical hyperalgesia
(to all stimuli combined) between 3T and 7T. All images are in radiological convention (MNI
coordinates are shown).
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Table 2.2: Peak z-scores in anatomical regions of interest Shows peak z-scores in
hyperalgesia-responsive regions of interest between 3T and 7T. Anatomical masks were derived
from the Harvard-Oxford Structural Atlases (incorporated in FSLview) or hand-drawn with ref-
erence from a detailed brainstem atlas (see Fig 2.4). ACC, Anterior cingulate cortex; PAG,
periaqueductal grey.

Peak z-score

Brain region 3T Left 3T Right 7T Left 7T Right

SI 4.50 4.39 4.60 4.58
SII 5.87 4.65 6.17 7.40
Posterior insula 4.63 4.24 4.94 4.97
Anterior nsula 4.06 4.25 4.11 4.26
ACC 3.77 4.88
Thalamus 4.69 4.35 3.99 3.79
PAG 3.33 3.25

relevant brain regions including the periacqueductal grey (PAG), primary somatosensory

cortex (SI), secondary somatosensory cortex (SII), anterior cingulate cortex (ACC) and

insula cortex (Fig 2.13C).

In a comparison of neural responses to SMPH between a control and capsaicin state,

the use of a higher force probe (Fig 2.13A) reveals more brain regions than the use of a

lower force probe (Fig 2.13B).

2.2.4.3 Benefits of Ultra-High Field imaging for pain paradigms

All subjects were included in a group analysis comparing the 3T capsaicin session with

the 7T capsaicin session (Fig 2.14 and Table 2.2). Both the 3T and 7T reveal a similar

pattern of BOLD increases to SMPH. There is significantly stronger BOLD activation in

several cortical pain-relevant areas (SI, SII, ACC and insula cortex) at 7T as compared

to 3T (Fig 2.14 and Table 2.2).
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Both field strengths reveal subcortical and brainstem activity (ventral tegmental area,

PAG, nucleus cuneiformis) in the hyperalgesic state but there is no significant difference

between the two. Furthermore Table 2.2 suggests that for a whole-brain coverage se-

quence, there is no difference in z-stats in subcortical (thalamus) and brainstem (PAG)

areas between 3T and 7T.

2.2.5 Discussion

Our findings suggest that the topical capsaicin model of hyperalgesia and spontaneous

pain is reliable and reproducible. We also showed that the use of an ultra-high field

7T MRI scanner significantly improves hyperalgesia-related BOLD activation in cortical

areas but is comparable to a 3T scanner for subcortical and brainstem activation. It

should be noted that this early experiment was done when the 7T scanner had just

been installed; therefore, the sequence and various MR parameters (e.g. TE) were not

necessarily optimised for the 7T and brainstem.

2.2.5.1 Psychophysics - a reliable model of punctate hyperalgesia and spon-

taneous pain

We demonstrated that recruitment is feasible using this model as 11 of the 12 subjects

recruited developed secondary mechanical punctate hyperalgesia when compared to the

baseline ratings from the first session. Secondary mechanical hyperalgesia and sponta-

neous pain are also maintained in all runs (Fig 2.11 and Fig 2.12), suggesting that with

the capsaicin cream left on the skin, subjects reach and maintain a stable hyperalgesia

response in the 1-2 hour post-application time-frame. A comparison of post-application

SMPH and spontaneous pain ratings showed a main effect of session, suggesting that

the topical capsaicin method is reliable for inducing hyperalgesia and central sensitisa-
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tion. However given that some subjects also developed hyperalgesia during the sham

session, we suggest that pre-capsaicin intensity ratings should be taken in every session

to better assess the intrinsic week-to-week variability in baseline ratings, and thus the

development of hyperalgesia. Furthermore, by using multiple ratings for each stimula-

tion run, we can use an average of the ratings to better account for subject rating error,

in addition to experimenter error.

In studies investigating analgesic efficacy, treatment sessions may be separated by weeks.

Various studies have investigated the reproducibility of pain stimuli in the non-sensitised

state (Goddard et al., 2004; Rosier et al., 2002; Yarnitsky et al., 1996). Our results

suggest that the between subject reproducibility of the behavioural secondary mechanical

hyperalgesic response within a one or two week timeframe is reasonable- for all subjects

who develop hyperalgesia in the capsaicin sessions, there was no significant difference

between the intensity measures from the two capsaicin sessions. This suggests that this

model of behavioural hyperalgesia can be used to test modulation of central sensitisation

in a crossover design study. While the test-retest correlation is strong for the subjective

ratings, within-subject test-retest reliability is more accurately assessed using a Bland-

Altman plot (Bland and Altman, 1986), which tests absolute variation between measures.

The corresponding coefficient of repeatability of the post-capsaicin SMPH VAS ratings

is high (39.8), suggesting that a rating of 50/100 has a 95% chance of being between 10.2

and 89.8 the following week, if the pain stimulus remains the same. This high level of

variability is comparable to what has been reported for thermal stimulation (coefficients

of 3.8-4.7 on a 0-10 VAS scale range) (Yarnitsky et al., 1996). These session-to-session

differences did not occur in a systematic fashion that may be indicative of residual skin

de-sensitisation to capsaicin over the interval period (Table 2.1) and were likely due

to session-related differences in the level of sensitisation, experimenter-related errors in

stimulus delivery and subject-related errors in scale usage and ratings. A number of these
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factors can also be mitigated by controlling for local temperature- which can influence

capsaicin sensitisation, using an average of repeated stimulus ratings and taking baseline

ratings in each session as described prior. Measuring the change in VAS ratings between

the non-sensitised and sensitised state within each session, rather than only ratings in

the sensitised state, would control for some of the differences related to session-specific

rating ability of subjects.

Spontaneous pain report was also shown to be reproducible between subjects across

time- no significant difference between capsaicin sessions (Fig 2.11), supporting its use

in our later studies (Chapters 5 and 6) on the tonic pain state. Interestingly, punctate

stimulation appeared to interact with ongoing pain, with increased ongoing pain reported

after the stimulation. This is likely because the residual pain sensation from the punctate

stimuli is difficult for subjects to separate from the background spontaneous pain in the

short interval between ratings used. It would be appropriate to avoid using ongoing pain

measurements immediately following a pain stimulation run.

2.2.5.2 Neural correlates of hyperalgesia

We reported neural responses to hyperalgesia in similar regions to what has been pre-

viously described in models of topical and intradermal capsaicin (Fig 2.13) (Lee et al.,

2008; Zambreanu et al., 2005). In particular, the neural response to SMPH with the

512mN probe showed suprathreshold activity in regions of the mesencephalic pontine

reticular formation (MPRF)- which has been shown to be specifically involved in main-

tenance of central sensitisation (Lee et al., 2008). Furthermore, the contrast between

capsaicin and sham revealed suprathreshold activity in more pain areas (includes ante-

rior and posterior cingulate cortices) to the 512mN than the 128mN probe (Fig 2.13). It

is evident that the use of a stronger probe allows better examination of relevant struc-
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tures in a smaller cohort. These considerations led us to conclude that the use of 512mN

probe would be appropriate to study modulation of central sensitisation in this topical

capsaicin model.

The BOLD activity to all stimuli comparing capsaicin and sham sessions (Fig 2.13C)

revealed activation in the caudal PAG. This involvement of the brainstem descending

pain modulatory pathway in central sensitisation has been well established in animal

and human studies (Lee et al., 2008; Suzuki et al., 2002). We showed here that the

topical capsaicin model can be used to study the relevance of this pathway in central

sensitisation in humans.

2.2.5.3 Benefits of ultra-high field imaging

We demonstrated that regional activation patterns to hyperalgesia are similar between

the 3T and 7T acquisitions (Fig 2.14). The lack of an obvious benefit in subcorti-

cal/brainstem regions at 7T is likely due to its early use and non-optimisation of the

sequence parameters necessary for coping with the additional challenges of imaging struc-

tures like the brainstem at 7T. The use of such a cortical-optimised sequence might have

resulted in increased EPI distortions and signal dropout at higher field strength in infe-

rior subcortical brain regions. Improvements in distortion correction, dynamic shimming,

MR parameter optimisation, signal detection and co-localisation at ultra-high field will

be important for ultra-high field applications in the brainstem. However, this will require

significant development and time; therefore, as it does not form the basis of my thesis

and the data from the 3T was of sufficiently high quality, we concluded that the use of

the 3T scanner was most suitable to examine the neural correlates of capsaicin-induced

hyperalgesia in the brainstem and subcortical structures at this stage.
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2.3 Summary

The two experiments described in this chapter provide important insights into the tools

that can be used to study central sensitisation and its relevance in neuropathic pain in

humans.

Our results suggest that the topical capsaicin model is suitable for investigating this

mechanism. We also optimised imaging tools and parameters for investigating central

sensitisation and propose the use of a 3T scanner with physiological noise correction,

an axial image-acquisition orientation, boundary-based registration and B0 field map

correction. The chapter following describes our use of these tools to investigate the

modulation of the centrally sensitised state.
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Chapter 3

Validating Analgesic Efficacy
Using Functional Imaging in a
Model of Central Sensitisation

In the previous chapter, we established optimal imaging parameters and an appropriate

human model for testing brainstem activity to nociceptive stimuli. Here, we use these

tools to investigate the modulation of brainstem and cortical activity by pharmacological

agents. We hypothesise that we can use neural activity in the brainstem as a biomarker

to test drug efficacy in the context of central sensitisation.

3.1 Introduction

The development of new analgesics for neuropathic pain is hindered by the poor transla-

tion of their efficacy in animal models to patients, with the neurokinin1 (NK1) antago-

nist and the anticonvulsant, lamotrigine, as prime examples of such translational failure.

Some reasons for this include difficulty in producing suitable animal models of clinical

pain, differences in ligand physiology and receptor distribution between species, poor

central nervous system drug penetration, insufficient receptor occupancy at the target

and an over-reliance on subjective rating scores in clinical trials.
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The case of the NK1 antagonist effectively underlines some of the limitations in the cur-

rent pipeline for analgesic development. As the antagonist for the substance P receptor,

it was an obvious ligand target for drug development. But while NK1 knockouts and use

of NK1 antagonists led to attenuation of behavioural and electrophysiological responses

to noxious stimuli in animals, the compound failed to show any analgesic effects in hu-

man clinical trials (Hill, 2000). This is despite demonstrably adequate systemic exposure

of the drug, sufficient penetration into the central nervous system and suitable receptor

occupancy (Bergström et al., 2004). A key persisting challenge that could speak to this

lack of efficacy is the translation of pain as measured in animal models to the clinical

pain experience (Blackburn-Munro, 2004). This notwithstanding, there is good evidence

that animal pain models are retrospectively predictive of efficacy of some compounds

routinely used in treatment of neuropathic pain (Whiteside et al., 2008); therefore, the

problem is that too many ‘false positives’ are produced in the animal studies and some

filter is required to better select the compounds more likely to have pharmacodynamic

efficacy as well as analgesia. Such a gap between animal models and clinical trials can

be filled by use of translational studies. One goal of such studies may be to improve

measured end-points in animal pain models, aligning them more closely with clinical

reality. Importantly, the use of human surrogate pain models (such as the capsaicin

model) can also help to verify the mechanistic effects of novel compounds by identifying

and testing relevant biomarkers (Whiteside et al., 2008).

3.1.1 Objective brain biomarkers of pain

Measurement of pain responses in humans currently relies on subjective pain reports,

which provide minimal information about the underlying mechanism of nociceptive pro-

cessing and pain. While these are widely accepted and argued to be definitive measures

of pain perception, they are largely context-dependent and readily influenced by many
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factors unrelated to the physical injury. This leads to large within- and between-subject

differences (Chizh et al., 2008). As a result, sizeable subject numbers are needed to

detect analgesic efficacy, reflecting unsustainable monetary and time investments for

pharmaceutical companies. The use of more objective markers of nociceptive activity, as

demonstrated with fMRI, has several advantages in the context of drug discovery. Unlike

subjective ratings, these markers can be used in animal models and so allow more direct

translation between preclinical and clinical phases. This allows investigation of the over-

lap in basic mechanisms underpinning animal and human pain models, which can vary

even within aetiologically or phenotypically defined groups. Furthermore, by focusing

on mechanistic pathophysiological markers rather than context-modulated pain reports,

the use of such biomarkers may also be more sensitive to treatment efficacy in small

patient groups- pharmacodynamic efficacy can be determined irrespective of subjective

report providing key data to support the drug’s continued development.

In short, while pain remains an inherently subjective experience, the use of neuroimag-

ing in a translational phase of drug discovery, in conjunction with an objective brain

biomarker of nociceptive and pain processing mechanisms, may be important in iden-

tifying which drugs to progress on to large-scale patient trials (Borsook et al., 2006)

(Chizh et al., 2008) (Wartolowska and Tracey, 2011) (Wise and Preston, 2010).

3.1.2 Topical capsaicin as a human surrogate model of neuropathic

pain

The use of a human surrogate model of neuropathic pain together with neuroimaging can

facilitate the investigation of on-target effects of a novel compound. As demonstrated in

Chapter 2 and supported by other studies, the acute topical capsaicin model of central

sensitisation (CS) mimics some ongoing and positive sensory symptoms of neuropathic
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pain, including secondary mechanical punctate hyperalgesia (SMPH) (Klein et al., 2005).

Patients with pain and hyperalgesia show a similar incidence in hyperalgesia and shift in

stimulus-response function as healthy subjects after capsaicin, suggesting that capsaicin-

induced hyperalgesia is a valid surrogate model of neurogenic hyperalgesia (Iannetti

et al., 2005b; Magerl et al., 1998). While the model precludes sensory loss and cannot

be directly translated to clinical populations, it may provide some guidance towards drug

efficacy against the positive sensory symptoms of neuropathic pain in the context of CS.

Moreover, SMPH in the capsaicin model of CS has been shown to specifically involve the

mesencephalic pontine reticular formation (Lee et al., 2008)- a region containing several

important nuclei in the descending pain modulatory system. This combination of factors

allows us to test modulation of the behavioural and neural representation of SMPH in

the capsaicin model by drugs with known or unknown efficacy in the clinic.

Validating the use of this model in testing pharmacological efficacy serves two purposes.

Firstly, it provides evidence that the use of human surrogate models can be informative

in novel drug discovery. This may be helpful in conditions where heterogeneity in patient

populations, treatments and co-morbidities render patient studies unrealistic. Secondly,

it provides support for the use of neuroimaging in testing mechanistic actions of novel

drugs in small and specific cohorts of patients. This is vital in the neuropathic pain

context as it can enable testing of drugs in phenotypically stratified patient populations

and provide a crucial translational step between preclinical drug development and large-

scale clinical trials.

3.1.3 Gabapentin and Ibuprofen for neuropathic pain

Before testing novel compounds, it is crucial to validate the use of the capsaicin model of

CS with fMRI by testing its ability to detect behavioural analgesia and neural modulation
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with compounds of known efficacy. Drugs licensed for use in neuropathic pain include

pregabalin for central and peripheral neuropathic pain, topical lidocaine for postherpetic

neuralgia (PHN), duloxetine for painful diabetic neuropathy and tramadol for moderate

to severe pain (NICE, 2010). These drugs have demonstrated moderate efficacy across

various neuropathic pain states - with a number needed to treat (NNT) in the range

of 3-5 for the most effective (Finnerup et al., 2010). While the different drug classes

appear to have similar efficacy, pregabalin is a recommended first line treatment for

most neuropathic pain states (Dworkin et al., 2007; NICE, 2010). Gabapentin has a

similar pharmacological profile to pregabalin and provides equivalent efficacy, though

at higher doses (Bockbrader et al., 2010; Gilron, 2007). Due to its longer half-life and

relative safety, gabapentin is suitable for studying experimental pain states and has been

used accordingly (Iannetti et al., 2005b).

Gabapentin and pregabalin are both derivatives of the inhibitory neurotransmitter γ-

aminobutyric acid (GABA), and bind to the α2δ subunit of voltage-gated calcium chan-

nels (Gee et al., 1996). Their mechanism of action against neuropathic pain has not been

fully elucidated but may be through down-regulation of calcium channels and decreased

excitatory neurotransmitter release in the postsynaptic dorsal horn (Dooley et al., 2007;

Field et al., 2006).

Gabapentin’s analgesic effect has been demonstrated in animal (Jun and Yaksh, 1998;

Stanfa et al., 1997), patient (Rice et al., 2001; Serpell et al., 2002) and healthy subject

(Dirks et al., 2002) studies. Importantly, it has been shown to have strong modula-

tory effects on synaptic transmission and the development of a central sensitised state

(anti-hyperalgesic effects) (Curros-Criado and Herrero, 2007; Dirks et al., 2002; Iannetti

et al., 2005b). More recently, post-hoc study analyses have suggested that pregabalin

is efficacious in a subset of HIV neuropathy patients with severe punctate hyperalgesia
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(Attal et al., 2011; Simpson et al., 2010). Given these findings, we propose to test the

efficacy of gabapentin at modulating CS-related brainstem activity using fMRI.

To appropriately test the efficacy of gabapentin, we will use two negative controls: an

analgesic drug without confirmed efficacy in neuropathic pain and an inactive placebo

compound. The role of non-steroidal anti-inflammatory drugs (NSAIDs) in treatment

of neuropathic pain has been debated in the literature. While there is limited evidence

that topical indomethacin and aspirin may be associated with pain relief in postherpetic

neuralgia, there is little to no evidence of similar efficacy for diclofenac or oral ibuprofen

(Hempenstall et al., 2005; Vo et al., 2009). Furthermore, pre-emptive analgesia with

ibuprofen appears not to inhibit the development of CS following third molar surgery

(Bauer et al., 2012). Conversely, NSAIDs have been shown to be efficacious for acute and

chronic nociceptive pain conditions (Derry et al., 2012; Roelofs et al., 2008). We therefore

chose oral ibuprofen as an active negative control compound with the hypothesis that it

will not modulate CS-related behaviour.

3.2 Aim

We aim to establish the utility of functional magnetic resonance imaging (FMRI) in con-

junction with a central sensitisation (FICCS) model in healthy humans as an objective

measure for selecting clinically effective drugs used in neuropathic pain. To do this, we

rehearsed the paradigm using drugs with a known history. We induced CS using topical

capsaicin after administering a drug that is known to be ineffective in neuropathic pain

(ibuprofen), after a drug that is known to be effective in neuropathic pain (gabapentin)

and after placebo administration. We then compared the intensity of punctate stimuli

in the area of secondary hyperalgesia (SMPH) and brain activity induced by mechanical

hyperalgesia between the three administrations. In summary, this study uses fMRI to
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investigate how drugs of known efficacy affect the development of central sensitisation in

the healthy human. We hypothesise that the capsaicin-induced increase in fMRI signal

in the brainstem would be reduced by gabapentin when compared to placebo but not

by ibuprofen.

3.3 Methods

3.3.1 Subjects

35 healthy subjects were recruited for this study. All participants gave written informed

consent in accordance with the local ethics committee. Only subjects who developed

SMPH and tolerated study procedures were included in the full study.

Inclusion criteria were as follows: age 18-60; in good health (American Society of Anaes-

thesiologists physical status 1); participant willing and able to give informed consent;

development of SMPH after capsaicin application.

Exclusion criteria were: evidence of any relevant clinically significant disease on ques-

tioning or physical examination; history of any relevant and significant drug allergies

(including allergies to chilli-peppers); report of having taken any prescribed or over the

counter medications in the week prior to the study session that is considered to influence

the effects of the study drug; report of having received any experimental drug within the

past months prior to the first dosing day of the study; average alcohol consumption >3

units per day for men and >2 units per day for women; evidence of current recreational

drug use on questioning, or positive drug urine analysis on pre-study screening; any

contraindication to magnetic resonance imaging; pregnancy or breast-feeding.
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3.3.2 Personality and Emotion Questionnaires

The perception of pain and pain relief can be influenced by a number of personality and

emotion traits including anxiety, fear of pain, catastrophising, and individual behaviour

to rewarding or aversive stimuli (Granot and Ferber, 2005; Wanigasekera et al., 2012).

Evidence suggests that anxiety and catastrophising can heighten pain perception while

fear of pain can increase pain thresholds (Rhudy and Meagher, 2000; Sullivan et al.,

2001). Furthermore, trait reward responsiveness has been shown to predict expression

of opioid analgesia while personality optimism-pessimism variables are shown to affect

expectation-related treatment responding (Geers et al., 2005; Wanigasekera et al., 2012).

These traits were assessed here using a range of validated questionnaires- the Trait Anx-

iety Inventory (Spielberger, 1983), the Positive And Negative Affect Schedule (PANAS)

(Crawford and Henry, 2004), the Pain Catastrophising Scale (PCS) (Sullivan et al.,

1995), the Behaviour Inhibition System/Behaviour Activation System (BIS/BAS) scale

(Carver and White, 1994), the Pain Sensitivity Questionnaire (PSQ) (Ruscheweyh et al.,

2009), the Avoidance-Endurance Questionnaire (AEQ) (Hasenbring et al., 2009), and the

revised Life Orientation Test (LOT-R) (Scheier et al., 1994)- which assesses individual

optimism and pessimism orientation. Subjects completed these questionnaires at the

start of the first visit.

3.3.3 Study visits

We completed a double blind, placebo-controlled, three-way crossover study. There

were 3 randomised fMRI drug study sessions where subjects received a single oral dose

of placebo (PL), ibuprofen (IB) 600mg or gabapentin (GB) 1200mg. Participants were

in a centrally sensitised state for all drug study visits and the visits were separated by

at least one week. The drug doses were chosen based on available literature on drug
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bioavailability, pharmacokinetics and time to peak plasma and CSF levels (BNF, 2007;

Davies, 1998; Rose and Kam, 2002). Our study design required both active drugs to

reach effective concentrations within two hours and to maintain this for at least an hour

following. Gabapentin has previously been administered effectively with a dose of 1800

mg per os in a similar experimental design (Iannetti et al., 2005b). We use a lower dose

in this study to minimise side effects associated with its administration so as not to

compromise experimental blinding.

The study visits followed an identical pattern (Figure 3.1). All subjects fasted for 6

hours before the study visit. On arrival, a urine analysis was undertaken to exclude the

presence of unsolicited substances and subsequently subjects were given 4 tablets of the

drug/placebo together with food (to minimise gastric side-effects of ibuprofen).

1 hour after drug administration, a concentric rectangle (4x4 cm2) was drawn on the

antero-medial aspect of the lower right leg (at least 14cm above the medial malleolus).

Another rectangle of 4x2 cm2 was outlined 3 cm directly below the upper rectangle- this

defined the ‘target area’. Tactile stimulation with a calibrated brush and mechanical

stimulation with a non skin-penetrating punctate probe (512mN) (Ziegler et al., 1999)

were tested in the target area.

1.5 hours after drug administration, subjects were asked to rate the amount of treatment

related pain relief they expected in that session using a computerised visual analogue

scale (VAS) (anchors- ‘No Relief’, ‘Complete Relief’) and how much confidence they

had in this relief rating. Immediately following, 1% capsaicin was applied in the upper

rectangle. The capsaicin cream stayed on during fMRI acquisition and was held in place

on the leg using a sterile dressing. Room temperatures were controlled in all visits to

decrease variability in the capsaicin response (Liu et al., 1998).

86



3. Validating Analgesic Efficacy

2.5 hours after drug administration (an hour after capsaicin application), functional

(BOLD) scans were obtained while eliciting dynamic mechanical allodynia (DMA) using

a calibrated brush and secondary mechanical punctate hyperalgesia (SMPH) using a

punctate probe (512 mN). Arterial spin labelling (ASL) functional imaging data was

acquired 20 minutes after scanning began and resting state data was acquired 30 minutes

after scanning began (Figure 3.2).

3.5 hours after drug/placebo administration (after fMRI scanning), capsaicin was re-

moved from the skin and a blood sample was taken from the subject to measure drug

concentration in the plasma.

3.3.4 Baseline visits

Subjects also attended 2 separate additional control sessions.

In the first baseline screening session (BL), which took place before the drug sessions,

subjects underwent a baseline scanning session with no drug or capsaicin. This scan

session followed an identical protocol to the drug visits and aimed to test subject base-

line responses in a non-sensitised state and ability to tolerate the scanner environment.

Following the scan, subject responsiveness to capsaicin and ability to develop SMPH

and DMA was tested. DMA was defined as unpleasantness or pain to tactile brush stim-

ulation of the skin in the target area 45 minutes after capsaicin application. SMPH was

defined as the presence of a significantly increased pain sensation to repeated mechanical

punctate stimulation of the target skin area 45 minutes after capsaicin application, as

compared to before capsaicin application. Based on the discussion of the results from

Chapter 2, we established that using repeated stimuli with ratings to each individual

stimulus could help to control for the experimenter-error in stimulus delivery as well as
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subject-error in reporting.

In a second control session (CAP), which took place after the drug sessions, subjects

were scanned with the same protocol after receiving capsaicin but no drug. This tested

baseline responses in a centrally sensitised state with no pain relief expectation.

3.3.5 Mood and psychological assessments

Changes in mood and anxiety have been shown to have an influence on pain percep-

tion and its neural correlates (Berna et al., 2010; Ploghaus et al., 2001). Furthermore,

gabapentin has been trialled as a mood stabiliser and may have an effect on mood rat-

ings in some patient populations (Sokolski et al., 1999). As such, we quantify these

variables multiple times (1- pre-drug, 2- pre-capsaicin, 3- pre-scan) over the timecourse

of the study visits (see Figure 3.1). Mood is measured using the 16-item Bond-Lader

VAS (Bond et al., 1974) while anxiety is assessed using the State Anxiety Inventory

(Spielberger, 1983).

Figure 3.1: Study design

88



3. Validating Analgesic Efficacy

3.3.6 Stimulation paradigm

Tactile brush stimulation included 15 identical 6-second long stimuli, including three 2-

second strokes across the leg in the medio-lateral direction. The inter-stimulus interval

(ISI) was jittered between 28 and 46 seconds (average 38 seconds). Mechanical punctate

stimulation included 18 identical 1-second stimuli with an ISI of 28 and 32 seconds

(average 30 seconds). Successive punctate stimuli were applied to different regions of the

stimulation region to minimise sensitisation of the skin. Both punctate and brush stimuli

were applied by the same experimenter for all study sessions to reduce experimenter-

related variability. Subjects were instructed to keep their eyes open and fixate on a cross

during stimulation.

Subjects rated perception using an online computerised VAS displayed on a projector

screen. Each scale was projected for 6 seconds. Average unpleasantness and pain in-

tensity of the brush stimulation was rated 12 seconds and 18 seconds after the final

brush stimulation- VAS anchors were ‘Not unpleasant’, ‘Extremely unpleasant’, and

‘Not painful’, ‘Extremely painful’ respectively. Punctate stimulus intensity was rated

12-seconds after every mechanical punctate stimulus using a VAS with anchors ‘Not

intense’, ‘Extremely intense’. Average unpleasantness to punctate stimuli was rated at

the end of each run- 18 seconds after the final punctate stimulus.

ASL and resting data was acquired while subjects kept their eyes open and fixated on a

cross. Spontaneous/ongoing pain ratings were acquired at 5 timepoints during scanning

(see Figure 3.2). The VAS anchors were ‘No pain’, ‘Severe pain’.
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Figure 3.2: fMRI scan paradigm. ASL, arterial spin labelling. FM, field map

3.3.7 fMRI scanning protocol

During each session, fMRI was performed on a 3T Siemens Verio MRI scanner (Erlangen,

Germany) fitted with 32 channel receiver head-only radio-frequency coil. Experimental

event timing is summarised in Figure 3.2. Response registration was controlled by a

computer running Presentation (version 16.0; Neurobehavioral Systems, Albany, CA).

Functional scans for tactile, mechanical and resting runs were acquired with a whole-

brain gradient-echo, echo-planar imaging (EPI) sequence (echo time (TE)=30 ms; 46

contiguous 3-mm thick axial slices; field of view 192x192 mm2; matrix 64x64) with an in-

plane resolution of 3 x 3 mm2). For the tactile and mechanical sequences, repetition time

(TR) was 3s with 200 volumes, corresponding to 10 minutes of scanning time. For the

resting state scan, TR was 2.41s (44 contiguous slices) with 128 volumes, corresponding

to 5 minutes of scanning time. Functional scans utilised parallel imaging (GRAPPA)

with an acceleration factor (iPAT) of 2.

Arterial spin labelling (ASL) data was acquired using a pseudo-continuous multiple in-

version time quantitative sequence (label duration= 1.4s; post inversion delays [TI]=

1.6, 1.8, 2, 2.2, 2.4 ms; TE= 13ms; 28 contiguous 4.6mm slices; field of view 240x240

mm2; matrix 64x64). TR for each tag/control image was 3.75s, with 150 volumes, cor-
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responding to 10 minutes of scanning time. The tagging plane was defined anatomically

for each individual subject at the carotid arteries (approximately 6cm below the circle

of Willis).

For all scans, physiological noise data was collected using respiratory bellows and a pulse

oximeter, together with volume triggers from the scanner. All data was recorded using

an MP150 system (BIOPAC Systems, Inc., Goleta, CA) at a sample rate of 100Hz. A T1-

weighted, 1x1x1 mm3 structural image was collected in the BL visit only, for registration

and overlay of brain activation. B0 field maps (FM) (FOV and matrix identical to EPI)

were also acquired to correct for regions of field inhomogeneity.

3.3.8 Data analysis

Arterial spin labelling scans and data from the baseline sessions are analysed and dis-

cussed in subsequent chapters.

Psychophysical statistical analysis, including analysis of variance (ANOVA) tests were

implemented using IBM SPSS Statistics, version 18 (IBM, Armonk, NY, USA). Paired

t-tests were performed to compare between the measured variables and post-hoc correc-

tion for multiple comparisons was performed using Bonferroni adjustments. Datasets

were tested for normality using the Shapiro-Wilk test. For our correlation analyses, we

excluded outlying variables by calculating Cook’s distance (Cook and Dennis, 1977) and

using a cutoff of 4/N to remove datapoints with disproportionally large residuals (where

N is the number of subjects) (Bollen and Jackman, 1990).

Imaging data analyses were performed using FMRIB Software Library (FSL) version

5.01. Spatial smoothing in pre-processing was at FWHM 5. Physiological noise regres-

91



3. Validating Analgesic Efficacy

sors were computed using a custom MATLAB script (see Chapter 2 Methods) and were

then included in a general linear model (GLM) using FEAT.

3.3.9 BOLD image analysis

Motion correction of raw data was performed using MCFLIRT (Jenkinson et al., 2002).

Registration to structural and standard space was carried out using BBR (Greve and

Fischl, 2009), FLIRT (Jenkinson and Smith, 2001) and FNIRT (Andersson et al., 2007).

Field map correction was implemented to account for field inhomogeneities when regis-

tering to the unbiased structural image. Input functions related to the brush stimuli,

punctate stimuli and the VAS rating tasks were modelled in the GLM using convolved

task blocks with a single gamma haemodynamic response function. Temporal derivatives

of the stimuli were included to account for differences in individual HRF functions. VAS

rating, motion parameters and physiological noise regressors were added as GLM con-

founds. Z-score images were generated at a threshold of Z = 2.3 with corrected cluster

significance of p ≤ 0.05 (Worsley, 2001). The functional acquisitions for all 24 subjects

were entered into a mixed effects linear model analysis (FLAME 1+2) at a group level.

For illustration of BOLD signal change, functional masks were generated from a 5mm

sphere around the peak voxel in the midbrain, and from a cluster of activity in the

posterior insula (PL>GB contrast) masked by an MNI anatomical insula mask, which

was divided at the long insula gyrus to isolate the posterior portion of the insula and

thresholded at p>0.5. Parameter estimates were extracted from the relevant BOLD

acquisitions using Featquery and masks generated in MNI standard space. Region of

interest (ROI) analyses were performed using a non-parametric permutation method

with the Randomise tool integrated within FSL (Hayasaka and Nichols, 2003). Test

statistics were generated from the GLM design using threshold-free cluster enhancement

92



3. Validating Analgesic Efficacy

(TFCE) and corrected to a p-value < 0.05.

3.3.10 Sensitivity analysis

To investigate the relative sensitivities of psychophysical reports and fMRI in detecting

drug efficacy, we used up to 1000 subject permutations at selected subject numbers (n=

12, 16, 18, 22) to assess the likelihood of obtaining a significant difference between the PL-

GB and IB-GB comparisons, with a p-value of less than 0.05. This was performed both

for SMPH intensity and for cortical BOLD activity using extracted parameter estimates

from specified anatomical regions for both contrasts. For the comparison of BOLD

activity in the contralateral posterior insula, we use an MNI defined anatomical mask

of the insula as described in the section above (thresholded at p>0.5). For comparison

in the contralateral secondary somatosensory cortex (SII), we used an anatomical mask

from the Juelich Histological Atlas- encompassing opercula 1, 3 and 4 (thresholded at

p>0.5), which have been implicated in chronic neuropathic pain (Friebel et al., 2011).

Probabilities were computed using MATLAB.

3.4 Results

35 healthy subjects were recruited and 24 subjects (11 male, 13 female, mean age: 24

[SD ± 4.08]) completed the study. 7 subjects were excluded, as they did not develop

SMPH in the initial baseline screening session. One subject was excluded as the pain

intensity from the capsaicin application was intolerable. Three further subjects were

excluded due to neurological abnormalities on scanning, a positive urine analysis for use

of recreational drugs and contraindications to MRI scanning. All 24 subjects developed

SMPH while at least 18 subjects also developed DMA (Table 3.1).
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Table 3.1: SMPH and DMA developed in baseline session (BL) (post capsaicin - pre
capsaicin scores) for individual subjects. For all subjects, intensity scores were significantly
higher (p<0.05) post capsaicin than pre capsaicin. VAS scores rated from 0-100 with anchors (Not
intense/unpleasant; Extremely intense/unpleasant). pINT punctate intensity. pUNP punctate
unpleasantness. bPAIN brush pain. bUNP brush unpleasantness. $ missing data

Subject pINT post-pre pUNP post-pre bPAIN bUNP

1 23.06 62 $ 33

2 10.89 23 $ $

3 37.61 36 45 37

4 29.06 19 $ $

5 25.33 19 31 39

6 38.28 52 22 39

7 17.00 32 40 33

8 20.89 45 0 0

9 23.44 45 28 56

10 24.94 31 0 0

11 11.22 21 6 1

12 14.11 37 23 18

13 7.28 12 8 11

14 36.22 39 10 19

15 16.61 44 9 37

16 10.72 20 11 3

17 33.56 73 47 73

18 12.83 25 11 10

19 37.56 35 12 6

20 25.08 32 0 0

21 15.44 36 40 56

22 21.22 53 26 17

23 64.67 50 $ $

24 21.67 68 21 39
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3.4.1 Psychophysics

Psychophysical variables were compared across sessions using 3-way repeated measures

analyses of variance. In the baseline (pre-drug) state and 60 minutes after dosing, there

was no significant effect of session on psychological or mood assessments.

Prior to the start of fMRI acquisition in the scanner (150 minutes after dosing), there was

an increase in the mental sedation score during the gabapentin session when compared

to ibuprofen (Bonferroni corrected p=0.03) and placebo (corrected p= 0.03) sessions

(Fig 3.3). There was no similar effect on physical sedation or any other psychological

parameters. Subjects also reported an increased expectation of pain relief after receiving

ibuprofen when compared to placebo (corrected p=0.03) (Fig 3.3).

There was a significant within-group effect of drug on the reported intensity of punctate

hyperalgesia (F[2,46]=30.017, p<0.001). In a paired t-test, subjects reported secondary

mechanical punctate hyperalgesia (SMPH) in the gabapentin session to be less intense

than in the placebo session (corrected p=0.006) (Fig 3.4). Significance between ibuprofen

and gabapentin did not survive post-hoc Bonferroni adjustment (corrected p=0.138)

for multiple comparisons. Pairwise comparisons with post-hoc corrections comparing

reported unpleasantness of punctate hyperalgesia between the 3 sessions did not reveal

any significant differences (Pl/Gb corrected p=0.052, Pl/Ib corrected p=0.67, Ib/Gb

corrected p=1).

A 3-way repeated measures ANOVA revealed a significant within-group effect of drug ses-

sion on ongoing pain ratings (F[2,46]=5.235, p<0.01). Post hoc analyses with Bonferroni

adjustment indicated that there are significant reductions in ongoing pain ratings (aver-

age of all timepoints) with gabapentin when compared to placebo (corrected p=0.046)

or ibuprofen (corrected p=0.01) (Fig 3.4).
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Figure 3.3: Mood scores across session. Gabapentin increases mental sedation scores when
compared to placebo or ibuprofen (top right). Subjects reported more pain relief expectation in
the ibuprofen session when compared to placebo (bottom right). * p<0.05, n=24.
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Figure 3.4: Pain scores across session. Gabapentin significantly reduces punctate intensity
ratings when compared to placebo (top left), has no effect on allodynia (top right), but sig-
nificantly decreases ongoing pain when compared to placebo or ibuprofen (bottom). n=24, *
p<0.05, ** p<0.01
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Figure 3.5: Correlation between gabapentin session mental sedation scores and
gabapentin session pain scores. Mental sedation inside the scanner during the gabapentin
session does not correlate with any of the pain related psychophysical variables measured at the
same time. n=24. p>0.05.
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To investigate the effects of the gabapentin modulation of mood scores on pain be-

havioural reports, we correlated mental sedation scores in the gabapentin session with

pain ratings during the gabapentin session. There is no significant correlation between

mental sedation scores and any of the pain rating variables (Fig 3.5).

3.4.2 fMRI

A repeated-measures ANOVA comparing the three sessions showed a significant effect

of session on the BOLD signal to SMPH in the contralateral insula and secondary so-

matosensory cortex (SII) (Fig 3.6A).

In the CS-state whole-brain paired comparisons, gabapentin significantly decreased BOLD

brain activity to SMPH in the contralateral insula and SII when compared to ibuprofen

or placebo (Fig 3.6). There were no significant differences whole brain between ibuprofen

and placebo, and no significant increases in BOLD activity by gabapentin.

Our a priori hypothesis indicated that brainstem activity to SMPH would be reflected

in activity in the mesencephalic reticular formation (MRF) (Lee et al., 2008; Zambreanu

et al., 2005). As such, we performed a region of interest (ROI) analysis of this region using

an anatomical mask drawn on an MNI standard brain (Fig 3.7). The mask was defined

using landmarks referenced from Duvernoy’s Brainstem Atlas (Naidich et al., 2009). ROI

analyses were performed using Randomise with threshold-free cluster enhancement and

corrected to a p-value < 0.05.

ROI analysis revealed that gabapentin significantly decreased BOLD brain activity to

SMPH in a region of the MRF when compared to ibuprofen (p=0.016) or placebo

(p<0.001) (Fig 3.7). A distinct cluster is identified in the lateral mesencephalon ip-
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Figure 3.6: Top- F-test comparing all three conditions. Middle/Bottom shows brain areas where
gabapentin significantly decreased brain activity to SMPH in a whole brain analysis when com-
pared to placebo (middle) and ibuprofen (bottom). n=24, Mixed Effects: Z=2.3, p<0.05. [PL:
placebo, IB: ibuprofen, GB: gabapentin, SII: secondary somatosensory cortex; pINS: posterior
insula cortex]. Images are in radiological convention.
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Figure 3.7: A) Pairwise t-test comparing SMPH-related BOLD changes in PL>GB (blue) and
IB>GB (red) within a mesencephalic mask. Also shows the mesencephalic mask used (top left)
and a corresponding midbrain axial slice modified from Duvernoy’s brainstem atlas (top right).
B) illustrates BOLD signal change in the overlapping functional region from the two contrasts
shown in A, for each of the conditions. C) shows significant correlation between gabapentin
suppression of MRF BOLD activity, and gabapentin analgesic effect as compared to placebo
[PL: placebo, IB: ibuprofen, GB: gabapentin, NCF: nucleus cuneiformis, PAG: periaqueductal
grey, SN: substantia nigra, VTA: ventral tegmental area]. Images in radiological convention.
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silaterally, spanning to the midline dorsal raphe nucleus rostrally. This region is shown

to reflect the ipsilateral nucleus cuneiformis (NCF) and contralateral red nucleus (RN)

when compared with a detailed brainstem atlas (Fig 3.7).

We tested whether gabapentin’s suppression of BOLD activity in the MRF is associated

with its reduction in pain perception. We showed that BOLD reduction in the MRF

between placebo and gabapentin is significantly explained by the reduction in punctate

intensity induced by gabapentin (r[21]=0.46 p=0.028).

We further report that in the gabapentin session, there is no relationship between mental

sedation scores and BOLD signal change extracted from functional masks in the posterior

insula (r[22]=0.17, p=0.47), SII (r[22]=0.1, p=0.64) or NCF (r[22]=0.04, p=0.85).

3.4.3 Sensitivity analysis

To accurately quantify the relative sensitivities of psychophysics and cortical BOLD

effects for evaluating the drug-modulated SMPH pain outcome, we tested the probability

of a significant effect (p<0.05) of gabapentin with multiple subject permutations at

pre-defined subject numbers (n=12, 16, 18, 22) (Table 3.2). We designated an >80%

probability of significance as good evidence for a reproducible effect of significance. For

the PL-GB contrast, SMPH-related BOLD signal change in the posterior insula is more

predictive (>80% prediction probability at 12 subjects) than psychophysical reports of

punctate intensity (>80% prediction probability at 16 subjects). For the IB-GB contrast,

signal change in the posterior insula (at 22 subjects) and SII (at 18 subjects) were both

predictive of gabapentin effect, while psychophysical reports did not show this effect in

our cohort of 24 subjects.
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Table 3.2: Sensitivity of subjective reports and functional imaging for detecting
gabapentin effect. Figures show the probability of significance at the level of p<0.05 in pair-
wise comparisons, after 1000 permutations of subject data. Direction of effects shown is PL>GB
and IB>GB. Numbers highlighted in red represent the first time there is >80% probability for
each contrast for the relevant modality.

N Contrast Punctate intensity Left posterior insula Left SII

12 Pl-Ib 0.03 0.06 0.01
Pl-Gb 0.58 0.876 0.53
Ib-Gb 0.17 0.26 0.46

16 Pl-Ib 0.02 0.05 0.01
Pl-Gb 0.86 1 0.797
Ib-Gb 0.25 0.4 0.68

18 Pl-Ib 0.01 0.04 0
Pl-Gb 0.96 1 0.91
Ib-Gb 0.27 0.49 0.85

22 Pl-Ib 0 0.01 0
Pl-Gb 1 1 1
Ib-Gb 0.37 0.84 1
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3.5 Discussion

In a small cohort of healthy subjects, we report that fMRI was able to detect suppres-

sion of CS-related brainstem activity by an analgesic effective in neuropathic pain when

compared to that of an analgesic ineffective in neuropathic pain, where subjective psy-

chophysical measures failed to show a significant difference between the 2 compounds

for the corresponding pain stimulus.

3.5.1 Drug effect on behavioural report

Gabapentin is known to be effective in neuropathic pain while there is little evidence of

a similar effect for ibuprofen. We corroborate this in our model, showing a reduction in

ongoing pain and punctate intensity reports in the gabapentin session (when compared

to placebo) but not in the ibuprofen session (when compared to placebo) (Fig 3.4).

Further, our results suggest that while gabapentin also increases mental sedation, this

is not associated with its analgesic effect (Fig 3.5).

Despite these clear effects, we are unable to distinguish between the efficacies of the two

active treatments in our small cohort of subjects using behavioural reports of SMPH.

This may be because the superior analgesic efficacy of gabapentin over ibuprofen is

masked by auxiliary effects of the ineffective analgesic and/or inherent variability in

the use of subjective reporting as an endpoint. Interestingly, we are able to distinguish

this effect using ongoing pain as an endpoint. This may be because the spontaneous

pain report is less prone to variability than evoked pain reports, which involve more

experimenter-related error. Beyond this, gabapentin’s effect on spontaneous pain may

be more robust than its effect on evoked pain in the sensitised state.
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3.5.2 Drug effect on cortical pain processing

We show that gabapentin decreases SMPH-related activity in brain regions, which are

associated with pain processing (Apkarian et al., 2005). This supports previous find-

ings with this model of central sensitisation, which show that gabapentin has anti-

hyperalgesic effects in the cortex (Iannetti et al., 2005b). In our study, we further

show that these cortical effects are evident when gabapentin is compared with an active

analgesic, which is not effective in neuropathic pain.

Gabapentin has previously been shown at a higher dose, not to cause global changes in

brain activity (Iannetti et al., 2005b). supporting a specific central analgesic role for the

drug. Although ibuprofen freely crosses the blood-brain barrier (Parepally et al., 2006),

we do not see any evidence of a similar central analgesic effect in our model, suggesting

that the FICCS model can distinguish between the two treatments.

3.5.3 Drug modulation of brainstem reticular formation activity

Our study design allowed us to control for stimulus force but not pain perception between

the drug conditions. Previous findings suggest that regions of the brainstem reticular

formation are specifically activated in CS-related hyperalgesia in humans, after pain

perception is controlled (Lee et al., 2008). Furthermore, in a similar study paradigm, the

brainstem was revealed to be the only brain region to show an interaction between central

sensitisation and gabapentin drug effect (Iannetti et al., 2005b). This region therefore

provides a potential biomarker for anti-hyperalgesic activity induced by gabapentin.

Our results show that a region of the mesencephalic reticular formation (MRF) within

the brainstem is modulated by gabapentin in the hyperalgesic state. This modulation is

further shown to be associated with gabapentin’s analgesic effect (Fig 3.7C). This region

105



3. Validating Analgesic Efficacy

includes the nucleus cuneiformis (NCF), which has been previously shown to be involved

in CS-related hyperalgesia in humans (Lee et al., 2008; Zambreanu et al., 2005). The

NCF receives inputs from lamina I dorsal horn neurons (Zemlan and Behbehani, 1988)

and is a major source of input to the rostral ventromedial medulla (RVM), which has

been shown in animal studies to have a role in the maintenance of central sensitisation

(Gebhart, 2004; Porreca et al., 2002; Suzuki et al., 2002). These regions also possess

a heterogeneous cytoarchitecture, with distinct ON and OFF cell populations allowing

for bidirectional modulation of pain processing (Fields et al., 1983; Haws et al., 1989).

Spino-bulbar-spinal circuits involving these brainstem regions and spinal dorsal horn

neurons are known to contribute to the central sensitisation phenomenon (Suzuki et al.,

2002). Given that gabapentin is thought to affect excitatory and inhibitory presynaptic

spinal neurotransmission in the hyperalgesic state (Bayer et al., 2004), its indirect effect

on the brainstem via activity in the spinal dorsal horn is highly plausible. Moreover, the

prophylactic drug delivery method may inhibit presynaptic calcium channels, leading to

reduced transmission from primary nociceptive afferents, and attenuating the subsequent

development of central sensitisation. The reduction in activity in the MRF by gabapentin

may therefore reflect a reduction in brainstem facilitatory influences induced by CS.

Importantly, this effect is distinguishable between gabapentin and ibuprofen, suggesting

that fMRI can be used to identify an efficacious compound in a small cohort. This

method also appears to be more sensitive than subjective reporting.

3.5.4 Relative sensitivity of fMRI and subjective ratings

Our sensitivity analyses suggest that in a central sensitised state, cortical BOLD activ-

ity is able to detect drug-related differences in pain processing before differences in its

perception are captured using behavioural measures. When comparing gabapentin to
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placebo, the BOLD activity readout appears to be slightly more sensitive at detecting

gabapentin effects than subjective reports (12 subjects vs. 16 subjects). When con-

sidering a head-on comparison between the two analgesics, we are unable to detect a

difference in subjective ratings to SMPH at 24 subjects, while we can detect the anal-

gesic effect of gabapentin at 18 subjects using SII activity, and at 22 subjects using the

posterior insula activity.

The reduced sensitivity of psychophysical reports likely results from the range of influ-

ences on the transition from nociception to pain perception. It is important to underline

that the BOLD signal largely measures a physiological change. This is related to but

does not directly reflect the individual’s pain percept, which is further influenced by

cognitive, attentional and emotional factors (Tracey and Mantyh, 2007). In light of this,

our results suggest that the use of fMRI as a readout of this early mechanistic process

may prove a more sensitive indicator of pharmacodynamic action (and potentially future

analgesia) than subjective reports in the early testing of novel drug compounds. This

may have relevance for future efforts when developing analgesics for neuropathic pain.

3.5.5 Conclusion

Despite the benefits of testing and validating these tools in healthy cohorts, we are

limited by the use of an inadequate model of neuropathic pain. Future studies should

aim to validate the use of fMRI in a similar fashion to test analgesic efficacy in patient

cohorts. The heterogeneity in patient populations and the poor efficacy of most estab-

lished analgesics in neuropathic pain populations means that such a study is likely best

implemented in a subset of patients with a defined neuropathic pain profile, for which

specific treatments are known to be effective. The group has recently completed such a

study with considerable success (Wartolowska et al., in preparation 2013).

107



3. Validating Analgesic Efficacy

Moreover, in this study we use a pre-emptive treatment model. Although there is some

preliminary evidence that gabapentinoid therapies are effective in the prevention of

chronic post-surgical pain (Clarke et al., 2012), their efficacy has mainly been demon-

strated in the pain state. As such, it will be important to validate the efficacy of these

and other compounds in an fMRI model after establishing a pain phenotype.

The conjunction between fMRI and the capsaicin model, as used here, is additionally

inadequate in its assessment of evoked pain rather than spontaneous pain, which is a

more common symptom in neuropathy and is the primary efficacy endpoint in most

clinical trials. As far as we can determine, no studies to date have assessed the neural

correlates of ongoing pain in humans using the topical capsaicin model. In the following

chapters, we investigate the use of an emerging fMRI tool to image tonic/spontaneous

pain and its modulation using this model.

108



Chapter 4

Test-Retest Reproducibility and
Optimisation of Multi-Inversion
Time Pseudo-continuous Arterial
Spin Labelling (PCASL) for the
Imaging of Stable Neural States

A major aim of human pain neuroimaging research is to test models of experimental pain

that are translatable to clinical pain syndromes. By nature, this necessitates the imaging

of tonic and spontaneous pain, the predominant clinical manifestation. In this regard,

arterial spin labelling is an exciting tool that allows direct imaging of cerebral perfusion

in a non-invasive manner. In this chapter, we test the feasibility of a multi-inversion

time pseudo-continuous ASL sequence for imaging resting and active states.

4.1 Introduction

Functional neuroimaging has emerged as an important non-invasive tool for exploring

brain physiology and the principles underlying brain function. While several techniques

have been developed, Blood Oxygen Level Dependent (BOLD) fMRI is by far the most

commonly employed. BOLD fMRI has enabled the investigation of the neurophysiology
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of acute pain conditions; however it is not well suited to imaging long activation states,

as in tonic pain. Recent developments have facilitated the use of more quantitative fMRI

tools for the investigation of tonic states and baseline conditions.

4.1.1 Limitations of BOLD imaging

BOLD fMRI has been an immensely beneficial tool in the investigation of brain function,

including our understanding of mechanisms of human pain processing (Apkarian et al.,

2005). BOLD fMRI images relative changes in vascular physiology by exploiting mag-

netic susceptibility differences between oxygenated and deoxygenated haemoglobin to

create image contrast (see Introduction). Increased metabolic demand by active neurons

results in local increases in cerebral blood flow (CBF), cerebral blood volume (CBV) and

cerebral metabolic rate of oxygen (CMRO2), and decreases in oxygen extraction frac-

tion (OEF). Therefore, the BOLD technique does not directly image neuronal activity,

but rather is a correlate of decreasing deoxyhaemoglobin concentrations with increased

metabolic demand- influenced by the aforementioned physiological factors (Bandettini

et al., 1992; Kwong et al., 1992; Ogawa et al., 1990).

As a result of this non-linear relationship between neuronal activity and BOLD signal,

BOLD results are reported statistically in arbitrary units and have no quantifiable phys-

iological interpretation (Buxton et al., 2004). While the BOLD technique has higher

signal-to-noise ratio (SNR) and temporal resolution than many other fMRI techniques,

it still measures changes that occur far more slowly and over a larger region (largely in

venous compartments) than the neuronal activity (Pfeuffer et al., 2002).

BOLD imaging also lends itself to magnetic susceptibility artefacts, particularly in ar-

eas with sharp air/tissue boundaries (discussed in Chapter 2) (Bandettini et al., 1992).

110



4. ASL Optimisation

Although BOLD imaging has been used to image resting experimental states, it remains

confounded by the fact that the BOLD response is affected by baseline perfusion and

metabolic levels which are not directly measured and may change over the experimental

time-course (Cohen et al., 2002). Furthermore, BOLD is susceptible to low frequency

signal drift in the scanner, which is difficult to remove (Smith et al., 1999). As a result,

SNR is low in BOLD acquisitions for experimental designs with low stimulus frequencies

(long stimulus blocks) (Aguirre et al., 2002). These drift effects makes BOLD a subop-

timal technique for studying the physiology of baseline states and their modification by

long activation states (e.g. clinically relevant pain).

4.1.2 Quantifying physiological parameters

The measurement of quantifiable physiological parameters, such as CBF, CBV and oxy-

gen consumption offer a more direct correlate of neuronal activity than the BOLD signal.

The dynamic measurement of CBV and CMRO2 is possible but is currently hindered by

such issues as poor SNR, low temporal resolution and inadequate models (Blockley et al.,

2012; Uh et al., 2009). However the techniques for measurement of CBF are practical

and have been suggested to show effects more localised to the relevant parenchyma than

the BOLD effect (Pfeuffer et al., 2002; Tjandra et al., 2005). Changes in baseline CBF

do not appear to affect the regional haemodynamic response measured by CBF change

to a focal task (Li et al., 2000). Furthermore CBF and metabolism are closely coupled

in stable states, enabling effective assessment of brain function using cerebral perfusion

(Buxton and Frank, 1997; Fox and Raichle, 1986).

The dynamic measurement of cerebral blood flow has historically been achieved by use

of diffusible and easily detectable tracers that are exogenously applied and measured

in the relevant tissue of interest (Kety and Schmidt, 1945; Larson et al., 1987). This
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idea is applied with use of radioactive or MRI tracers (which change the relaxation

of blood/tissue) in various imaging modalities including positron emission tomography

(PET), single-photon emission computed tomography (SPECT) and dynamic suscepti-

bility contrast MRI (DSC-MRI). Perfusion imaging using these techniques in humans

enabled the generation of kinetic models and bolus dispersion rates for existing trac-

ers, which allow perfusion quantification (Meyer, 1989; Raichle et al., 1983). Such tools

have been used to study brain perfusion in various pain states (Peyron et al., 2000).

Unfortunately, the use of PET is limited by its high cost, use of ionising radiation and

poor spatial resolution. DSC-MRI uses safer contrast agents and has improved tem-

poral resolution over PET/SPECT, however the use of paramagnetic MRI tracers such

as chelated gadolinium compounds remains invasive, requires an accurate estimation of

regional perfusion (arterial input function) and only allow for a single contrast image as

the compound can take hours to be removed from the body (Wible et al., 2009).

More recently, arterial spin labelling techniques have been developed, which use the

tracer principle to magnetically label arterial water as an endogenous tracer (Detre et al.,

2009; Williams et al., 1992). The immediate benefits of ASL are that it is non-invasive

(no exogenous tracers injected) and fast (the tracer decays quickly with a relaxation rate

far shorter than that of radioactive tracers). The rapid relaxation time allows repeatabil-

ity of the technique but does mean that the technique has poor SNR in relation to other

imaging techniques because only a small amount of labelled blood accumulates. ASL has

been shown in functional studies to be reproducible and to reflect similar activation pat-

terns as BOLD techniques, although with better specificity and co-localisation between

subjects (less inter-subject variability) (Raoult et al., 2011; Tjandra et al., 2005). This

‘endogenous tracer’ neuroimaging method is attractive to both clinical and experimental

(i.e. functional) studies in part because it offers the ability to complete multiple repeat

scans (e.g. follow-up investigations, longitudinal designs, pharmacological trial design)
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without cumulative risk to the subject. In conclusion, ASL provides an effective tool

for rapid and safe estimation of blood flow in resting, task-related and pharmacologi-

cal fMRI studies (Detre et al., 2009; Maleki et al., 2013; Wang et al., 2011). This is

therefore potentially a powerful technique for the neuroimaging of tonic pain states and

modulation of neuronal activity in chronic pain patients.

4.1.3 Imaging cerebral blood flow with arterial spin labelling

ASL imaging typically involves 3 key steps- (1) labelling/tagging of arterial water (cre-

ating arterial spin), (2) a delay for the tagged blood to reach the tissue of interest, and

(3) imaging of the tissue of interest using a specified pulse sequence. At each one of

these steps, there are multiple strategies available. The contribution of labelled spins is

a small fraction of brain signal so a pair-wise subtraction of two adjacent images (tag

minus control) is taken to generate a difference signal, which correlates with perfusion.

This eliminates the low frequency drift seen in BOLD applications and enables imag-

ing of long activation states (Wang et al., 2003). Perfusion estimation is quantified to

physiological units (ml/100g/min) with measured or estimated values- T1 of blood and

tissue, labelling efficiency and arterial transit time (Buxton et al., 1998).

There are various permutations of the ASL acquisition steps and analysis methods. I will

briefly discuss these below, outlining what led to our choices for an optimal sequence.

Labelling

The major labelling techniques are pulsed ASL (pASL) and continuous ASL (CASL). We

apply pseudo-continuous ASL (pCASL), which is a modification of the CASL technique.
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CASL was the first technique developed (Williams et al., 1992) and acts by applying a

single continuous long radiofrequency (RF) pulse to label blood as it passes through a

particular plane (Kwong et al., 1995), typically in the inferior of the brain perpendicular

to the brain’s arterial supply. The pulse is applied with slice-selective gradients and

inverts magnetisation of inflowing arterial blood by flow-driven adiabatic inversion. The

fixed RF pulse removes magnetisation of stationary spins while the frequency gradient

in the z-direction of the plane allows the inversion of moving spins (flowing blood)- given

an appropriate constant blood velocity, the flowing spins experience a linearly varying

magnetic field. As macromolecules in tissues have broad resonance frequencies, long RF

pulses applied in the neck also invert spins in tissues of interest in the imaging plane

due to off-resonance effects. These tissue-bound protons interact with free protons in

the imaging plane (magnetisation transfer [MT]) and can confound measurement of the

inflowing labelled blood (Williams et al., 1992). Several techniques have been applied to

mitigate the effects of MT, but most have been inadequate or impractical, as they require

a separate labelling coil (Talagala et al., 2004). In some cases, the tag image is subtracted

from a control image where a non-brain region is tagged an equivalent distance away,

to remove these MT effects. However, compensating for MT symmetrically across the

whole brain is difficult and so the technique limits multi-slice acquisitions. As a result

of the continuous nature of the RF pulses, CASL techniques yield better SNR than

pASL techniques. Limitations of CASL include the requirement of special hardware for

continuous RF irradiation, high signal absorption rate (SAR) and suboptimal labelling

efficiency due to the long pulses. The CASL labelling efficiency is also very sensitive to

blood velocity, motion and magnetic field inhomogeneities at the inversion plane.

pCASL provides a solution to the MT problem by delivering a train of successive pulses

rather than a continuous pulse. The control image is also acquired with successive pulses,

but with the phase of every other pulse shifted 180 degrees- every other pulse nullifies
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the flip of the previous pulse, so the average B1 of pulses is zero. This results in both

tag and control images receiving equivalent MT but with only the tag images having

inverted blood during acquisition (Dai et al., 2008; Wu et al., 2007). This technique has

provided an implementable strategy for multi-slice CASL based on compensating for the

MT effects without additional hardware, while also limiting SAR and improving labelling

efficiency as compared to CASL. pCASL can also be implemented on systems with only

pulsed radiofrequency capability (most clinical systems) and so is more practical than

CASL.

pASL mimics the injection of a bolus tracer- it acts by applying a short RF inversion

pulse to a net volume of blood in a slab proximal to the tissue of interest, and allowing the

inverted spins to flow into the relevant tissue microvasculature before imaging. A signal

intensity difference is taken between tag and control images. The major pASL techniques

are Flow-sensitive Alternating Inversion Recovery (FAIR) (Kim, 1995; Kwong et al.,

1995) and Echo-planar Imaging with Signal Targeting by Alternating Radio-Frequency

Pulses (EPISTAR) (Edelman and Chen, 1998); these vary in the location of the labelled

slab over the tag and control images. As a result of the shorter pulse, pASL sequences

are easier to implement and have been more widely used. While pASL provides high

labelling efficiency, better temporal resolution and does not suffer from the same SAR

limitations as CASL, it also generates lower SNR because of less overall tag time (Wong

et al., 1998). More importantly, the difficulty of modelling the dispersion of the bolus

tag means that true quantification of CBF is challenging as compared to pCASL.

Given these considerations, and based on previous direct comparisons between these

techniques in our lab, we choose to use the pCASL technique for its combination of high

SNR and high tagging efficiency, as well as the facility to quantify blood flow to absolute

units (Wu et al., 2007).
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Figure 4.1: A schematic of the pCASL acquisition technique. Adapted from Donahue
et al. (2012) and Petersen et al. (2006). Top: In label images, blood is labeled in the neck
(red slab) before image acquisition. Control images (Mc) are subtracted from label images (Ml)
to generate perfusion (∆M). Bottom: A set post-labeling delay between labeling period and
acquisition is illustrated.
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Post-labelling delay (PLD) and Inversion time (TI)

The time between the blood labelling and image acquisition is known as the post-labelling

delay (PLD) while the entire time from labelling to the start of image acquisition (tagging

duration + PLD) is known as the inversion time (TI).

ASL data can be obtained with several repetitions of a single inversion time or with

multiple inversion times (by changing the PLD). Although the sampling of multiple TIs

can lead to a loss of SNR, it has the advantage of compensating for regional heterogeneity

in arterial arrival time by allowing voxel-wise estimation of kinetic curves (Gallichan

and Jezzard, 2009). The difference signal is measured as a function of time giving an

accurate indication of peak signal from tagged blood. This facilitates signal estimation

at a point where label decay is still minimal, improving regional SNR. Moreover, this

method enables estimation of the arterial arrival time (AAT) in individual brain regions

(MacIntosh et al., 2010) and can be used to model out macrovascular signal that can

contaminate absolute CBF estimations in single-TI experiments (Chappell et al., 2010).

As such, despite sacrifices in temporal resolution by the longer acquisition times, multi-

TI ASL provides a more accurate estimation of absolute CBF.

Image acquisition

ASL images are generally acquired using standard echo-planar imaging (EPI) techniques.

Single-shot 3-dimensional gradient and spin-echo (3D-GRASE) sequences have also been

used and are thought to boost SNR (Fernández-Seara et al., 2005). However unpublished

data from our lab suggests that this can introduce non-physiological warp artefacts to

the data (Segerdahl et al., 2011). ASL images also benefit from parallel imaging with a

shorter echo time (Wang et al., 2005).
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Therefore, in the studies described below we employ a 2D multi-slice EPI sequence with

parallel imaging.

Limitations of ASL

Despite the benefits outlined above, ASL is still a developing technique and has several

shortcomings as compared to the more established BOLD technique.

A key drawback of the technique is the poor SNR in comparison to BOLD- this is

due the comparatively low fraction of arterial blood to tissue in the brain and the

small signal difference (1-2%) generated from perfusion subtraction (Ito et al., 2005).

Consequently, the ASL signal can be significantly undermined by physiological noise and

motion artefacts, which can also decrease labelling efficiency. Furthermore, despite being

a more direct measure than BOLD, there is evidence that CBF and oxidative metabolism

can uncouple in active states (Raichle et al., 1983). Whole brain acquisitions have also

previously proved challenging because of the difficulty in controlling MT effects.

The importance of imaging long activation states in the pain context make overcoming

these limitations a worthwhile endeavour. To minimise these effects, we use a pCASL

sequence, which provides improved SNR, high labelling efficiency and controls for MT

across the whole brain, in combination with a multi-TI approach for optimal absolute

CBF estimation.

Reliability of ASL techniques

The reliability of ASL quantitative CBF measures can be undermined by uncertainties

surrounding arterial input functions, other kinetic assumptions and tissue parameters

118



4. ASL Optimisation

such as blood equilibrium magnetisation (which is a direct scaling factor in quantifica-

tion) (Petersen et al., 2010). However recent development efforts have enabled better

application of ASL techniques in clinical and research settings, showing good reliability

for repeated measures.

Both CASL and pASL techniques have been shown to be accurate and reproducible in

the time frame of several weeks (Hermes et al., 2007; Petersen et al., 2010). When com-

pared to pASL and CASL, pCASL is shown to be the least variable and also the least

sensitive to site-specific differences (Chen et al., 2011; Gevers et al., 2011). Longitudinal

repeatability of pCASL has also been validated for neurodevelopmental studies (Jain

et al., 2012). A recent study assessing reproducibility of whole-brain pCASL 3D acquisi-

tions suggests that pCASL with multiple PLDs may be more reliable for assessing CBF

by accounting for heterogeneity in arterial transit time between subjects and different

brain regions (Wu et al., 2013).

These aforementioned pCASL studies have used sequences with single inversion time

acquisitions. The acquisition of data at multiple inversion times has been suggested to

be a more accurate way to model out macrovascular noise than background suppression

techniques (Chappell et al., 2010). Multi-TI pASL has been shown to correlate well with

H2
15O PET in patients with carotid artery occlusion (Bokkers et al., 2010), while also

accounting for the issue of variable bolus arrival time in perfusion estimation. However,

to date no studies have assessed the within-session and between session reproducibility

of a pCASL sequence modelling multiple PLDs. Given the potential relevance of this

technique for longitudinal studies and assessment of drug efficacy or long acting cognitive

and physiological states, we suggest this is an important initial investigation of the

method with a view towards improving its experimental and clinical utility.
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4.2 Aim

We assess the reproducibility of a multi-TI (6 inversion times) pCASL sequence for

whole brain imaging, obtaining both within and across session measures at several time

points. In each session, we acquire both resting and active task scans and test intraclass

correlation coefficient (ICC) and within- subject coefficient of variation (wsCV) in the

whole brain and in selected brain regions.

This technique has mainly been applied in the context of sequence development paradigms.

Here, we aim to validate the use of the technique for the assessment of resting or long ac-

tivation states, for application in longitudinal and crossover study designs. Furthermore,

we assess novel tools for the analysis of such data, to improve the test-retest reliability

of the measures.

4.3 Methods

4.3.1 Subjects

Eight healthy subjects (6 male, 2 female, age [mean ± s.e.m]= 28.3 ± 2.5) were recruited

to participate in this study. Subjects were asked to abstain from caffeine for 6 hours prior

to each session. In addition to routine screening for MRI contraindications, subjects were

also screened to exclude any cerebrovascular disease, neurological/psychiatric disease,

and use of medication that could interact with blood flow.

4.3.2 Study design

Subjects were scanned on three separate occasions, separated by one week and one

month, respectively. Session 1 consisted of two repeat runs of the experimental protocol,
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separated by a 30-minute rest period; while session 2 and 3 had only a single run. The

protocol consisted of a 6-minute resting scan followed by a 6-minute OFF/ON visual-

cued motor task (8Hz flashing checkerboard with combined finger-tapping)- alternating

1 minute ON and 1 minute OFF. The majority of scans took place between 8am and

12pm to minimise diurnal variation, which can affect CBF values (Parkes et al., 2004).

Figure 4.2: A schematic of the experimental design used. Session 1 consisted of two repeat
runs of the experimental scans. Runs 1 and 2 were separated by a 20-min rest block. Session
2 was generally completed one week after Session 1. Session 3 was completed one month after
Session 1. All scan sessions were identical in design.
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4.3.3 MR data acquisition

All subjects were scanned using a Siemens 3T Verio whole-body MR scanner (Erlangen,

Germany) equipped with a 32-channel head coil and a body coil. A time of flight MR

angiography neck scan was acquired approximately 8cm below the circle of Willis to

visualise the brain’s feeding arteries. The labelling plane was placed parallel to the

imaging slices, and perpendicular to the ascending carotid and vertebral arteries. The

location of the plane was normalised to a point between the curvatures of the vertebral

arteries, where all feeding arteries ran parallel in a transverse plane. B0 shimming (Kim

et al., 2002) was performed over the imaging region and the labelling plane to minimise

off-resonance effects.

We use a pCASL acquisition sequence with background suppression as described in (Okell

et al., 2013). Images were acquired in separate consecutive blocks, each composing 6

different post-labelling delays: 0.25, 0.5, 0.75, 1, 1.25, 1.5 (seconds). A labelling duration

of 1.4 seconds was used. The selected inversion times are based on an optimal sampling

schedule (OSS) design (Xie et al., 2008) and encompass a broad distribution of inversion

times relative to single-TI experiments in the literature. Other imaging parameters

were: single shot EPI, TR- 4s, TE- 13ms, Partial Fourier = 6/8ths, FOV 220x220 mm2,

matrix 64x64, 24 slices, slice thickness- 4.95mm. To keep repetition time constant while

acquiring data at different TIs, a fill gap was added to the start of each TI acquisition

where the PLD was below 1.5. For each scan, 96 volumes (control and tag) were acquired,

corresponding to 6.4 minutes of scanning. Data was analysed as 8 separate epochs where

each epoch represented a full set of control/tag images for all 6 TIs.

A reference calibration image of equilibrium magnetisation (no labelling or background

suppression, TR=6s, all other parameters identical to pCASL scan) was also collected

to enable the estimation of the equilibrium magnetisation of blood. A second calibration
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image of the same prescription was collected using the body coil for signal detection.

This body coil calibration scan was used to correct the PCASL data for the uneven

sensitivity profile of the 32-channel head coil. A T1-weighted structural image was

acquired for tissue segmentation and registration purposes. We additionally acquire a

phase contrast angiography image (TR 72.9ms, TE 4.82ms, FOV 240x240 mm2, matrix

128x128, slice thickness 5mm, flip angle 15 degrees, velocity encoding 100cm/s) in the

same position as the labelling plane to assess blood flow velocity and inversion efficiency

(Aslan et al., 2010), and corresponding B0 field map images to correct for EPI distortion

effects.

Figure 4.3: A schematic of the multi-TI pCASL sequence for collection of one epoch
of ASL data. An epoch is defined as a single cycle of the TIs employed; where a ‘tag-control’
pair of images is collected for each TI (labeled ‘T’ and ‘C’). Each ‘tag-control’ pair of images
was then subtracted in the analysis preprocessing stages to generate relative perfusion images
for each TI (labeled P1-P6 for each respective TI). The six relative perfusion images constituent
of a single epoch were then processed using BASIL to generate an absolute CBF data point for
that epoch.

4.3.4 Pre-quantification processing

Image processing was performed using FMRIB Software Library (FSL) tools (Jenkin-

son et al., 2012) (www.fmrib.ox.ac.uk/fsl). The pCASL raw images were stripped of

non-brain structures using BET (Smith, 2002) and motion corrected using MCFLIRT
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(Jenkinson et al., 2002).

The head coil calibration image was divided by the body coil image to generate a coil

sensitivity map. This sensitivity map was applied to both the first reference image and

the pCASL data before CBF quantification to correct for the uneven sensitivity profile

of the 32-channel head coil.

Tissue segmentation was performed on each subject’s high-resolution structural image

using FAST (Zhang et al., 2001) to generate grey and white matter partial volume

estimates (PVEs). These PVEs were thresholded to include regions with 50% and 1%

inclusion probabilities respectively, then binarised and linearly transformed to the image

acquisition space using FLIRT (Jenkinson and Smith, 2001).

4.3.5 Signal calibration to physiological units

Equilibrium magnetisation of blood (M0,b) was estimated from the mean cerebrospinal

fluid (CSF) magnetisation (M0,csf) signal as previously described (MacIntosh et al.,

2008). Briefly, a standard space ventricle mask was non-linearly registered (Anders-

son et al., 2007) to the subject’s structural, linearly registered to the subject’s image

space, eroded to minimise partial volume effect, then used to extract the mean CSF

signal from the reference image. The CSF signal was corrected for CSF T1 and T2*

to determine M0,csf. M0,csf was converted to M0,b by applying the known ratio of CSF

to blood proton density. Final correction for blood T2* effects yielded the true value

for M0,b. We assumed an inversion efficiency of 0.88 for our calculations (Aslan et al.,

2010); this value was verified by using the phase contrast image at the labelling plane

to estimate blood velocity in the main feeding arteries.
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PCASL perfusion images were divided by the effective M0,b and inversion efficiency to

calibrate to physiological units (ml blood/ 100g tissue/ 60 seconds) before model fitting.

4.3.6 Quantification

A pairwise control minus tag subtraction was performed on the pCASL data to generate

a perfusion image at each inversion time. The resultant voxel-wise concentration-time

curves were fitted to the general kinetic model (Buxton et al., 1998) to estimate both

CBF and arterial arrival time (AAT). Perfusion parameters were quantified using multi-

component modelling with a Bayesian inference tool (BASIL) developed for this purpose

(http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/BASIL).

The BASIL algorithm uses a variational Bayes approach (Chappell et al., 2009), which is

a probabilistic implementation of the more common non-linear least squares approach.

A benefit of this approach is that it can incorporate prior information about known

physiological parameters (e.g. T1, blood T1) and other varying parameters (labelling

duration, post-label delays) to improve signal detection. The priors used are as described

previously by Chappell and colleagues (2010). Flow crusher gradients were not used so

vascular contributions to the perfusion signal were modelled out of the data (Chappell

et al., 2010). BASIL outputs voxel-wise estimates of absolute CBF and AAT, as well as

a corresponding voxel-wise variance/uncertainty map for each parameter.

Importantly, these parameters were estimated for each epoch of data (defined as a full

set of inversion times), thus generating a time series of absolute CBF and AAT from

each acquisition. 8 such epochs were generated from each scan.
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4.3.7 Post-quantification processing

Resting data

The time-series of epochs generated for each scan was averaged using a mixed effects

model, which accounted for the voxel-wise variance of the Bayesian fit. This generated

a single CBF and AAT image for each scan, with a corresponding variance image. For

comparisons, raw EPI images were registered first to each subject’s structural image

using BBR (Greve and Fischl, 2009), then non-linearly to the MNI standard brain using

FNIRT (Andersson et al., 2007). Transformed quantified images were used for resting

CBF and AAT extractions and comparisons described below.

Task data

The epochs were concatenated such that volumes alternated between a full rest block

and a full visuomotor active block- i.e. for each 1 minute stimulation period, a single

epoch of absolute CBF was generated. The resultant data timeseries (6 epochs- 3 rest

and 3 task) were modelled using a GLM square design to generate a statistical map of

brain regions responding to the visuomotor task. A significance map was generated with

a cluster corrected Z threshold of 2.3 (p<0.05). Statistical images were transformed to

standard space for group comparisons. A mixed effects model (FLAME 1+2) was used

to assess group level effects. CBF values were extracted from grey matter (GM), white

matter (WM) and region-defined voxels for each subject and session.

4.3.8 Statistical analysis

Within and across subject variation was calculated using IBM SPSS Statistics, version

18 (IBM, Armonk, NY, USA). This was assessed for grey matter (GM), white matter
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Figure 4.4: A schematic of the analysis pipeline used for pCASL data- adapted from
Okell et al. (2013). We do not use Vessel-Encoded pCASL (VEPCASL) in this experiment but
follow the pipeline as outlined for pCASL data, calibration data and structural/ventricle mask
generation.
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(WM), four major lobes (frontal, temporal, parietal, occipital) and a selection of brain

regions bilaterally (insula cortex [INS], thalamus [THA], caudate [CAU] and putamen

[PUT]) using masks generated from FAST (see pre-quantification processing), and the

MNI Structural Atlas (thresholded at p>0.5, binarised).

Analyses of variance (ANOVA) and paired t-tests were performed to compare between

the measured variables. Post-hoc correction for multiple comparisons was performed

using Bonferroni adjustments. Normality testing was performed using the Shapiro-

Wilk’s test.

4.3.9 Repeatability of resting measures

We assessed repeatability of resting physiological variables using three separate methods:

We evaluated coefficients of variation (wsCV) and intraclass correlations (ICC); analyses

of variance (with pairwise t-tests) between the CBF values extracted from regions of

interest; and voxel-wise comparisons between the different conditions in the framework

of a general linear model.

1) We calculated wsCV values from the ratio of the standard deviation of the differ-

ence between the repeated measures, to the mean of the repeated measures (Bland and

Altman, 1996). A smaller wsCV number represents better reproducibility. Within- and

across-session variation between subjects was quantified for CBF and AAT by calcu-

lating session-paired wsCV and ICC. We assessed intra-subject variation across session

by calculating across-session wsCV using CBF values from the three sessions for each

subject. These were averaged for all subjects to give a mean intra-subject wsCV. ICC

measures the contribution of between subject variances to total variance. We calculated
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two-way mixed single measures ICC in SPSS for absolute agreement between measures

as described in (Shrout and Fleiss, 1979):

ICC(3,1) = (BMS−EMS)
(BMS+(k−1)EMS) (1)

(where BMS is between targets mean square, EMS is error mean square and k is number

of repeat sessions)

ICC values range from 0-1: we designate ICC values <0.4 as poor, 0.4-0.59 as fair,

0.60-0.74 as good, and >0.75 as excellent (Fleiss et al., 2003). These denotations do not

account for confidence intervals so must be interpreted cautiously.

2) To investigate type I error inherent in the technique, we performed repeated-measures

analyses of variance and paired comparisons (student paired t-tests) between session-wise

and run-wise regional CBF values using SPSS. We used a 0.05 α threshold as evidence

of good specificity of the technique.

3) Finally, we performed a voxel-wise analysis assessing differences between whole-brain

CBF and AAT volumes by using GLM in a higher level FEAT analysis (www.fsl.ox.ac.uk/feat).

4.3.10 Repeatability of task measures

Type II error was assessed across all scan sessions by evaluating CBF percentage change

between task and rest blocks in a priori defined anatomical masks for the primary visual

motor cortices. We used a value of β < 0.2 as evidence of good sensitivity.

We assessed repeatability of task measures by performing analyses of variance and paired

t-tests between run-wise and session-wise absolute CBF changes (∆CBF) from values
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extracted from the visual cortex. For this we used a bilateral anatomical mask of the

primary visual cortex from the Juelich Atlas (thresholded at p>0.5 and binarised). We

also defined functional masks in the visual cortex and motor cortex by identifying the

peak voxel from session-averaged activation maps (masked by standard Juelich Atlas

anatomical masks), and defining a 5mm sphere around the peak voxel.

Finally we tested session-wise and task-wise reproducibility of the CBF change by per-

forming a whole-brain voxel-wise analysis of variance between the sessions using FEAT.

4.3.11 Optimisation of inversion time selection

To assess the utility of our selection of inversion times in the context of single TI experi-

ments, we calculate an optimisation metric (γ) that reflects how well CBF measures are

observed across the whole brain.

For single-TI studies, in order for the measured signal to reflect CBF, the AAT must

be shorter than the post-labelling delay- i.e. tagged blood must arrive at the region of

interest before imaging. Because a fixed calculation is used to fit the peak magnetisation

of arterial signal within a given voxel in multi-TI analysis, we can assess the ability of

a given TI to accurately estimate CBF by comparing the estimated arrival time (AAT)

to the delay time between tagging and imaging (PLD + slice acquisition time; slice dt).

γ = AAT - (PLD + [z*slice dt]) (2)

(where AAT - arterial arrival time; PLD - post labelling delay; z - number of slice

acquired ascending from the most caudal; slice dt - acquisition time per slice)
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Regions where γ>0 indicates when slice acquisition begins before the AAT; while γ<0

reflects areas within which acquisition occurs after AAT. We assume that the most

optimized setting for SNR would be when the time it takes for arterial signal to arrive

at a voxel is equal to the PLD (i.e. γ = 0). For CBF signal, the most optimised setting

is where γ ≤ 0 as this ensures adequate blood arrival. Calculation of the optimisation

metric (γ) is useful as it informs selection of inversion times for whole-brain multi-TI

studies. It also can be used to select an appropriate PLD for use in a single-TI ASL

experiments to maximise signal in a given brain region. To illustrate this point, we

plotted histograms for three key ROIs to visualise the range of γ values for each TI used

in the study (Figure 4.9).

4.3.12 Sample size calculation

A previous pCASL study, testing regional CBF responses to ongoing pain in patients,

revealed CBF changes between 5-10% (Howard et al., 2011). We therefore performed

a sample size calculation to estimate how many subjects would be needed to generate

a 7.5% CBF signal change in pairwise within-session and across-session comparisons

(Machin et al., 2011) using this sequence. We assumed an identical amount of sampling

(scan acquisition length). Our estimates are taken for a unilateral region of the secondary

somatosensory cortex, which has been shown to be relevant in neuropathic pain (Friebel

et al., 2011) and to be modulated by gabapentin in a topical capsaicin model (see Chapter

3). We used the anatomical SII mask defined as in Chapter 3.

4.4 Results

Before reporting the absolute perfusion data, we tested the reliability of M0,b values

generated for physiological calibration. We report that the wsCV for M0,b over week
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and month repeat scans were 3.45% and 2.42%, respectively. The wsCV for all scan

sessions was 2.77%.

4.4.1 Repeatability of resting state physiological measures

Average CBF and AAT values from all ROIs are shown in supplementary tables (see Ap-

pendix A). We observed heterogeneity in CBF and AAT between subjects and between

regions. Bland Altman plots (with 95% confidence intervals) plotting mean CBF against

difference in CBF values in the selected ROIs are in Figure 4.5. Intra- and inter-subject

repeatability measures (wsCV and ICC) are shown for CBF in Table 4.1 and for AAT

in Table 4.2. There is evidence of good to excellent reliability (ICC>0.6) and moderate

to high reproducibility (wsCV<10%) for most measures.

Repeatability measures are shown to be stronger with shorter inter-scan intervals- for

example wscV for GM CBF ranged from 3.17% within session to 9.67% for a month

repeat scan while ICC ranged from 0.924 to 0.329 for the same periods. CBF and AAT

reliability measures also showed heterogeneity between different ROIs- for CBF, the

insula cortex (ICC: 0-0.608) and white matter (ICC: 0.205-0.825) showed the lowest re-

liability while the thalamus (wsCV 8.99-12.89%) and occipital lobe (wsCV 6.63-14.38%)

showed the least reproducibility. AAT repeatability analyses showed uniformly lower

wsCV values (<3%) in comparison to CBF indicating better reproducibility.

In 1x3 ANOVAs testing the effect of session on extracted CBF and AAT values, there

was no significant difference between any of the tested regions (Suppl Table 4.3). There

were no significant changes in AAT values between runs 1 and 2 in session 1 for all ROIs

tested. However, we report an average CBF decrease of 10.4% in an anatomical mask of

the thalamus between runs 1 and 2 (corrected p=0.028). No other brain regions tested
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show within-session CBF changes.

In a voxel-wise ANOVA comparison of sessions, there was no significant effect of session

on voxel-wise CBF across the whole brain (mixed effects, cluster corrected, Z=2.3). A

paired t-test comparing within-session effects in session 1 showed clusters of significantly

decreased CBF between run 1 and 2 in the bilateral thalami (Figure 4.6).

Figure 4.5: Bland-Altman plots showing repeatability of CBF measures
(ml/100g/min). Red line denotes the bias from 0, top and bottom lines denote the 95%
confidence intervals (bias ± 1.96 x SD). The difference between measures is always the first ses-
sion - second session. Data shown represents absolute CBF values extracted from 8 representative
brain regions for all 8 subjects.
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Figure 4.6: Brain regions showing a time dependent decrease in rCBF within-session (blue).
(Mixed Effects; z>2.3, p<0.05; cluster corrected). No regions showed rCBF increases. Images
are in radiological convention.

4.4.2 Repeatability of CBF response to active task

Figure 4.7 shows brain regions that respond significantly to the visuomotor task for all

runs. For all task runs in all sessions, we report the power (1-β) for signal change (ON

vs. OFF) in the anatomical V1 as greater than 0.9, and in functionally defined masks

as ∼1. The mean task-induced percentage changes in CBF during ON vs. OFF blocks

for each run and session are shown in Table 4.3.

Comparisons of extracted ∆CBF within- and across-sessions showed no significant dif-

ferences (p>0.05) in either the anatomical or functional ROIs (within-session Student

T-test: p=0.75; between-session ANOVA: F=0.107, p=0.90).

Similarly, a GLM-based voxel-wise FEAT analysis revealed no significant differences in

extent of CBF changes with task ON vs OFF either within or across sessions (mixed

effects analysis; z>2.3; p<0.05, cluster corrected).
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Table 4.1: Measures of reproducibility: Absolute CBF. Lower within subject coefficient
of variation (wsCV) values reflect better reproducibility, values <20% are considered to be in
the normal range for ASL data (Gevers et al., 2011). Intraclass correlation (ICC) values range
from 0-1; we designate ICC values <0.4 as poor, 0.4-0.59 as fair, 0.60-0.74 as good, and >0.75 as
excellent (Fleiss et al., 2003). * out of range; CBF, cerebral blood flow; GM, grey matter; WM,
white matter; ROI, region of interest

CBF wsCV (%)

ROI Session repeat Week repeat Month repeat All sessions

GM 3.17 5.11 9.67 6.38

WM 4.59 6.77 11.06 7.40

Frontal lobe 4.62 5.13 9.06 6.56

Temporal lobe 4.98 7.06 9.60 6.13

Parietal lobe 2.75 3.96 9.28 6.48

Occipital lobe 6.63 11.31 14.38 11.03

Insular cortex 7.33 7.76 11.94 7.82

Thalamus 8.99 11.94 12.89 10.58

Caudate 6.30 8.10 12.49 9.19

Putamen 4.10 5.73 8.99 6.92

CBF Intraclass correlation

ROI Session repeat Week repeat Month repeat All sessions

GM 0.924 0.776 0.329 0.573

WM 0.825 0.651 0.205 0.490

Frontal lobe 0.869 0.804 0.493 0.635

Temporal lobe 0.856 0.725 0.335 0.603

Parietal lobe 0.932 0.874 0.549 0.697

Occipital lobe 0.870 0.450 0.435 0.504

Insular cortex 0.608 0.585 * 0.325

Thalamus 0.744 0.529 0.574 0.640

Caudate 0.805 0.824 0.460 0.677

Putamen 0.829 0.773 0.456 0.570
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Table 4.2: Measures of reproducibility: Arterial arrival time. Lower within subject
coefficient of variation (wsCV) values reflect better reproducibility, values <20% are considered
to be in the normal range for ASL data (Gevers et al., 2011). Intraclass correlation (ICC) values
range from 0-1; we designate ICC values <0.4 as poor, 0.4-0.59 as fair, 0.60-0.74 as good, and
>0.75 as excellent (Fleiss et al., 2003). * out of range; AAT, arterial arrival time; GM, grey
matter; WM, white matter; ROI, region of interest.

AAT wsCV (%)

ROI Session repeat Week repeat Month repeat All sessions

GM 1.24 1.36 1.65 1.12

WM 0.82 0.55 0.71 0.56

Frontal lobe 2.53 1.94 1.59 1.39

Temporal lobe 1.59 1.12 2.24 1.19

Parietal lobe 1.36 1.26 1.14 0.84

Occipital lobe 1.57 2.34 2.77 1.76

Insular cortex 1.27 1.80 1.86 1.69

Thalamus 1.73 1.74 1.46 1.08

Caudate 0.96 1.32 1.42 1.05

Putamen 1.86 1.29 1.77 1.47

AAT Intraclass correlation

ROI Session repeat Week repeat Month repeat All sessions

GM 0.800 0.623 0.552 0.657

WM 0.450 0.740 0.471 0.599

Frontal lobe 0.444 0.523 0.643 0.546

Temporal lobe 0.621 0.749 0.452 0.661

Parietal lobe 0.761 0.749 0.768 0.778

Occipital lobe 0.827 0.362 0.031 0.239

Insular cortex 0.716 0.230 0.198 0.180

Thalamus 0.475 0.503 0.688 0.676

Caudate 0.906 0.784 0.754 0.819

Putamen 0.716 0.814 0.699 0.691
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Table 4.3: Reproducibility of activation within key ROIs during the functional task.
The table above displays the group mean absolute CBF change between ON and OFF BLOCKS
(ON-OFF) and group mean percent changes, for within and across session comparisons. Absolute
CBF was extracted from both the visual and motor cortices. For clarity, both anatomical and
functional masks of V1 are included in the table.

Mean ∆CBF / % change (N=6)

ROI Run 1 % Run 2 %

V1 12.07 39 12.05 43

Functional V1 26.61 101 28.20 121

Functional M1(left) 16.09 67 13.18 53

Functional M1(right) 15.91 60 15.11 55

Mean ∆CBF / % change (N=7)

ROI Session 1 % Session 2 % Session 3 %

V1 13.76 44 11.25 41 10.98 39

Functional V1 25.96 115 25.78 121 22.97 100

Functional M1(left) 14.81 74 16.19 72 15.71 65

Functional M1(right) 15.35 65 17.34 73 16.83 65

4.4.3 Optimisation of inversion time selection

Figure 4.8 shows inversion time optimisation values (γ) mapped onto a standard brain

for each individual inversion time selected. Most cortical regions have been adequately

perfused by labelled blood with a PLD of 1, although many inferior regions are maximally

perfused subsequent to this.

To quantify this, we plotted voxel fractions for three representative brain regions in

Figure 4.9. Regional masks were generated from the Juelich, MNI, and Harvard-Oxford

Subcortical Atlases respectively (p>0.5). We designate inversion times where most voxels

have values close to zero as optimal for both SNR and CNR. For single-TI studies using

such a protocol, we therefore suggest the optimal PLD selection to be 0.5 for the motor

cortex, 0.25 for the insula and 1 for the amygdala.
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Figure 4.8: Optimisation of TI selection based on region location. The optimisation
metric (γ) is mapped onto a standard brain (masked for grey matter) for each inversion time
selected. Briefly, colour coding details the extent of optimisation for each PLD across the whole
brain where the darker the colour, the greater the SNR benefit of a given TI (in the context of
a single-TI study) at a given brain region (i.e. the closer γ tends to zero). Blue (γ<0) indicates
good CBF estimation, although a brighter blue (γ<<0) indicates reduced SNR benefit. Most
cortical regions have been adequately perfused by labelled blood with a PLD of 1, although
some inferior regions may be maximally perfused subsequent to this. The whole brain volume is
divided into axial slices (left to right; Z: 10 - 70) at 5-slice intervals. All images are in radiological
convention.
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Figure 4.9: Optimization of TI selection for specific ROIs. The figure below displays
histograms generated from the following ROIs: A) motor cortex; B) insular cortex; C) amygdala.
Optimisation metric of TI selection (γ as calculated in Methods) is plotted on the x-axis while
voxel fraction is plotted on the y-axis. The coloured lines represent plots generated from each
PLD used in the study (dark blue: PLD=0.25s; red: PLD=0.50s; green: PLD=0.75s; purple:
PLD=1.0s; light blue: PLD=1.25s; orange: PLD=1.50s).
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4.4.4 Sample size calculation

Following our verification of the technique’s high sensitivity and high specificity, we

assumed an α of 0.05 and β of 0.2 for this calculation. We report that in an anatomical

left SII mask, the sample sizes needed to generate a 7.5% CBF change in within-session,

one-week and one-month crossover designs are 10, 10 and 38 respectively.

4.5 Discussion

The results from this study show that the multi-TI pCASL approach has high test-

retest reliability as the data reveal strong consistency across subjects and sessions for

key perfusion outcome measures (AAT and CBF). Specifically, we report low variation

coefficients, high interclass correlation coefficients and good effect specificity in stan-

dard GLM-based analyses of the ASL data. Additionally, we successfully validated the

reliability of this newly developed tool for assessment of functional tasks; a novel fea-

ture which has not been investigated for multi-TI pCASL imaging to our knowledge.

Importantly, the results of this study give insight into optimal TI sampling schedules

across different brain regions for healthy populations and provide key caveats for future

investigations employing ASL to image absolute perfusion changes across whole brain

volumes or within specific ROIs. In particular, our findings demonstrate the importance

of acquiring data with multiple inversion times, as single inversion times may only be

optimal for a select region.

4.5.1 Resting physiological measures are reliable and reproducible

Assessment of CBF across the whole brain shows both the wsCV(%) and the ICC mea-

sures to be reliably consistent across session repeats on the same day, a week and a
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month later. However, these measures show slight depreciation in exact reproducibility

as the duration between scan sessions increases.

Specifically, the data show good to excellent longitudinal reproducibility across most

brain regions for both CBF (ICC= 0.776, wsCV= 5.11% for grey matter over 1 week)

and AAT (ICC= 0.623, wsCV=1.36% for grey matter over 1 week). In general, within

subject repeatability measures less than 20% are suggested to be in the normal range for

ASL studies (Gevers et al., 2011). Previous reports show moderate to good longitudinal

CBF reproducibility (ICC= 0.65, wsCV= 14% for grey matter) for pCASL over a 2-4

week period in a paediatric cohort (Jain et al., 2012); while other studies of week-repeat

comparisons report whole brain/regional wsCV to be between 8-14% (Chen et al., 2011;

Floyd et al., 2003). The data we report here are consistently within this range or

show improved reliability (i.e. wsCV values are lower) when compared to previous

investigations of the same session comparisons.

We find no differences in session-wise ANOVAs for extracted data and voxel-wise GLM

analyses, suggesting high specificity for the technique across 1-week and 1-month com-

parisons. Interestingly, we show that in a within-session comparison where both runs are

separated by 20 minutes, there is a significant decrease in thalamic CBF (Fig 4.6). The

thalamus is a key relay centre and is an important shared anatomical substrate for both

arousal and attentional processes (Portas et al., 1998). Given that subjects were lying

in the scanner without attending to any task in the intervening period, we suggest that

this reduction in thalamic CBF may reflect decreased attentional processing between

the early and late scans. This is supported by a lack of significant differences between

corresponding CBF responses to the functional task, where attention/arousal is better

matched.
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These data support the conclusion that the mean variation intrinsic to the technique is

lower than what is associated with general physiology for within and between session

comparisons. Therefore we conclude that the technique is reliable for use in longitudinal

studies over similar time-frames; with the caveat that it is optimally suited for within

session or more short-term crossover studies.

4.5.2 Reliability and sensitivity to functional changes in physiology

We find that the multi-TI pCASL approach is highly sensitive (power consistently >0.9

in an a priori defined anatomical mask) to functional CBF change in a salient visuomotor

task (Fig 4.7). Importantly, in paired t-tests and ANOVAs on extracted CBF change and

voxel-wise cluster corrected activation maps, there is no significant run-wise or session-

wise difference between functional CBF responses to the task. This suggests that the

sensitivity of the technique is reliable and that it can be used to test long (>1 minute)

activation states in the context of multiple study visits. This has direct relevance for

tonic pain studies with long stimulus durations.

4.5.3 Benefit of multi-TI approach to increase reliability

A recent study by Wu and colleagues (2013) highlights the importance of multiple PLD

acquisitions to help account for AAT heterogeneity between subjects and brain regions.

Although the acquisition length of the paradigm used in the current study is comparable

to similar ASL investigations employing single TI pCASL sequences, the analysis of the

multi TI data yields time courses constituent of only 8 epochs of absolute perfusion

data (i.e. the multi TI approach necessitates far less averaging of ASL data over time).

Considering this in the context of the subject- and region-wise AAT variability data

discussed above, the multi TI approach improves the reliability and specificity of pCASL
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to estimate absolute perfusion by accounting for bolus arrival time variability across the

whole brain volume.

Interestingly, we also show that both CBF and AAT reliability decrease as repeat interval

time increases. As was proposed previously (Hermes et al., 2007), this likely reflects

physiological variability over long time periods rather than increases in measurement

error. ICC values also show more variability than wsCV in this respect. It should be

noted that while wsCV normalises to the mean and so is unbiased, ICC depends on

the ratio of within- to between-subject variance; a feature that can vary significantly

between sessions. Nonetheless, we report ICC values that are comparable or improved

when considered in the context of previously published pCASL reproducibility studies

(Jain et al., 2012; Wu et al., 2013).

4.5.4 Optimising inversion time selection

We perform an exploratory analysis of voxel-wise inversion time optimisation at each

chosen PLD. A region is said to have an SNR-optimal inversion time selection if its AAT

corresponds closely with the delay time from labelling to imaging (γ=∼0) (Fig 4.8, 4.9).

It should be noted that the optimisation values we report are specific to our sequence

and protocol as they depend on variable scanner parameters (e.g. slice timing). We

show that there is regional heterogeneity in optimisation across the brain (particularly

in the superior-inferior domain) for different PLDs. However, most regions of the brain

reach peak ASL signal within a 1-second PLD- this corroborates similar findings in

healthy subjects using an adaptive sequential design (ASD) strategy that modifies the

OSS regionally in real time (Xie et al., 2010).

These findings suggest that inversion time selection for single TI studies should be op-
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timised depending on the region of interest. In the case of a whole-brain acquisition, a

multi-TI approach may be better suited to accounting for regional heterogeneity. In the

context of a functional experiment in a healthy cohort, arrival time is likely to decrease

during regional activation, making a single TI approach suboptimal. In such studies, it

may also be appropriate to narrow and centre the OSS range around 1 second, allowing

better sampling of the kinetic curve or reduction of the number of PLDs and improved

temporal resolution.

4.5.5 Limitations of the study

As with any such exploratory investigation, there a number of limitations we must

address. Firstly, we tested a small cohort who we scanned multiple times using the same

MRI scanner. While several studies have shown the reliability of other ASL techniques

in multi-site studies (Gevers et al., 2011; Petersen et al., 2010), it will be important to

validate this for functional tasks, in larger cohorts, and using a similar multi-TI pCASL

approach. We also used healthy volunteers from a similar age group. It has been noted

that various physiological parameters measured by ASL are influenced by age and other

factors (Parkes et al., 2004). As such, it is important to optimise model assumptions

for the relevant study group- e.g. by modifying labelling efficiency assumptions and

inversion time selection in patient groups with cerebrovascular conditions or medication

affecting blood flow (and hence blood arrival time).

Currently, modelling subject-specific physiological variation into the calculation of abso-

lute CBF remains difficult given the multi-TI Bayesian inference approach used. How-

ever, tools able to account for intra-subject variability in CO2, blood pressure and car-

diac cycle may account for variation in inversion efficiency (i.e. tagging of arterial blood)

(Aslan et al., 2010) to improve pCASL reliability further.

145



4. ASL Optimisation

4.5.6 Conclusion

The data presented here show that this technique is not only robust and reliable but is

also a novel alternative to more commonly applied ASL approaches because of the added

experimental flexibility the multi-TI approach offers. We are confident this approach will

provide a powerful tool for low frequency functional activation studies, clinical diagnostic

approaches and novel drug development paradigms- particularly when repeated within

a week’s time frame.

In the context of assessment of tonic pain responses, we propose the potential use of

fewer inversion times to improve temporal resolution (and total number of averages)

and in a narrower range (≤1s) for optimal sampling of the kinetic curve in the relevant

ranges for most brain areas.

Our preliminary sample size calculations suggest that we will need more than 10 subjects

to reliably detect effects in pain relevant regions using the pCASL paradigm. Given the

inadequacy of our effect size estimations (few studies have tested experimental pain

responses with ASL), we decide to test up to 18 subjects.
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Chapter 5

Investigating the Neural
Correlates of Persistent Pain
Using Arterial Spin Labelling and
a Topical Capsaicin Model

In the previous chapter, we established the feasibility of imaging tonic activation states

using arterial spin labelling (ASL). Here we test the use of the topical capsaicin model

with ASL for imaging the development and maintenance of persistent pain. We aim to

identify a set of brain regions, which respond to a tonic painful stimulus.

5.1 Introduction

Spontaneous pain is the most prevalent and irksome complaint in neuropathic pain

(Backonja and Stacey, 2004). Despite this, most pre-clinical models of pain assess hy-

persensibility and responses to evoked stimuli. This is largely because of the challenge

of adequate behavioural endpoints for spontaneous pain, which can be difficult to distin-

guish from fear and anxiety in animals (King et al., 2009; Mogil et al., 2010). Likewise,

few human experimental models of neuropathic pain suitably evaluate spontaneous pain

(Klein et al., 2005), while pain neuroimaging studies have largely used BOLD imaging,
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which is better suited to high frequency tasks such as phasic stimuli. With the recent

advent of reliable, non-invasive and quantitative tools for imaging stable states, their

relevance for imaging pain states has began to be investigated (Maleki et al., 2013).

5.1.1 Imaging CBF changes in ongoing pain

While the exact dynamic relationship between neural function and CBF is not yet well

known, considerable evidence suggests that imaging CBF alone offers a strong correlate

of brain function (Attwell et al., 2010; Buxton and Frank, 1997). Over the past 2

decades, a number of studies have investigated the relationship between cerebral blood

flow and neural pain pathways (Apkarian et al., 2005; Peyron et al., 2000). This has

largely been through the use of H2
15O positron emission tomography (PET), but with

recent advances in MRI techniques, ASL has emerged as a sensitive non-invasive option

(Maleki et al., 2013; Owen et al., 2008).

Due to the difficulty of employing safe and maintained ongoing pain states in healthy

subjects, few studies have investigated the neural correlates of persistent pain. Studies of

cerebral blood flow changes with neuropathic pain have suggested both CBF increases

and decreases in a number of brain areas. A consistent early finding in the imaging

of spontaneous peripheral neuropathic pain was a decrease in cerebral perfusion in the

thalamus, which was often lateralised and was reversed by treatment (Hsieh et al., 1995;

Iadarola et al., 1995; Kishima et al., 2010). Similar effects have also been reported in

central pain syndromes (Garcia-Larrea et al., 1999) and cancer pain (Di Piero et al.,

1991). Although early commentators suggested that deafferentation of thalamic inputs

were largely responsible for depressed thalamic metabolism, later findings have suggested

that thalamic hypoperfusion when associated with pain, may be more related to neu-

rophysiological mechanisms directly relevant to neuropathic pain (Garcia-Larrea et al.,
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2006). Other suggested implications of thalamic hypoperfusion include desensitisation

of peripheral neurons, increased efficiency of thalamo-cortical relay, or uncoupling of

blood flow from metabolism in the persistent pain state (Iadarola et al., 1995). More

recent studies using ASL have reported CBF increases in a number of regions typically

activated to phasic stimuli (Howard et al., 2012; Wasan et al., 2011). In a recent study

comparing a cohort of post-herpetic neuralgia patients to matched controls, Liu and

colleagues (2013) report CBF increases in the insula and somatosensory cortex, which

correlated with pain reports. One problem with this approach is that control subjects

are not matched for pain sensation and other cognitive factors associated with having

persistent pain, and as such it is difficult to make causal statements regarding the neural

basis of the pain itself. Within-subject paradigms, which better account for this issue are

more difficult to design in patient groups, as they require the patients to be assessed prior

to injury or in a state of relief, which itself is difficult to achieve. Using such a design in a

dental extraction model, Howard and colleagues (2011) report CBF increases in a wide

range of pain related areas- including bilateral primary and secondary somatosensory

cortices, insula, cingulate, thalamus, amygdala, hippocampus and brainstem. In this

study, subjects were imaged in separate sessions prior to surgery and then postsurgically

after they had developed ongoing pain of 30/100 on a VAS scale - unfortunately pain

perception was not recorded during or after the scan so there was no evidence of a stable

pain state during data acquisition.

Studies of tonic experimental pain also show a mixed picture with global CBF decreases

(Coghill et al., 1998), regional increases (Owen et al., 2012, 2010) and regional decreases

(Owen et al., 2010; Thunberg et al., 2005) in pain related areas all being reported. In-

terestingly, a distinction between early and late pain phases has been described in longer

hypertonic saline (HS) models. For example, in a PET study investigating lower back HS

infusion, Thunberg and colleagues (2005) report a CBF increase in the left insula 4 min-
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utes after infusion, and bilateral insula CBF decreases 20 minutes after infusion- however

this study was confounded by pain habituation in the study group. In a more recent

ASL study investigating CBF time-courses, (Owen et al., 2010) demonstrate attenua-

tion of initial CBF increases in the bilateral insula, thalamus and anterior mid-cingulate

cortex over a 15-minute infusion period, despite relatively constant pain intensity rat-

ings. In a follow-up study where a slow infusion (no initial bolus) of HS is used, the

authors detect only CBF increases (in the bilateral insula and frontal gyri) (Owen et al.,

2012). However, psychophysical results in this study suggest that subject pain reports

had not plateaued before imaging took place and CBF responses were averaged over the

entire infusion period. While CBF increases are readily attributed to increased regional

cerebral metabolism, CBF decreases have been more difficult to explain and in some

cases have been ascribed to changes in attention and sympathetic activation during pain

(Coghill et al., 1998; Thunberg et al., 2005).

These findings suggest that CBF responses to tonic pain are highly paradigm specific.

Some of the variability seen in these studies may be due to the types of stimuli used.

Experimental models of tonic pain used in neuroimaging have typically been for muscu-

lar pain. To our knowledge, the single PET study investigating tonic pain in a human

model of central sensitisation (subcutaneous capsaicin application) reported global CBF

decreases in the pain state (Coghill et al., 1998). These studies also address tonic pain

using stimuli that typically last no more than 20 minutes. This may be of particular rele-

vance given that brain networks involved in the multifactorial pain experience may have

varying contributions between acute and ongoing pain conditions (Baliki et al., 2006;

Mouraux et al., 2011). Furthermore only one of the studies described has used a pCASL

sequence while none have employed multi-inversion time acquisitions to quantify CBF.

By using these new tools in a controlled pain paradigm, we aim to improve detection of

CBF changes specific to the persistent pain state.
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5.1.2 Capsaicin and spontaneous pain behaviour

Various pain modalities have been used to investigate tonic pain including heat (Laut-

enbacher et al., 1995), cold (Ruscheweyh et al., 2010), electrical (Geber et al., 2007)

and mechanical stimuli (Andrew and Greenspan, 1999b). To elicit ongoing, spontaneous

pain, chemical modalities such as capsaicin and mustard oil, hypertonic saline, and is-

chaemic models have been used most often (Owen et al., 2012; Sawynok et al., 2006).

Many of these models are not ideal for investigating persistent pain because it is diffi-

cult to create a steady-state experience- there is significant habituation to the stimulus

shortly after application (Greffrath et al., 2007; Rennefeld et al., 2010) or there are

noteworthy risks associated with prolonged exposure.

The capsaicin model is attractive because its peripheral and central mechanisms of action

have been well investigated in animals and humans (O’Neill et al., 2012). Capsaicin

causes a persistent discharge of slow-conducting C-fibres (Koltzenburg et al., 1994),

which can recover quickly allowing assessment of an ongoing pain experience without

leading to irreversible tissue damage.

In Chapter 2, we show in a 1% topical capsaicin model that spontaneous pain scores,

an hour after application, are stable within a 1hr session and are reproducible across-

session (Fig 2.11). This model also provides a low stimulus frequency paradigm (sus-

tained painful stimulus), which is more reflective of the clinical pain state and to which

arterial spin labelling is well suited. An additional benefit is that the site of primary

hyperalgesia or peripheral sensitisation reflects thermal allodynia and so pain perception

can be modified by application of innocuous thermal stimuli (Drummond, 2001).
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5.1.3 In search of a ‘nociceptive cortex’

Although a number of brain regions have been associated with the tonic pain experience,

as reviewed above, there remains no consensus regarding their specificity to nociception

and the pain experience. The identification of a neural biomarker for nociception is of

vital importance for validation of pain processing mechanisms and also potentially for

use in drug discovery. Also, ongoing and tonic pain is the major symptom that chronic

pain patients suffer and yet we know very little of its neural underpinnings. Although

the processing of pain is a complex and integrated process involving several brain regions

that perform many other functions, accumulating evidence over the years suggests that

the dorsal posterior insula and adjacent opercula region may have a unique and specific

role in the processing of nociceptive inputs (Craig, 2013; Garcia-Larrea, 2012).

5.2 Aim

We test neural responses to acute and persistent spontaneous pain using the topical cap-

saicin model and perfusion imaging with arterial spin labelling. At present, no studies

have directly assessed experimentally induced responses to pain lasting beyond 20 min-

utes with perfusion imaging. While previous studies of tonic pain have largely used deep

muscle pain models, we will test spontaneous cutaneous burning pain in the context of

chemical injury and peripheral C-fibre sensitisation.

We aim to identify a neural network recruited and modulated by the experience of persis-

tent pain. We hypothesise that these regions will overlap with brain regions previously

shown to be relevant in preclinical studies and in evoked pain neuroimaging studies

(Apkarian et al., 2005).
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5.3 Methods

5.3.1 Subjects

Seventeen healthy subjects (11 female, 6 male, age [mean ± s.e.m.] = 24.1 ± 1.8) were

recruited to participate in this study after screening to exclude any history of neurolog-

ical conditions, regular use of medication, allergies to chilli and MRI contraindications.

Subjects were asked to avoid caffeine for 6 hours prior to each session.

5.3.2 Study design

Subjects were scanned in two phases (separated by 30 mins) during the same visit.

In phase I, subjects were scanned with BOLD and ASL sequences at baseline before 1%

capsaicin cream was applied to a 1x3in region on the antero-medial aspect of the lower

right leg. The capsaicin cream was held in place with sterile dressing and layered with

cloth to preserve heat. Immediately after capsaicin application, subjects were scanned

for 24 minutes using a pCASL protocol. Online pain ratings with a visual analogue scale

(VAS) (Anchors: No pain, Severe pain) were taken at 2.5 minute intervals during each

of the pCASL scans- 3 times during the baseline (BL) block and 9 times during the

longer (RAMP) phase. Subjects who had not reached a pain rating of 5/10 after the

RAMP phase were scanned for an additional 7 minutes with the pCASL sequence. A

5-minute BOLD scan followed the pCASL scanning.

Following this, subjects were taken out of the MRI scanner and were monitored in a

nearby temperature-controlled room for 30 minutes. During this phase, verbal pain

ratings (using an 11-point numerical rating scale) were taken every 5 minutes. Subjects

kept the leg with capsaicin elevated to simulate the conditions in the scanner.
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Figure 5.1: Experimental paradigm. Subjects were imaged in 5 scan blocks (Baseline [BL],
Early Pain [EP], Late Pain [LP], Heat [HE] and Cool [CO]) and a RAMP period. Pain ratings
were taken every 2.4 minutes.

Functional scanning in a second phase began approximately 30 minutes later. Here,

subjects were scanned with both pCASL and BOLD sequences in a late pain block

(LP), after application of a rubber hot water bottle to the capsaicin site (HE), and after

application of a rubber icy cold water bottle to the capsaicin site (CO). The hot water

was applied at a temperature of 38◦C (as tested with an infrared thermometer), while the

cold water temperature varied between 7-10◦C. The water bottles were placed directly

on top of the application region (in the case of the cold water bottle, it was separated

from the skin by a thin layer of cloth to avoid injury). After this second phase, the

capsaicin cream was removed.

In addition to online VAS pain ratings for each pCASL scan, subjects also verbally rated

their pain (using an 11-point numerical rating scale) before and after each BOLD scan.

For all scans, when not rating their pain, subjects were asked to fixate on a cross, which

was displayed on a projector.

The external temperature of the right leg around the region of capsaicin application (2
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cm medial to the application site) was monitored with an infrared thermometer at 5

time points: before capsaicin application, before the break, before application of the hot

water bottle, before application of the cold water bottle and at the end of the second

scan phase.

5.3.3 MR data acquisition

Scanning took place in a Siemens 3T Verio whole-body MR scanner (Erlangen, Ger-

many), with a 32-channel head coil and body coil.

pCASL image acquisition procedure and parameters were identical to that described

in Chapter 4 (TR- 4s, TE- 13ms, FOV 220x220 mm2, matrix 64x64, 24 slices, slice

thickness- 4.95mm, labelling plane- 10mm, TIs- 0.25, 0.5, 0.75, 1, 1.25, 1.5s). For the

RAMP phase, 344 volumes were acquired corresponding to 24 minutes of scanning. For

all other phases, 114 volumes were acquired corresponding to 7 minutes of scanning.

BOLD images were acquired using Multiband Echo-Planar Imaging (MB-EPI) (Feinberg

et al., 2010; Moeller et al., 2010) with an acceleration factor of x6, enabling fast multi-slice

acquisition and improving image temporal resolution. 230 volumes were acquired (TR

1.3s, TE 40ms, FOV 212x212 mm2, matrix 106x106, 72 contiguous 2-mm axial slices) in

each phase, corresponding to 5 minutes of scan time. A corresponding non-saturated

reference scan was acquired for motion correction and registration purposes.

A T1-weighted structural image was acquired for each subject to allow registration and

activation overlay.
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5.3.4 Data processing

For the purposes of this thesis, we will only discuss the pCASL data analysis as was

relevant to defining a network of active structures in the persistent pain state. pCASL

images were pre-processed and quantified as described in Chapter 4. All CBF map out-

puts from quantification were registered to MNI space (see Chapter 4) and concatenated

to generate a CBF time-course for the entire experimental period. For paired compar-

isons between scan blocks, averaged CBF maps were also generated for all scan blocks

for each subject using a mixed effects model.

5.3.5 Statistical analyses

Statistical analyses were performed using IBM SPSS Statistics, version 18 (IBM, Ar-

monk, NY, USA). A one-way ANOVA was used to assess the effect of time on pain

ratings during the RAMP period. Corresponding pairwise t-tests were performed com-

paring ratings at each time point with zero (first time point). One-way analyses of

variance were performed to assess the effect of scan block on averaged ratings and av-

eraged grey matter CBF- pairwise t-tests were performed between all the scan blocks.

In all cases, post-hoc correction for multiple comparisons was applied using Bonferroni

correction.

To compare CBF changes between scan blocks before temperature modulation, a paired

t-test was first performed between the baseline and early pain blocks using a mixed

effects linear model. To investigate the overall effect of scan block on CBF over the

entire experimental period, a one-way ANOVA was performed using FEAT- an F-test

was then performed to compare all pain scans (EP, LP and HE) with baseline. Statistical

significance was determined by performing cluster correction at a Z threshold of 2.3 and

significance of p<0.05.
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Representative average regional CBF changes over the experimental time-course were

plotted against average pain ratings. For this CBF values were binned into 2.4-minute

intervals to match the frequency of pain ratings. Regions of interest (ROIs) were defined

as a conjunction between clusters of statistically significant CBF changes (from BL/EP

and F contrasts described above), and anatomically defined regions from the Harvard-

Oxford Cortical and Subcortical Atlases (binarised at p>0.5). In order to explore the

relationship between regional CBF and pain ratings, a parametric correlation was per-

formed between average pain ratings and ROI CBF time-courses. To assess the influence

of pain ratings on voxel-wise CBF changes over the experimental time-course, a linear

regression was performed between each subject’s CBF time-course and corresponding

pain ratings over the entire experiment. The corresponding subject-specific statistical

maps were averaged using a mixed effects model. To identify regions highly correlated

to pain perception, we used a cluster correction method at a Z threshold of 2.7 and

significance of p<0.05.

5.4 Results

5.4.1 Pain scores

Pain ratings during the RAMP for each subject are shown in Figure 5.2. The increase

in pain ratings after capsaicin is highly variable in phase and amplitude between sub-

jects. The one-way ANOVA showed a main effect of time on pain ratings during the

RAMP (F[6]=4.201, p=0.046). Pain ratings first become significantly different from zero

(baseline) 10 minutes after capsaicin application (paired t-test, p=0.019).

Mean ongoing pain ratings over the entire experimental period are shown in Figure 5.3.

Pain ratings during the EP block are not significantly different, indicating that subjects
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Figure 5.2: Ramp and early phase ongoing pain for all subjects (represented by dif-
ferent colours). Subjects ramp was variable in phase and amplitude. Subjects who had not
reached a stable pain state or 5/10 in pain ratings were scanned for an additional session. One
subject was scanned for two additional sessions for the same reasons. The final scan block (7.4
minutes) was taken as the early pain scan (EP) for each subject. One subject missing due to
scanner data retrieval error.

Figure 5.3: Mean ongoing pain ratings over all scans. Error bars represent SEM. EP Early
pain; LP Late pain. EP is defined as final 7.4 minutes from Figure 5.2 for all subjects. Mean
pain ratings from the preceding 15 minutes are also averaged and shown in this figure as the
ramp period before EP.
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Figure 5.4: Grey matter CBF across scans. Main effect of scan (F[12]=4.892, p=0.014).
EP., Early pain; LP., Late pain. * p<0.05

had reached a stable pain state. Results from a one-way ANOVA showed a main effect

of session on ratings (F[12]=108.69, p<0.001). Pairwise comparisons are shown in Table

5.1. There is no significant difference between BL and CO pain ratings, or between EP

and HE pain ratings. All other pairs are significantly different (see Fig 5.3).

5.4.2 Perfusion changes

A one-way ANOVA showed a significant effect of scan block on mean grey matter CBF

(F[12]=4.892,p=0.014). Pairwise comparisons show a significant decrease in mean grey

matter CBF in the HE block when compared to the LP block (p=0.031). There were

no differences for all other comparisons (Fig 5.4).
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Table 5.1: Pairwise comparisons of pain ratings between scan blocks. Student paired
t-test. Post-hoc correction was performed using the Bonferroni method. Blocks: BL, baseline;
EP, early pain; LP, late pain; HE, heat; CO, cool. * p<0.05.

Session (I) Session (J) Mean Difference (I-J) p-value

BL EP -49.844* <0.001
LP -20.802* <0.001
HE -56.146 <0.001
CO -2.438 0.762

EP BL 49.844* <0.001
LP 29.042* 0.008
HE -6 1
CO 47.406* <0.001

LP BL 20.802* <0.001
EP -29.042* 0.008
HE -35.344* <0.001
CO 18.365* 0.002

HE BL 56.146* <0.001
EP 6 1
LP 35.344* <0.001
CO 53.708* <0.001

CO BL 2.438 0.762
EP -47.406* <0.001
LP -18.365* 0.002
HE -53.708* <0.001
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Figure 5.5: CBF change induced by early persistent pain. Mixed effects: Z=2.3, p<0.05
(A) Two clusters of increased activity are shown in the dorsal posterior insula and anterior
insula cortex. Several clusters of decreased activity are shown across the brain (detailed in
Table 5.2). Images are in radiological convention (B) CBF time-courses in a conjunction mask
between suprathreshold clusters of increased activity in (A) and grey matter masks defined from
the MNI Structural Atlas. The dotted blue line represents average baseline CBF in selected
region. Ongoing pain (OGP) over the same time period is plotted on the secondary y-axis. (C)
CBF values in the posterior insula correlate with pain perception over the entire experimental
time-course
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Table 5.2: Clusters of increased and decreased CBF in the EP/BL contrast (see figure
5.5A). Mixed effects cluster corrected Z=2.3 p<0.05. Anatomical labels were taken from the
Harvard-Oxford Cortical and Subcortical Atlases within the FSLview tool. COG., centre of
gravity; L., left; R., right; ant., anterior; post., posterior; trans., transverse; sup., superior; inf.,
inferior; mid., middle; cent., central; temp., temporal; SMA., supplementary motor area.

Volume
(mm3)

Anatomical Label COG MNI coordinates Peak z-score

X Y Z
CBF increases (EP>BL)
Cluster 1 728 L. insula cortex -34 11 -9 4.36
Cluster 2 936 L. insula cortex -35 -20 20 3.34

CBF decreases (EP<BL)
Cluster 1 968 L. post. cingulate -11 -25 42 3.39
Cluster 2 1024 L. putamen -19 14 -2 3.18
Cluster 3 1024 R. caudate 13 18 5 3.63
Cluster 4 1032 R. trans. temp. gyrus 50 -20 10 3.56
Cluster 5 1056 R. post. cingulate 11 -26 43 3.37
Cluster 6 1096 L. supramarg. gyrus -40 -39 39 3.35
Cluster 7 1128 L. inf. frontal gyrus -32 26 -3 3.61
Cluster 8 1472 R. SMA 1 0 59 3.31
Cluster 9 1504 R. frontal orbital cortex 36 29 1 3.67
Cluster 10 1528 L. lat. occipital cortex -37 -87 24 3.39
Cluster 11 1552 R. sup. frontal gyrus 29 27 46 3.44
Cluster 12 1936 L. precentral gyrus -46 -11 36 3.77
Cluster 13 2000 L. sup. frontal gyrus –29 -1 52 4.19
Cluster 14 2048 L. post. cingulate -5 -43 32 3.25
Cluster 15 2872 R. lat. occipital cortex 35 -88 18 4.04
Cluster 16 3096 L. cent. opercular cortex -51 -27 10 3.56
Cluster 17 3144 R. sup. temp. gyrus 59 -16 2 3.73
Cluster 18 6136 R. mid. frontal gyrus 40 0 43 4.21
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Figure 5.6: Main effect of pain on CBF over experimental time-course (F-test). Mixed
effects: Z=2.3, p<0.05 (A) single cluster shown which includes the caudate nucleus, putamen
and anterior insula cortex. Images are in radiological convention (B) CBF time-courses in a
conjunction mask between suprathreshold activity in (A) and anatomical masks defined from
the Harvard-Oxford Atlases. The dotted blue line represents average baseline CBF in selected
region. Ongoing pain (OGP) over the same time period is plotted on the secondary y-axis.
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Table 5.3: Cluster of regions showing a significant CBF change to pain (see figure
5.6A: F-test between pain and baseline in 1-way ANOVA. Mixed effects cluster corrected Z=2.3
p<0.05 (see figure 5.6A). Anatomical labels were taken from the Harvard-Oxford Cortical and
Subcortical Atlases within the FSLview tool. COG., centre of gravity; L., left; R., right.

Volume
(mm3)

Anatomical Label Peak z-score MNI coordinates

X Y Z

Cluster 1 720 COG : -27 13 -5

L. insula cortex 3.88 -30 14 -8
L. insula cortex 3.80 -28 12 -12
L. insula cortex 3.53 -40 12 -6
L. putamen 3.33 -24 14 -4
L. caudate 2.86 -14 18 -8
L. caudate 2.85 -14 16 4

Activation maps showing regions of significantly increased or decreased CBF between

BL and EP blocks are in Figure 5.5A. Statistical maps were overlaid on selected slices of

the MNI brain. Orange pixels represent suprathreshold CBF increases while blue pixels

represent CBF decreases. Clusters of suprathreshold CBF change are detailed in Table

5.2- cluster volumes, centre of mass MNI coordinates, peak Z-scores and anatomical

labels (taken from the Harvard-Oxford Cortical and Subcortical Atlases in the FSLview

toolbox) are specified. Pain related CBF increases were noted in two distinct clusters.

The stronger cluster was in the contralateral (left) dorsal posterior insula (dpIN) and

adjacent medial opercula region (mean CBF change ± s.e.m; 15 ±4.1% or 6.9 ±1.9

ml/100g/min). The second larger cluster was in the contralateral rostral anterior in-

sula (raIN) (mean CBF change ± s.e.m; 19.7 ± 4% or 8.5 ±1.7 ml/100g/min). Both

clusters are well localised within the described anatomical structures. Pain related CBF

decreases were noted bilaterally in a large number of clusters including the caudate nu-

clei, putamen, nucleus accumbens, posterior cingulate cortex, superior temporal gyri and

frontal gyri (Fig 5.5A, Table 5.2). There were no significant differences between BL and

LP blocks (not shown).
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To investigate modulation in the functional regions with increased activation during EP,

mean absolute CBF was plotted over the experimental time-course together with the

pain ratings (Fig 5.5B). On visual inspection, CBF in the dpIN appeared to track pain

perception over the experimental time-course, while the raIN CBF change appeared to

be binary. To test this, we performed a correlation analysis between CBF and pain

ratings in both functional regions (Fig 5.5C). We report that in the dpIN, there is a

significant correlation between CBF and pain ratings (corrected p<0.001). In the raIN,

the correlation did not survive post-hoc correction (corrected p=0.084).

Results from an F-test comparing all pain conditions with baseline showed a single

suprathreshold cluster encompassing the anterior cingulate cortex, putamen and cau-

date nucleus (Fig 5.6A, Table 5.3). CBF time-courses were plotted for the conjunction

between this cluster and the respective anatomical masks (Fig 5.6B). Both putamen and

caudate showed CBF decreases in high pain blocks. CBF in the putamen appears to

overshoot the baseline when pain perception decreases in the LP block. The anterior

insula showed an increase in CBF in high pain blocks. Activity in these regions was not

correlated with pain ratings over the entire time-course (Fig 5.6C).

In a linear regression analysis, we determined regions of the brain that were correlated

and anti-correlated with pain perception (Fig 5.7). A single suprathreshold cluster of

activity was positively correlated with within-subject pain ratings in the dorsal poste-

rior insula and adjacent opercula region. A separate cluster in the right dorsolateral

prefrontal cortex was negatively correlated with pain perception.
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Figure 5.7: Correlation between CBF and within-subject pain perception. A cluster in
the contralateral (left) dorsal posterior insula is positively correlated with pain perception while
a cluster in the ipsilateral (right) dorsolateral prefrontal cortex is negatively correlated with pain
perception. Mixed effects: Z=2.7, p<0.05 Images are in radiological convention.
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5.5 Discussion

Using a topical capsaicin model of spontaneous pain and hyperalgesia, we examined

the neural correlates of the persistent pain state. We used ASL to estimate absolute

changes in CBF in response to persistent pain lasting for up to two hours. The heat-

sensitivity of the capsaicin model allowed us to modulate pain perception using hot and

cold water bottles. We report a distinct network of brain structures with increased or

decreased activity in response to persistent pain. Importantly, we demonstrate that the

contralateral dorsal posterior insula (and adjacent medial operculum) is the only brain

region that is positively correlated with pain perception over the entire experimental

period.

5.5.1 Behavioural changes

We report pain responses during the ramp phase of the experiment to be highly variable

between subjects. This likely reflects inter-individual differences in cutaneous innerva-

tion (Gøransson et al., 2004) and the difficulty in matching dosing of the topical capsaicin

cream between subjects- the outer layer of the epidermis acts as a significant diffusion

barrier, making it difficult to estimate the amount of capsaicin that reaches the sensory

receptors (Magnusson and Koskinen, 2000). Nonetheless, most subjects approached a

plateau in pain perception within 23 minutes of 1% capsaicin application to the lower

leg- this is in line with previous unpublished data from our lab. There is some evi-

dence suggesting that capsaicin-induced spontaneous pain perception peaks within 10

minutes when applied to the face and rises continuously within a 30 minute period when

applied to the ankle (Frot et al., 2004). However as the site, preparation, and dosing

of capsaicin differ between this and our study, a direct comparison cannot be made.

Given that the capsaicin spontaneous pain response is slow evolving and variable, we
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perception matched the early pain scan block, using the 7 minutes during which each

subject’s pain perception was at its maximum (the preceding 15 minutes was defined as

the RAMP phase). Using this approach, the mean pain perception across subjects was

shown to be sinusoidal and to plateau at the EP block (Fig 5.3), suggesting that this

was an appropriate time to image an early pain state.

We were successfully able to modulate pain perception during the study by using cap-

saicin cream, as well as hot and cold water bottles. Pain responses decreased significantly

from the EP to the LP block. This was likely due to peripheral and centrally mediated

habituation to the stimulus (Greffrath et al., 2007). Previous evidence indicates that

heating the skin following capsaicin treatment can induce primary thermal hyperalgesia,

while cooling decreases hyper-excitability of the C-fibres (Culp et al., 1989). In this

way, we rekindled the heat pain back to the same magnitude as in the EP block using

a hot water bottle, and finally we used the cold water bottle to switch the valence of

the peripheral input to be non-painful (Fig 5.3; Table 5.1). These significant alterations

allowed us to test for brain regions where perfusion was significantly modulated by pain

perception.

5.5.2 Perfusion changes in the pain state

Previous studies using acute and persistent pain paradigms have reported large regions

of CBF increase in the bilateral insula cortex (Apkarian et al., 2005; Maleki et al., 2013).

Our findings indicate that in a slowly evolved capsaicin induced moderate pain state,

there is significantly increased blood flow in localised regions of the contralateral rostral

anterior insula (rAIN) and dorsal posterior insula (dPIN), which overlap with regions

reported in previous studies (Table 5.2). We report two discrete and relatively small

clusters, reflecting the more accurate localisation of parenchymal activity with the use
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of arterial spin labelling as a quantitative measure of CBF (Pfeuffer et al., 2002; Tjandra

et al., 2005). The functional relevance of these regions for pain perception has been

debated over the past two decades. Current views suggest a role for the dorsal posterior

insula in the encoding of sensory aspects of pain perception, while the anterior insula may

have a less specific role in interoception and affective modulation (Craig, 2009; Garcia-

Larrea, 2012; Raij et al., 2005). This functional segregation is supported by a wealth of

evidence from primate tracer studies, human MRI tractography studies and functional

connectivity analyses indicating that the posterior insula is functionally and structurally

more connected to the primary somatosensory cortex while the anterior insula is more

associated with the anterior cingulate cortex and prefrontal regions (Cerliani et al., 2012;

Cloutman et al., 2012; Mesulam and Mufson, 1982; Mufson and Mesulam, 1982; Peltz

et al., 2011). The role of the posterior insula in pain localisation and intensity encoding

has been revealed by studies defining somatotopic pain representations in the region

(Baumgärtner et al., 2010; Brooks et al., 2005), several reports of covariance between

its activity and acute pain perception (Bornhövd et al., 2002; Coghill et al., 1999), and

reports of increased pain tolerance following insula lesions (Greenspan et al., 1999).

Moreover, independent of stimulus intensity, the posterior insula has been suggested

to specifically reflect pain exclusive activations relevant to the qualitative change from

innocuous to painful (Oertel et al., 2012). The anterior insula, on the other hand was

shown in the same study to be activated by the stimulus irrespective of intensity or

perception, suggesting a role in general sensory awareness. This is in line with current

theories proposing the core function of the anterior insula to be detection of relevant

stimuli and subsequent engagement of executive brain regions to ensure appropriate

behaviour (Kurth et al., 2010; Menon and Uddin, 2010). In the pain imaging field, the

anterior insula has been shown to have a role in pain anticipation, placebo responses,

pain-related negative affect and short-term memory of pain perception (Albanese et al.,

2007; Ploghaus et al., 1999; Ploner et al., 2011; Raij et al., 2005; Wager et al., 2004);
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its function is thought to involve the integration of sensory and cognitive components

to make perceptual decisions about pain (Brodersen et al., 2012; Wiech et al., 2010). In

mice, lesioning of the anterior insula has also been suggested to indicate reduced pain

affect as measured by facial expression correlates of spontaneous pain (Langford et al.,

2010). Therefore our findings may indicate related but distinct aspects of the processing

of persistent pain in the posterior and anterior insula. Of note, the rostral component of

the anterior insula has been suggested to be functionally distinct from its caudal aspect,

with the former more associated with the aversive representation of the clinical pain state

(Schweinhardt et al., 2006). The use of more clinically relevant ongoing pain stimuli in

this study may indicate a similar role for the rAIN in processing affective aspects of the

persistent pain state.

We also report a more widespread and largely bilateral set of structures where there

is a decrease in perfusion in the persistent pain state. This includes motor and basal

ganglia structures, which have been implicated in sensory-motor integration (Borsook

et al., 2010), and other structures previously reported to show decreases to a bolus

hypertonic saline stimulus- including the posterior cingulate cortex, precuneus and tem-

poral gyrus (Owen et al., 2010). These regions of decreased perfusion may therefore

reflect both pain-relevant and stimulus independent changes associated with nociception

and pain perception. The cumulative effect of regional hypoperfusion is larger than the

hyperperfusion seen in the contralateral insula. This suggests that the brain response

to persistent pain is dominated by decreased perfusion but includes a more localised

increase in perfusion in brain areas that respond directly to the pain stimulus. This

is further supported by the significant decrease in grey matter CBF from the late pain

block to the more painful heat block (Fig 5.4).

Interestingly, we do not report any changes in thalamic CBF. This is surprising given
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previous consistent findings of decreased thalamic perfusion in neuropathic pain (Hsieh

et al., 1995; Iadarola et al., 1995), and evidence of a thalamic relay of spinothalamic in-

puts to higher cortical regions, including the insula (Craig, 2013). However, we reported

in Chapter 4 that thalamic CBF is sensitive to drift changes when a single baseline is

taken. This may be related to the role of the thalamus in integration of inputs that

modulate attentional processing. Owen and colleagues (2010) also report that the bilat-

eral thalamus showed the most rapid decrease to baseline following CBF increase to a

bolus hypertonic saline stimulus. These findings suggest a complex relationship between

thalamic activity, nociceptive activity and pain perception, for which a simple analysis

approach is likely inadequate. Thalamic changes may be best investigated using a re-

gion of interest approach or with a crossover design that better controls for its role in

non-pain specific attentional processing (see Chapter 6).

To mitigate the effects of attentional drift in the BL/EP contrast and to characterise

neural structures that were consistently recruited in the pain state regardless of the

level of pain or time of scan, we performed an F-test between the baseline block and

all pain blocks. The only regions which survive this strict statistical correction were

the contralateral rostral anterior insula (which is hyperperfused to pain), putamen and

caudate (which are hypoperfused to pain). This underlines the importance of anterior

insula activity in the conscious awareness of pain stimuli, irrespective of stimulus inten-

sity or perception (Oertel et al., 2012). The role of the caudate and putamen in pain

perception is less established, but has also been defined for acute and chronic pain states

over the past few decades. In addition to putative direct and indirect nociceptive in-

puts to the basal ganglia, thalamo-cortical-striatal loops are suggested to be involved in

the integration of motor, autonomic, cognitive and emotional aspects of pain (Borsook

et al., 2010; Chudler and Dong, 1995). Some commentators have proposed that the basal

ganglia acts by integrating multisensory information to enable selection of appropriate
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actions or motor responses at the expense of others (Redgrave et al., 1999). Our find-

ings may therefore reflect an inhibition of this processing in an experimental pain state

where behavioural aversion from the stimulus is not an appropriate response. This is

supported by evidence that lesions in the caudate nucleus impair avoidance behaviour

from noxious stimuli in the macaque and that a population of caudate neurons are active

during pain-avoidance behaviour (Koyama et al., 2000). A somatotopic representation

of nociceptive-specific stimuli has also been identified in the contralateral putamen, pro-

viding spatial information that may form a basis for appropriate motor responses to such

stimuli (Bingel et al., 2004a). Therefore the striatum and anterior insula may have di-

rect involvement in the processing of persistent pain stimuli. The relevance of perfusion

decreases in other neural structures to the early pain state remains to be addressed. The

assessment of perfusion changes to a range of other tonic sensory stimuli may shed some

light on this.

5.5.3 Correlation with pain perception

We investigated the relationship between within-subject pain perception and CBF changes

to identify brain regions that may serve as biomarkers for nociception and pain percep-

tion. Using masks defined from functionally active regions in the BL/EP contrast, we

tested the correlation of CBF change to pain perception over the experimental time-

course (Fig 5.5C). We demonstrate that activity in the dorsal posterior insula is signif-

icantly correlated to pain perception while activity in the rostral anterior insula is not.

To test for this effect across the whole brain, we performed a within-subject regression

analysis looking for regions that track the change in perception. We report a significant

and strong (peak z-score = 5.12) positive correlation between pain perception and CBF

change in the contralateral dorsal posterior insula and adjoining medial opercula region.

These findings suggest that only activity in the dorsal posterior insula is directly related
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to the level of nociceptive input and subsequent pain perception. This result is espe-

cially pertinent in light of recent evidence suggesting a role for this region in the specific

modulation of nociceptive and thermosensory inputs (Craig, 2013; Garcia-Larrea, 2012).

There is evidence of conserved somatotopy of nociceptive inputs from the dorsal horn

to the dorsal posterior insula, while direct stimulation of the posterior insula has been

reported to elicit somatotopically organised pain responses (Craig, 2013; Mazzola et al.,

2009). Studies using scalp recordings of laser-evoked potentials have also suggested that

nociceptive-specific inputs are first processed in the operculoinsula region (Iannetti et al.,

2005a; Lee et al., 2009). Taken together with our findings, these suggest that the poste-

rior insula may represent an early cortical point of convergence for nociceptive inputs,

and that its activity can be used as an objective readout of nociceptive input or pain

perception.

Conversely, activity in the rostral anterior insula is not directly correlated with pain

perception but appears to be binary- the region increases in activity as soon as the pain

experience begins, and maintains that level of activity regardless of the pain level (Fig

5.5B, 5.6B). Importantly, in the cooling block where the sensory valence is switched and

pain is extinguished, activity in the anterior insula remains stable. This supports the

putative role of this region in the encoding of the significance of stimuli regardless of

modality, rather than a direct or specific representation of pain perception (Craig, 2009;

Wiech et al., 2010). The involvement of the insula in processing nociceptive stimuli

may therefore progress from integration of primary interoceptive representations in the

posterior region, to broader integration of subjective awareness in the anterior region.

We also report a cluster in the right dorsolateral prefrontal cortex (DLPFC) where per-

fusion change is negatively correlated to pain perception. The DLPFC is an important

top-down driver of pain inhibition, through cortico-cortical and cortico-subcortical cir-
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cuits. In a heat capsaicin pain paradigm, left DLPFC activity was shown to disrupt

coupling between the midbrain and medial thalamus (which had been associated with

pain unpleasantness), while right DLPFC activity was shown to reduce the association

between bilateral anterior insula activity and subjective pain perception (Lorenz et al.,

2003). Furthermore, atrophy of the bilateral DLPFC has also been reported in chronic

back pain patients (Apkarian et al., 2004), while there is preliminary evidence of efficacy

for non-invasive brain stimulation of the left DLPFC in healthy and chronic pain patient

cohorts (Plow et al., 2012). Our findings corroborate the role of the DLPFC in pain

inhibition- its activity is reduced when there is increased subjective pain perception.

Further connectivity analyses will be important to define the networks through which

this effect is manifest.

5.5.4 Conclusions

Our results suggest that persistent pain is represented in the brain by increased activity

in a more localised set of structures than is defined for acute phasic pain. Increased

activity in the anterior insula may reflect a higher cognitive representation of awareness

of self, while decreased activity in the basal ganglia may reflect an inhibition of pain-

related motor responses. Importantly, we show that perfusion change in the dorsal

posterior insula is strongly correlated to pain perception within subjects. This may

have direct relevance for its use as a surrogate objective readout for pain perception in

pharmacological trials. To investigate this, the following chapter tests the use of ASL

in the assessment of pharmacological efficacy as well as endogenous modulation of pain

perception.

Further investigations will also be necessary to link these regions with the integrative

functional networks underlying direct sensory or affective encoding of the persistent pain

state.
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Chapter 6

Physiological and
Pharmacological Modulation of
the Perception and Neural
Representation of Persistent Pain

In the previous chapter, we established a neural basis for the representation of persistent

pain, and its parametric modulation. A key subsequent application of these findings is

to investigate the modulation of this representation by physiological inter-individual

factors and pharmacological interventions. In this chapter we assess the influence of

known endogenous and exogenous pain modulatory factors on the neural representation

of persistent pain.

6.1 Experiment 1

The descending pain modulatory system (DPMS) has been well defined in animal studies

over a number of decades (Heinricher et al., 2009). In man, electrical stimulation of

various DPMS nuclei- including the periaqueductal and periventricular grey, has shown

some efficacy against neuropathic pain (Boccard et al., 2013). However, investigation

of the neural mechanisms underlying the balance between descending pain facilitation
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and inhibition has proved challenging to study in the healthy human. This is partially

because of the methodological challenges of quantifying neural activity in vivo in these

deep subcortical structures. Here, we utilise arterial spin labelling to image resting

cerebral blood flow in the DPMS in a baseline and a centrally sensitised (CS) state, in

order to test its relationship with pain behaviour in healthy humans.

6.1.1 Introduction

Pain behaviour can vary greatly within and between individuals, making it difficult to

identify those most at risk of severe and persistent pain. Tools that assess vulnerability to

pain after injury are important in the perioperative setting and beyond. Functional MRI

(fMRI) studies have investigated the role of pre-stimulus functional connectivity and

multivariate pattern analysis in predicting responses to acute pain stimuli (Brodersen

et al., 2012; Ploner et al., 2010). However, in the clinical setting, patients experience

spontaneous pain and other complex sensory perturbations following sensitisation, which

have not been addressed in such studies. The ability to assess susceptibility to persistent

pain and the consequences of nerve injury is needed to fill this gap. Recent advances in

neuroimaging have allowed the assessment of ongoing pain states in patients and healthy

subjects.

The periaqueductal grey (PAG) and rostral ventromedial medulla (RVM) are key struc-

tures in the DPMS, with an ability to bi-directionally modulate pain perception. The

PAG receives inputs from spinal and cortical networks and is intimately connected to

various nuclei in the brainstem reticular formation (Yaksh and Rudy, 1978)- including

the rostral ventromedial medulla (RVM), which projects to the spinal dorsal horn via

facilitatory ON cells and inhibitory OFF cells (Fields et al., 1983). Amongst other func-

tions, there is ample evidence for the PAG’s role in human pain perception, analgesia,
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placebo, and central sensitisation (Derbyshire and Osborn, 2009; Eippert et al., 2009;

Linnman et al., 2012; Zambreanu et al., 2005). In various animal models, descending

facilitation from the RVM has been shown to be essential for the maintenance of cen-

tral sensitisation and spontaneous neuropathic pain (Porreca et al., 2002; Wang et al.,

2013). It has been further suggested that the balance between facilitatory and inhibitory

drive in the PAG-RVM system is a key determinant in the development of pathological

pain states (Heinricher et al., 2009; Suzuki et al., 2004) - implying that a vulnerability

might exist pre-injury that predisposes the development of persistent pain states. These

findings have not been adequately challenged using human models of spontaneous pain

and central sensitisation. Serendipitously, the validated arterial spin labelling (ASL)

imaging technique facilitates quantification of resting cerebral blood flow (CBF) in the

normal and sensitised states, and so enables us to evaluate the influence of basal PAG

metabolism on pain susceptibility in a healthy population.

6.1.2 Aim

We used a multi inversion time pseudo-continuous arterial spin labelling (pCASL) fMRI

approach- which enables effective estimation of absolute CBF in the midbrain and upper

brainstem, together with a model of central sensitisation (CS) to investigate the rela-

tionship between inter-individual differences in PAG perfusion and pain vulnerability in

a healthy population. We hypothesised that an increased basal facilitatory drive may

be indicative of individuals vulnerable to pain injury.

6.1.3 Methods

The data described here was collected as described in the methods section of Chapter

3- baseline session (BL) and capsaicin sessions (CAP) only. These sessions are referred
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to in this chapter by the order in which they were performed (BL= Session 1; CAP=

Session 2)

6.1.3.1 Subjects

24 healthy subjects (mean ± s.e.m. = 23.79 ± 0.83 years) participated in the study. All

participants gave written informed consent in accordance with the local ethics committee.

Only subjects who developed secondary mechanical punctate hyperalgesia (SMPH) and

tolerated study procedures were included in the full study. One subject was excluded

because of scanner related faults and incomplete data acquisition.

Subjects were screened to exclude past neurological or psychiatric conditions, reports of

having taken any prescribed or over the counter analgesics in the week prior to the study

session, and use of recreational drugs by way of a urine analysis. All subjects avoided

caffeine for 6 hours and alcohol for 12 hours prior to each visit.

6.1.3.2 Experimental design

All subjects attended 2 sessions separated by 2-11 months (4.73 ± 0.41 months) (Fig

6.1A). In the first session (S1), subjects underwent baseline scanning before capsaicin

application. The scan paradigm included 20 minutes of functional BOLD imaging (which

included 18 punctate stimuli to normal skin- see paradigm below) prior to 10 minutes of

perfusion imaging (Figure 3.2). Following the scans, subject responsiveness to capsaicin

and ability to develop secondary mechanical punctate hyperalgesia (SMPH) was tested

offline. A concentric rectangle (4x4 cm2) was drawn on the antero-medial aspect of the

lower left leg (at least 14cm above the medial malleolus). Another rectangle of 4x2

cm2 was outlined 3 cm from the first rectangle- this defined the ‘target area’ (Figure
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6.1B). Mechanical stimulation was tested in the target area with a non-skin penetrating

punctate probe (512mN) (Ziegler et al., 1999). SMPH was defined as the presence of

a significantly increased pain sensation to repeated mechanical punctate stimulation of

the target skin area 1 hour after capsaicin application as compared to before capsaicin

application.

In the second session (S2), capsaicin was applied to the right leg in the same procedure

as described above. 1 hour following capsaicin application, subjects’ responsiveness to

capsaicin was tested in an MRI scanner. Subsequently, they underwent 10 minutes

perfusion imaging following the same protocol as in S1. This assessed blood flow in a

centrally sensitised state.

All subjects attended 3 additional visits between S1 and S2 where they received cap-

saicin to the right leg after pre-emptive drug administration. Data from these visits was

discussed in Chapter 3.

6.1.3.3 Stimulation paradigm

Mechanical punctate stimulation included 18 identical 1-second stimuli with an ISI of

28 and 32 seconds (average 30 seconds). Successive punctate stimuli were applied to

different regions of the stimulation region to minimise sensitisation of the skin. The

same experimenter applied punctate stimuli for all study sessions to reduce experimenter-

related variability. Subjects were instructed to keep their eyes open and fixate on a cross

during stimulation.

Subjects rated perception using an online computerised VAS displayed on a projector

screen. Each scale was projected for 6 seconds. Punctate stimulus intensity was rated
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12-seconds after every mechanical punctate stimulus using a VAS with anchors ‘Not

intense’, ‘Extremely intense’. Average unpleasantness to punctate stimuli was rated at

the end of the complete run of stimuli- 18 seconds after the final punctate stimulus.

ASL data was acquired while subjects kept their eyes open and fixated on a cross. There

was no task in this period. Spontaneous/Ongoing pain ratings were acquired 45 minutes

and 70 minutes after capsaicin application in S1; and 60 minutes and 100 minutes (before

and after fMRI scanning) in S2. The VAS anchors were ‘No pain’, ‘Severe pain’.

Figure 6.1: Experimental procedure, Site of capsaicin application and punctate stimulation.
(a) In session 1 (S1), subjects were scanned in a baseline state before capsaicin testing. In session
2 (S2), subjects were scanned during capsaicin testing. (b) punctate stimulation was delivered
in a 2x4cm target area >3cm from site of capsaicin application.
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6.1.3.4 fMRI scanning protocol

During each session, fMRI was performed on a 3T Siemens Verio MRI scanner (Erlan-

gen, Germany) fitted with a 32 channel head-only gradient coil. Response registration

was through a computer running Presentation (version 16.0; Neurobehavioral Systems,

Albany, CA) and a button box controlled by the subject within the MRI scanner.

Arterial spin labelling data was acquired using a pseudo-continuous (pCASL) multiple

inversion time quantitative sequence (labelling duration= 1.4 seconds; 5 post labelling

delays [PLD]= 0.2, 0.4, 0.6, 0.8, 1 second(s); TE= 13ms; 28 contiguous 4.6mm slices;

field of view 240x240 mm2; matrix 64x64). A shorter range and smaller number of post-

labelling delays enabled improved temporal resolution and increased sampling of the CBF

signal in the appropriate TI range for most brain regions (see Figure 4.8 and Chapter 4

discussion). TR for each tag/control image was 3.75s, with 150 volumes, corresponding

to 10 minutes of scanning time. The tagging plane was defined anatomically for each

individual subject at the ascending brain-feeding arteries (approximately 6cm below the

circle of Willis).

A T1-weighted, 1x1x1 mm3 structural image was collected in the first session only, for

registration and overlay of brain activation.

6.1.3.5 Data analysis

Psychophysical statistical analyses, including correlation tests and t-tests were imple-

mented using IBM SPSS Statistics, version 18 (IBM, Armonk, NY, USA). All tested

variables were normally distributed (Shapiro-Wilk test: p>0.05) so correlations were

analysed using the parametric Pearson’s test. For validation in a smaller cohort of six

subjects, we additionally used the non-parametric Spearman’s test for correlation anal-
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ysis. For each session, we define a hyperalgesia unpleasantness (∆UNP) score as the

difference between average punctate unpleasantness ratings before and after capsaicin

application.

Using stem and leaf plots, outliers were identified as cases falling more than 1.5x the

interquartile range (IQR) away from the upper or lower limits of the IQR. These cases

were removed from further correlation analyses.

6.1.3.6 ASL data analysis

Imaging data analyses were performed using FMRIB Software Library (FSL) version

5.01 (Jenkinson et al., 2012).

pCASL data was perfusion-subtracted (control - tag), pre-processed (brain extraction

and motion correction) using FSL tools and quantified using a Bayesian Inference Tool

(BASIL) (Chappell et al., 2010). For each set of 5 tag/control-subtracted images (each

with a different TI), BASIL iteratively calculated blood magnetization kinetics across all

voxels for each inversion time, estimating blood arrival time and selecting the appropriate

peak signal intensity. Magnetisation of blood was estimated from cerebrospinal fluid in

a calibration image with an extended TR. This allowed conversion of signal intensity to

physiological units. 15 epochs of quantified perfusion maps were generated and these

were averaged within-session in a mixed effects model for variance-normalisation. This

session-averaged CBF map was used in a group level mixed effects linear model (paired

t-test) to compare the different conditions. Z-score images were generated at a threshold

of Z = 2.3 with corrected cluster significance of p ≤ 0.05 (Worsley, 2001). We excluded

one subject from the analysis of cerebral perfusion in the sensitised state because we

failed to acquire adequate calibration images to estimate blood magnetisation in S2.
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Registration to structural and standard space was carried out using BBR (Greve and

Fischl, 2009) and FLIRT (Jenkinson et al., 2002). PAG CBF was extracted from a

custom mask of the PAG (Figure 6.3), drawn in standard MNI space (with reference

from a detailed brainstem atlas (Naidich et al., 2009)).

6.1.4 Results

In both sessions, subjects developed secondary mechanical punctate hyperalgesia (SMPH),

defined by a significant increase (t-test, p<0.05) in punctate intensity ratings to repeated

stimuli in the target area, when tested at least an hour after the capsaicin cream was ap-

plied. In both sessions, there was no significant difference between the two spontaneous

pain ratings recorded (pre- and post- scanning) (S1: t(18)=0.28, p>0.05; S2: t(21)=0.09,

p>0.05), suggesting a stable spontaneous pain state had been reached. Subjects reported

mild-moderate ongoing pain (OGP) and developed punctate unpleasantness hyperalgesia

(∆UNP) during both sessions. Both OGP and ∆UNP are significantly different between

the two sessions (Fig 6.2A).

Figure 6.2: Ongoing pain (OGP) and hyperalgesia (∆UNP) during both sessions.
OGP was taken as an average of ratings pre and post scanning in Session 1 and pre and post
testing in session 2. (a) shows a significant difference between both sessions for both measures
** p<0.01 (b) both measures are not correlated in either session.
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Figure 6.3: Baseline PAG CBF correlates with pain behaviour in S1 and S2. Bottom
left: CBF was extracted from a PAG anatomical mask drawn in standard space as shown (a)
PAG CBF in session 1 correlates with ongoing pain in session 1 (n=22) and (b) session two
(n=23) (c) as well as ∆UNP in session 2 (n=23). Pearson correlation analyses were used for all
analysis.

We demonstrate that baseline PAG perfusion correlates with ongoing pain on the day

of baseline scan (S1) (r(20)=0.50, p=0.017) and in the subsequent session (S2) several

months later (r(21)=0.61, p=0.002) (Fig 6.3). Furthermore, S1 baseline perfusion in

the PAG also correlated with hyperalgesia unpleasantness scores (∆UNP) during S2

(r(21)=0.56, p=0.006) (Fig 6.3). There is no significant correlation between OGP in S1

compared to S2 (r(20)=0.26, p>0.05) and OGP does not correlate with ∆UNP within

either session (Fig 6.2B). To validate the specificity of this effect, we showed that mean

baseline CBF in a control region (primary visual cortex) and for the whole brain grey
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Figure 6.4: CBF change between S1 and S2 is correlated with pain scores and baseline
PAG CBF. (a) there is a non significant mean decrease in PAG CBF induced during the central
sensitised and persistent pain state (b) Inter-session PAG change between subjects is associated
with baseline PAG CBF and ongoing pain scores (c) regions of the brainstem reticular formation
are functionally coupled with the PAG from baseline to the CS state. Mixed effects, Z=2.3,
p<0.05.
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matter do not predict pain behaviour (Appendix B: Suppl Fig 6.3A). There was also

no relationship between the time interval from S1 to S2, and PAG CBF change or pain

scores in session 2 (Appendix B: Suppl Fig 6.3B).

We tested the neural mechanisms underlying this effect using perfusion scans acquired

in the sensitised state (S2). There was no significant difference in PAG perfusion (Fig

6.4A) or in mean grey matter CBF (t(20)=0.48, p>0.05)(Fig 6.6B) between the two

sessions. However, we demonstrated that PAG perfusion change due to sensitisation

(S2-S1) is negatively correlated with baseline PAG CBF (r(20)=-0.79, p<0.001) and

with ongoing pain (r(20)=-0.49, p=0.02) (Fig. 6.4B). Therefore, individuals with higher

baseline PAG not only rated higher ongoing pain, but also had a larger CBF decrease

in the PAG during the pain/sensitisation state.

To further assess how basal PAG blood flow indicates pain and hyperalgesic behaviour,

we tested for other brain regions where hypoperfusion is functionally connected to the

PAG CBF in the baseline conditions- interindividual baseline PAG CBF was used as a

covariate in the S1>S2 contrast across the whole brain. We show that PAG baseline

CBF correlates with CBF decreases in the midbrain reticular formation and pontine

reticular formation (whole-brain cluster corrected, Z=2.3, p<0.05) (Figure 6.4C). This

suggests that in the sensitised state, there is a stronger decrease in perfusion in these

regions in individuals with higher PAG blood flow at baseline.

6.1.4.1 Validation in a unique cohort

To further confirm our findings, we tested the ability to predict pain behaviour from

baseline PAG blood flow in a separate cohort of 6 subjects (26.8 ± 2.27 years). Subjects

were imaged at baseline using an identical pCASL method, several months (10.6 ± 0.38
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months) after they had been induced into a central sensitised state. All subjects received

capsaicin to an equivalent region in the lower leg bilaterally and spontaneous pain was

assessed during a 7T fMRI session, 60 minutes and 90 minutes after capsaicin application

(see Chapter 2, Experiment 2). We showed that in this smaller cohort, baseline PAG

CBF retrospectively indicates spontaneous pain scores (Pearson’s correlation: r(4)=0.84,

p=0.035; Spearman’s correlation: r(4)=0.83, p=0.042) (Appendix B: Suppl Fig. 6.3C).

6.1.5 Discussion

Our findings provide the first in vivo evidence in humans that susceptibility to pain

injury is associated with basal PAG blood flow. Furthermore, although the PAG receives

ascending nociceptive inputs and is involved in autonomic functions, blood flow imaging

in this region may in part reflect descending pain inhibitory drive in the healthy human.

In this study, we report that baseline cerebral blood flow in the PAG predicts individual

behavioural responses in the central sensitised (CS) state- individuals with higher PAG

activity at baseline report higher spontaneous pain and are more hyperalgesic during

CS. We demonstrate this effect at two distinct timepoints separated by several months-

where subjective ratings are not influenced by the time interval between sessions (Ap-

pendix B: Suppl Fig 6.3). Importantly, the behavioural measures used (ongoing pain and

hyperalgesia) are significantly different between both sessions supporting the robustness

of the prediction of individual pain reports over different pain levels. The difference

between session pain scores is likely due to the first-time exposure to capsaicin for most

of the subjects in S1 and the slightly different experimental conditions in S2 (see Meth-

ods). Additionally, the two measures do not correlate with each other in either session.

While this may be due to insufficient subjects numbers, it may also reflect two distinct

but overlapping mechanisms underlying spontaneous and evoked components of the CS
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phenotype, which are associated with baseline PAG activity.

We confirmed the specificity of this result by showing that a control region and the mean

grey matter CBF are not associated with behavioural reports. We also show that the

effect is reproducible in a separate cohort of subjects (Suppl Fig 6.3). In this latter

experiment, baseline CBF measures are taken up to 11 months following CS-related

injury. This suggests that the relationship between PAG activity and pain behaviour

manifests in different subject groups under different experimental conditions, supporting

its relevance beyond our preliminary findings.

Our analysis of metabolic change in the PAG induced by central sensitisation suggests

that decreased perfusion in the region is indicated by higher baseline activity and is

associated with increased pain reports. This suggests that an individual with high

susceptibility to pain on injury has high PAG metabolic activity at baseline, which

decreases upon injury. We propose that this indicates a loss of inhibitory drive in these

individuals. We further show that baseline PAG CBF is negatively correlated with CBF

changes in the midbrain reticular formation and pontine reticular formation, regions

that are structurally and functionally connected with the PAG.

Our findings are unexpected given our hypothesis that increased facilitatory drive un-

derlies the development and manifestation of central sensitisation. In particular, RVM

control of spinal processing has been suggested to have a predominantly pain facilitatory

influence in normal anaesthetised animals (Bee and Dickenson, 2007). However we note

that the mechanisms underlying the ‘on-off’ balance within the DPMS are not well un-

derstood in man. While the metabolic change we measure with ASL does not allow us

to fully disentangle the distinct contributions of inhibitory and facilitatory mechanisms,

it is conceivable that the development of central sensitisation is driven by reduced in-
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hibitory drive, in tandem with a more subtle increase in facilitatory drive. Importantly,

this would alter the balance between these two pathways, increasing the dominance of

the facilitatory system and supporting a CS phenotype (Porreca et al., 2002; Wang et al.,

2013).

The response of the PAG-RVM system to nerve injury is not straightforward (Vanegas

and Schaible, 2004). Silencing of the RVM has been shown to reverse allodynia in nerve-

injured hypersensitive rats, but also to induce hypersensitivity in nerve-injured rats that

do not exhibit mechanical hypersensitivity (De Felice et al., 2011; Wang et al., 2013).

This implies that the balance of inhibitory and facilitatory RVM drive can differentially

influence the manifestation of the central sensitisation phenotype, and that descending

inhibition may protect against the transition from acute to persistent pain.

There is evidence for dominance of inhibitory mechanisms in the PAG-RVM system in

both preclinical and human studies. It is well established that stimulation of the medial

brainstem leads to analgesia in experimental animals (Mayer and Price, 1976) and in

man (Bittar et al., 2005). This has often been attributed to opioid related mechanisms

(Hosobuchi et al., 1977). In a rodent inflammatory pain model, thoracic spinal block by

intrathecal lidocaine was shown to increase dorsal horn receptive fields, suggesting a net

descending inhibitory effect (Ren and Dubner, 1996). Preclinical electrophysiological

studies investigating the activity of RVM neuronal populations in rodent models of

neuropathic pain further suggest that spontaneous RVM OFF cell activity dominates

at baseline (Silva et al., 2013) and decreases in post-injury persistent pain observed

by a second-phase formalin response (De Felice et al., 2011). Taken together, these

findings suggest that baseline activity in the midbrain may reflect OFF cell activity and

tonic inhibitory drive, which decreases on injury in susceptible individuals. Increased

PAG activity at baseline in susceptible individuals may therefore indicate a requisite for
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greater tonic inhibition to maintain a normal state in these individuals.

An important implication of these findings is that they support the use of functional

imaging in the assessment of individuals’ risk of developing persistent pain. This may

have important clinical implications, particularly in the peri-operative setting where

pre-surgical assessment of susceptibility to persistent post-surgical pain has practical

applications (Deumens et al., 2013; Kehlet et al., 2006). It will be prudent to test

the influence of baseline PAG activity on pain behaviour in larger groups, different

experimental settings, as well as in clinical populations in order to validate its utility for

risk assessment in such settings.
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6.2 Experiment 2

The efficacy of gabapentin as an analgesic is established for some neuropathic pain

conditions, including postherpetic neuralgia and painful diabetic neuropathy (Backonja

et al., 1998; Rowbotham et al., 1998). However, its neural effects and central mechanism

of analgesia are not well understood. In particular, few imaging studies have assessed

its pain-relieving effect in the context of persistent pain. In the previous chapter, we

identify a set of neural structures that are consistently recruited in persistent pain. In

this study, we use the experimental design from chapter 3 to directly investigate the

effect of gabapentin on regional cerebral blood flow in the context of ongoing pain relief.

We are also able to assess the utility of arterial spin labelling as a tool for detecting drug

efficacy in a model of central sensitisation.

6.2.1 Introduction

Gabapentin is an effective analgesic, anti-anxiolytic and anti-epileptic agent. Although a

GABA-mimetic, it acts on the central nervous system without directly binding to GABA

receptors. Its analgesic effect is thought to be related to suppression of voltage gated

calcium channels in spinal dorsal horn presynaptic terminals, as well as activation of

descending noradrenergic systems supraspinally (Dooley et al., 2007; Hayashida et al.,

2007; Tanabe et al., 2008). Its wider effects on cerebral metabolism are not known. In a

model of central sensitisation, Iannetti and colleagues (Iannetti et al., 2005b) reported

that gabapentin has measurable antinociceptive and antihyperalgesic effects by showing

associated BOLD signal reductions. Interestingly, the authors note that the strongest

antihyperalgesic effect of gabapentin was in suppressing or reversing stimulus induced

deactivations in several bilateral brain regions including the medial prefrontal cortex,

precuneus, parieto-temporo-occipital junction, caudate and hippocampus.
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To our knowledge, no studies have quantified gabapentin’s effect on cerebral blood flow

in vivo, although we note two clinical cases which report reversal of pain related CBF

abnormalities after 1-2 weeks of gabapentin treatment using single-photon emission com-

puted tomography (SPECT) imaging (Ness et al., 1998; Wu et al., 2011).

6.2.2 Aim

We tested the effect of gabapentin (as compared to placebo and ibuprofen) on cerebral

blood flow in the central sensitised (CS) and persistent pain state using ASL. To validate

previous findings with BOLD imaging, we also tested the influence of gabapentin on

stimulus related deactivations in the context of dynamic mechanical allodynia (DMA).

We hypothesised that gabapentin would suppress neural activity to persistent pain as it

does with more brief stimuli (Chapter 3). In line with previous reports in an acute pain

paradigm (Iannetti et al., 2005b), we also expected that gabapentin will have a reversal

effect on brain regions showing decreased cerebral perfusion in the persistent pain state.

6.2.3 Methods

The data described here was collected as described in Chapter 3 Methods.

6.2.3.1 Subjects

24 healthy subjects (mean ± s.e.m. = 23.79 ± 0.83 years) participated in the experiment.

192



6. Modulation of Persistent Pain

6.2.3.2 Experimental design

This was a crossover, double-blinded, randomised study as described in chapter 3. In

two of the sessions, subjects were dosed with either placebo (PL) or 1200mg gabapentin

(GB) 1 hour prior to application of topical capsaicin to the right lower leg. The baseline

scan session (no capsaicin) took place on the 1st visit, and the capsaicin only (no drug)

scan took place on the 5th visit. The experimental paradigm was identical for all study

visits (Figs 3.1, 3.2).

6.2.3.3 Stimulation paradigm

Topical capsaicin was applied as described in Chapter 3. Dynamic mechanical stimula-

tion (using a calibrated brush) included 15 identical 6-second long stimuli, with three

2-second strokes across the leg in the medio-lateral direction. The inter-stimulus inter-

val (ISI) was jittered between 28 and 46 seconds (average 38 seconds). Subjects were

instructed to fixate on a cross that was displayed on a projector, during the stimulation.

Ongoing pain scores were rated with a computerised visual analogue scale (VAS) 120

and 180 minutes after dosing (before and after scanning). Average unpleasantness and

pain intensity of the brush stimulation were rated 12 seconds and 18 seconds after the

final brush stimulation using a VAS scale.

6.2.3.4 fMRI scanning protocol

Functional scanning began 1 hour after capsaicin application (Figure 3.1). Brush stim-

uli were applied in the first BOLD functional scan (over a 10 minute period). Scan

parameters are described in Chapter 3. Resting ASL data was acquired 20 minutes after

functional scanning began (Figure 3.2). The pCASL implementation was as described

in Experiment 1 of this chapter.
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6.2.3.5 Data analysis

Psychophysical statistical analysis, including analysis of variance (ANOVA) tests and

t-tests were implemented using IBM SPSS Statistics, version 18 (IBM, Armonk, NY,

USA). Post-hoc correction for multiple comparisons was performed using Bonferroni

adjustments. Normality testing was performed using the Shapiro-Wilk test.

For the analysis of neural responses to brush stimuli, only subjects who developed dy-

namic mechanical allodynia (DMA) (18/24, see Table 3.1) in the baseline session were

included. BOLD data was analysed as described in Chapter 3. pCASL data was analysed

and absolute perfusion maps generated as described in Experiment 1.

For BOLD data, group means and a paired t-test were calculated for subjects’ statistical

maps to test for an effect of session on allodynic neural responses. Group level statistical

maps were thresholded at Z=2.3, p<0.05.

For pCASL data, paired t-tests were performed to test the effect of CS related persistent

pain on cerebral blood flow, and its modulation by gabapentin as compared to placebo.

Pairwise ASL statistical comparison maps were thresholded at Z=2, p<0.05.

For ROI and correlation analyses, we used a non-parametric permutation method with

the Randomise tool integrated within FSL (Hayasaka and Nichols, 2003). Ongoing pain

ratings were added as a covariate in the GLM design. Test statistics were generated using

cluster correction at Z=2.3, p<0.05. For illustration of perfusion change, the functional

mask generated from a pairwise comparison was used.
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6.2.4 Results

There was no significant difference between subject ratings of pain and unpleasantness

to brush stimuli between placebo and gabapentin sessions (Pain t(19)=1.52, p>0.05;

Unpleasantness t(21)=0.54, p>0.05) (see Figure 3.4). For both sessions, group means

comparing BOLD neural responses to the brush stimulus predominantly show stimulus-

related deactivations across the brain- including the prefrontal cortex, posterior cingulate

cortex, precuneus, hippocampal formation, motor and sensory cortices (Fig 6.5). These

decreases appear to be attenuated in the gabapentin session compared to placebo- we

show significant suppression of deactivation in regions of the prefrontal cortex (Fig 6.5).

There is also a cluster of increased activity in the posterior cingulate cortex in the

gabapentin session when compared to placebo.

We report significantly lower ongoing pain scores between the placebo and gabapentin

sessions (t(22)=2.35, p=0.028). The gabapentin session ongoing pain scores have previ-

ously been shown not to be associated with gabapentin session mental sedation scores

(Fig. 3.5). There was no significant difference between capsaicin session ongoing pain

ratings and the placebo (p=0.076) or gabapentin (p=0.631) sessions (Fig 6.6A). To test

for habituation effects, a visit by pain ANOVA was performed to test for an effect of

visit order on pain ratings. We show that there is a significant effect of visit order on

pain report (F[20]=1.82, p<0.05) (Appendix B: Suppl Fig 6.6).

In a 4-way repeated measures ANOVA (PL, GB, BL, CAPS), there is no significant

effect of session on mean grey matter CBF (F(19)=0.262, p>0.05) (Fig 6.6B).

In a paired comparison between baseline and capsaicin sessions (mixed effects, Z=2,

p<0.05), we report decreased perfusion in the persistent pain condition in a number of

pain-related brain areas including the bilateral thalamus and insula cortex, ipsilateral
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Figure 6.5: Gabapentin suppression of deactivation to allodynic stimuli. n=18, Mixed
effects, Z=2.3, p<0.05. For mean images, orange indicates regions showing BOLD activation
and blue indicates regions showing BOLD deactivation to the stimuli. Images are in radiological
convention.
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Figure 6.6: Gabapentin suppression of pain and hypoperfusion. (a) Ongoing pain across
all sessions (average of pre and post scan) * p<0.05. (b) Mean Grey matter CBF does not differ
between sessions (c) Top shows decreased perfusion in the capsaicin session when compared to
baseline (n=22) Bottom shows increased perfusion in the gabapentin session when compared to
placebo (n=24). Mixed effects, Z=2, p<0.05. Images are in radiological convention.
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Figure 6.7: Gabapentin suppression of posterior insula activity. (a) shows mask of
functional region encoding capsaicin pain from Chapter 5 (white) used in ROI analysis, region
where there is decreased CBF in gabapentin session when compared to placebo (orange) and
region where decreased CBF correlates with gabapentin suppression of ongoing pain (green).
Z=2.3, p<0.05 (b) illustrates CBF change in functional region of gabapentin CBF suppression
shown in orange in (a).

hippocampus and putamen, and anterior cingulate cortex (Fig 6.6C). We see no regions

with increased perfusion during the pain condition.

In a paired comparison between placebo and gabapentin sessions (mixed effects, Z=2,

p<0.05), we report increased perfusion induced by gabapentin in a wide range of brain

areas. Some of these regions overlap regions that show decreased perfusion in the pain

condition (compared to baseline)- including in the hippocampus, insula and anterior

cingulate cortex (Fig 6.6C). We suggest that gabapentin suppresses pain-induced hy-

poperfusion in these regions. In a whole brain corrected analysis, we see no regions

where gabapentin causes a decrease in perfusion.

To test whether gabapentin’s suppression of behavioural pain reports is reflected in its

neural modulation of pain, we performed an ROI analysis using the functional mask of

the contralateral dorsal posterior insula, which was shown in chapter 5 to be activated in
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early capsaicin induced persistent pain compared to baseline. We show that gabapentin

suppresses perfusion within this functional region when compared to placebo (Fig 6.7A,

B) and that this suppression is correlated with behavioural suppression of ongoing pain

ratings (Fig 6.7A).

6.2.5 Discussion

In a cohort of healthy subjects, we quantify for the first time the effects of gabapentin

on regional cerebral blood flow in the central sensitised and persistent pain state. We

show that gabapentin reverses pain-induced hypoperfusion in several pain-related brain

areas, and also decreases perfusion in a region of the brain that we shown to be recruited

during the persistent pain state in a previous study. We further parallel gabapentin’s

suppression of hypoperfusion during persistent pain with its suppression of deactivation

to acute allodynic stimuli in the same subject group.

Gabapentin has been shown to be efficacious in reducing daily pain scores in neuro-

pathic pain conditions (Serpell et al., 2002). We show a similar effect on spontaneous

pain in our human model of central sensitisation with a small healthy cohort (Fig 6.6A).

There is also a large but non-significant decrease in spontaneous pain scores between the

placebo session and the capsaicin-only session. This is shown to result from a habituation

effect due to our study design where all drug/placebo sessions were randomised, while

capsaicin-only sessions took place at the end after subjects had been exposed to capsaicin

multiple times in the same leg region (Appendix B: Suppl 6.6). As a result, the compari-

son of ongoing pain scores between the gabapentin session and the capsaicin-only session

is not easily interpretable. Interestingly, pre-emptive gabapentin dosing does not have

an effect on the development of dynamic mechanical allodynia (DMA) in this model. A

single 900mg dose of gabapentin has been previously shown to reduce pain severity and
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allodynia in patients with post-herpetic neuralgia (Berry and Petersen, 2005). The lack

of efficacy against DMA may therefore reflect inadequacies in our model or in subject

numbers.

Despite the evidence of incomplete behavioural efficacy, we identify distinct neural

response patterns to gabapentin administration. We have previously reported that

gabapentin suppresses hyperalgesia-related BOLD activity in the posterior insula and

brainstem, when compared to placebo or ibuprofen (see Chapter 3). However, previous

findings have also suggested that gabapentin’s antihyperalgesic effect is predominantly

represented neurally by its suppression of BOLD deactivation in a number of brain re-

gions (Iannetti et al., 2005b). We corroborate these findings by showing that gabapentin

suppresses stimulus related BOLD deactivations to allodynic stimuli- significantly in the

medial prefrontal cortex, but also non-significantly in the precuneus, hippocampal for-

mation and temporal lobes (Fig 6.5). We do not see any regions of decreased BOLD

activity to the allodynic stimuli after gabapentin dosing. These findings suggest that in

the gabapentin session, there is a reversal of changes in neural activity induced by pain

behaviour- regions which show increases in response to pain decrease in activity, while

regions which show decreases to pain increase in activity.

Deactivations in response to a range of stimuli have been commonly reported in a net-

work of largely medial brain structures (including the medial prefrontal cortex, posterior

cingulate, precuneus and parieto-temporo-occipital junction). Such signal decreases are

task-independent, parametrically modulated and are thought to underlie a ‘default mode’

network, which is active at rest but deactivates to a goal-oriented task (Gusnard et al.,

2001; Kong et al., 2010; McKiernan et al., 2003). While we see suppression of deactiva-

tion in part of this network in the gabapentin session when compared to placebo (Fig

6.5), the lack of a perceptual between-session difference in allodynia suggests a more
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pertinent neural relevance for functional deactivations in the context of gabapentin dos-

ing.

In light of these findings, we investigated the effect of gabapentin on cerebral blood

flow, with the hypothesis that it may reverse blood flow changes elicited by a persis-

tent pain state. We find that the brain response to mild persistent pain is represented

by decreased perfusion in a network of pain-related brain areas including the thalamus,

insula, hippocampus and anterior cingulate cortex (Fig 6.6C). Furthermore, the predom-

inant effect of gabapentin on CBF in the capsaicin model is shown to be an increase in

perfusion (or suppression of hypoperfusion) in several regions overlapping the network

described above- including the insula, hippocampus and anterior cingulate cortex (Fig

6.6C). Analysis of mean grey matter CBF across session suggests that these effects are

not attributable to global physiological effects of gabapentin (Fig 6.6B). In the litera-

ture, there is some evidence for gabapentin’s reversal of pain-induced CBF change in two

clinical reports (Ness et al., 1998; Wu et al., 2011). Gabapentin’s effect on CBF in the

hippocampal formation is also in line with in vitro studies suggesting its direct action

on hippocampal cells (Cheng et al., 2006), and may be associated with its anxiolytic

effects (Siok et al., 2009). Gabapentin’s reversal of decreased perfusion may partially

reflect the neural representation of decreased pain perception, or may be modulated in

a different way to networks underlying increased perfusion to pain stimuli.

In the pain vs. baseline contrast, we find no regions of increased perfusion in response

to pain. We previously identified widespread decreased perfusion together with more

localised increased perfusion in response to a strong persistent pain stimulus (see Chapter

5). In the associated discussion, we proposed that the brain response to persistent pain

is dominated by decreased perfusion but includes a more localised increase in perfusion

in brain areas that respond directly to the pain stimulus. We confirm this by showing in
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a ROI analyses that gabapentin suppresses perfusion in the region of the contralateral

dorsal posterior insula shown to be active during strong persistent pain in a similar

paradigm design (Fig 6.7). This suppression is further shown to be associated with

pain reports (Fig 6.7), suggesting that the dorsal posterior insula provides a neural

correlate for gabapentin-induced modulation of pain perception. The comparatively low

CBF change seen in this study, and the need for a region of interest approach, may

be explained by the lower intensity/percept of the baseline (placebo condition) pain

stimulus when compared to the early pain state in the previous study.

These findings underline the significance of stimulus related deactivations and decreases

in perfusion in the neural representation of pain. We parallel both phenomena in the

modulation of acute and persistent pain by pre-emptive gabapentin dosing. While the

default mode hypothesis is described for BOLD responses to brief stimuli, there is little

understanding of the implications of decreased perfusion. Given that we report effects

in a lower stimulus frequency condition (i.e. in a ‘resting’ pain state) than previously

assessed in experimental pain paradigms, it is less likely that the regions where de-

creased perfusion is evident are subserving an immediate shift in subjective focus. This

challenges the view that pain related decreases in perfusion are an epiphenomenon of al-

terations in attention (Owen et al., 2012; Thunberg et al., 2005), and suggests a potential

functional relevance for hypoperfusion in the assessment of pain and its pharmacological

modulation.

In conclusion, the quantification of perfusion changes provides an exciting opportunity

to assess pain perception and analgesic effects. A major challenge is that current healthy

human models of persistent pain do not allow assessment of strong persistent pain stimuli

over long time frames. This is problematic for the inherently low-SNR ASL technique,

and at this stage means it may be suboptimal for direct assessment of pharmacological
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efficacy using experimental models. However, CBF abnormalities in default-mode re-

gions have been suggested to be predictive of inter-individual gabapentin responsiveness

in fibromyalgia patients (Usui et al., 2010). Quantifying the neural response to persis-

tent pain and its analgesic modulation will be important in defining the mechanisms

underlying responsiveness to treatment in neuropathic pain conditions.
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Chapter 7

Investigating the Neural
Correlates of Transcranial Direct
Current Stimulation (TDCS)
therapy in Phantom Limb Pain

In the previous chapters, we have validated the use of fMRI techniques for evaluating the

potency of analgesics in a healthy human model of central sensitisation. In this chapter

we will use these techniques to assess the efficacy of a novel neuro-stimulatory therapy

for the treatment of neuropathic pain in a cohort of phantom limb pain patients. We aim

to validate the behavioural efficacy of this treatment, and to demonstrate the sensitivity

of fMRI to the neural representation of any analgesic effect.

7.1 Introduction

Amputation of a limb is usually followed by the continued perception of the missing

limb in affected individuals. This perception manifests as largely ubiquitous non-painful

kinaesthetic ‘phantom sensations’, as well as chronic painful sensations that are reported

by up to 80% of amputees (Nikolajsen, 2013; Weeks et al., 2010). Phantom limb pain

(PLP) is distinct from pain arising from the remaining part of the limb (stump pain) and
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is likely mediated by a separate neural mechanism (Flor et al., 2006). PLP is unrespon-

sive to many conventional pain management approaches and can lead to a significantly

impoverished quality of life (Knotkova et al., 2012; Lindner et al., 2010). Over the past

few decades, increasing understanding of the peripheral and central mechanisms underly-

ing the development of this condition has highlighted potential innovative interventions

aimed at alleviating PLP. Further, PLP has become an important model for studying

plasticity-driven chronic pain in a range of symptomatic pain conditions such as complex

regional pain syndrome and back pain (Gustin et al., 2012).

7.1.1 Pathophysiology of phantom limb pain

PLP is a neuropathic pain syndrome that occurs secondary to amputation or deaf-

ferentation. PLP is more common in females, upper limb amputees and individuals

with pre-existing or pre-operative pain (Bosmans et al., 2010; Flor et al., 2006). Pain

onset can be immediate following amputation or after several years (Nikolajsen, 2013).

Furthermore, PLP is more frequent when amputation occurs in adulthood, less common

when amputation occurs in childhood and very rare in congenital amputees. The in-

fluence of emotional factors such as depression has also been reported (Ephraim et al.,

2005).

The development of pain following amputation is thought to involve both peripheral

and central pathophysiological mechanisms. Peripheral mechanisms may include aber-

rant ectopic discharges from stump neuromas (swellings of nerve terminals and axonal

sprouting) and dorsal root ganglion neurons that act to maintain spontaneous pain and

abnormal evoked pain (Flor et al., 2006; Fried et al., 1991; Nikolajsen, 2013; Wall and

Gutnick, 1974). However anaesthetic blockade or removal of peripheral neuromas only

eliminates spontaneous and evoked pain related to the stump and not necessarily PLP
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(Birbaumer et al., 1997; Nikolajsen et al., 2010; Nyström and Hagbarth, 1981), indicating

the involvement of more central mechanisms.

In the central nervous system, spinal mediated central sensitisation can be triggered

by nerve injury in animals (Woolf, 2011) and may have a role in PLP in humans, al-

though direct evidence is lacking. The prevailing theory of a central contribution to

the development of PLP is that of supraspinal (largely cortical) maladaptive plasticity.

This view purports that the deprivation of sensory input following amputation results

in striking brain plasticity, where primary sensorimotor (M1/SI) representations of cor-

tically neighbouring body parts (e.g. face) take over the area previously devoted to the

missing limb (Knotkova et al., 2012; Pons et al., 1991). Such cortical reorganisation has

been shown to be correlated with PLP (Flor et al., 1995, 2006; Lotze et al., 2001) and is

proposed to trigger sensory and pain representations in the missing hand by responding

to inputs to the neighbouring cortical regions (Flor et al., 2006; Ramachandran et al.,

1992). Such central reorganisation may also be influenced by peripheral factors such as

aberrant neuroma firing and C-fibre loss (Calford and Tweedale, 1991; Spitzer et al.,

1995).

Interestingly, a recent study from our group has challenged the role of maladaptive plas-

ticity in the development of PLP (Makin et al., 2013). While the maladaptive plasticity

model would predict decreased cortical representations of the phantom hand in individ-

uals with more severe PLP, the authors showed the opposite effect with phantom hand

movements in unilateral upper limb amputees. Further, they showed that phantom hand

representation in the amputee group was similar to non-dominant hand representation

in a control group, although the amputee group showed structural degeneration of the

phantom cortex. This suggests that cortical representations of the phantom hand are

not only maintained in PLP (also see Bogdanov et al. (2012); Raffin et al. (2012b)), but
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also indicate more severe pain. Therefore, the decrease in phantom limb representation

during cortical remapping may not be maladaptive as it is associated with decreased

PLP perception.

Using functional connectivity analyses of resting state scans, Makin and colleagues (2013)

also demonstrate reduced inter-hemispheric connectivity between the phantom and in-

tact hand areas in amputees, as compared to healthy controls- perhaps due to the lack

of co-activation between both intact and deprived cortices following amputation. This

decreased connectivity was further shown to be associated with higher PLP scores. The

‘persistent representation’ model proposed by Makin and colleagues (2013) therefore

suggests that both sensory deprivation and phantom pain experience have modulatory

effects- sensory deprivation is associated with decreased local functional and structural

representations, while coexisting phantom pain experience is associated with maintained

local cortical representations and functional inter-hemispheric decoupling.

The major limiting factor to the development of effective treatments for PLP is the poor

understanding of its underlying causes (Knotkova et al., 2012). By targeting these newly

defined disease mechanisms, we may be able to provide novel therapies for PLP.

7.1.2 Stimulation induced plasticity as an intervention in PLP

Current pharmacological, physical and surgical treatment approaches to PLP only pro-

vide partial relief and often cause significant side-effects due to the non-specific nature

of their neural targeting. More recently, behavioural therapies aimed at normalising

the representation of the phantom hand, show partial short-term symptomatic benefit

(Moseley and Flor, 2012). Non-invasive brain stimulation techniques such as transcra-

nial direct current stimulation (tDCS) provide a means by which such representations
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can be modulated safely.

TDCS alters cortical excitability by delivering a low-intensity electric current (1-2 mA)

through the skull to the underlying cortex via two large electrodes powered by a bat-

tery. Its effects are polarity dependent (Nitsche and Paulus, 2000), with the ‘active’

electrode placed on the scalp overlying the cortex (e.g. M1) and the ‘return’ elec-

trode typically placed above the contralateral supraorbital ridge. Anodal stimulation

is facilitatory, leading to neuronal depolarisation and decreases in GABA; conversely

cathodal stimulation leads to hyperpolarisation of neurons and diminished cortical ex-

citability (Nitsche et al., 2005; Stagg et al., 2009). Stimulatory effects of tDCS are due to

polarity-dependent shifts in the resting membrane potential while lasting effects may be

mediated by long-term potentiation and inhibition (Stagg and Nitsche, 2011). Notably,

current modelling and field estimation of the spatial distribution of tDCS has suggested

its effects to be widespread in cortical and subcortical structures (Parazzini et al., 2011).

The after effects of tDCS stimulation are typically brief following a single session but

are longer-lasting with serial stimulation paradigms.

The mechanisms underlying the maladaptive changes seen in phantom limb pain may be

related to a loss of GABAergic inhibition (Lefaucheur et al., 2006), glutamate-mediated

long-term potentiation-like changes (Zhuo, 2012) and structural alterations such as ax-

onal sprouting. These mechanisms can therefore be directly targeted using tDCS therapy

(Stagg and Nitsche, 2011). As well as its role in motor learning and plasticity across a

range of neuropathological conditions (e.g. stroke, tinnitus) (Stagg et al., 2012; Vanneste

et al., 2010), tDCS has also been shown to have some efficacy in chronic pain (Antal

et al., 2010; Lefaucheur et al., 2008). A recent study has also reported short-lasting

analgesia in PLP after a single session of passive anodal tDCS (2mA, 15 minutes) to the

deprived sensorimotor cortex in a small cohort of phantom limb pain patients (Bolognini
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et al., 2013). The neural correlates of such analgesia remains to be investigated.

Given the ease of tDCS application, its low cost, and established safety, this technique

offers a promising and attractive method by which to modulate cortical plasticity in

chronic neuropathic pain, with the aim of alleviating pain.

7.2 Aim

In this study we aimed to test whether modification of cortical representations in phan-

tom limb patients can effectively reduce PLP and to assess the neural mechanisms and

representation underlying any analgesia. We use a pseudo-randomised, double-blind,

sham-controlled crossover design to assess the effectiveness of tDCS therapy against

PLP.

TDCS has been particularly successful at inducing long-term gains in learning when

combined with a behavioural task (Cohen Kadosh et al., 2010). Interestingly, amputees

have been reported to have motor control over their phantom hands (Reilly et al., 2006),

which has been demonstrated by detection of stump contractions (using electromyog-

raphy) and motor cortex (M1) activation (using fMRI) to be separate from imaginary

movements (Raffin et al., 2012a,b). We therefore performed tDCS while asking am-

putees to execute a range of movements with their phantom hands, allowing us to target

appropriate neural pathways.

Following from previous findings by Makin and colleagues (2013) and Bolognini and

colleagues (2013), we use three separate montages to target putative pain mechanisms:
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1) Anodal tDCS to M1/SI of the intact cortex, to increase interhemispheric connectivity

between primary sensorimotor cortices.

2) Cathodal tDCS to M1/SI of the deprived cortex, to decrease maintained phantom

hand representation.

3) Anodal tDCS to M1/SI of the deprived cortex, as is shown to be effective at relieving

PLP in a single session by Bolognini and colleagues (2013).

We used fMRI (in particular ASL) for detecting both the presence of and neural mech-

anism underpinning any analgesic effect of tDCS therapy in PLP, in addition to a range

of behavioural measures and pain reporting.

7.3 Methods

7.3.1 Subjects

Eleven unilateral upper limb amputees (mean age ± s.e.m. = 44.27 ± 0.93, four right-

arm amputees) completed the study. All participants were recruited through the Oxford

Centre for Enablement and Opcare. The amputees comprised a heterogeneous popu-

lation with different causes of amputation and different time periods since amputation

(see Table 7.1). Approval was granted by the NHS National Research Ethics Service

and written informed consent was obtained from all subjects.

Amputees were regarded as suitable to participate if they fulfilled the following inclusion

criteria: 1) between 18 to 70 years of age; 2) unilateral upper-limb amputation, under-

gone at least 6 months before study enrolment; 3) frequent presence of phantom limb

pain in the preceding month (more than once a week).
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Exclusion criteria were: 1) simultaneous enrolment in other brain stimulation experi-

ments; 2) use of medication known to effect GABA receptors in the brain. 3) contraindi-

cations to tDCS or MRI as according to MRI and tDCS safety guidelines.

Subjects that were perceived as having an increased theoretical risk of seizure from tDCS

(i.e., due to specific medication intake) consulted with a medical doctor prior to being

enrolled in the study.

7.3.2 Experimental design

Subjects attended four identical sessions separated by at least 1 week, each lasting around

4 hours and consisting of behavioural testing prior to and following MRI scanning with

concurrent tDCS stimulation (see Fig 7.1). The tDCS montage used for the sessions was

pseudo-randomised between anodal to the ipsilateral/intact M1/S1 (AI), anodal to the

contralateral/deprived M1/SI (AD), cathodal to the deprived M1/S1 (CD), and sham

stimulation to the intact M1/S1 (SI). Both the experimenter and subject were blinded

to the treatment.

Figure 7.1: Experimental setup for a single session. SA- state anxiety questionnaire; SPQ -
short pain questionnaire; VAS - visual analogue scale; ASL, arterial spin labelling; online - inside
MRI scanner; offline - outside MRI scanner. Pain thresholds were also tested using punctate
probes at the start and end of each session (not shown).
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7.3.3 Questionnaires

Prior to the first experimental visit, subjects completed a detailed questionnaire to record

details of amputation (cause of amputation, time since amputation, amputation level),

PLP features, stump pain features, features of non-painful phantom limb sensation,

prosthesis use, and any other subjective descriptions related to the phantom limb. Sub-

jects also completed a PainDETECT questionnaire (Freynhagen et al., 2006) to assess

whether there were neuropathic elements to their pain.

During each session, subjects completed four state anxiety questionnaires (SA) (Spiel-

berger, 1983) - on arrival, at the start of scanning and at the end of scanning (while

lying in the scanner), and at the end of the session, to measure changes in anxiety that

may influence pain perception (Ploghaus et al., 1999) (see Fig 7.1).

Analysis of these questionnaires is not discussed in this thesis, as preliminary results

showed no significant differences across treatments.

7.3.4 Pain ratings

Prior to the first session, subjects were asked to rate the maximum intensity of painful

sensations of the phantom hand and stump as well as the intensity of non-painful sensa-

tions of the phantom hand, as experienced in a typical week prior to study onset (scale

0 - 100; no pain at all - worst pain imaginable). Chronic phantom and stump pain

magnitude was calculated by dividing worst pain intensity by pain frequency (1- all the

time; 2- daily; 3- weekly), as performed by Makin and colleagues (2013).

Ongoing pain ratings were recorded in three ways- by text message, with short pain

questionnaires and with visual analogue scales. Daily pain fluctuations were recorded
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7. TDCS in Phantom Limb Pain

via responses to automated text messages twice a day over a 6 week period (starting

1 week before the first session and ending one week after the final session). At 10am,

subjects were instructed to rate the pain they felt ‘at this moment in time’ (0-100; ‘No

pain at all’ - ‘Worst pain imaginable’); while at 8pm subjects were asked to give their

average, minimum and maximum PLP intensity ratings for the day.

Short pain questionnaires (SPQ) were used to record subjects’ verbal ratings (0-100)

of ongoing phantom sensation, stump pain and phantom limb pain. The SPQ was

completed at four timepoints in each session- at the start of the session, just prior to

tdcs, just after tdcs, at the end of the session (about 90 minutes after tDCS onset) (Fig

7.1). Computerised visual analogue scales (VAS) were used to assess ongoing phantom

limb pain magnitude (anchors: ‘No pain at all’, ‘Worst pain imaginable’). These were

assessed at several timepoints- at the start of the scanning, during tDCS (x4) and at the

end of scanning (Fig 7.1).

In this thesis we will focus on data from the SPQ, for which the most complete dataset

was collected. Although the computerised VAS allowed assessment of PLP intensity

during the scanning phases when we could not speak to the subjects, it was more difficult

for subjects to use; several subjects reported that they were unable to manipulate the

visual display adequately in the time provided. These computerised scales are also likely

to be less directly comparable to other numerical/verbal pain ratings collected (i.e. text

messages and chronic pain magnitude).

7.3.5 Behavioural measures

A range of behavioural measures were also collected (see Supplementary Methods in

Appendix C) but these do not directly address the effect of tDCS on ongoing pain
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perception and so do not fall under the scope of this thesis.

7.3.6 Transcranial direct current stimulation

A DC-Stimulator (Magstim) was used to deliver electric current to the brain via two 5 x

7 cm electrodes (Easycap), fitted with 5 kΩ resistors for safe use in the MRI environment.

High-chloride electrolyte EEG gel was used as a conducting medium between the scalp

and electrodes. Electrode position was determined according to the EEG 10-20 system.

For anodal stimulation centred over M1/S1, the anodal electrode was positioned 5 cm

lateral to Cz (corresponding to C3/C4), with the cathode electrode placed over the

contralateral supraorbital area. For cathodal S1/M1 stimulation, the cathodal electrode

was positioned 5 cm lateral to Cz, with the anode over the contralateral supraorbital

area. TDCS stimulation lasted 20 minutes (fade-in/fade-out phases = 10 s), with an

intensity of 1 mA. We use a 1mA current in conjunction with a longer stimulation period

given recent concerns about the effectiveness of blinding with 2mA intensities (O’Connell

et al., 2012). Similar electrode arrangement and stimulation parameters were used for

sham tDCS as in the anodal tDCS montage, but the stimulator was turned off after the

impedance was stable (after approximately 30 s).

7.3.7 fMRI acquisition

In this thesis, we will focus on the ASL scan data as it is most relevant to verifying the

utility of fMRI for detecting changes in the perception of spontaneous pain. All other

scan protocols are described in the Supplementary Methods (Appendix C).

ASL scanning used the resting scan protocol exactly as described in Chapter 4. Two

scans were performed (prior to tDCS and 20 minutes after tDCS ended) while subjects
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Figure 7.2: tDCS setup for various sessions. X - amputation side; red - anodal electrode;
blue - cathodal electrode; grey - sham electrode.

were instructed to stay awake and focus on a fixation cross projected on the screen.

A high-resolution T1-weighted anatomical image (TR: 2040 ms; TE: 4.7 ms; flip angle

8; voxel size: 1mm isotropic resolution) was acquired for registration. Field maps were

obtained in order to reduce spatial distortion of the EPI and multiband images.

7.3.8 Analysis of pain ratings

Statistical analysis was carried out using SPSS version 21. As PLP generally decreases

once participants enter the MRI scanner and increases during the performance of phan-

tom movements, PLP ratings were contrasted with ratings acquired in the sham con-

dition to control for these general effects. The pain ratings were not expected to be

normally distributed, because of large variability in PLP experiences across subjects.

The Shapiro-Wilk test was used to test for normality and indeed revealed a violation of

216



7. TDCS in Phantom Limb Pain

the normality assumption (p<0.05). Analysis of PLP relief was thus carried out using

non-parametric statistical tests. A two-tailed related-sampled Friedman’s two-way anal-

ysis of variance by ranks was used to investigate potential baseline differences (both raw

and controlled values). Pain relief following each stimulation protocol was investigated

using non-parametric related-samples Wilcoxon Signed Rank Tests.

7.3.9 ASL analysis

Due to scanner malfunction and time restraints, both pCASL images were not collected in

three sessions (two anodal deprived (AD) sessions, one cathodal deprived (CD) sessions).

For subjects A01, A02, A08 and A11, raw perfusion images (and structural images)

were flipped along the x-axis, such that the right cortex represented the deprived cortex

while the left cortex represented the intact cortex for all subjects. PCASL images were

pre-processed and quantified as described in Chapter 4. All CBF map outputs from

quantification were registered to MNI space (see Chapter 4) and concatenated to generate

a CBF timecourse for the entire experimental period. For paired comparisons between

scan blocks, averaged CBF maps were also generated for all scan blocks for each subject

using a mixed effects model.

To compare CBF changes induced by tDCS, a paired t-test was performed between

the pre-tdcs and post-tdcs scans using a mixed effects linear model across all subjects.

Statistical significance was determined by performing cluster correction at a Z threshold

of 2 and significance of p<0.05. CBF values were extracted from a conjunction region

between functionally active voxels and appropriate anatomical masks taken from the

Harvard-Oxford cortical and subcortical atlases.
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In order to explore the relationship between regional CBF, pain ratings, and subject

demographics, pairwise correlations were performed. Non-parametric statistics (Spear-

man’s rank-order correlation) were used where the assumptions of normality were vio-

lated (Shapiro-Wilk test, p<0.05).

7.4 Results

7.4.1 Changes in pain scores

There was no significant difference between the raw pre-tDCS pain ratings either offline

(Friedman X2(3,10) = 1.209, p = 0.75) or in the scanner (Friedman X2(3,10) = 6.389,

p = 0.10), indicating no consistent deviations in baseline pain rating across stimulation

sessions.

In a paired comparison controlling for sham effects, phantom limb pain was significantly

decreased following anodal tDCS to deprived M1/S1 (AD) (Z(9) = -2.209, p = 0.03)

and a weak trend in pain reduction was observed following cathodal tDCS to deprived

M1/S1 (CD) (Z(10) = -1.604, p = 0.11) (Fig 7.3). This effect of tDCS on pain relief

disappeared after approximately 70 minutes (AP: Z(10) = -0.845, p = 0.40; CP: Z(9) =

-0.406, p = 0.68) (Fig 7.3).

Anodal tDCS to intact M1/S1 (AI) did not cause a significant difference in pain imme-

diately after (Z(9) = -.281, p = 0.78) or 70 minutes following tDCS therapy (Z(9) =

-0.595, p = 0.55).
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Figure 7.3: tDCS induced change in phantom limb pain (PLP). Measured using a verbal
numerical rating scale (0-100) as part of the short pain questionnaire. Normalised to sham session
(stimulation - sham). * p<0.05, Online- inside the scanner, Offline- outside the scanner. Error
bars represent SEM

7.4.2 Cerebral blood flow changes

In paired t-tests comparing the effects of tDCS stimulation across the whole brain (post

versus pre scans), there was no significant effect of SI stimulation or CD stimulation on

CBF (p>0.05).

Following AD stimulation, we report a decrease in CBF in the posterior insula, secondary

somatosensory cortex and hippocampus ipsilateral to the amputated limb (contralateral

to stimulation site) (Fig 7.4). CBF values extracted from these functional regions in

stimulation and sham sessions are displayed for illustration purposes. We also report

a decrease in CBF following AI stimulation in the secondary somatosensory cortex and

supramarginal gyrus, contralateral to the amputated limb (contralateral to stimulation

side) (Fig 7.4A). These changes did not survive when an ANOVA between stimulation

condition and sham was performed (not shown).
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Figure 7.4: tDCS induced change in cerebral blood flow. Mixed effects, Z=2 p<0.05. A)
shows changes induced by each tDCS stimulation montage- sham (n=11), anodal deprived (n=9),
anodal intact (n=11), cathodal deprived (n=10); B) and C) illustrates CBF measurements in
functional ROIs defined from the ADpre>ADpost contrast (masked by anatomical masks).
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7.4.3 Correlations between variables

To test the relationship between decreases in subjective pain scores and AD tDCS in-

duced CBF decreases in the posterior insula and hippocampus, we extracted the sham

controlled CBF change (ADpre-post - SIpre-post) in the two regions. We show that

there is no significant correlation between PLP relief and CBF decrease in the posterior

insula (Spearman’s r(7)=0.48 p=0.19) or hippocampus (Spearman’s r(7)=0.39 p= 0.30).

Length of time since amputation may reflect many different variables (e.g. stump and

prosthetic usage, remaining function of the phantom cortex and in turn effectiveness

of stimulation) contributing to the overall variability across participants. Therefore,

we further tested the effect of time since amputation on subjective pain relief and on

AD tDCS induced CBF changes in the posterior insula and hippocampus. We report

that subjects who have had their amputation for a shorter time have significantly more

reduced CBF in the hippocampus (Pearson’s r(7)=-0.836, p<0.01) following AD tDCS.

We also observed a similar trend towards a relationship between time since amputation

and CBF change in the posterior insula (Pearson’s r(7)=-0.58, p=0.10). There was no

significant effect of time since amputation on subjective pain relief (Spearman’s r(9)=-

0.085, p=0.81) or chronic phantom pain magnitude (Spearman’s r(9)= 0.078, p=0.84).

7.5 Discussion

We show that anodal tDCS to the deprived cortex is effective at reducing phantom

limb associated pain and that this may be reflected by neural blood flow changes in the

posterior insula and hippocampus.
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7.5.1 Changes in pain scores

A growing body of evidence suggests that anodal tDCS to the M1 hand area is effica-

cious against chronic neuropathic pain syndromes (Antal et al., 2010; Fregni et al., 2007;

Lefaucheur et al., 2008). However only a single study to date has directly assessed this

effect in amputees with phantom limb pain. Bolognini and colleagues (2013) reported

that a single session of passive anodal tDCS (2mA, 15 minutes) to the deprived motor

cortex led to a significant short-lasting decrease in the magnitude of phantom limb pain.

Although the tDCS sessions were separated by only 3 hours, and the small cohort of 8

amputees (comprising of 7 lower limb amputees) were on medications that interacted

with tDCS, these results provided preliminary evidence that AD tDCS may be an effec-

tive therapy against PLP. Our results corroborate these early findings in a well-controlled

study of a larger group of upper limb amputees without interacting medications. In line

with the aforementioned study, we also report a short-lasting pain relieving effect, which

disappears by 70 minutes post stimulation. Our use of an active stimulation protocol,

where subjects performed phantom movements that increased PLP in some cases, limits

our interpretation of the reported analgesic effect to an interaction between stimulation

and sham sessions. However, this effect together with previous findings suggests that AD

tDCS is an appropriate potential treatment for more targeted serial use against PLP.

Although we hypothesised that we could reduce PLP by reinstating the deprived cortex

into the sensorimotor network (with AI tDCS), this treatment appears to have no efficacy

in our cohort. This may be because we were ineffective at increasing the functional

connectivity between both sensorimotor cortices, or it may indicate that restoring their

connectivity does not have an analgesic effect. Further investigation of the functional

association between the cortices will enable us to elucidate this. We also hypothesised

that abolishing the maladaptive representation of the phantom hand (with CD tDCS)

would reduce PLP. Cathodal tDCS has also been shown to reduce experimentally induced
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pain when delivered to the somatosensory cortex contralateral to the pain stimulus

(Antal et al., 2008). We do not observe changes in CBF here, but we note a trend in

pain relief, suggesting that there may be an analgesic effect to be realised with a larger

subject cohort.

7.5.2 Neural changes detected by ASL

Anodal tDCS to M1 increases cortical excitability and its more general analgesic effects

have been associated with direct restoration of defective intracortical inhibitory processes

(Antal et al., 2010; Lefaucheur et al., 2006) or indirect effects on other pain modulating

structures such as the thalamus (Lang et al., 2005; Polańıa et al., 2012). Therefore

the reduction in PLP following AD tDCS may reflect these general effects, or may be

associated with mechanisms more specific to PLP. While some authors have suggested

that an increase in the motor representation of the phantom hand may lead to this

decrease (Bolognini et al., 2013), recent findings suggest that this could have the opposite

effect (Makin et al., 2013). Nevertheless, no studies have directly assessed the neural

representation of tDCS therapy against PLP.

Following AD tDCS, we report cerebral blood flow decreases in the posterior insula,

secondary somatosensory cortex (SII) and hippocampus contralateral to the stimulation

side. Given that we also report decreases in the contralateral SII following AI tDCS,

it is possible that SII decreased perfusion may reflect a more general effect of anodal

tDCS to the sensorimotor area. CBF decreases in the posterior insula and hippocampus

may therefore indicate changes associated with pain relief or with plasticity specific to

PLP. While there is no significant association between these CBF decreases and pain

relief across subjects, a moderate correlation is seen for the posterior insula. A wealth

of evidence, including our previous findings in Chapter 5, suggests that the posterior
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insula may be an appropriate region to serve as a biomarker for nociceptive-driven pain

perception (see Chapter 5 discussion). Although the relative peripheral and central

contributions to PLP are as yet unknown, our findings of reduced CBF in the posterior

insula may reflect decreased pain perception resulting from top-down modulation by

stimulation induced cortical plasticity. The potential mechanisms of plasticity underlying

this analgesic effect are not explored in this thesis but will be an important subsequent

investigation.

The hippocampus is also an important limbic region, which is structurally altered in

persistent pain (Duric and McCarson, 2006; Mutso et al., 2012), and is associated with

pain-related anxiety (Bingel et al., 2011; Ploghaus et al., 2001). Its role in PLP may

therefore be more associated with plasticity and affective aspects of pain perception,

as compared to sensory aspects coded by the posterior insula. Interestingly, we report

that subjects who had their amputations more recently had more reduced CBF in the

hippocampus following anodal stimulation to the deprived cortex. Notably, this does

not appear to reflect changes in chronic pain magnitude with time following amputation.

Given the importance of the hippocampus in learning and memory, the effects of AD

tDCS may be dependent on the development of amputation related neural plasticity in

this region over time.

7.5.3 Limitations

The first major limitation of this study is the small sample size; studying more amputees

will be important to validate our current findings and to reveal any underlying trends.

Another key limitation of our study is the use of an active stimulation protocol during

which subjects performed movements that increased their phantom pain. As a result, our
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findings by necessity reflected the interaction between the sham and stimulation sessions

to elucidate any therapeutic effects. Given that there was no apparent effect of AI

tDCS (for which active stimulation was essential to increase bi-hemispheric sensorimotor

connectivity), the use of passive stimulation may be more appropriate in future studies

with AD or CD tDCS.

Finally, we report a short lasting analgesic effect following single session therapy; to

assess the clinical viability of such therapy in patient groups, it will be important to test

the effects of multiple tDCS sessions (Monte-Silva et al., 2012).

7.5.4 Conclusions

The findings reported above suggest that tDCS to the anodal deprived cortex is an

effective and promising treatment for phantom limb pain. Importantly, we show that the

ASL technique can measure the neural representation of this analgesic effect and that this

is reflected in the secondary somatosensory cortex, posterior insula and hippocampus.

Future work will help elucidate the mechanisms underlying this analgesic effect and

optimise the use of AD tDCS as a therapy in PLP.
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Chapter 8

Conclusion

This thesis has focused on the use of fMRI as a tool to investigate the neural correlates

of acute and persistent pain, and its modulation using pharmacological and non-invasive

neuromodulatory interventions. We have validated the utility of neuroimaging tech-

niques for defining a neural biomarker, against which the efficacy of analgesic therapies

can be tested. This improves our knowledge of the mechanistic basis of neuropathic con-

ditions, and is important for development efforts aimed at identifying successful novel

treatments against chronic pain.

8.1 Thesis overview

Previous findings have highlighted the importance of supraspinal involvement in the de-

velopment of pain-related hypersensitivity following nerve injury in animals (De Felice

et al., 2011; Porreca et al., 2002; Woolf, 2011). Work has also defined a healthy human

brainstem correlate of such phenomena (Iannetti et al., 2005b; Lee et al., 2008; Zambre-

anu et al., 2005). However, prior to this thesis no study had directly challenged the use

of this neural ‘biomarker’ to detect the pharmacological efficacy of an analgesic effective

in neuropathic pain, when controlled with an ineffective active compound. Moreover,

the development of clinically viable therapies has in part been hindered by the lack
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of appropriate experimental models for persistent pain (Blackburn-Munro, 2004); while

persistent pain is the primary complaint in neuropathic pain and the primary outcome

measure used in most clinical trials (Backonja and Stacey, 2004; Finnerup et al., 2010).

Importantly, few studies have attempted to translate the utility of pain-related neural

changes as therapeutic markers from healthy populations to neuropathic patient groups.

This thesis set out to address these important issues.

In an initial set of experiments described in Chapter 2, we optimised BOLD fMRI anal-

ysis and acquisition methods for imaging the supraspinal correlates of pain by applying

physiological noise modelling (PNM) to an axially oriented acquisition protocol. We fur-

ther confirmed the suitability of the topical capsaicin model of central sensitisation (CS)

for assessing the behavioural and neural correlates of hypersensitivity and spontaneous

persistent pain in a crossover design. In the first study directly comparing the merits

of 7T over 3T whole-brain imaging of pain hypersensitivity using PNM, we identified

immediate cortical benefits of improved z-statistics with ultra-high field imaging. As

the subcortical benefits of 7T imaging at this stage were not overwhelming, and access

difficult, we decided to use the 3T for the subsequent experiments. Further sequence

optimisation will be required to reduce the effect of increased distortions in the inferior

brain at 7T and subsequently to improve imaging of subcortical structures.

By combining the topical capsaicin model with optimised imaging parameters in a

double-blind placebo-controlled crossover paradigm in Chapter 3, we tested the phar-

macological modulation of hyperalgesia-related BOLD activity in the midbrain, which

had been previously shown to be specifically associated with CS (Lee et al., 2008). Our

findings validated that fMRI can be used to detect the efficacy of an analgesic which is

effective against neuropathic pain (gabapentin) when compared to an analgesic which

has no proven efficacy against neuropathic pain (ibuprofen). Furthermore, we demon-
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strate that the use of fMRI is more sensitive than subjective reports for assessing such

efficacy. These findings support the use of neuroimaging in the early phase of pharmaco-

logical development, to confirm the mechanistic and pharmacodynamic action of novel

compounds in humans, before larger scale clinical trials (Chizh et al., 2008; Wartolowska

and Tracey, 2011; Wise and Preston, 2010).

Having demonstrated the utility of BOLD fMRI for the assessment of drug potency

against evoked hypersensitivity associated with neuropathic pain, we then developed

and optimised a novel arterial spin labelling (ASL) imaging and analysis pipeline for

the assessment of tonic states (e.g. persistent pain) in Chapter 4. The use of a multi-

inversion time pseudo-continuous ASL (pCASL) sequence enabled accurate estimation

and quantification of absolute cerebral blood flow (CBF) across the whole brain (Chap-

pell et al., 2010). We were therefore able to optimise an fMRI pipeline for resting and

long visual activation states that is adequately sensitive and highly reproducible across

several timepoints, supporting its application in the imaging of persistent pain states.

Using the optimised pCASL pipeline developed in Chapter 4 together with the topical

capsaicin model of tonic/persistent pain validated in Chapter 2, we were able to directly

investigate the neural correlates of a mutable C-fibre nociceptor-driven persistent pain

experience in Chapter 5. A wealth of past and recent convergent evidence has suggested

a key role for the posterior insula and adjoining medial operculum in the encoding of

sensory aspects of pain perception (Craig, 2013; Garcia-Larrea, 2012). In this study,

we confirmed this hypothesis by quantifying significant changes in CBF in this region

in association with moderate persistent pain, and by demonstrating that this region is

the only brain area where CBF is correlated with changing pain percept over a 3-hour

experimental timecourse. Our findings also attest to the importance of the anterior

insula in more general interoception and state awareness (Craig, 2009); we show that
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activity in the anterior insula in relation to persistent pain is binary and not correlated

to pain percept. Given that the region remains active when the affective valence of the

stimulus is switched from pain to relief by cooling, we propose that its role is likely

related to high order homeostatic monitoring. Interestingly, we also report that a region

of the dorsolateral prefrontal cortex (DLPFC) is anti-correlated to the perception of

persistent pain. This is in line with findings that suggest a vital role for the DLPFC in

top-down pain inhibition (Boggio et al., 2008; Lorenz et al., 2003).

In the two experiments described in Chapter 6, we used the ASL technique to investigate

the physiological basis underlying pain vulnerability, and to assess the pharmacological

modulation of persistent pain from topical capsaicin. Previous animal studies have high-

lighted a role for bidirectional pain modulation from the periaqueductal grey (PAG) and

rostral ventromedial medulla (RVM) in the maintenance of spontaneous pain and hyper-

algesia (De Felice et al., 2011; Wang et al., 2013), and likely the development of chronic

neuropathic pain states (Heinricher et al., 2009; Suzuki et al., 2004). We performed

the first study in humans assessing the role of baseline activity in the PAG on subse-

quent development of spontaneous pain and hyperalgesia. Our findings suggest that

higher baseline activity in the PAG as indicated by increased CBF is associated with

greater vulnerability to spontaneous pain and hyperalgesia following CS related injury.

We further demonstrated that increased vulnerability is associated with decreased PAG

CBF in the pain state, suggesting that PAG CBF may in part reflect descending pain

inhibitory drive. These important findings provide a basis for further assessment of phys-

iological markers of inter-individual vulnerability to pain following injury. In a second

experiment described in Chapter 6, we tested the modulation of CBF changes related

to persistent pain by gabapentin, as compared to placebo. We show that gabapentin

suppresses neural activity in an overlapping functional region of the posterior insula

that was hyperperfused to a similar pain stimulus in a different subject cohort in Chap-
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ter 5, and that this suppression correlated with the suppression of subjective ongoing

pain scores by gabapentin. This provided further evidence that the posterior insula

can be used as a neural biomarker in the assessment of pharmacological efficacy against

nociceptive-driven pain in the healthy human. Interestingly, we also reported (both in

Chapter 5 and this experiment) that the largest part of the neural response to persistent

pain was a widespread decrease in CBF in several brain regions, which was partially

reversed by gabapentin therapy. While the functional interpretation of pain related de-

activations and hypoperfusion remains debated (Iannetti et al., 2005b; Kong et al., 2010;

Owen et al., 2010; Thunberg et al., 2005), our evidence suggests that these changes may

provide an important readout for assessing drug efficacy in the context of persistent pain.

In Chapter 7, we translated the use of our optimised ASL pipeline to the assessment

of ongoing pain and its relief through neurostimulation in a cohort of phantom limb

pain (PLP) patients. By targeting putative PLP mechanisms of maladaptive plasticity

in the deprived sensorimotor cortex (Flor et al., 2006), we demonstrated that anodal

transcranial direct current stimulation (tDCS) to the deprived sensorimotor cortex has

a short-lasting analgesic effect, and that this effect is reflected in the brain by decreased

activity in the posterior insula and hippocampus. These findings suggest that activity in

the posterior insula may also serve as an important marker of pain percept in neuropathic

patient cohorts. Furthermore, we show that tDCS therapy is a promising intervention in

the management of PLP, and that more extensive study of its mechanisms and longer-

term analgesic effects is appropriate.

8.2 Summary

This thesis provides two major novel additions to the pain field. Firstly, we confirm

over a series of experiments that the use of fMRI to image acute and persistent pain can
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provide important biomarkers for the assessment of analgesic efficacy. We repeatedly

demonstrate the importance of the posterior insula as a neural readout of persistent

pain, and suggest that activity in this region can be used in the assessment of efficacy

of novel therapies in both healthy volunteers and neuropathic pain patient groups. Fu-

ture work should aim to link activity in the posterior insula with integrative functional

networks underlying the emergence of the pain experience from ongoing nociceptive af-

ferent input. It will also be important to validate the role of fMRI for testing analgesic

efficacy of known compounds in larger clinical populations, and of novel therapies in

more homogenous healthy subject groups.

Secondly, we identified a physiological marker of susceptibility to nociceptive-driven

pain and CS related hypersensitivity by highlighting a specific relationship between

PAG baseline CBF and subsequent pain reports. Given that only a proportion patients

go on to develop chronic pain after nerve injury (Helgason et al., 2000; Kehlet et al.,

2006), the assessment of vulnerability to immediate post-injury pain (a strong prognostic

indicator for chronic pain) may have important clinical implications, particularly in

the perioperative setting (Deumens et al., 2013). To appropriately investigate this,

subsequent studies should address the relationship between pre-surgical baseline PAG

activity and post-surgical incidence and severity of persistent pain.
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C., Richter, H., Rolke, R., Scherens, A., Schwarz, A., Sommer, C., Tronnier, V., Uçeyler, N.,
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J. (2012). Separating brain processing of pain from that of stimulus intensity. Human Brain
Mapping, 33(4):883–894. 169, 171

Ogawa, S. S., Lee, T. M. T., Kay, A. R. A., and Tank, D. W. D. (1990). Brain magnetic resonance
imaging with contrast dependent on blood oxygenation. Proceedings of the National Academy
of Sciences of the United States of America, 87(24):9868–9872. 31, 110

Okell, T. W., Chappell, M. A., Kelly, M. E., and Jezzard, P. (2013). Cerebral blood flow
quantification using vessel-encoded arterial spin labeling. Journal of Cerebral Blood Flow and
Metabolism. 122, 127

O’Neill, J. J., Brock, C. C., Olesen, A. E. A., Andresen, T. T., Nilsson, M. M., and Dickenson,
A. H. A. (2012). Unravelling the mystery of capsaicin: a tool to understand and treat pain.
Pharmacological Reviews, 64(4):939–971. 151

Ostrowsky, K. K., Magnin, M. M., Ryvlin, P. P., Isnard, J. J., Guenot, M. M., and Mauguière,
F. F. (2002). Representation of pain and somatic sensation in the human insula: a study of
responses to direct electrical cortical stimulation. Cerebral Cortex, 12(4):376–385. 8

Owen, D. G., Bureau, Y., Thomas, A. W., Prato, F. S., and St Lawrence, K. S. (2008). Quantifi-
cation of pain-induced changes in cerebral blood flow by perfusion MRI. Pain, 136(1-2):85–96.
148

Owen, D. G., Clarke, C. F., Bureau, Y., Ganapathy, S., Prato, F. S., and St Lawrence, K. S.
(2012). Measuring the neural response to continuous intramuscular infusion of hypertonic
saline by perfusion MRI. Journal of Magnetic Resonance Imaging, 35(3):669–677. 149, 150,
151, 202

Owen, D. G., Clarke, C. F., Ganapathy, S., Prato, F. S., and Lawrence, K. S. S. (2010). Using
perfusion MRI to measure the dynamic changes in neural activation associated with tonic
muscular pain. Pain, 148(3):375–386. 149, 150, 170, 171, 230

Parazzini, M. M., Fiocchi, S. S., Rossi, E. E., Paglialonga, A. A., and Ravazzani, P. P. (2011).
Transcranial direct current stimulation: estimation of the electric field and of the current
density in an anatomical human head model. Biomedical Engineering, IEEE Transactions on,

252



REFERENCES

58(6):1773–1780. 208

Parepally, J. M. R. J., Mandula, H. H., and Smith, Q. R. Q. (2006). Brain uptake of nonsteroidal
anti-inflammatory drugs: ibuprofen, flurbiprofen, and indomethacin. Pharmaceutical Research,
23(5):873–881. 105

Parkes, L. M. L., Rashid, W. W., Chard, D. T. D., and Tofts, P. S. P. (2004). Normal cerebral
perfusion measurements using arterial spin labeling: reproducibility, stability, and age and
gender effects. Magnetic Resonance in Medicine, 51(4):736–743. 121, 145

Peltz, E., Seifert, F., DeCol, R., Dörfler, A., Schwab, S., and Maihöfner, C. (2011). Functional
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Appendix A

Supplementary Results to Chapter 4

Supplementary Table 4.1: Top: Grey matter (GM) absolute CBF during rest. Bottom: Absolute

CBF for key ROIs during rest. CBF values represent the group mean extracted from anatomical masks

generated as described in Chapter 4 Methods. ROI, region of interest; GM, grey matter; WM, white

matter; CBF, cerebral blood flow; SD, standard deviation of the group mean.

GM CBF (ml/100g/min)

Subject Session1 Session 2 Session 3

1 46.48 42.90 40.62
2 41.65 40.70 44.69
3 50.87 45.31 39.40
4 45.74 48.33 45.16
5 44.33 50.72 55.81
6 53.79 49.48 49.65
7 48.40 46.24 49.91
8 38.09 38.40 36.30
Mean 46.17 45.25 45.20
SD 4.99 4.32 6.42

Mean CBF (ml/100g/min)

ROI Session 1 SD Session 2 SD Session 3 SD

GM 46.17 4.99 45.25 4.34 45.20 6.42
WM 25.20 3.07 24.08 2.29 24.20 3.50
Frontal lobe 39.76 5.43 40.27 3.77 38.97 5.07
Temporal lobe 38.84 4.02 36.86 4.52 37.63 5.65
Parietal lobe 43.85 5.08 43.15 4.37 42.89 6.74
Occipital lobe 41.49 6.09 40.42 4.88 40.61 10.33
Insular cortex 58.84 6.98 55.13 5.48 55.37 6.85
Thalamus 52.21 9.45 46.85 7.40 50.15 9.42
Caudate 37.62 7.61 37.95 6.84 38.01 5.60
Putamen 44.41 6.50 43.85 4.58 45.15 4.47
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Supplementary Table 4.2: Top: Grey matter (GM) arterial arrival time during rest scans. Bottom:

Absolute CBF for key ROIs during rest. Arterial arrival time values represent the group mean extracted

from anatomical masks generated as described in Chapter 4 Methods. ROI, region of interest; GM, grey

matter; WM, white matter; AAT, arterial arrival time; SD, standard deviation of the group mean.

GM AAT (s)

Subject Session1 Session 2 Session 3

1 1.27 1.26 1.26
2 1.26 1.20 1.20
3 1.24 1.24 1.23
4 1.21 1.22 1.24
5 1.28 1.24 1.25
6 1.19 1.20 1.18
7 1.19 1.22 1.23
8 1.25 1.20 1.23
Mean 1.20 1.23 1.23
SD 0.04 0.02 0.02

Mean AAT (s)

ROI Session 1 SD Session 2 SD Session 3 SD

GM 1.23 0.04 1.23 0.02 1.23 0.02
WM 1.29 0.01 1.29 0.01 1.29 0.01
Frontal lobe 1.21 0.04 1.23 0.02 1.22 0.02
Temporal lobe 1.21 0.03 1.21 0.03 1.19 0.04
Parietal lobe 1.25 0.03 1.26 0.02 1.26 0.02
Occipital lobe 1.26 0.05 1.25 0.02 1.26 0.03
Insular cortex 1.23 0.03 1.23 0.02 1.22 0.02
Thalamus 1.28 0.04 1.28 0.02 1.27 0.03
Caudate 1.24 0.04 1.24 0.03 1.24 0.04
Putamen 1.21 0.04 1.21 0.03 1.19 0.04
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Supplementary Table 4.3: Regional F-test statistics comparing all three sessions. ROI, region

of interest; GM, grey matter; WM, white matter. CBF, cerebral blood flow; AAT, arterial arrival

time. * Bonferroni adjusted p-value

F-tests

CBF AAT

ROI F p-value F p-value

GM 0.44 0.66 0.51 0.62

WM 1.35 0.32 0.76 0.50

Frontal lobe 0.94 0.44 0.97 0.43

Temporal lobe 2.63 0.14 1.57 0.27

Parietal lobe 0.31 0.74 0.46 0.65

Occipital lobe 0.10 0.90 0.46 0.65

Insular cortex 1.74 0.25 0.14 0.87

Thalamus 3.90 0.08 0.23 0.80

Caudate 0.02 0.99 6.19 0.32*

Putamen 0.37 0.71 3.66 0.09
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Appendix B
Supplementary Results to Chapter 6
6.1: Experiment 1

Supplementary to Figure 6.3: Validation of baseline PAG CBF prediction of pain behaviour. (a)

Primary visual cortex (V1) and grey matter (GM) CBF are not associated with ongoing pain in either

session (b) Time interval between sessions 1 and 2 is not associated with session 2 pain scores (c) In a

repeated study design with a separate cohort, we reproduce the correlation between ongoing pain scores

and baseline PAG CBF measured months later (n=6)
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6.2: Experiment 2

Supplementary to Figure 6.6: Ongoing pain across all visits in order of visit (average of pre

and post scan). In a time by pain ANOVA between visits 2-4, there is a main effect of visit number

on pain ratings (F[21]=6.781,p=0.002). CAP., capsaicin visit.
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Appendix C

Supplementary Methods to Chapter 7

Methods

Behavioural measures

Behavioural measures were taken prior to and after the scanning/tDCS phase on each

visit. These measures included a hand laterality recognition task, an imagery task and

pain threshold detection. The hand laterality task tested implicit motor imagery (Moseley,

2004, 2006) by requiring subjects to verbally indicate whether a rotated hand presented

to them on a computer screen (Presentation software, version 16.4) was a right or a left

hand. The imagery task assessed the ability of subjects to perform or imagine phantom

hand and intact hand movements quickly and accurately (Raffin et al., 2012a). Pain

thresholds were detected by testing ratings of sharpness of punctate stimulation (8, 16,

32, 64, 128, 256 and 512 mN) on the stump and corresponding area of the intact limb.

MRI acquisition

Body localiser scans (7 minutes) were performed while subjects moved their feet, lips,

intact hand and phantom hands in a counterbalanced paradigm alternating 4 blocks of 12

s movement with 12 s rest. Resting state scans (5 minutes) were acquired while subjects

focused on the fixation cross. Both body localiser and resting state BOLD-EPI scans were

collected using a multiband T2*-weighted pulse sequence (Feinberg et al., 2010; Moeller

et al., 2010)- TR: 1300 ms; TE: 40 ms; flip angle: 66; FOV: 212x212 mm, 72 2-mm

transversal slices for full brain coverage.

During stimulation (20 minutes) subjects were visually instructed to perform five different

types of movement (i.e., wrist flexing, hand opening/closing, index finger flexing, ring

finger flexing, and fingers adduction), in a block design fashion. Each movement block

was repeated four times, twice using the phantom hand only, and twice bimanually. In the

bimanual blocks subjects were requested to mirror phantom movement using the intact

hand. The protocol consisted of 45 s periods of movement alternated with 15 s of rest.

Every 5 minutes subjects were requested to provide a subjective pain rating using a
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visually presented analogue scale (VAS). Subjects were videotaped during stimulation

sessions, and the degree of volitional movement of the phantom was quantified offline,

based on the bimanual (mirror) trials, by a blinded experimenter. Here, an echo-planar

T2*-weighted pulse sequence was used to record images based on the BOLD signal (TR:

2000 ms; TE: 30ms; flip angle: 90; volumes 608; FOV: 192mm transversal slices; 35 slices

with slice thickness 3.0 mm, with partial cerebellum coverage).
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