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Abstract 

Pain is a multifaceted and malleable sensory experience that is processed at all levels of the 

central nervous system.  It can be influenced by cognitive factors such as attention, expectation, 

suggestion, and attitudes; the role of attention in cognitive modulation of pain is the focus for the work 

that is presented in this thesis.  Behavioural studies showed that pain perception was reduced under 

cognitive loads that place a continuous demand on executive functions such as working memory.  

Neuroimaging, pharmacological, and electrophysiological studies provide evidence that the 

underpinnings of cognitive modulation of pain involve a network of descending modulation of pain 

among cortical and brainstem structures.  However, the role and relationship of subcortical regions in the 

brainstem and spinal cord (SC) during cognitive modulation of pain is not well understood.  Therefore, 

the aim of this thesis was to confirm the behavioural effect of cognitive modulation of pain using a 

working memory task and to investigate the neural correlates of this modulatory mechanism in the 

brainstem and cervical SC using a combination of functional Magnetic Resonance Imaging (fMRI) and 

Structural Equation Modelling (SEM).  Twelve female participants, ages 24-52, was given noxious 

thermal stimulation on the C6 dermatome while simultaneously performing three levels of the N-Back 

task.  Our findings demonstrated a significant attenuation in pain perception across the group as a result of 

the task, along with high inter-subject variability in the degree of modulation.  Functional MRI results 

exhibited neural responses in brainstem regions known to be involved in descending modulation of pain 

and the ipsilateral dorsal horn of the SC.  SEM analysis revealed connectivity between the brainstem and 

SC at the group level and individual level that varied depending on the cognitive load and the degree of 

pain modulation, respectively.  Altogether, the findings of this thesis demonstrate the behavioural effect 

of cognitive modulation on pain perception and give insight into the subcortical neural response to this 

process.   
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Chapter 1 

Introduction 

Pain may seem to have a very straightforward role in the human body out of all 

the sensory modalities.  Its onset is meant to alert an individual to some kind harm and its 

relief is achieved when the proper behavioural or pharmacological interventions are 

made.  The International Association for the Study of Pain (IASP) defines pain as “an 

unpleasant sensory and emotional experience associated with actual or potential tissue 

damage, or described in terms of such damage,”1 however even this definition, while 

succinct and accurate, can be too simplistic once one begins to gain a deeper 

understanding of this sensory phenomenon.  The complexity of a pain experience is 

illustrated by its multifaceted, subjective nature, which can be described by affective, 

evaluative, and sensory-discriminative components.  Furthermore, gender, age, and 

genetics are determinants of pain that contribute to the heterogeneity of pain experiences 

across a population2,3.  Even within an individual, pain perception can vary under 

different contexts such as an individual’s emotional, cognitive, and physiological state.  

The focus of this thesis project was to investigate how one’s cognitive state, specifically 

attention, can modulate the pain experience. 

The effect of a cognitive state on the perception of pain has been reported in 

numerous situations anecdotally.  For example, when an athlete is injured during a sports 

game, but continues playing and does not notice the injury or its severity.  Conversely, a 

person might accidentally touch the heated element of a stove while cooking, and upon 

sensing the pain they quickly withdraw and focus entirely on the pain and little else.  In 
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both situations attention was engaged on some mental or physical task prior to the onset 

of pain, however its direction was diverted to the awareness of pain in one but not the 

other.  Both of these situations illustrate that pain processing is a physiological and 

cognitive process that can be influenced by attention, and this thesis aims to explore in 

closer detail some of the underlying neural interactions and responses that occur when the 

perception of pain is influenced by attention, also known as cognitive modulation of pain. 

The effect of cognitive modulation of pain was probed by combining noxious 

stimulation with a cognitive task that would engage attention to observe its impact on 

pain perception.  While this has been demonstrated in both behavioural studies and 

imaging studies of the brain under a variety of contexts such as attention, distraction, 

expectation, and even complex psychological processes such as empathy, there has been 

a lack of investigation into the impact of cognitive modulation of pain at subcortical 

levels.  Therefore, this thesis engaged attention by using a task that placed a cognitive 

load on the individual in order to examine cognitive modulation of pain through two 

stages.  The first was a behavioural study, and was performed in order to confirm the 

behavioural effect of cognitive modulation of pain.  The second was a functional imaging 

study of subcortical regions and used a combination of analysis methods to explore the 

neural response in the spinal cord (SC) and brainstem and the connectivity between these 

regions while employing the same behavioural paradigm as the first study.  Together, the 

studies revealed specific areas of responsiveness and connectivity in the SC and 

brainstem associated with the effect of cognitive modulation on pain processing and 

perception.  To provide a foundation for which these studies will be based on, the 
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physiology of pain processing, principles of magnetic resonance imaging (MRI), and the 

application of functional MRI on cognitive modulation of pain will be reviewed. 

1.1 The Physiology of Pain 

1.1.1 Nociceptive Signalling 

Noxious stimuli, be it thermal, mechanical, or chemical in nature, are detected by 

nerve cell endings known as nociceptors that have free endings and are distributed 

diffusely throughout the body cutaneously and subcutaneously4.  These receptors have 

higher thresholds than other sensory receptors, so as not to respond to innocuous stimuli.  

Following activation of nociceptors, the signal is subsequently propagated by small-

diameter, thinly myelinated Aδ and unmyelinated C-fibres to the dorsal horn (DH) of the 

SC, where all peripheral sensory information is received and transmitted to the central 

nervous system (CNS)5. 

Aδ and C-fibre receptors can be classified based on their responsiveness to 

specific modalities.  There are Aδ-fibres mechanoreceptors and mechanothermal 

receptors that respond to intense mechanical stimuli and extreme high and low 

temperatures (greater than 45 °C and less than 5 °C), respectively6.  C-fibres have high-

threshold receptors responsive to both thermal and mechanical stimuli or polymodal 

receptors responsive to thermal, mechanical, and chemical stimuli7.  Upon activation, 

conduction characteristics vary between these two afferent fibres due to differences in 

myelination and the size of the diameter of the afferent fibre.  Signalling propagates more 

quickly through Aδ-fibres at around 5 – 30 m/s, conveying modality-specific information 

such as intensity and location, and resulting in a sharp, prickling painful sensation.  C-

fibre mediated signalling is transmitted more slowly at around 1.0 m/s, leading to a dull, 
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aching, or burning painful sensation that can persist even after the noxious stimulation 

has ceased8. 

1.1.2 Processing in the Spinal Cord 

The central axons of primary sensory afferent fibres innervate the ipsilateral SC in 

the dorsal root entry zone and terminate in the DH gray matter.  Some axons ascend or 

descend one or two vertebral segments in Lissauer’s Tract before innervating the DH.  

According to one system of nomenclature that categorizes the DH into numbered regions 

called Rexed’s laminae, nociceptive afferent fibres terminate mostly on laminae I (i.e. the 

marginal layer) and II (i.e. the substantia gelatinosa), with a smaller proportion 

terminating in laminae V and VI9.  These fibres can synapse onto neurons confined to the 

SC (e.g. interneurons or wide dynamic range neurons) or second-order projection neurons 

that decussate in the anterior commissure and ascend to higher structures10.   

Excitatory and inhibitory interneurons have the capacity to modify nociceptive 

signalling prior to its transmission along ascending systems through glutamatergic and 

GABAergic mechanisms, respectively11,12.  Interneurons can also synapse onto SC motor 

neurons in order to create a reflexive motor response to nociceptive stimuli.  Nociceptive 

sensory fibres may also synapse onto wide dynamic range neurons (WDR) in the DH; 

these cells respond to both noxious and innocuous sensory stimuli in an intensity-

dependent manner, thereby encoding information about the sensory signal in its output 

response.  Furthermore, non-neuronal cells that reside in the SC such as astrocytes and 

microglia utilise pro- and anti-inflammatory responses to support and modulate neuronal 

activity in response to tissue damage13.  These non-neuronal cells generate factors such as 



 

5 

 

cytokines, nitric oxide, and glutamate that contribute to nociceptive processing in the SC 

during damage to primary afferent fibres14. 

1.1.3 Ascending Pain Pathways 

Nociceptive signalling is conveyed to the somatosensory cortex via ascending 

pain pathways of the anterolateral system, which is comprised of spinothalamic, 

spinoreticular, and spinomesencephalic tracts, in contrast to innocuous mechanosensory 

signalling that ascends via the dorsal column-medial lemniscus system.  Most of the 

second-order neurons in these tracts cross the anterior commissure prior to ascending the 

contralateral anterolateral white matter, however they terminate in various structures in 

the brainstem and forebrain15.  The spinothalamic tract fibres originate mostly from DH 

laminae I and V and convey the sensory discriminative components (e.g. intensity, 

location, and quality) of pain to the ventral posterior lateral (VPL) nucleus of the 

thalamus.  From the thalamus, third-order neurons then relay information to primary 

somatosensory cortices.  This pathway maintains somatotopic organization from the level 

of the cord to the primary sensory cortices16.  Second-order ascending neurons of the 

spinoreticular tract originate deeper in the DH (i.e. laminae V-VIII) compared to those of 

the spinothalamic tract and project to several subdivisions within the medullary-pontine 

reticular formation to convey the motivational-affective components of pain13,17.  From 

the reticular formation, projections have been traced to the intralaminar complex and 

medial central nucleus of the thalamus.  These fibres do not maintain somatotopic 

organization and project diffusely to cortical structures such as the anterior cingulate 

cortex (ACC) and insular cortex (IC)4.  Neurons belonging to the spinomesencephalic 

tract originate in laminae similar to that of the spinothalamic tract and also maintain 
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somatotopic organization.  Its projections terminate on the periaqueductal gray (PAG) in 

the midbrain and the superior colliculi18.  Projections to the PAG have been shown to 

exhibit facilitatory and inihibitory influences on nociceptive afferent transmission, thus 

playing a part in the central modulation of pain10. 

1.1.4 Involvement of Cortical Structures in Processing Pain 

 The thalamus is considered a major relay center of somatosensory information 

and consists of numerous thalamic-cortical connections that are thought to be relevant to 

pain processing, such as with the dorsolateral prefrontal cortex (DLPFC), primary (SI) 

and secondary (SII) somatosensory cortices, IC, and ACC10,19,20.  In support of this, 

positron emission tomography (PET), functional MRI (fMRI), electroencephalography 

(EEG), and magnetoencephalography (MEG) studies have confirmed that pain-evoked 

brain responses do occur in these regions21.  More specifically, SI and SII activation is 

involved in the sensory-discriminative aspects of pain perception such as stimulus 

intensity and location22.  Limbic regions such as the ACC and IC are thought to be 

involved in the appraisal of affective components of pain23.  It has also been proposed 

that the ACC, in conjunction with the DLPFC, is responsible for integrating the effect of 

cognitive variables such as attention and memory on pain processing24,25. 

1.2 Pain Modulation 

 Identical nociceptive stimulation can yield dissimilar pain experiences between 

different individuals and even within the individual on separate occasions.  This 

variability suggests that the nociceptive input and subsequent pain experience is not 

always a direct relationship and that there are physiological processes that influence and 

modulate nociceptive signalling, shaping the pain experience in different ways.  Our 
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current understanding of the mechanisms underlying pain modulation stemmed from 

Melzack and Wall’s Gate Control Theory of Pain, which had a profound impact on the 

field of pain research.  At the time, they proposed a new framework of understanding the 

mechanisms of pain perception that focused on the DH and hinted at top-down 

mechanisms26.  Since then, further work has established numerous descending 

mechanisms for the control of pain processing that originate from supraspinal networks27. 

1.2.1 Gate Control Theory of Pain 

In 1965, Melzack and Wall published their seminal work introducing the Gate 

Control Theory of Pain28.  Their work was in response to two competing theories at the 

time, known as Specificity Theory and Pattern Theory, and an attempt to recognize the 

experimental evidence in support of these theories while reconciling the limitations and 

inconsistencies between them.  Specificity Theory proposed that unique pathways existed 

for different sensory modalities and that each modality was connected to a unique region 

of the brain responsible for that particular sensory modality.  In this theory, activation of 

a receptor connected to a pain pathway led to activation of a brain region for pain, thus 

forming the pain experience.  On the other hand, Pattern Theory proposed a quantitative 

approach to the formation of pain, where characteristics such as the pattern of neural 

activation and spatial and temporal properties of the stimulus collectively contributed to 

the formation of the pain experience29.  The Gate Control Theory bridged these two 

theories by proposing primary nociceptive afferent neurons were modulated in a specific 

region, the substantia gelatinosa of the SC.  They argued that this region in the DH acted 

as “gates” for nociceptive signalling prior to its transmission to ascending pathways.  

They further proposed that large and small primary fibers had the capacity to inhibit or 
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facilitate the gating mechanism in the substantia gelatinosa, respectively, in addition to 

fibers that descended from supraspinal structures28. 

Over time, aspects of their model were corrected and refined, such as the 

functional role of large and small fibers.  For example, instead of inhibition of noxious 

information by large Aδ-fibers or facilitation by small C-fibres, it is understood that 

neither modulate the other and that both peripheral afferent fibres transmit noxious 

information to the DH30.  Instead, neuronal cell elements such as interneurons and WDR 

neurons and non-neuronal cell elements such as microglial and astrocytic glial cells 

located in the substantia gelatinosa are some of the players that contribute to the “gating” 

of nociception in the DH27.  Peripheral afferent neurons propagating noxious information 

can facilitate the nociceptive signal conveyed to ascending projections through excitatory 

interneurons; conversely, inhibitory interneurons can attenuate the transmission of the 

nociceptive signal to ascending projections31.  WDR neurons add to this complexity, 

encoding and transmitting information regarding both innocuous and noxious stimuli in 

its response properties32.  Its stimulus-dependent activity can therefore modulate the 

transmission of noxious information to ascending pain pathways33.  For example, 

repetitive stimulation of C-fibers can lead to sensitisation and exacerbate the response in 

WDR neurons, resulting in facilitation of the pain experience33.  Evidence also suggests 

that these neurons are important mediators of the control elicited by descending 

modulatory pathways34.  Another element in the DH, glial cells, can alter neuronal 

excitability in the DH during pain processing35.  Molecular signalling pathways activated 

during an acute inflammatory pain response lead to the release of pro-inflammatory 

cytokines by micoglial and astrocytic glial cells that increased excitability of DH 
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neurons, contributing to behavioural outcomes such as hyperalgesia or pathogenesis of 

chronic pain states36.  One study performed in rats showed that the hypersensitivity of 

DH neurons during central sensitisation following an acute inflammatory pain model was 

blocked when metabolic activity of astrocytes was inhibited37.  Thus, both neuronal and 

non-neuronal cellular elements in the DH create complex synaptic circuitry and diverse 

mechanisms for the integration of nociceptive processing.  

1.2.2 Descending Modulation of Pain 

 In addition to neuronal and non-neuronal cellular elements within the DH, 

networks of supraspinal structures also confer top-down modulatory effects via 

descending input in the DH27.  These descending pathways exert inhibitory or facilitatory 

influence on ascending nociceptive information to attenuate or exacerbate the pain 

experience, respectively38.  That the cognitive-evaluative and motivational-affective 

components of pain can profoundly vary and alter the pain experience implicates a role 

for higher-level functions such as cognition and emotion in the modulation of the pain.  

The mechanisms by which cognitive factors such as attention and expectation can affect 

the pain experience are known as cognitive modulation of pain.  Similarly, how 

emotional factors like empathy and mood have the capacity to alter the pain experience is 

known as emotional modulation of pain39,40.    

Aspects of the mechanisms underlying these two modes of modulation are 

dissociable40, however the neural underpinnings are not entirely mutually exclusive41.  

Not surprisingly, many of the regions responsible for processing of cognitive and 

emotional variables overlap with each other and with areas that show pain-related brain 

activity such as the prefrontal cortex (PFC), amygdala, ACC, and IC41.  Moreover, 
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structures such as the ACC and IC have been shown to be directly involved in the 

modulation of pain23.  In two studies, electrical stimulation of the IC evoked analgesic 

effects31,42, and conversely stimulation of the ACC elicited facilitation of pain in rats, 

giving evidence that these two cortical regions involved in cognitive functions are also 

involved in modulating pain43,44.  Additionally, structures in the midbrain and brainstem 

involved in the top-down modulation of pain also receive input to and from these cortical 

regions45, connect with each other, and input directly into the DH via the dorsolateral 

(DLF) and ventrolateral funiculi (VLF) of the SC46.  These cortical and subcortical 

structures are collectively termed “the pain matrix” and form a complex and dynamic 

network of modulation where the interplay between a multitude of factors and contexts 

give rise to the experience of pain47.  

A well-known descending pain-inhibitory pathway involves the opioid-sensitive 

midbrain periaqueductal gray (PAG) and the rostral ventromedial medulla (RVM).  

Anatomically, the PAG receives direct descending input from the cingulate gyrus in the 

limbic system48 and ascending input from the DH31.  Furthermore, reciprocal connections 

exist between cortical structures and the hypothalamus, parabrachial nucleus (PBN) and 

locus coeruleus (LC) in the pons, nucleus tractus solitarius (NTS) and RVM in the rostral 

medulla, and the dorsal reticular nucleus (DRt) in the caudal medulla27.  In two landmark 

studies, microinjection of morphine into the rabbit PAG elicited significant 

antinociceptive effects49 and electrical stimulation of the rat PAG led to such a strong 

analgesic effect that the rat displayed no visible signs of distress while consciously 

undergoing a laparotomy50.  An endogenous opioidergic system of pain inhibition in the 

PAG was confirmed in humans when application of naloxone, an opioid receptor 
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antagonist, abrogated the antinociceptive effects of PAG stimulation51.  Naloxone 

application also yielded similar interruption of the antinociceptive effects of stimulation 

and morphine microinjection in numerous other supraspinal loci52.  Furthermore, the 

PAG contains GABAergic interneurons that place tonic inhibition on excitatory pathways 

from the PAG to brainstem structures that mediate antinociception53.  Application of 

GABAergic antagonists and cannabinoids in the PAG prevented the tonic inhibition of 

antinociception and initiated analgesic mechanisms54.   

Direct input from the PAG to the RVM and the DH of the SC constitutes an 

integral relationship in the descending antinociceptive control that arises from the PAG.  

Lesioning experiments have shown that the RVM receives input from the PAG55, and 

anterograde and retrograde tracing studies showed descending projections from the RVM 

to the superficial and deep lamina of the DH56.  Both regions involve a nociceptive 

inhibitory system mediated by endogenous opioids, and this was confirmed when the 

application of opioid receptor agonists in both the PAG and RVM reduced the 

nociceptive response independently57.  In addition, these two regions act in tandem as a 

functional unit, and this was demonstrated when microinjection of a highly selective 

opioid receptor antagonist in the RVM attenuated the analgesic effect from 

microinjection of an opioid receptor agonist in the PAG57.  

In addition to receiving direct input from the PAG and ascending projections from 

the cord, the RVM also receives input from two other supraspinal regions that are also 

involved in pain processing, the PBN and the NTS31,58, and diencephalic structures such 

as the hypothalamus59.  The projections from the RVM to the cord are morphologically 

distinct and postsynaptic in nature and terminate on the soma or dendrites of interneurons 
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or ascending projection neurons in the DH60.  However, the role of the RVM in 

descending modulation of pain is not entirely clear, and studies have shown that it 

contributes to both descending inhibition61 and facilitation62 of nociception.  In 

characterising the RVM, heterogeneity in neuroanatomy and cytoarchitecture has been 

noted63.  Two subdivisions of the RVM, the more medial nucleus raphe magnus (NRM) 

and the more lateral nucleus reticularis gigantocellularis (NGc)64, contain nuclei that 

project directly to the cord and both have been implicated in PAG-mediated 

antinociception65.  The RVM can also be characterised in terms of three different 

functional cell types based on the change in firing frequency of those neurons.  Using a 

behavioural response to noxious stimuli in rats known as the tail flick, these three cell 

types were observed in the change in frequency prior to stimulation and were known as 

neutral-cells, off-cells, and on-cells63.  Neurons that show no change in firing frequency 

are called neutral cells.  Neurons that abruptly pause firing prior to the tail flick are 

termed off-cells, and the noxious stimulation threshold for a tail flick during off-cell 

activity significantly increases, suggesting an antinociceptive role66.  In support of this, 

PAG-induced analgesia from microinjection with morphine led to continuous activation 

of off-cells, exclusively, in the RVM66.  Alternatively, neurons that increase in firing 

frequency prior to the tail flick are termed on-cells, and the noxious stimulation threshold 

for a tail flick during on-cell activity significantly decreases63.  Furthermore, application 

of morphine in the RVM suppressed on-cell firing67.  The distribution of on-cells and off-

cells is interspersed throughout the RVM, and as a result the exact relationship by which 

other regions interact with the RVM to bidirectionally modulate nociception is still 

unclear63. 
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Within the pons and medulla, the LC, PBN, NTS, and DRt are other regions 

involved in descending modulation.  The LC and PBN are two pontine structures that 

serve as an interface between sensory and autonomic functions, and are known to 

contribute to a descending inhibitory pathway via noradrenergic innervation 

predominantly in the superficial DH27.  Inhibition of nociceptive transmission via a 

noradrenergic system arising from the LC was confirmed when antinociception that 

resulted from electrical or chemical stimulation of the LC was prevented upon 

administration of an α2-adrenoceptor antagonist in the DH68.  Furthermore, the 

descending coerulospinal pathways that modulate nociception are conveyed along the 

VLF and not the DLF of the cord.  Lesion studies in the VLF interrupted the analgesic 

effects of LC stimulation, but disruption of the DLF did not affect antinociception69.  The 

PBN receives input from cortical structures and is known to contribute to the emotional 

and cognitive components of pain.  Neurons of the PBN also project to the RVM, NTS, 

and the DH70.  The NTS has been suggested to play a larger role in visceral pain 

processing as opposed to cutaneous, and is highly interconnected.  It projects to and 

receives input from limbic and cortical structures and provides a significant source of 

input to the PAG and the DH71.  The DRt is often portrayed as a pronociceptive 

modulatory structure that facilitates nociceptive signalling72.  This heterogeneous 

structure is located in the caudal medullary dorsolateral reticular formation and has 

stained positive for numerous opioid and nonopioid monoamines and neuropeptides 

distributed diffusely throughout the region73-76.  Anatomical studies in rats have identified 

that the DRt receives input from somatosensory cortices and ACC77 and form 

bidirectional connections with regions such as the RVM, PAG, PBN, NTS78, and with 
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superficial and deep lamina in the DH72.  Lesioning the DRt has demonstrated reduced 

pain responses and stimulation of the DRt has conversely facilitated pain responses72.  

Furthermore, application of glutamate in the DRt led to enhanced responsiveness of 

WDR neurons in the spinal DH of rats to noxious stimulation79. 

Most of what we know regarding pain processing and modulation come from 

extensive foundational work done in animal models, and many methods of investigating 

these processes are very invasive.  However, a non-invasive imaging method of 

measuring neural activity with a sufficient degree of anatomical resolution, such as that 

of fMRI, has provided insight into the neural correlates of pain processing and 

modulation in humans.  Coupled with behavioural measures, functional imaging is a 

powerful tool that can be used to explore the complexity of pain processing in humans in 

greater detail.  

1.3 Magnetic Resonance Imaging 

 Nuclear magnetic resonance was first described over 70 years ago80,81 and MRI 

was applied in humans almost 40 years later82.  Since then it has been widely used to 

assess the structure and anatomy of different tissues in both research and clinical settings, 

and has established itself as an invaluable imaging tool.  It is often used to identify 

anatomical and pathological features in the CNS due to the relatively high tissue contrast 

and spatial resolution that is afforded.  Part of the advantages of MRI as a non-invasive 

method of imaging is that it provides flexibility in its application and depends on 

endogenous sources for signal detection.  MRI of biological tissue utilises the magnetic 

properties of hydrogen nuclei to detect spatially encoded changes in the magnetisation to 

construct a two dimensional (MR) image.  Functional MRI is an application of MRI 
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whereby MR images are repeatedly and rapidly collected, and the change in MR signal 

over the course of imaging is indirectly related to changes in neural activity83.  The 

development of fMRI in the early 1990s allowed for a non-invasive method of 

investigating neural responses in humans that was previously unavailable84-86. While 

fMRI is still a powerful tool today, there are technical constraints that place limitations 

on its use, particularly when imaging regions of the CNS such as the brainstem and SC.  

Therefore, it is important to understand some of the principles of MRI such as how the 

MR signal is detected and the image is constructed in order to utilise this tool effectively.   

1.3.1 The MR Signal 

In humans, the most abundant sources of hydrogen nuclei can be found in water 

molecules and lipids.  Different tissues contain different amounts of hydrogen nuclei, 

depending on the water and lipid content, leading to the detection of varying MR signals.  

There are two characteristics of a hydrogen nucleus that are central to the physics behind 

MRI: it is magnetic and it rotates on its axis.  Hydrogen atoms contain a single, unpaired 

proton and have an uneven distribution of charge that creates a small magnetic field (MF) 

with a north and south pole.  The rotation occurs around this same magnetic axis, and the 

angle and speed with which the hydrogen nucleus rotates is a fixed property known as the 

spin87.  Typically, the hydrogen nuclei within a human body are randomly oriented such 

that the MFs cancel out and the net magnetisation is zero.  However, the magnetisation of 

hydrogen nuclei becomes aligned in the presence of a strong MF such as the one in an 

MRI system.  The strength of this MF is termed B0 and remains constant even during 

imaging.  Hydrogen nuclei within a MF will align to B0 in either a parallel or antiparallel 

state.  A parallel alignment corresponds to a lower energy state compared to an 
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antiparallel alignment, and as per the second law of thermodynamics, the lower energy 

state is preferred.  Hence, more hydrogen nuclei are in parallel alignment to B0 than not, 

and the net result is a relatively weak magnetisation known as the equilibrium 

magnetisation and abbreviated as M0
88.  It is important to note that the weak 

magnetisation, which is significant enough to detect, does not affect any of the 

physiological processes of the molecule that the hydrogen nuclei belong to.  

Due to the angular momentum that a hydrogen nucleus possesses while rotating 

on its axis, hydrogen nuclei fall into alignment with B0 gradually while rotating around 

B0 like a gyroscope.  This behaviour is known as precessing, and the frequency of 

precession is a fixed frequency known as the Larmor frequency, which is dependent on 

constant physical properties of the hydrogen nuclei (i.e. the gyromagnetic ratio) and the 

strength of B0.  Precession occurs when the hydrogen nuclei are aligning to B0 for the 

first time and also when their magnetisation has been disturbed somehow and they are 

returning back to M0.  In both situations this is called relaxation, and the process of 

precession creates a time-varying MF that is affected by the rate of relaxation and 

detected as the MR signal within nearby receiver coils.  To disturb the net magnetisation 

and induce an MR signal in a controlled manner, radio-frequency (RF) pulses are briefly 

applied orthogonal to B0.  These small MFs, abbreviated B1, must also rotate at the 

Larmor frequency in order to effectively push the angle of magnetisation of the hydrogen 

nuclei away from B0 (ie. the flip angle).  Tipping the magnetisation away from B0 and 

creating a flip angle leads to two magnetisation components.  The first belongs to the 

longitudinal axis, the original axis that B0 lies on, and the second is on the transverse 

plane orthogonal to the longitudinal plane.  During relaxation, the magnetic interaction of 
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hydrogen nuclei cause loss of energy such that the transverse component decays to zero 

and the longitudinal component recovers to its original magnitude under B0.  The time 

that it takes to recover and decay is termed T1 and T2, respectively, and T2 is much 

shorter than T1
88.  The hydrogen nuclei present in tissues with higher water content are 

unrestricted in movement and have longer T2 values compared to the T2 of a more 

restricted environment such as in lipids.  Thus, the MR signal (i.e. the decay of the 

transverse magnetisation) depends on the proton density of the tissue and reflect 

physiological information, leading to variation in the contrast between different tissues89.   

The greater the flip angle, the stronger the MR signal that is detected during 

precession.  However, the maximum signal that can be produced is from a 90° flip angle, 

because that is when the longitudinal magnetisation is tipped entirely onto the transverse 

plane.  Since T2 is shorter than T1, a T2-weighted image is produced when the 

magnetisation is tipped onto the transverse plane and the signal is allowed to relax before 

it is detected.  The time between repeated RF pulses is called repetition time (TR).  If 

multiple RF pulses are applied and TR is short, before the signal returns to equilibrium, 

then the image can be made to be T1-weighted.  Another practical consideration that 

affects the MR signal is that different tissues contain variations in MF due to the physical 

features of the material.  This magnetic susceptibility results in a non-uniform B0 and 

faster signal decay.  An MR signal that takes into account the spatial distortions brought 

on by magnetic susceptibility will have an effective transverse relaxation value of T2*, 

which decays more quickly than the true transverse time, T2
88.  

 In order to adequately measure the MR signal, an echo is created to bring the 

signal back briefly after it has decayed.  There are two methods used to produce an echo: 
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spin-echo (SE) and gradient-echo (GE), and every imaging method utilise one of these 

two methods.  Echoes are created by taking advantage of a feature of the transverse 

magnetisation during decay called “dephasing”.  The transverse magnetization is entirely 

in phase at the moment an RF pulse is applied, but begins to “dephase” immediately 

afterwards due to magnetic susceptibility differences.  The transverse magnetisation is 

brought back into phase and an echo is created by reversing the dephasing.  In a SE, an 

initial RF pulse flips the magnetisation by 90° and a second RF pulse flips the 

magnetisation by 180° shortly thereafter to invert the distribution of phases.  The second 

RF pulse causes the dephasing to converge, forming an echo.  This inversion cancels out 

the effects of MF inhomogeneities briefly and yields a T2-weighted image.  On the other 

hand, a GE is produced by applying a MF gradient after the initial RF pulse followed by a 

reverse gradient to bring the transverse magnetisation back into phase.  In this method, 

while the effects of the gradients are cancelled during the production of an echo, the MF 

inhomogeneities that cause magnetic susceptibility are not.  Thus images are T2*-

weighted.  The time between the last RF pulse and the formation of an echo is called the 

echo time (TE)88. 

1.3.2 Constructing the MR Image 

 In order for an MR signal to provide interpretable anatomical information, spatial 

encoding of the signal is applied so that the specific position of the signal and 

consequently the position of the tissue can be ascertained.  First, the three-dimensional 

volume that is being imaged is represented as multiple contiguous two-dimensional slices 

with a fixed slice thickness.  This is achieved by applying MF gradients on all three axes 

so that the strength of the MF changes linearly.  This is done so that the frequency of 
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hydrogen nuclei precession differs depending on its position under the MF gradients.  As 

mentioned previously, RF pulses only affect nuclei that are rotating at the same Larmor 

frequency.  Thus, applying an RF pulse simultaneously with a gradient will only tip the 

magnetisation of nuclei that are rotating within a select range of frequencies.  The 

amplitude envelope of an RF pulse specifies its amplitude and phase at a given point in 

time, and the frequency range or “slice” that is affected by these spatially selective RF 

pulses can be estimated as the Fourier Transform (FT) of the amplitude envelope.  Thus, 

features such as slice thickness and location can be manipulated and selected for by 

setting the MF gradients and RF pulses88. 

 To construct a two-dimensional image of the selected slice requires sampling of 

the MR signal in a two-dimensional matrix called k-space.  The amount of data sampled 

in k-space for a given field-of-view (FOV) of the anatomy determines the resolution of 

the MR image that is constructed.  A FT is applied to the data to produce a two-

dimensional image once the sampling of data in k-space has been completed.  Within the 

MR signal, there is information that is relevant and information that is irrelevant and 

unwanted88.  The source of the unwanted component of the signal, termed noise, can be 

predominantly attributed to the Brownian motion of electrons during imaging of the 

human body, which creates random MR signal fluctuations90.  A measure of how much 

noise contributes to the MR signal is called signal-to-noise ratio (SNR).  While it is often 

ideal to increase the SNR and maximize the strength of the desired signal, this must be 

done in a way that balances the interconnected relationship SNR has with other important 

factors.  These other variables are bound by technical limitations of the imaging system 

and can impact the practicality of imaging.  This is important to note because it means 
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that no single imaging method works best.  Rather a set of flexible conditions have to be 

considered to adequately address the needs of the application88. 

1.3.3 Functional MRI 

In fMRI, the same principles of MRI are applied in order to image the CNS, 

however this is done under different neural states such as performance of a task.  Images 

are collected quickly and repeatedly to identify changes in signal fluctuations over a 

time-series, and these changes are attributed to haemodynamic responses that are 

reflective of the neural activity involved in the task.  Typically, image quality factors 

such as SNR and spatial resolution have to be compromised in order to acquire images at 

sufficient speeds.83.  The contrast mechanism used to link changes in the MR signal to 

neural function is based on the magnetic properties of oxygenated and deoxygenated 

haemoglobin.  Oxygenated haemoglobin is diamagnetic and contains no unpaired 

electrons, but deoxygenated haemoglobin is paramagnetic and contains four unpaired 

electrons for every empty heme group.  For this reason, the concentration of 

deoxygenated haemoglobin in blood influences the local relaxation time, T2*.  During 

augmented neural function, when there has been an increase in oxygen consumption for 

metabolic purposes, blood flow rises and exceeds the oxygen demand in order to ensure 

adequate oxygenation of the tissue88.  This phenomenon has been named the blood 

oxygenation-level dependent (BOLD) response and is detected as the BOLD signal.  

Regional blood flow is influenced by presynaptic activity such as neurotransmitter 

release into the synaptic cleft and its reuptake by astrocytes to prevent cross-excitation.  

These cellular events place higher metabolic demand and increase blood flow, thereby 

affecting the BOLD response91.  In addition, postsynaptic firing output could also 
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indirectly affect the BOLD response.  However, haemodynamic changes were seen to 

better correlate with local field potentials, which represent signalling input and local 

processing, than with spiking output recordings92.  Therefore, one cannot be sure whether 

an increased BOLD response is reflective of excitatory activity or conversely, that the 

decreased BOLD response is reflective of inhibitory activity. 

Following the validation of the BOLD response for functional imaging in the 

early 1990s, the methods for fMRI of the human brain were quick to develop and be 

applied in research88.  In contrast, functional imaging of the SC has been slower than 

brain fMRI in gaining widespread usage.  This is because imaging of the SC poses a few 

significant challenges that have previously been difficult to overcome: small physical 

dimensions of the cross-sectional area, the vulnerability of the MR signal to noise due to 

physiological motion in the cord, and spatial distortions that arise from the magnetic 

susceptibility differences across tissues interfaces.  In addition, the BOLD effect relies on 

the variations in MF caused by deoxygenated haemoglobin, therefore fMRI in the SC 

must maintain sensitivity to the BOLD effect without reducing image quality or vice 

versa93.  Over the last 15 years, many methodological developments have aimed to 

address these challenges, and great strides in the field of SC fMRI have been made.  To 

achieve fMRI in the brain, a fast imaging method such as echo-planar imaging (EPI) is 

typically used.  However, this T2*-weighted, gradient-echo imaging method is more 

susceptible to spatial distortions and results in decreased spatial resolution in the SC94.  

On the other hand, recent work by Bosma and Stroman using a half-Fourier single-shot 

fast spin-echo (HASTE) imaging method assessed various acquisition parameters to 

circumvent the limitations of EPI for fMRI in the SC. They also compared Type I and II 
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errors in the active voxels of task and null data to evaluate multiple analysis methods and 

to optimize noise reduction.  Furthermore, they improved spatial normalisation 

procedures and demonstrated group-wise voxel alignment with an overall accuracy of 95 

% (Figure 1.1).  In their results, it was found that the BOLD contrast-to-noise ratio 

(CNR) during HASTE was highest at a TE of 75 msec in a 3 Tesla MRI system, which 

was comparable to the BOLD contrast of gradient-echo EPI.  Parallel imaging, a method 

that reduced imaging time by decreasing the amount of data acquired, led to decreased  

 

Figure 1.1  Spatial normalisation process of a single data set.   (A)  Raw image of a 
midline slice showing both sagittal and coronal planes.  Nine reference lines, shown in 
different colours for clarity, are manually drawn onto the image.  (B) A normalised 
template showing the same lines that were drawn from the raw image that are used to 
guide the normalisation transform.  (C) The normalised midline slice that has been 
aligned to match the template as closely as possible.  Figure from: Bosma, R.L. & 
Stroman, P.W. Assessment of data acquisition paramters, and analysis techniques for 
noise reduction in spinal cord fMRI data. Magnetic resonance imaging 32, 473-481 
(2014).  
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sensitivity to the BOLD effect due to reduced SNR, and was therefore deemed not 

beneficial to use.  Analysis techniques to reduce noise found that co-alignment and co-

registration steps reduced Type I errors and inclusion of the first two principle 

components as regressors in the general linear model (GLM) substantially increased the 

number of true positives.  In contrast, the rate of Type I errors did not change with the 

removal of Gibb’s ringing artefact or when using regressors in the GLM to model cardiac 

contributions (RESPITE), and errors even increased under temporal filtering95. 

The optimisation of functional imaging parameters in the SC in the last few years 

have led to increasing use of spinal fMRI in animals and humans with application into 

areas such as sensorimotor processing and injured and diseased states.  One of the earliest 

studies demonstrated a BOLD response in ipsilateral lumbar segments of the SC upon 

stimulation of a rat hindpaw96.  More recently, functional imaging of the SC during 

sensory stimuli in healthy humans showed sensory-related neural activity97.  Differences 

in the distribution of neural activity were seen when comparing the spinal fMRI 

responses between healthy controls and neuropathic pain patients with carpal tunnel 

syndrome98, indicating that the application of spinal fMRI can extend beyond research to 

include clinical utility.  In addition, with neuroanatomical interconnectivity between the 

cord and supraspinal regions, the SC does not operate solely in isolation from the rest of 

the CNS.  Functional and effective connectivity between regions throughout the CNS can 

be investigated by calculating the interdependence and causality of BOLD signals from 

separate regions.  This is particularly salient when examining higher-order processes such 
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as executive function and its role in modulating neural activity in the SC, since its 

mechanisms are integrated over a network of regions in the CNS83.  

1.4 Investigating Cognitive Modulation of Pain Using fMRI 

1.4.1 Cognitive Modulation of Pain in the Brain 

It has been shown in behavioural, pharmacological, and functional neuroimaging 

studies that cognitive factors influence the perception of pain.  These factors are mediated 

by cortical structures such as the DLPFC and ACC that influence pain processing via 

descending pain modulatory systems99,100.  Numerous neuroimaging studies have made 

the case that cingulo-frontal connectivity to modulatory regions in the brainstem is 

integral to mediating cognitive modulation of pain47,101,102.  Placebo analgesia has 

consistently observed increased coupling of the rostral ACC with subcortical regions 

such as the amygdala and the PAG103,104.  In one study, participants were provided with 

real time fMRI responses to ACC activation and given cognitive tasks to manipulate the 

activity in the ACC.  By developing greater control over the ACC through the tasks, as 

evidenced by the fMRI response in that region, participants were also able to diminish 

perceived pain intensity105.  Other neurocognitive factors such as hypnosis, anticipation, 

and attention have also been explored using functional imaging and demonstrated similar 

activation of cortical regions106-110.  Thus, the functional imaging evidence suggests that 

cognitive modulation of pain involve top-down controls that arise from cingulo-frontal 

regions. 

Attention has been frequently investigated as a neurocognitive factor that can 

influence pain processing, although the neural correlates of pain modulation in the CNS 

during attentional modulation have not yet been comprehensively characterised.  This 
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cognitive state manages the appraisal of external and internal information in order to 

attend to relevant stimuli using a pool of limited cognitive resources.  It has been 

proposed that dividing cognitive resources through a cognitive task during pain 

processing results in attenuation of the perceived pain intensity111.  In addition to 

concomitant diminished pain perception, imaging studies in the brain have also 

demonstrated that attention was able to influence pain-related brain activity in regions 

such as SI and SII, thalamus, and the ACC20,112 and increase the functional coupling 

between pain processing regions113.  Evidence suggests that the PFC plays a pivotal role 

in the downstream initiation of this cognitive modulation.  During a placebo analgesia 

study, activity in the DLPFC was seen to occur prior to noxious stimulation and 

correlated with a response in the PAG114.  Furthermore, placebo analgesia was disrupted 

in a group of Alzheimer’s disease patients with degeneration of a frontal lobe mediated 

mechanism of expectation115. 

1.4.2 Cognitive Modulation of Pain in the Brainstem and SC 

Until recently116, most of the neuroimaging work on cognitive modulation of pain 

has been focused on pain-related brain activity in cortical and thalamic regions.  

However, as more robust methodology for functional imaging of special regions of the 

CNS such as the brainstem and SC has developed, a slow and steady increase of fMRI 

studies during cognitive modulation of pain in the brainstem and SC have followed suit.  

For example, Cahill and Stroman observed differences in pain-related brainstem and 

spinal neural responses during intense and mild noxious thermal stimulation using 

fMRI117.  Functional imaging of attentional modulation of pain has also reported 

activation of the PAG alongside reduced pain perception during distraction101,118.  Spinal 
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fMRI has also been performed on music induced analgesia and the effects of cognitive 

load on pain perception119,120.  Therefore, the neural correlates of cognitive modulation 

across all levels of the CNS have begun to come into focus.  However, there are still 

many gaps in our understanding of cognitive modulation of pain such as the involvement 

of other known pain modulatory structures and the interconnectivity of these structures 

with each other and the cord. 

1.5 Proposed Research 

1.5.1 Purpose 

 The purpose of this thesis was to use fMRI to investigate the neural correlates of 

cognitive modulation of pain in the brainstem and SC by varying the cognitive load of a 

working memory task during simultaneous application of noxious thermal stimulation. 

1.5.2 Rationale 

 Behavioural studies have employed working memory tasks to demonstrate 

cognitive modulation of pain and consequently observed reduced pain perception.  A 

working memory task that demanded selective attention in a continuous manner was 

found to decrease the pain intensity in conditions with a higher cognitive load121.  The 

neural responses of this modulatory effect have been investigated in the brain using 

fMRI, and have implicated cortical and midbrain regions that are involved in the 

descending modulation of pain.  However, the neurophysiology of pain modulation 

involves structures throughout the CNS and includes the brain, brainstem, and SC27.  A 

polysynaptic spinal reflex that results in a withdrawal effect in response to noxious 

stimulation, called nociceptive flexion response (NFR), has been used to assess spinal 

modulation of nociception122.  Increasing electrical stimulation of the sural nerve showed 
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greater NFR withdrawal responses and higher pain ratings123, and this effect was 

augmented in patients with spinal injury compared to healthy controls124.  Furthermore, 

the perceived pain intensity was reduced and the spinal reflex response increased during a 

distraction task125, indicating that cognitive modulation does affect nociceptive 

processing in the SC.  Functional MRI in the brainstem and SC can provide added insight 

into pain modulation in subcortical regions by identifying the specific regions that 

respond during cognitive modulation.  Furthermore, fMRI can be used to assess the 

connectivity in neural responses between these regions and help inform a more 

networked understanding of pain processing.  As such, the work presented here combines 

the use of brainstem and spinal fMRI with a robust thermal pain paradigm and a well 

characterised working memory task called the N-Back to examine how placing a 

cognitive load can engage modulatory networks and influence the perception of pain. 

1.5.3  Hypotheses 

 We hypothesize that with increasing levels of the N-Back task we will observe 

greater reduction in pain ratings in response to noxious thermal stimulation.  We also 

hypothesize that higher N-Back levels will correspond with increasing cognitive loads, as 

evidenced by a decrease in task performance.  In addition, fMRI of the brainstem and SC 

will reveal significant BOLD responses in the DH of the SC and regions of the brainstem 

known to be involved in pain modulation.  Furthermore, we will observe differences in 

the BOLD responses of these regions between different levels of the N-Back task. 

1.5.4 Objectives 

The objectives of this thesis were: 
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1. To examine the effects of cognitive modulation on the perception of pain in 

healthy individuals, and 

2. To investigate the neural response to cognitive modulation of pain in the 

brainstem and SC using fMRI. 
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Chapter 2 

Engaging Working Memory to Behaviourally Assess Cognitive 

Modulation of Pain 

2.1 Introduction 

The perception of pain is a malleable, subjective experience that varies 

considerably across a population and even within an individual.  Pain perception is 

significantly influenced by emotional, cognitive, and physiological factors that modulate 

networked mechanisms in the central nervous system (CNS) involved in pain 

processing126.  These factors can help characterise an individual’s pain profile, which is a 

set of characteristics relating to how an individual experiences and processes nociception.  

For example, descending modulatory networks interact with ascending nociceptive 

pathways leading to either a facilitatory or inhibitory effect that shapes the pain 

experience10.  In conditions such as chronic pain, these interactions may become 

maladaptive such that nociceptive processing leads to persistently exacerbated pain 

states39.  Although our understanding of pain processing has significantly improved and 

become more nuanced, a complete understanding of its mechanisms and the diversity of 

individual pain profiles within a healthy population is still lacking. 

Cognitive modulation of pain is one component that plays a role in pain 

processing and cognitive factors such as expectation, anticipation, attention, and 

distraction have been shown to influence pain perception41,127,128.  Buhle and colleagues 

demonstrated that expectation and attention altered pain perception through separate 

neurological mechanisms that produced an additive effect when both factors were 
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engaged129.  Furthermore, some studies have found that attentional state and specifically 

the state of distraction attenuates the perception of pain130-132, while other groups have 

observed no effect at all133,134.  In short, cognitive modulation of pain mediated through 

factors such as attention may seem intuitive, however there is a lack of consensus in the 

literature regarding the exact role and implications of these cognitive factors on pain 

processing.  

One neurocognitive framework of cognitive modulation of pain proposes that 

attention is a limited executive functioning resource and pain is a stimulus that must 

compete for salience.  Attention can become divided when multiple stimuli, be it sensory 

or a task, are competing for attentional selection.  Moreover, this model suggests that as 

the attentional resource pool becomes increasingly taxed, a prioritisation of multiple 

stimuli occurs such that those deemed most important are sufficiently attended to while 

attention to other stimuli becomes compromised135.  The importance of stimuli can be 

determined based on top-down goal-directed priorities (e.g. performing a visual task) or 

bottom-up physiological relevance of sensory information (e.g. when pain serves to warn 

of tissue damage or potential harm)136.  In support of this framework, attentional selection 

was shown to play a part in the modulation of pain even when the noxious stimulus is 

task-irrelevant121,137.  

Attentional selection and control is considered goal-directed behaviour that is 

managed by executive cognitive functions such as working memory111.  A task 

commonly employed in pain-attention interaction studies is the N-Back task, because it 

activates multiple hallmark processes of working memory simultaneously, such as 

temporary storage and processing of information138.  Another advantage is that the 
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processing load can be systematically manipulated139.  To this end, studies that have 

utilised the N-Back have consistently shown a behavioural interaction between cognitive 

demand and pain, supporting the notion that working memory is an executive function 

that effectively engages attentional selection during cognitive modulation of pain140-142. 

This present study builds on the existing understanding of cognitive modulation 

of pain by engaging working memory while an individual experiences concurrent 

noxious thermal stimulation.  We used a robust heat pain paradigm, a validated working 

memory task (i.e. N-Back), clear un-biased instructions, and real-time pain reporting to 

minimise the limitations in study design.  Multiple variants of the N-Back task exist, and 

this study uses one that requires monitoring of verbal stimuli (i.e. different letters) to 

identify matches in the sequence143.  We hypothesize that a higher N-Back level will lead 

to reduced pain perception within a healthy population.  Furthermore, the increased 

cognitive load will be demonstrated through a decrease in task performance. 

2.2  Methods 

2.2.1 Participants 

The Queen’s University ethics review board approved the research protocol.  

Participants gave written, informed consent at the start of each study and were allowed to 

withdraw from the study at any point during the study.  Nineteen female participants 

were recruited from Queen’s University (Kingston, ON) and from the community at 

large.  Seven participants did not complete the entire study because of issues such as 

unreliable discrimination of temperature changes, difficulties performing the cognitive 

task, or failure to attend all three sessions.  All seven of these participants were only able 

to complete the first of three sessions, and none of their results were included in the 
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analysis.  The 12 participants who fully completed all three sessions of the study were 

right handed and screened for a history of chronic pain, spinal cord or brain injury, or 

psychological illness (age range = 24-52, Mage = 31).  None of the participants had any of 

the conditions screened for.  Each visit was scheduled to coincide with the luteal phase of 

their menstrual cycle in order to reduce any potential variation in pain sensitivity caused 

by the hormone cycle2. 

2.2.2 Materials 

2.2.2.1 Questionnaires 

 All participants completed a series of psychometric questionnaires that informed 

the authors of psychological traits known to influence pain perception: the Beck 

Depression Inventory (BDI-II)144, the State-Trait Anxiety Inventory (STAI)145, Social 

Desirability (SD)146, and Pain Catastrophizing Scale (PCS)147.  The BDI-II measured the 

degree of depressive symptomatology through 21 items that are each rated on a self-

reported, Likert-type scale of zero to three.  Total scores that fall below 20 indicate mild 

mood disturbances, scores in between 21 - 30 indicate borderline clinical depression, and 

scores above 31 indicate a spectrum of depression severity from moderate to extreme.  

The STAI used a self-reported, Likert-type scale of one to four over 20 questions to 

measure the intensity of current feelings of anxiety and another 20 questions to measure 

frequency of persistent, long-term feelings of anxiety.  A cut off score of 40 has been 

suggested to be the threshold for clinically significant symptoms148.  The Marlowe-

Crowne SD Scale used true or false responses to 33 statements about the self to ascertain 

whether an individual without psychopathology represents themselves truthfully or 

misrepresents themselves in order to bias their self-presentation.  A score below 8 
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indicates the individual is honest in their self-presentation while a score above 20 

indicates that the potential for misrepresentation is greater because self-presentation is 

highly important to the individual.  The PCS used 13 statements that required self-

reported ratings on a five-point, Likert-type scale to measure an individual’s tendency to 

negatively exaggerate and misinterpret painful situations.  These questions can be further 

sub-categorised into more specific characteristics of pain catastrophizing: magnification, 

rumination, and helplessness.  Based on normative data, the total score associated with 

the 50th and 75th percentile are 20 and 30, respectively. 

2.2.2.2 Noxious Thermal Stimulation 

 Noxious thermal stimulation was delivered via a 30 mm Medoc TSA-II Thermal 

Sensory Analyser (Medoc Ltd, Ramat Yishai, Israel).  The thermode was placed on either 

the right thenar eminence on the C6 dermatome or in three locations along the left inner 

forearm for the first stage of the study during calibrations and assessment of the 

participant’s pain profile.  The thermode was then placed on the participant’s right thenar 

eminence during the second stage for the remainder of the study.  Each trial involved a 

single, sustained period of noxious thermal stimulation flanked by periods of an 

innocuous, baseline temperature.  The stimulation temperature was held constant for 33 s 

at a target temperature that was predetermined during a calibration step in the first phase 

of the study.  The baseline temperature was held at a baseline of 32 °C for 48 s during the 

pre-stimulation period and 68 s during the post-stimulation period.  The total noxious 

thermal stimulus paradigm lasted 155 s (Figure 2.1).  
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Figure 2.1  Noxious stimulation paradigm. 
 

2.2.2.3 Pain Rating Scale 

Participants rated their pain verbally according to a pain intensity rating that 

conceptualised pain intensity on a scale from zero to 100 with descriptors of pain 

intensity for every multiple of ten (Appendix A).  A rating of 0 corresponded to “No 

sensation”; a 10 was “Warm”; a 20 was “A barely painful sensation”; a 30 was “Very 

weak pain”; a 40 was “Weak pain”; a 50 was “Moderate pain”; a 60 was “Slightly strong 

pain”; a 70 was “Strong pain”; an 80 was “Very strong pain”; a 90 was “Nearly 

intolerable pain”; and a 100 was “Intolerable pain”.  A temperature corresponding to a 

pain rating of 20 indicated the individual’s pain threshold.  The target temperature used 

during the stimulation period was the temperature corresponding to a pain rating of 50 

(i.e. “Moderate pain”). 

2.2.2.4 Cognitive Task 

 We used the N-back task to engage working memory executive functions.  In this 

task paradigm, participants were instructed to pay attention to a sequence of verbal 

stimuli that was projected onto a screen.  The stimuli were presented as a single letter 

(“A”, “B”, “C,” “D,” or “E”) displayed for 0.75 s every 1.5 s for 33 s.  The goal of the 

task was to identify the number of times a stimulus matched the stimulus that preceded it 
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N items prior in the sequence.  The letters were ordered in a pseudo-random sequence, 

and each trial contained an average of four matches, although this was not known to the 

participant.  The duration of each trial lasted 33 s at one of three possible N-Back levels: 

2-Back, 1-Back, and 0-Back, and a visual cue appeared at the start of each trial to inform 

the participant of the task level.  At the end of the trial, another visual cue appeared with 

instructions to report the total number of matches counted in that trial.  The 0-Back level 

did not require counting of any matches and was therefore the control, but participants 

were instructed to attend to the visual stimuli that appeared.  Figure 2.2 illustrates the 

format and timing of this task.   

 

Figure 2.2  Cognitive task paradigm. 
 

2.2.3 Protocol 

2.2.3.1 First Stage: Nociceptive Calibration 

 Participants underwent various thermal stimulation steps to characterise aspects of 

their pain perception such as pain threshold, sensitivity to discriminate subtle changes in 

temperature, degree of temporal summation of second pain, and calibration of the target 

temperature to moderate pain intensity levels.  This stage also allowed the participant to 

become accustomed to using the pain intensity rating scale and familiar with accurately 

assessing their perceived pain.  First, we placed the thermode on the right thenar 
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eminence and the participant was given a computer mouse that could manually increase 

or decrease the temperature of the thermode in small increments.  The temperature of the 

thermode began at 32 °C and the participant was instructed to raise the temperature until 

the stimulation began to feel painful in order to find their pain threshold.  Second, we 

applied the thermode to three locations along the inner left forearm at intervals of 1.5 s at 

a frequency of 0.33 Hz to test temperature discrimination.  The temperature of the 

thermode at each interval was 45 °C, 46 °C, and 47 °C, respectively, and the participant 

gave pain ratings immediately after each stimulation interval.  Third, we induced 

temporal summation of second pain by applying the thermode onto the right thenar 

eminence at eight intervals, each for 1.5 s at a frequency of 0.33 Hz, and participants 

reported their pain ratings after each interval.  We repeated the test over four different 

temperatures: 44 °C, 46 °C, 48 °C, and 50 °C.   

The final step was to identify the target temperature to be used during the second 

stage by calibrating the thermode to a temperature that corresponded to a 50 on the pain 

rating scale.  We strapped and taped the thermode securely to the right thenar eminence 

and the participant experienced the noxious thermal stimulation paradigm.  Participants 

gave pain ratings three times during each round in order to monitor their sensation of pain 

during the 33 s of sustained nociceptive stimulation.  Two minute breaks were taken 

between each calibration round to prevent over sensitisation caused by the repetitive 

thermal stimulation.  We used the target temperature identified from these calibration 

rounds for the remainder of the experimental session.  Following temperature calibration, 

participants performed nine rounds of the N-Back task combined with noxious 

stimulation to become familiarised with the protocol of the second stage of the study.  
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2.2.3.2 Second Stage: Combined Noxious and Cognitive Task Paradigms 

 Participants performed a total of 18 trials of the combined stimulation and task 

paradigm (Figure 2.3), six trials for each condition, to investigate the behavioural effect 

of cognitive modulation of pain.  This took place over two separate sessions while the 

participant lay supine in a magnetic resonance imaging (MRI) system to prevent fatigue 

and collect imaging data for a follow up functional MRI study.  Three versions of 

pseudo-randomised conditions were created for control purposes.  We strapped and taped 

the thermode securely on the participant’s right thenar eminence, which corresponded to 

the C6 dermatome, for each trial.  The temperature of the thermode always began at and 

returned to the baseline temperature of 32 °C for 48 s and 68 s, respectively.   

A visual prompt was projected onto a screen to inform the participant of the N-

Back task level before the onset of the thermal stimulation and task.  The appearance of 

the first and last letter of the task coincided with the duration of the stimulation period of 

the thermode (i.e. as soon as it reached the target temperature and just before it declined 

back to the baseline temperature).  A second visual prompt appeared immediately after 

the end of the task, containing the pain rating scale and instructions for the participant to 

report the pain that they felt during the task and the number of letter matches identified in 

the trial.  We took two minute rests between each trial in order to prevent sensitisation 

from the repeated thermal stimulations and to allow the neural activity of nociceptors to 

return to baseline levels. 
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Figure 2.3  Combined stimulation and task paradigm. 

2.2.4 Analysis 

2.2.4.1 Descriptive Results  

The BDI-II, STAI, SD, and PCS were scored according to scoring guides specific 

for each questionnaire, and results were compiled in a table.  Descriptive statistics for 

pain ratings in each condition were calculated at the group-level.  Performance of the N-

Back task was quantified through a task accuracy score for the 1-Back and 2-Back 

conditions; the 0-Back condition did not require participants to give a response and 

therefore did not need to be included in performance calculations.  Task accuracy scores 

were expressed as a ratio between correct matches reported by the participant to the total 

number of matches presented in the trial.  The number of correct matches was determined 

by calculating the difference between the total number of matches and the absolute 

number of errors.  Errors took into account responses that both under-reported and over-

reported the number of matches.  The better the performance, the closer the task accuracy 

score was to a ratio value of 1.  The task accuracy scores for both the 1-Back and 2-Back 

conditions were calculated as a mean across all participants with standard deviation. 
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The differences in pain rating was expressed as the difference in mean and 

standard deviation between the 0-Back and 1-Back conditions, 0-Back and 2-Back 

conditions, and 1-Back and 2-Back conditions at both the group-level and individual-

level.  Additionally, the differences in task accuracy were calculated on a group-level and 

individual-level by taking the difference in mean and standard deviation between the 1-

Back and 2-Back condition. 

2.2.4.2 Statistical Analyses 

 A one-way ANOVA test was performed to see if the pain ratings differed 

significantly across conditions.  A two-tailed, paired Student’s T-test was performed as a 

follow-up to determine significant differences between conditions.  Due to the multiple 

comparisons, the Bonferroni method was used to correct the p-value to 0.05/3 = 0.0167.  

A two-tailed, paired Student’s T-test was performed to determine if there was a 

significant difference between the task performance in the 1-Back condition and 2-Back 

condition.  Pearson’s correlation analyses was computed between the scores for each 

questionnaire, pain rating differences, task accuracy scores, task accuracy difference, and 

calibrated temperature. 

2.3 Results 

2.3.1 Descriptive Results 

Table 2.1 summarises the descriptive results of the BDI-II, STAI, SD, and PCS 

questionnaires.  The mean scores from all of the questionnaires fell within normative 

ranges.   
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Table 2.1  Descriptive results for the Beck Depression Inventory, State and Trait 
Anxiety, Social Desirability, and Pain Catastrophizing Scale (N = 12). 

 

Table 2.2 summarises the raw descriptive results for the calibrated temperatures, 

pain ratings in each condition, as well as the group pain rating difference for each paired 

condition. 

 

Table 2.2  Mean calibrated temperature, pain ratings with standard deviation for each 
condition, and pain rating differences for each paired condition (N = 12). 

 

Table 2.3 provides a summary of the descriptive statistics on the task accuracy scores for 

the 1-Back condition and 2-Back condition as well as the group task accuracy difference 

for the 1-Back and 2-Back conditions. 

 

 

 

 

Table 2.3  Descriptive results for the task accuracy in the 1-Back condition and 2-Back 
condition separately and as a difference between the two conditions (N = 12). 
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The spread of individual participants’ pain rating differences ranged from –3.33 to 

+ 20.8, and when these differences are ranked, there appeared to be no distinct clustering 

of magnitudes for any of the paired conditions (Figure 2.4).  Out of the six smallest 

individual pain rating differences in the 0-Back and 1-Back conditions (Figure 2.4a), five 

of them were also among the six smallest pain rating differences in the 0-Back and 2-

Back conditions (Participants A, D, G, H, and B) (Figure 2.4b).  Four of the six smallest 

individual pain rating differences in the 1-Back and 2-Back conditions (Participants G, H, 

D, and B) were also among the six smallest individual pain rating differences of both 0-

Back and 1-Back conditions and 0-Back and 2-Back conditions.  All participants except 

two (Participants C and G) had a difference of 0 or greater for the pain rating difference 

in the 1-Back and 2-Back conditions (Figure 2.4c).  Both participants demonstrated a 

greater pain rating difference in the 0-Back and 1-Back conditions than in the 0-Back and 

2-Back conditions and therefore had a negative difference in pain ratings in the 1-Back 

and 2-Back conditions.  Figure 2.5 shows individual participants’ task accuracy results.  

Task accuracy results ranged across a narrow spectrum: 1-Back task accuracies spanned 

from 0.84 to 1.00, 2-Back task accuracies ranged from 0.63 to 0.97, and the individual 

task accuracy differences between these two conditions ranged from 0 to 0.30.  Within 

this spread, no distinguishable clustering of magnitudes was observed. 
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Figure 2.4  Individual pain rating differences between 0-Back and 1-Back conditions 
(A), 0-Back and 2-Back conditions (B), and 1-Back and 2-Back conditions (C).  These 
were calculated as the difference between a participant’s mean pain ratings in the 
corresponding task level conditions. 
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Figure 2.5  Individual task accuracies in the 2-Back condition (A) and 1-Back condition 
(B) and individual task accuracy differences between the 1-Back and 2-Back conditions 
(C). 
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2.3.2 Statistical Analyses 

A one-way repeated measures ANOVA indicated that the pain ratings 

significantly differed across the N-Back task levels (F (2,22) = 19.09, p < .0001).  The 

post hoc two-tailed paired Student’s T-tests showed that pain ratings for the 0-Back 

condition were significantly higher than both the 1-Back condition (t(10) = 2.2, p < 

.0167) and the 2-Back condition (t(10) = 2.9, p < .0167), however the pain rating for the 

1-Back condition was not significantly different from the 2-Back condition (Figure 2.6).  

A two-tailed paired Student’s T-test indicated that the 2-Back task level was significantly 

more difficult than the 1-Back task level, as evidenced by the lower task accuracy rate 

(t(10) = 2.2, p < .01) (Figure 2.7).   

 

Figure 2.6  Mean pain intensity ratings for six trials of each N-Back level (N = 12).  
Error bars indicate within-subject standard error of pain intensity ratings.  Both the 2-
Back and 1-Back conditions’ pain ratings were significantly reduced (p < 0.0167, 
adjusted for multiple comparisons) from the 0-Back condition’s pain ratings, however the 
difference between the 2-Back and 1-Back conditions’ pain ratings failed to reach 
significance. 
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Figure 2.7  Mean accuracy for the 2-Back and 1-Back (N = 12) conditions showing that 
performance of the 2-Back condition was significantly (p < 0.01) worse than the 1-Back 
condition.  Error bars indicate within-subject standard error of task accuracy. 
 

Select correlation analyses between questionnaire results, task accuracy, pain 

rating differences, and calibrated temperature are summarised in Table 2.4.  Figure 2.8 

shows the scatter plot of a negative relationship that was found between individual 

calibrated temperature levels and pain rating differences in the 0-Back and 2-Back 

conditions (r = -0.652, n = 12, p = .022).  

Table 2.4  Summary of key findings from correlation analyses. Relationships that are 
bolded indicate p < 0.05. 
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Figure 2.8  Scatterplot of a significant negative correlation between the individual pain 
rating differences in the 0-Back and 2-Back conditions and the calibrated temperature (r 
= -0.65, n = 12, p = 0.022). 
 

2.4 Discussion 

Pain perception has been shown to be influenced by high-level cortical factors 

such as cognition and emotion, and much work has been invested into elucidating the 

details behind the interaction of these modulatory processes39.  The behavioural results 

obtained from this study, which combined a constant, thermal noxious stimulation with a 

working memory task, confirmed the hypothesis that dividing attention by placing a 

cognitive load is one aspect involved in cognitive modulation that reduces pain 

perception.  At the group-level, the difference in pain rating between the 0-Back and 2-

Back conditions was 9.1 ± 5.5, corresponding to an average of 15 % reduction in mean 

pain ratings with high variability.  Furthermore, we observed reduced pain perception in 

both 1-Back and 2-Back conditions from the 0-Back condition in 92 % of our population 

sample.  The reduction in pain perception was greater in the N-Back level that placed a 
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greater cognitive load, the 2-Back condition, despite the fact that the noxious stimulation 

was the same for each trial.  These behavioural effects may be due to an interaction of 

bidirectional top-down cognitive and bottom-up stimulus induced processes.  In this 

present study, the bottom-up signalling (i.e. the noxious thermal stimulation) remained 

the same, thus, the change in pain perception could be attributed to top-down cognitive 

factors or the processing of pain at the supraspinal level.  Substantial work on the 

physiology of descending modulation of pain has revealed a number of cortical and 

brainstem structures that are likely candidates involved in the top-down modulation27,47.  

Our behavioural results demonstrated that increased cognitive load in a stimulus-

irrelevant task while noxious stimulation was applied led to significant attenuation of the 

perceived pain.  

Numerous groups have employed various modalities of noxious stimulation and 

tasks to investigate the behavioural effect of cognitive modulation of pain with equivocal 

outcomes.  One group that applied both noxious heat and auditory stimuli found that 

increased sensory processing reduced pain perception, yet the addition of a cognitive 

discriminatory task component to the auditory and noxious stimuli did not significantly 

reduce pain perception further149.  Studies that utilised both a cold pressor stimulus to 

induce pain and either the Sternberg Task or the tone detection cognitive task were not 

able to induce a reduction in pain perception150,151.  However, reduced pain perception 

was observed during performance of cognitive tasks such as the Counting Stroop, word 

generation, and a listening span test106,152,153.  The variable results seen in the literature 

are likely due to the inconsistent methodologies used to behaviourally assess cognitive 

modulation of pain, especially in relation to the pain modality and cognitive task used.  
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Other inconsistencies in pain-cognition interaction study designs that may result in 

limitations or biased results have been noted, such as the instructions given to participants 

and the time that is taken between task completion and rating of the pain by 

participants135,141.   

In regards to pain-attention studies specifically, Buhle and Wager posited that in 

order to effectively engage executive processes and test cognitive modulation, the task 

would need to demand considerable use of executive resources in a continuous 

manner141.  The N-Back meets both of these criteria because it requires the use of 

working memory to be updated continuously in order to give a response139,154, placing a 

continuous cognitive load while the task is being performed.  Other tasks used in the 

literature that are not as well characterised may not engage executive resources 

sufficiently.  In support of this, other groups who have used the N-Back task to 

investigate cognitive modulation of pain using various nociceptive modalities such as 

laser, heat, and esophageal pressure have all observed reduced pain perception140,141,155.  

Furthermore, it has been suggested that a minimum nine point change on a 100 point 

visual analog scale could be deemed clinically meaningful156, and our study demonstrated 

a mean reduction in pain ratings of 9.1 ± 5.5 points between the 0-Back and 2-Back 

conditions.  Therefore, our results are in agreement with other studies that demonstrate 

that the N-Back is an effective task to probe cognitive modulation of pain, and on average 

the modulatory effect likely has clinical relevance, although there appears to be high 

variability within the population. 

The group task accuracy scores for both the 1-Back and 2-Back conditions were 

significantly different and the variability within these conditions was low, indicating that 
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the cognitive load was manipulated in a controlled and precise manner.  Furthermore, the 

lower task accuracy score in the 2-Back condition confirmed that this condition placed a 

greater cognitive load on participants than the 1-Back condition.  Interestingly, while 

both the 1-Back and 2-Back conditions led to significantly reduced pain ratings compared 

to the 0-Back, this analgesic effect was three times greater in the pain rating difference 

between the 0-Back and 1-Back conditions compared to the 1-Back and 2-Back 

conditions.  The reduced behavioural effect could indicate that cognitive modulation has 

a ceiling effect; while greater task difficulty will place a higher cognitive demand, this 

may not lead to a proportional decrease in pain perception.  Follow-up studies using even 

higher levels of the N-Back task could help confirm the possibility that the effect of 

cognitive modulation of pain may have an upper limit.     

While the task performance results are heterogeneous across the population, and 

this is evident in the wide spread of individual task accuracy scores between 1-Back and 

2-Back conditions, all participants performed either the same or worse in the 2-Back 

condition compared to the 1-Back condition.  Furthermore, participants performed 

consistently when ranked relative to each other; five out of six of the participants with the 

lowest 1-Back task accuracy scores were also among the six lowest 2-Back task accuracy 

scores.  Similarly, despite heterogeneity among individual pain rating differences 

between conditions, participants also exhibited a consistent degree of pain modulation 

relative to each other as they did with task accuracy.  This trend lends support to the idea 

that individuals have unique pain profiles, and metrics such as task performance could be 

indicative of an individual’s capacity to attenuate pain perception by means of cognitive 

modulation. 
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The calibrated temperature was the target temperature of the thermode that 

corresponded to a moderate pain intensity for the individual.  What is considered 

“moderate pain” is not identical from person to person, due to the subjective nature of 

pain perception, although normative data for a healthy population indicates that it ought 

to vary only slightly157.  The range observed among the participants in this study, 45.25 

°C to 48.5 °C, fell within the normative range of larger populations.  Furthermore, studies 

have validated the use of self-reported pain ratings from the 100-point pain rating scale 

employed in this study, therefore the calibration and pain rating process in our study was 

a reliable representation of the perceived pain across individuals158,159.  The results of the 

correlation analyses found that the degree of pain modulation within an individual was 

negatively correlated with their calibrated temperature.  The negative relationship 

indicated that higher target temperatures were significantly related to smaller pain rating 

differences.  This may suggest that the individual’s moderate pain threshold is one 

characteristic of their pain profile that could give insight into their capacity for pain 

modulation. 

In this study, we used the N-Back task as a goal-oriented cognitive process 

requiring executive functions such as working memory.  We also applied a noxious 

thermal stimulus that remained unchanged throughout each trial.  Using the 

neurocognitive model proposed in the introduction, we assumed that the bottom-up 

stimulus signalling competed for attentional selection.  We further assumed that there 

was an interaction of these processes and a limited capacity to attend to both, which we 

propose resulted in reduced pain perception.  The decrease in task performance 

confirmed that the cognitive load increased between the 1-Back and 2-Back condition.  
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Since the stimulus intensity in this present study remained at the same calibrated 

temperature throughout all three conditions, our results do not shed light on whether task 

performance is a function of cognitive load solely or both the pain intensity and cognitive 

load.  However other studies have shown that painful stimulation can influence task 

performance141,152.  This suggests that overlapping processes contribute to both pain 

processing and executive functions such as working memory.  Future studies that 

increase task difficulty to levels beyond the 2-Back could shed more light on the effects 

of taxing the cognitive capacity and whether a ceiling effect in reduced pain perception 

would become more apparent.  Also, in the future, larger sample sizes would help 

strengthen the sensitivity of the correlation analyses and could reveal other potentially 

relevant and significant relationships that this study did not. 

2.5 Conclusion 

 The results from this study demonstrated that engaging working memory by 

means of the N-Back task while simultaneously receiving noxious stimulation can 

significantly diminish pain perception.  The magnitude of differences in pain rating 

between conditions was not proportional to the change in cognitive load, which suggested 

that the capacity of cognitive modulation in mitigating pain has a ceiling effect.  

Furthermore, the individual pain rating and task accuracy differences demonstrated that 

the variation of individual pain modulation profiles within a population is broad, and the 

correlation results suggest that an individual’s pain profile could be an indicator of 

modulatory capacity.  This work provides the behavioural basis for further studies 

investigating the neural correlates of cognitive modulation of pain. 
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Chapter 3 

Functional Imaging of the Brainstem and Cervical Spinal Cord During 

Cognitive Modulation of Pain 

3.1 Introduction 

In the Gate Control Theory of Pain, Melzack and Wall proposed that nociceptive 

signalling was modulated by multiple neuronal elements and mechanisms of processing 

within the dorsal horn (DH)160.  They later described pain as a multidimensional sensory 

experience comprised of affective, cognitive, and evaluative components29 that interact 

and can be manipulated by a number of emotional and cognitive contexts39,127,161.  The 

International Association for the Study of Pain (IASP) has since defined it as “an 

unpleasant sensory and emotional experience associated with actual or potential tissue 

damage, or described in terms of such damage”1.  Over the last few decades, several 

neuronal elements congruent with Melzack and Wall’s view of the DH have been 

identified such as populations of interneurons162 and descending input to the DH163.  

Supraspinally, animal studies using focal electrical stimulation and microinjection of 

lidocaine and opiates identified an endogenous opioidergic system involving the midbrain 

periaqueductal gray (PAG) and the rostral ventromedial medulla (RVM)50,61,164.  

Disruption of the dorsolateral funiculus, which contain projections from the RVM to the 

spinal cord (SC)165, abrogated the analgesic effects of PAG and RVM stimulation166, 

suggesting that the PAG and RVM are critical sites of descending pain modulation from 

higher structures to the cord.   
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The advent of noninvasive functional imaging of the human brain was the impetus 

for deeper understanding of pain processing at the cortical level, particularly under 

specific neurocognitive contexts such as attentional selection47.  Activation of numerous 

cortical and thalamic regions such as the prefrontal (PFC) and anterior cingulate cortices 

(ACC) were observed during noxious stimulation21,25,167, and concomitant alterations 

were observed between pain perception and activation of cingulo-frontal regions while 

attention was engaged102,106,110,168.  Furthermore, diffusion tensor imaging (DTI) studies 

confirmed bilateral anatomical connectivity between PFC and ACC with the PAG, 

thalamus, and RVM169.  The imaging evidence to date suggest that cingulo-frontal 

regions are involved with descending modulatory networks in coordinating and balancing 

cognitive processes and bottom-up nociceptive signalling during cognitive modulation of 

pain. 

Due to intrinsic technical limitations, research on human pain processing at the 

spinal cord level has largely been neglected.  To discuss cognitive modulation of pain 

without consideration of its contribution to nociceptive processing in the DH and its 

connectivity to supraspinal regions would be to neglect the diffuse nature of pain 

processing in the CNS.  Furthermore, our current understanding of the heterogeneity of 

pain perception that stems from behavioural work indicates that the pain experience is 

varied across the population and even within healthy individuals26, and to generalise 

group-level imaging results as representative of whole populations would be an 

oversimplification.   

Thus the aim of this current study is to explore the subcortical neural correlates of 

cognitive modulation of pain.  The N-Back task was performed while noxious thermal 
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stimulation of the C6 dermatome was applied, and functional magnetic resonance 

imaging (fMRI) was used to investigate the neural response in the SC and brainstem.  

Analysis included the BOLD response within each condition, the differences in BOLD 

response between conditions, and Structural Equation Modelling (SEM) of effective 

connectivity.  We hypothesize that higher N-Back levels will lead to greater modulation 

of the pain response, as evidenced by PAG and RVM activity, increased connectivity 

with each other and the DH, and concurrent reduced pain perception. 

3.2 Methods 

3.2.1 Participants 

The Queen’s University ethics review board approved the research protocol.  

Participants gave written, informed consent at the start of each study and were allowed to 

withdraw from the study at any point during the study.  Nineteen female participants 

were recruited from Queen’s University (Kingston, ON) and from the community at 

large.  Seven participants did not complete the entire study because of issues such as 

unreliable discrimination of temperature changes, difficulties performing the cognitive 

task, or failure to attend all three sessions.  All seven of these participants were only able 

to complete the first of three sessions, and none of their results were included in the 

analysis.  The 12 participants who fully completed all three sessions of the study were 

right handed and screened for a history of chronic pain, spinal cord or brain injury, or 

psychological illness (age range = 24-52, Mage = 31).  None of the participants had any of 

the conditions that we screened for.  Each visit was scheduled to coincide with the luteal 

phase of their menstrual cycle in order to reduce any potential variation in pain sensitivity 

caused by the hormone cycle2.  
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3.2.2 Materials 

3.2.2.1 Questionnaires 

 All participants completed a series of psychometric questionnaires to inform the 

authors of psychological traits known to influence pain perception: the Beck Depression 

Inventory (BDI-II)144, the State-Trait Anxiety Inventory (STAI)170, Social Desirability 

(SD)146, and Pain Catastrophizing Scale (PCS)147.  The BDI-II measured the degree of 

depressive symptomatology through 21 items that are each rated on a self-reported, 

Likert-type scale of zero to three.  Total scores that fall below 20 indicate mild mood 

disturbances, scores in between 21 - 30 indicate borderline clinical depression, and scores 

above 31 indicate a spectrum of depression severity from moderate to extreme.  The 

STAI used a self-reported, Likert-type scale of one to four over 20 questions to measure 

the intensity of current feelings of anxiety and another 20 questions to measure frequency 

of persistent, long-term feelings of anxiety.  A cut off score of 40 has been suggested to 

be the threshold for clinically significant symptoms148.  The Marlowe-Crowne SD Scale 

used true or false responses to 33 statements about the self to ascertain whether an 

individual without psychopathology represents themselves truthfully or misrepresents 

themselves in order to bias their self-presentation.  A score below 8 indicates the 

individual is honest in their self-presentation while a score above 20 indicates that the 

potential for misrepresentation is greater because self-presentation is highly important to 

the individual.  The PCS used 13 statements that required self-reported ratings on a five-

point, Likert-type scale to measure an individual’s tendency to negatively exaggerate and 

misinterpret painful situations.  These questions can be further sub-categorised into more 

specific characteristics of pain catastrophizing: magnification, rumination, and 
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helplessness.  Based on normative data, the total score associated with the 50th and 75th 

percentile are 20 and 30, respectively. 

3.2.2.2 Noxious Thermal Stimulation 

 Noxious thermal stimulation was delivered via a 30 mm Medoc TSA-II Thermal 

Sensory Analyser (Medoc Ltd, Ramat Yishai, Israel).  The thermode was placed on either 

the right thenar eminence on the C6 dermatome or in three locations along the left inner 

forearm for the first stage of the study during calibrations and assessment of the 

participant’s pain profile.  The thermode was then placed on the participant’s right thenar 

eminence during the second stage for the remainder of the study.  Each trial involved a 

single, sustained period of noxious thermal stimulation flanked by periods of an 

innocuous, baseline temperature.  The stimulation temperature was held constant for 33 s 

at a target temperature that was predetermined during a calibration step in the first phase 

of the study.  The baseline temperature was held at a baseline of 32 °C for 48 s during the 

pre-stimulation period and 68 s during the post-stimulation period.  The total noxious 

thermal stimulus paradigm lasted 155 s (Figure 3.1). 

 

 

Figure 3.1  Noxious stimulation paradigm. 
 

3.2.2.3 Pain Rating Scale 
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Participants rated their pain verbally according to a pain intensity rating that 

conceptualised pain intensity on a scale from zero to 100 with descriptors of pain 

intensity for every multiple of ten.  A rating of 0 corresponded to “No sensation”; a 10 

was “Warm”; a 20 was “A barely painful sensation”; a 30 was “Very weak pain”; a 40 

was “Weak pain”; a 50 was “Moderate pain”; a 60 was “Slightly strong pain”; a 70 was 

“Strong pain”; an 80 was “Very strong pain”; a 90 was “Nearly intolerable pain”; and a 

100 was “Intolerable pain”.  A temperature corresponding to a pain rating of 20 indicated 

the individual’s pain threshold.  The target temperature used during the stimulation 

period was the temperature corresponding to a pain rating of 50 (i.e. “Moderate pain”). 

3.2.2.4 Cognitive Task 

 We used the N-back task to engage working memory executive functions.  In this 

task paradigm, participants were instructed to pay attention to a sequence of verbal 

stimuli that was projected onto a screen.  The stimuli were presented as a single letter 

(“A”, “B”, “C,” “D,” or “E”) displayed for 0.75 s, every 1.5 s, for 33 s.  The goal of the 

task was to identify the number of times a stimulus matched the stimulus that preceded it 

N items prior in the sequence.  The letters were ordered in a pseudo-random sequence, 

and each trial contained an average of four matches, although this was not known to the 

participant.  The duration of each trial lasted 33 s at one of three possible N-Back levels: 

2-Back, 1-Back, and 0-Back, and a visual cue appeared at the start of each trial to inform 

the participant of the task level.  At the end of the trial, another visual cue appeared, 

containing instructions to report the total number of matches counted in that trial.  The 0-

Back level did not require counting of any matches and was therefore the control, but 



 

58 

 

participants were instructed to attend to the visual stimuli that appeared.  Figure 3.2 

illustrates the format and timing of this task. 

 

 

Figure 3.2  Cognitive task paradigm. 
 

3.2.3 Protocol 

Completion of the study involved two stages over three separate sessions.  The 

first stage was a nociceptive calibration step to characterise the participant’s pain profile 

and took place in a sham MRI room. The second stage consisted of acquiring fMRI 

images in a 3 Tesla MRI environment at the Queen’s MRI Facility while the participant 

performed a cognitive task and simultaneously experienced thermal noxious stimulation.  

Participants completed an MRI safety screening form to ensure that it was safe for them 

to participate (Appendix B). 

3.2.3.1 First Stage: Calibrations and Training in a Sham MRI 

Participants were given training, which began with a careful explanation of the 

pain rating scale followed by three different thermal stimulation procedures to 

characterise aspects of their pain perception such as pain threshold, sensitivity to 

discriminate subtle changes in temperature, degree of temporal summation of second 

pain, and calibration of the target temperature to moderate pain intensity levels.  This 
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stage also allowed the participant to become accustomed to using the pain intensity rating 

scale and familiar with accurately assessing their perceived pain.  First, we placed the 

thermode on the right thenar eminence and the participant was given a computer mouse 

that could manually increase or decrease the temperature of the thermode in small 

increments.  The temperature of the thermode began at 32 °C and the participant was 

instructed to raise the temperature until the stimulation began to feel painful in order to 

find their pain threshold.  Second, we applied the thermode to three locations along the 

inner left forearm at intervals of 1.5 s every 3 s to test temperature discrimination.  The 

temperature of the thermode at each interval was 45 °C, 46 °C, and 47 °C, respectively, 

and the participant gave pain ratings immediately after each stimulation interval.  Third, 

we induced temporal summation of second pain by applying the thermode onto the right 

thenar eminence at eight intervals, each for 1.5 s every 3 s, and participants reported their 

pain ratings after each interval.  We repeated the test over four different temperatures: 44 

°C, 46 °C, 48 °C, and 50 °C.   

The final step was to calibrate the temperature to be used during the second stage 

to evoke a pain rating of 50.  We strapped and taped the thermode securely to the right 

thenar eminence and the participant experienced the noxious thermal stimulation 

paradigm.  Participants gave pain ratings three times during each round in order to 

monitor their sensation of pain during the 33 s bout of sustained nociceptive stimulation.  

Two minute breaks were taken between each calibration round to prevent over 

sensitisation caused by the repetitive thermal stimulation.  We used the target temperature 

identified from these calibration rounds for the remainder of the experimental session.  

Following temperature calibration, participants performed nine rounds of the N-Back task 
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combined with noxious stimulation to become familiarised with the protocol of the 

second stage of the study.  

3.2.3.2 Second Stage: Functional Imaging During Combined Noxious and Cognitive Task 

Paradigms 

3.2.3.2.1 Procedure 

During this stage, we investigated the neural correlates of cognitive modulation of 

pain using fMRI.  The temperature of the thermode always began at and returned to the 

baseline temperature of 32 °C for 48 s and 68 s, respectively.  A visual prompt was 

projected onto a screen to inform the participant of the N-Back task level before the onset 

of the thermal stimulation and task.  The appearance of the first and last letter of the task 

coincided with the duration of the stimulation period of the thermode (i.e. as soon as it 

reached the target temperature and just before it declined back to the baseline 

temperature).  A second visual prompt appeared immediately after the end of the task, 

containing the pain rating scale and instructions for the participant to report the pain that 

they felt during the task and the number of letter matches identified in the trial, appeared 

immediately after the end of the task.  We took two minute rests between each trial in 

order to prevent sensitisation from the repeated thermal stimulations and to allow the 

neural activity of nociceptors to return to baseline levels.  

Participants were comfortably positioned lying supine in the MRI bed.  Earplugs 

were given for hearing protection and foam padding placed to support their limbs and 

minimise movement of the body during the imaging session.  Their arms were laid at 

their sides and legs uncrossed to prevent accidental peripheral nerve stimulation.  The 

thermode was strapped to the right thenar eminence and secured to the hand using a strap 
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and surgical tape.  A microphone was fastened to the bed so that the participant could 

communicate with the MR technician and investigator through the two-way intercom 

system.  A mirror mounted atop the anterior piece of the head coil allowed the participant 

to view images back projected on a screen located at the superior end of the bore of the 

magnet.  Once the setup was complete and the participant’s body aligned as straight and 

naturally as possible, the bed was inserted into the magnet.  The participant performed a 

total of 18 trials of the combined stimulation and task paradigm (Figure 3.3), six trials for 

each condition, over two separate sessions in order to prevent fatigue.  Three versions of 

pseudo-randomised conditions were created for control purposes. 

 

 

Figure 3.3  Combined stimulation and task paradigm. 
 

3.2.3.2.2 Data Acquisition. 

Prior to functional imaging, initial localizer images were acquired in three planes 

as a reference for subsequent slice positioning.  All fMRI data were acquired using a 3 

Tesla whole-body MRI system (Siemens Magnetom Trio; Siemens, Erlangen, Germany) 

with a spine-array receiver coil, a 3-channel posterior neck coil, and a body coil to induce 
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the radio-frequency (RF) pulses.  A half-Fourier single-shot fast spin-echo (HASTE) 

imaging sequence was used for blood oxygenation-level dependent (BOLD) contrast to 

avoid spatial distortions due to the field inhomogeneities, which become apparent when 

previously using echo planar imaging as the encoding method.  Nine contiguous sagittal 

slices spanning from above the corpus callosum to below the T1/T2 intervertebral disc 

were imaged at a repetition time (TR) of 4.77 s to produce the fMRI time-series.  A total 

of 32 volumes per run were generated and each run was repeated three times for each of 

the three conditions in a single fMRI session.  In total, nine functional runs were acquired 

in each fMRI session and 288 volumes per session were generated.  An echo time (TE) of 

76 msec was used to produce optimal T2-weighted BOLD contrast.  The image resolution 

was 1.5 mm x 1.5 mm with a slice thickness of 2 mm.  The field of view was 280 x 140 

mm2 and the matrix size was 192 x 96.  To reduce motion artifacts arising from breathing, 

swallowing, and heartbeats, a spatial suppression pulse was applied anterior to the spinal 

cord.  

3.2.4 Analysis 

3.2.4.1 Behavioural Data 

 A one-way ANOVA test was performed to see if the pain ratings differed 

significantly across conditions.  A two-tailed, paired Student’s T-test was performed as a 

follow-up to determine significant differences between conditions.  Due to the multiple 

comparisons, the Bonferroni method was used to correct the p-value to 0.05/3 = 0.0167.  

A two-tailed, paired Student’s T-test was performed to determine if there was a 

significant difference between the task performance in the 1-Back and 2-Back conditions.   

3.2.4.2 Functional MRI Data: Preprocessing 
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 All spinal cord and brainstem fMRI data were analysed using custom written 

MatLab software (MathWorks, Natick, MA).  The image data obtained from the fMRI 

sessions were first converted from DICOM format to NifTI format.  The spinal cord 

fMRI data were then subjected to several preprocessing steps to reduce movement from 

the MR images using a non-rigid 3D registration tool: the MIRT toolbox171,172.  The data 

was co-registered to correct for bulk movement by applying a non-linear 3D adjustment 

to align each volume of a time series to the third volume of the set.  A spatial auto-

normalisation step was applied to the data to automatically calculate the parameters 

necessary to transform the image data into a shape and size that matches a predefined 

target template.  This step was completed in two steps, where the first step generated the 

rough image parameters as a close estimate to the template and the second step fine-tuned 

the rough parameters to increase the match to the template.  Finally, smoothing was 

applied with a 3 mm x 3 mm x 5 mm (R/L x A/P x S/I) boxcar kernel95,173.   

3.2.4.3 Functional MRI Data: General Linear Model (GLM) Analysis 

 The first volume of each run was discarded to reduce the effects of T1-weighting.  

The spatially normalised time-series image data were analysed by combining the data 

from all participants in each group.  All the time-course data for each condition were 

averaged and a group general linear model (GLM) analysis was then applied, with basis 

functions that included the model paradigm (i.e. pain paradigm convolved with the 

BOLD hemodynamic response function)95, the first two principal components of the 

time-series data from all voxels representing the source of global signal variance within 

the data that is likely due to physiological motion, and a constant function.  By analysing 

the spinal fMRI data at a group level, any signal fluctuations such as random noise and 
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physiological motion arising from the body that are uncorrelated between acquisitions 

will be averaged out to nearly zero, and only BOLD signal changes that correspond to the 

appropriate stimulation paradigm will be strengthened.  Statistical significance for the 

main effects and differences in the BOLD signal was inferred at p < 0.001.  

3.2.4.4 Functional MRI Data: Structural Equation Modelling (SEM) Analysis 

We calculated the effective connectivity between regions based on the principle 

that BOLD signal changes are most closely related to input signalling.  The BOLD time-

series responses in one region is therefore modelled as a weighted sum of the BOLD 

responses in other regions based on an anatomical model, and the weighting factors that 

are calculated best fit the measured data.  SEM (more specifically, “path analysis”) is 

based on identifying coordinated BOLD responses between regions, accounting for the 

fact that input to one region may arise simultaneously from multiple other regions.  

Spatially normalised data were analysed by means of SEM with custom made software 

written in MatLab based on the analyses described by McArdle and McDonald and also 

in Craggs et al.174,175  In the present study, SEM was used to test the plausibility of 

hypothetical relationships modelled between regions of the spinal cord, brainstem, and 

thalamic structures (specifically, thalamus and hypothalamus).  The pre-requisite for 

SEM analysis is a pre-defined relational model of possible connections between 

neuroanatomical regions.  We defined the relational model between regions based on the 

descriptions by Millan27, and the neuroanatomical regions were defined using the 

anatomical region mask described above.  

 Data used for the SEM analysis were pre-processed as described above, including 

spatial normalisation and removal of the first two principal components of the time-series 
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responses across all voxels in the brainstem and SC.  The data extracted from regions 

defined in the region mask from all runs per participant were concatenated into one large 

time-series of responses for each voxel.  Based on this data, sub-regions within each 

anatomical region in our spatially normalised region mask were identified based on the 

time-series data properties using k-means clustering.  The purpose of this step was to use 

the time-series properties (i.e. data driven) to group voxels within significant BOLD 

responses separately from non-responding voxels or those that are dominated by 

physiological motion such as at the cord/CSF boundary.  Furthermore, this step allows 

for data reduction as it reduces the number of possible network combinations that would 

be needed for a voxel-by-voxel analysis, while allowing for the fact that not all voxels 

within the defined regions are expected to respond to the external stimuli.  All sub-

regions were included in the analysis, and all combinations of regions were tested.  The 

linear weighting factors and the combination of sub-regions that yielded the best fit to the 

measured data were determined.  Weighting factors were considered significant at a 

threshold of |T| > 2 as determined by one sample t-test based on the ratio of the 

magnitude of each weighting factor to its standard error.  SEM analysis for each 

individual was also calculated, and correlation analyses were performed between 

participants’ weighting factors and the difference in pain rating between 0-Back and 2-

Back conditions.  

3.3 Results 

3.3.1 Behavioural Results 

 A one-way repeated measures ANOVA indicated that the pain ratings 

significantly differed across the N-Back task levels (F (2,22) = 19.09, p < .0001).  Post-
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hoc two-tailed paired Student’s T-tests showed that pain ratings for the 0-Back condition 

were significantly higher than both the 1-Back (t(10) = 2.2, p < .0167) and the 2-Back 

conditions (t(10) = 2.9, p < .0167), however the difference in mean pain ratings in the 1-

Back and 2-Back conditions failed to reach significance (Figure 3.4a).  A two-tailed 

paired Student’s T-test indicated that the 2-Back task level was significantly more 

difficult than the 1-Back task level, as evidenced by the lower task accuracy rate (t(10) = 

2.2, p < .01).  (Figure 3.4b) 

3.3.2 GLM Results 

 Both group-level main effects and contrast GLM analyses showed active voxels 

in regions located in anatomical close proximity to pain processing regions.  The main  

 
Figure 3.4  (A) Mean pain intensity ratings for six trials of each N-Back level (N = 12).  
Error bars indicate within-subject standard error of pain intensity ratings.  Both the 2-
Back and 1-Back conditions’ pain ratings were significantly reduced (p < 0.0167, 
adjusted for multiple comparisons) from the 0-Back condition’s pain ratings, however the 
difference between the 2-Back and 1-Back conditions’ pain ratings failed to reach 
significance. (B) Mean accuracy for the 2-Back and 1-Back (N = 12) conditions showing 
that performance of the 2-Back condition was significantly (p < 0.01) worse than the 1-
Back condition.  Error bars indicate within-subject standard error of task accuracy. 
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effects results identified BOLD responses within each condition that significantly 

matched the model paradigm, and some regions showed consistent activity across 

conditions while others showed differential activity (Figure 3.5).  Significantly reduced 

BOLD signal changes (p < 0.001) during the stimulation period compared to baseline 

were observed consistently in the ipsilateral C6 DH and contralateral dorsal reticular 

nucleus (DRt).  Additionally, in all three conditions, several bilateral areas of reduced 

activity were observed in close proximity to the expected regions of the nucleus tractus 

solitarius (NTS), RVM, and locus coeruleus (LC).  The region near the parabrachial 

nucleus (PBN) demonstrated a contralateral increase in BOLD response for the 0-Back 

condition only.  In the midbrain, a reduced response in the vicinity of the PAG was 

observed in the 2-Back condition, while increased responses were observed in both 0-

Back and 1-Back condition.   

Group-level contrast analysis demonstrated the time-course data on a voxel-by-

voxel basis between two conditions to identify voxels in a given condition with 

significant change in BOLD response compared to the other condition (Figure 3.6).  

Similar results were seen in multiple regions of the SC and the brainstem when 

comparing the difference in BOLD responses between conditions.  The BOLD responses 

in the C6 DH, DRt, RVM, LC, and midbrain PAG were greater in both the 1-Back and 

the 2-Back conditions compared to the 0-Back condition.  Furthermore, except for the 

LC, the results showed greater activity in these same regions and the PBN in the 2-Back 

condition compared to the 1-Back condition.  On the other hand, reduced BOLD 

responses in the NTS were seen in the contrast between the 0-Back condition and the 
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Figure 3.5  (A) Anatomical images illustrating the levels of the CNS included in GLM 
analysis.  Regions of interest involved in descending modulation of pain are highlighted 
and labelled.   PAG=periaqueductal gray, LC=locus coeruleus, PBN=parabrachial 
nucleus, RVM=rostral ventromedial medulla, NTS=nucleus tractus solitarius, DRt=dorsal 
reticular nucleus, and DH=dorsal horn.  (B) BOLD signal results from GLM analysis of 
main effects within each condition overlaid on transverse anatomical images.  Colour 
bars indicate t-values of significant BOLD signal change between baseline periods and 
stimulation period.  Warm colours correspond to increased BOLD signal during 
stimulation compared to baseline. 
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Figure 3.6  BOLD signal changes between conditions overlaid on transverse anatomical 
images.  Colour bars indicate t-values of significant BOLD signal change.  Specific 
contrasts compared the 0-Back versus 1-Back condition, 0-Back versus 2-Back condition, 
and 1-Back versus 2-Back condition.  Warmer coloured voxels indicated greater BOLD 
signals in the primary condition than the secondary condition.  Cooler colours indicated 
greater BOLD signal in the reverse comparison. 

 

2-Back condition.  This indicates that the BOLD response of the NTS during the 2-Back 

condition was less than the BOLD response in the NTS during the 0-Back condition. 

3.3.3 SEM Results 

 Group-level SEM analysis results are shown in Figure 3.7, illustrating the relative 

weightings of the significant connections for each condition and comparing the 

similarities between conditions.  The majority of the connections that were present in all 

conditions were between brainstem regions.  These involved the thalamus, hypothalamus, 

PAG, LC, PBN, RVM, and NTS regions.  The path coefficients for all common connec- 
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Figure 3.7  SEM results for each condition show the effective connectivity in brainstem 
and SC regions involved in pain processing.  Relationships were considered significant if 
|T| > 2, based on one sample t-tests of the ratio between a weighting factor and its 
standard error.  Stroke widths in the model are relative to the weighting factor to indicate 
the strength of the contribution of a given relationship.  Arrows indicate the direction of 
the signalling input and solid and dashed strokes indicate a positive and negative 
weighting factor, respectively.  Single coloured arrows are connections unique to one 
condition, dual coloured arrows are common to two conditions, and black arrows are 
common in all three conditions.  Results show consistent significant connections between 
brainstem structures and differences in input to the cord across conditions. 
 

tions were positive, however the strength of the weighting factor varied for some 

connections.  For example, the PAGàRVM connection showed increasing weighting 

with higher N-Back levels.  The PAG received consistently strong positive thalamic 

input, exhibited bidirectional connections between the hypothalamus and NTS, and 

showed output connections to the PBN and RVM.  The PBN was also connected to the 

RVM in addition to a bidirectional connection with the NTS.   

Most of the connections that were not common across all conditions differed in 

terms of inputs to the cord.  A unique hypothalamus – RVM – cord path was identified in 

the 0-Back condition.  Positive PAGàDRt and C6àThalamus connections were unique 
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to the 1-Back condition.  NTS outputs to the hypothalamus and cord and a negative 

peripheryàC6 connection were unique to the 2-Back condition.  The bidirectional 

connections between the C6 and DRt and a negative connection between the periphery 

and the thalamus were identified in both the 1-Back and 2-Back conditions, but not in the 

0-Back condition. 

  Table 3.1 summarises the results of correlation analyses between participants’ 

SEM weighting factors in each condition and the difference in pain ratings between 0-

Back and 2-Back conditions.  Two scatter plots of significantly positive correlations 

between the PAGàRVM weighting factors in the 1-Back and 2-Back conditions and 

pain rating differences are shown in Figure 3.8 (r = 0.68, n = 12, p = .014 and r = 0.84, n 

= 12, p = .00064, respectively).  Figure 3.9 shows the SEM results for the 2-Back 

condition in two participants who demonstrated relatively small (Participant D) and large 

(Participant E) pain rating differences to illustrate the heterogeneity in effective 

connectivity at the individual level (see Figure 2.4b in Chapter Two for a breakdown of  

 

 
 

 
 

 
 

 
 

Table 3.1  Summary of select results from correlation analyses between SEM weighting 
factors in each condition and pain rating differences between the 0-Back and 2-Back 
conditions.  Relationships in bold indicate p < 0.05. 
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Figure 3.8  Scatterplots for two significantly positive correlations that was found 
between the pain rating difference between 0-Back and 2-Back conditions and the 
PAGàRVM weighting factor in the 2-Back ((r = 0.84, n = 12, p = .00064) (A) and 1-
Back (r = 0.68, n = 12, p = .014) (B) conditions. 
 

individual pain rating differences).  The effective connectivity calculated for Participant 

E were between the PAG and brainstem regions such as RVM, PBN, and DRt, while 

connectivity for Participant D involved connections between LC, DRt, and the cord.  



 

73 

 

Both participants shared a similarly weighted positive connection between the thalamus 

and PAG.  

 

Figure 3.9  SEM diagrams of the connectivity during the 2-Back condition for two 
individual participants who represent large (purple) and small (yellow) pain rating 
differences. 
 

3.4 Discussion 

 Here we demonstrate that cognitive modulation of pain is a neurophysiological 

process involving diffuse subcortical regions.  For the first time, this is evidenced by a 

combination of the neural activity demonstrated by means of BOLD responses and 

effective connectivity within and between brainstem and SC regions. 

Significant C6 DH BOLD responses to the stimulus were observed in the main 

effects GLM results for all conditions, with the greatest negative activity detected during 

the 2-Back condition, indicating that neural input signalling in the DH was negatively 
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correlated with the model paradigm.  In line with the GLM results, the SEM results 

calculated from the functional data obtained during the 2-Back condition also showed a 

negative relationship between the peripheral input, which is the model paradigm, and the 

C6 DH.  This connectivity to the DH indicates that the BOLD response in the DH can be 

modelled in part by a negative contribution from the model paradigm.  Physiologically, 

there is tonic excitatory and inhibitory activity in the DH that exists independent of 

stimulation, thus requiring metabolic activity in a fashion that does not positively 

correlate with the BOLD response of the model paradigm.  The balance between this 

tonic activity can change based on the peripheral input and modulatory mechanisms in 

the DH and from descending pathways, resulting in a net increase or decrease of activity 

from baseline27.  In support of this, rat studies have identified that up to 40 % of neuronal 

circuity within the superficial lamina of the DH is comprised of GABAergic, inhibitory 

interneurons176,177 that exhibit tonic activity178,179, while descending dopaminergic 

neurons arising from the hypothalamus to the cord also convey tonic inhibition of 

nociceptive activity180.  Incoming sensory input from peripheral neurons or descending 

control in the SC also have the capacity to dynamically modulate nociceptive 

responses181,182 by diminishing tonic inhibition, thereby reducing the net metabolic 

activity.  One spinal fMRI study in humans found that emotional stimuli modulated the 

neural response in the SC via descending inputs183, and another demonstrated increased 

descending modulation of ipsilateral SC activity in response to innocuous thermal 

stimulation184.  Furthermore, recent human spinal fMRI resting state studies demonstrated 

functionally networked low frequency BOLD signal fluctuations in the DH185,186.  The 

combination of these tonic and phasic signalling events in our study could account for the 
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BOLD response observed in the C6 DH that did not match the model paradigm, and our 

results show that the net balance of neural activity in the DH during stimulation 

decreased from baseline in all three conditions. 

In a thorough review, Millan provided extensive evidence that the transmission of 

nociceptive stimuli is subject to descending control mechanisms in the SC mediated by 

different neurochemical systems arising from cortical and brainstem regions27.  While 

most of the evidence stems from animal studies, the concept of direct descending 

modulation of pain in the DH has been further validated in humans by neurophysiological 

measures such as spinal nociceptive reflexes187, brain evoked potentials125, and spinal 

fMRI188.  Furthermore, recent functional imaging studies have also observed descending 

modulation of pain under specific contexts such as listening to music119, negative and 

pleasant emotional stimuli40, and performing a cognitive task189.  In our study, comparing 

the neural response of one condition to another condition on a voxel-by-voxel basis gave 

evidence in support of our hypothesis that engaging attention is another context that plays 

a modulatory role in descending pain processing in the DH and other brainstem regions.  

Paired with the differences in behavioural pain ratings, the functional results 

demonstrated that higher cognitive demand of executive working memory resources 

coincided with increased descending inhibitory control of the nociceptive signal at the 

level of the SC, attenuating the perception of pain.   

It is believed that the metabolic activity detected in a BOLD response also reflects 

changes in local field potentials in addition to simply the spiking output activity92,190, and 

therefore the BOLD response in the DH could be attributed to neurophysiological events 

such as synaptic input and the activity of interneurons, descending pathways, and glial 
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cells, all of which have been investigated in the DH of the SC in rats and implicated in 

modulation of nociceptive signalling30,162,191,192.  Although the GLM results may have 

shown a variety of central modulatory mechanisms occurring in the DH, the SEM results 

illuminated the specific contribution to the BOLD response that arose from the synaptic 

input of descending and ascending pathways.  Interestingly, what varied the most in the 

SEMs across each condition were the descending inputs to DH.  The cord received input 

from the RVM in the 0-Back condition, the DRt in the 1-Back and 2-Back conditions, 

and the NTS in the 2-Back condition.  Furthermore, each of these brainstem regions 

demonstrated BOLD responses in the GLM contrast results, indicating that neural 

responses in these regions did indeed significantly change between conditions.   

One region in particular, the RVM, is thought to have a central role in pain 

modulation in partnership with the PAG via an endogenous opioidergic system, and the 

existence of direct projections between the cord and the RVM with the ability to attenuate 

pain evoked responses has been validated by neuroanatomical studies in rats192-194.  The 

complex role of the RVM in descending control of pain modulation is also illustrated in 

electrophysiological animal studies that show RVM neurons contain both inhibitory126,195 

and facilitatory196,197 pain processing capacities via differential neuronal populations and 

neurochemical pathways60,198.  Urban and Gebhart199 observed that the activation 

threshold of pain facilitating RVM neurons was much lower than that of pain inhibitory 

RVM neurons, and posited that the intensity-dependent response may act as a switch 

between pronociceptive and antinociceptive modulation in the SC.   

While our imaging results showed that activity in the RVM increased with higher 

N-Back levels, the SEM results indicated the connectivity between the RVM and the DH 
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was different between varying cognitive loads.  Larger BOLD response in the RVM with 

greater task difficulty supports the idea of increased descending cognitive modulation 

along the PAG and RVM modulatory pathway.  However the inconsistent connectivity 

from the RVM in the SEM results suggests that the relationship between the RVM and 

other modulatory structures are not necessarily fixed.  Hypothalamic input to the RVM 

was only significant in the SEM results for the 0-Back condition.  Connectivity between 

other structures such as from the PAG to the DRt and from the NTS to the hypothalamus 

was also inconsistent across conditions.  Taking these results together, the RVM appears 

to be a key region involved in descending cognitive modulation of pain, however the 

inconsistent SEM results in terms of RVM connectivity could be due to the involvement 

and interaction of other modulatory structure that are recruited at greater cognitive loads. 

It is possible that the dynamic relationship between modulatory structures and the 

differential function of RVM neurons is a mechanism to ensure that the transmission of 

nociceptive information remains salient until there is a sufficient increase in cognitive 

demand. However, in the future, more work is needed to determine if and how RVM 

activity may shift in a stimulus or task-dependent fashion, and if so, whether this 

mechanism is utilised during cognitive modulation. 

The consistent connectivity that was seen in the SEM results signify that the 

neural response to processing noxious stimulation include regions affiliated with multiple 

pain pathways, regardless of the cognitive task type or load, and this is well supported in 

the literature27.  Our results clearly evidence that the PAG and RVM, two control centres 

involved in descending pain processing, are especially implicated during cognitive 

modulation101.  Both of these regions demonstrated bilateral increased BOLD responses 
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in all three contrasts, a response similar to the contrast GLM results observed for the DH.  

Additionally, in the SEMs, the weighting factor for the PAGàRVM relationship 

increased with higher N-Back levels, indicating that the strength of the contribution of 

this relationship was greater with increasing cognitive demand.  Our results are in 

agreement with the existing electrophysiological, pharmacological, and functional 

imaging evidence to date that implicates the involvement of the PAG and RVM in 

descending cognitive modulation of pain38,72,200,201.  This is further supported when we 

investigated the correlation between SEM weighting factors for each participant and the 

difference in pain rating between 0-Back and 2-Back conditions, which were a 

behavioural measure of the magnitude of cognitive modulation.  To reiterate, a 

connection in the SEM between two regions indicated how the response of one region 

can be modelled by the weighted sum of inputs from other regions.  At the individual 

level, the PAGàRVM connection in the SEM results of the 1-Back and 2-Back 

conditions was the only relationship that correlated with the pain rating difference 

between the 0-Back and 2-Back conditions.  Furthermore, the strength of the positive 

correlations was greater in the SEM results from the 2-Back condition than the 1-Back 

condition, signifying that the task with the higher cognitive demand led to an even 

stronger positive correlation between the weighting factor of the PAGàRVM 

relationship and the degree of reduction in pain perception. 

While the number of participants was sufficient, future studies would benefit from 

a larger cohort to help strengthen the statistical power of the GLM and SEM results.  A 

larger sample size could also have allowed for separation of participants into two 

subgroups to assess the difference in neural activity and connectivity between small and 
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large magnitudes of cognitive modulation of pain at a group level.  Secondly, while these 

results address the networked modulatory response between brainstem regions and the 

SC, a focus that has been lacking in the literature, a more holistic investigation of the 

neural response and connectivity in cognitive modulation of pain should include cortical 

regions as well.  In the future, the scope of imaging studies on pain processing should aim 

to be comprehensive and include SC, brainstem, and cortical regions, since it is clear that 

all levels of the CNS are involved. 

3.5 Conclusion 

The results from this study contribute to a more complete understanding of the 

neural correlates of cognitive modulation of pain and provide neurophysiological 

evidence that pain is processed in unique ways among healthy individuals.  Functional 

imaging and SEM results identified significant neural activity and connectivity in regions 

known to be involved in pain modulation.  Descending control in the C6 DH was 

demonstrated as a result of applying a cognitive demand while nociceptive stimulation 

was experienced, and this neurocognitive process is strongly mediated by a pain pathway 

that includes the PAG and RVM.  Other regions such as the LC and PBN of the pons and 

the NTS of the rostral medulla were also involved in a consistent way across all 

conditions.  Furthermore, pain rating differences correlated with the strength of the 

PAGàRVM relationship, and variation in connectivity was observed between the SEMs 

of individuals with small and large pain rating differences.  Overall, our results point to 

the involvement of multiple pain processing pathways during cognitive modulation of 

pain and the unique recruitment of these pathways at the individual level depending on 

the extent of modulation. 
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Chapter 4 

General Discussion & Conclusions 

4.1 Principal Findings 

 The purpose of this thesis was to probe the effects of cognitive modulation on the 

perception of pain and the underlying neurophysiological responses in the brainstem and 

SC through the use of fMRI.  Cognitive factors have been shown to have a modulatory 

effect on pain perception, and previous work that manipulated factors such as attention 

and expectation has demonstrated significant analgesic outcomes.  The role of attention 

in particular has been applied extensively in work examining cognitive modulation of 

pain.  One neurocognitive theory as to how and why engaging attention can disrupt pain 

processing and attenuate its intensity suggests that during divided attention, pain 

competes for salience from a limited pool of cognitive resources.  The ability to appraise 

the noxious stimulation diminishes as cognitive load increases, resulting in reduced pain 

perception135.  Behavioural studies have demonstrated that attention does affect pain and 

found that pain intensity was perceived as less when a subject was distracted with a 

stimulus-irrelevant task131,202.  Functional imaging of the brain during performance of a 

task concurrent to painful stimulation have further reinforced the behavioural studies and 

revealed neurophysiological mechanisms underlying cognitive modulation of pain.  

Neural responses were observed in regions that are associated with sensory processing 

(e.g. S1 and SII) and management of executive functions such as attention (e.g. DLPFC 

and ACC).  In addition, engaging executive functions such as working memory 
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demonstrated enhanced coupling between the ACC and brainstem regions known to be 

involved in pain modulation161.  Furthermore, it has been well established in animal 

studies that the neurophysiology of descending cognitive modulation of pain also 

includes subcortical regions27, however there has been a dearth in subcortical functional 

imaging in humans.  The aim of this thesis work was to fill in some of the gaps in our 

understanding of cognitive modulation of pain in the CNS by first confirming this 

behavioural effect and second investigating the neural response in the brainstem and SC 

using fMRI.   

 The first part of the thesis confirmed the efficacy of the N-Back task in reducing 

the perception of pain.  Not only did placing a cognitive load reduce the perception of 

pain on a group level, as demonstrated in the change in pain ratings between the 0-Back 

and 1-Back conditions, but placing an even greater cognitive load in the 2-Back condition 

was able to reduce the pain perception even further than in the 1-Back condition.  

However, the difference in pain rating was not statistically significant.  Moreover, 

differences in task accuracy on a group level indicated that the cognitive loads for the 1-

Back and 2-Back task levels were significantly different.  

In addition to group-level differences in pain rating and task accuracy scores, 

these were broken down at the individual level and revealed high variability within the 

group.  The range of pain rating differences was heterogeneous, although all individuals 

demonstrated some degree of pain reduction during the 2-Back condition compared to the 

0-Back condition.  Likewise, all individuals demonstrated worse task performance during 

the 2-Back level compared to their 1-Back level performance.  This variability in pain 

reduction suggested that the degree of cognitive modulation differed within a population, 
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with some individuals highly susceptible to modulation by cognitive factors, some 

minimally susceptible, and others spread throughout the spectrum in between.  We 

explored the connection between this inter-subject variability with other characteristics 

such as the results of a set of psychometric questionnaires that each participant 

completed.  The questionnaires were originally given in order to characterise the 

psychological traits of the group.  The results of the questionnaires showed that these 

traits fell within normative ranges for each individual.  Correlation analyses did not show 

any significant relationships between differences in pain ratings between the 0-Back and 

2-Back conditions with the task accuracy scores.  However, a significantly negative 

relationship was found between the calibrated temperatures and differences in pain rating.  

The variability across the group and the relationship between the calibrated temperature 

and differences in pain ratings brought forth the idea that cognitive modulation could be a 

neurophysiological phenomenon that differs widely from person to person.  In light of 

this, we were prompted to look at the inter-subject variability in connectivity following 

functional imaging of the brainstem and SC as well. 

The purpose of the third chapter of this thesis was to characterise the neural 

response of cognitive modulation of pain in the brainstem and DH of the SC using fMRI.  

Participants were carefully prepared in the sham MRI environment in order to minimise 

the effects of anxiety.  The simulated experience of functional imaging allowed the 

novelty of the experience to wear off before undergoing the real process, thus eliciting 

more reliable results.  The neural responses to cognitive modulation of pain during each 

condition were observed in many brainstem regions known to be involved in descending 

modulation, such as the PAG, RVM, DRt, NTS, LC, and PBN.  Additionally, reduced 
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neural responses were observed in the ipsilateral DH of the SC at the level corresponding 

to the dermatome that was stimulated in all three conditions.  Similarly, a reduced BOLD 

response was observed in the DRt, NTS, RVM, and LC.  Increased BOLD responses in 

the PBN and PAG were seen in some but not all three of the conditions.  A comparison of 

the neural responses between conditions showed that BOLD responses increased in the 

C6 DH, DRt, RVM, LC, and PAG for both the 1-Back and 2-Back conditions compared 

to the 0-Back condition.  Even greater recruitment of activity in the DH, DRt, RVM, and 

PAG was demonstrated in the 2-Back condition compared to the 1-Back condition.   

 The SEM analysis complemented the results from the imaging in many ways.  

Greater effective connections to and from the C6 DH were seen with higher N-Back 

conditions.  In the SEM diagrams, significant bilateral connections between the DRt and 

the C6 DH were detected in both the 1-Back and 2-Back conditions but not in the 0-Back 

condition.  Many consistent significant connections were found between brainstem 

regions across all three conditions, however the strength of these contributions varied.  

Knowing that there was high inter-subject variability during the behavioural portion of 

the thesis, we delved into the correlation between pain ratings and SEM weighting factors 

at the individual level.  The difference in pain ratings in the 2-Back condition compared 

with the 0-Back condition was found to significantly positively correlate with the 

weighting factors for the PAG à RVM relationship in both the 1-Back and 2-Back 

conditions.  Furthermore, the strength of the positive correlation was higher in the 2-Back 

condition compared to the 1-Back condition.  We then selected two participants to 

represent large and small degrees of cognitive modulation of pain based on the size of 

their pain rating differences in the 2-Back condition compared to the 0-Back condition 
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and performed an SEM analysis of the 2-Back condition for both of the individuals.  The 

SEM diagrams indicated a stark contrast in the significant connections between the two 

individuals.  Participant E, who had a larger pain rating difference, showed more 

significant connectivity between brainstem regions while Participant D, who had a 

smaller pain rating difference, had connections to the cord from the DRt and LC that 

were not detected in Participant E. 

 Both the behavioural and the functional imaging results complement and support 

each other and can help inform the overall interpretation.  Therefore, discussion of the 

results will take into account the findings of both aspects of the thesis work.  

Interpretation will also be made in light of the pre-existing literature available on 

descending modulation of pain.   

4.2 Interpretations 

The inter-subject variability in pain ratings reflected the complex and 

heterogeneous nature of both pain perception and the modulatory effect of cognitive 

factors on pain within a population.  This is evidenced by the range of changes in pain 

perception within a condition across the group.  In spite of the various degrees of 

modulation observed, one consistent feature was that all participants showed some 

reduction in pain perception between the 2-Back and 0-Back conditions, thereby relating 

the observed modulation to cognitive load.  This suggests that increased cognitive load 

modulates pain perception and is a behavioural outcome that affects most healthy 

individuals, although the extent of it can vary from person to person.  The spectrum of 

individual pain sensitivity and responsiveness was also demonstrated in the correlation 

analyses between SEM weighting factors in the 1-Back and 2-Back conditions and the 
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difference in pain ratings between the 2-Back and 0-Back condition.  Greater differences 

in pain ratings correlated with stronger weighting factors for the PAGàRVM 

connection, and the correlation was even greater with a higher cognitive load (Figure 3.8 

in Chapter Three).  Therefore, the strength of the connection between the PAG and RVM, 

which also varied across a spectrum within the group, correlated in a meaningful way 

with an individual’s pain ratings.   

Given the significant correlation, we then performed SEM analyses for two 

participants who represented individuals that exhibited small and large pain rating 

differences (Participant E and E, respectively).  The results provided neurophysiological 

evidence to reinforce the idea of individual differences in cognitive modulation of pain.  

The SEM diagrams (Figure 3.9 in Chapter Three) illustrated how two individuals who 

demonstrated contrasting degrees of cognitive modulation in their pain ratings also 

differed in the connectivity between the brainstem and SC.  Where a similar network of 

connectivity between the midbrain PAG and brainstem RVM, PBN, NTS, and DRt 

regions is present in Participant E as in the group level SEM analysis, none of those 

connections appeared for Participant D.  Instead, a negative connection from the 

periphery to PAG and positive descending inputs from the LC and DRt to the cord 

appeared for Participant D.  The negative peripheryàPAG connection indicated that the 

response in the PAG could be modelled as a negative contribution from the model 

paradigm, which was the stimulation paradigm convolved with the BOLD hemodynamic 

response function.  In other words, during moments of stimulation, the PAG responded 

with decreased activity. 
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An interesting contrast in connectivity between the two participants was seen in 

the input to and from the caudal medullary DRt.  While SEM analysis for Participant E 

showed that the DRt received input from the PAG, this effective connectivity was not 

present for Participant D and instead bidirectional connections between the DRt and the 

cord were present.  The input from the PAG to the DRt was consistent with the group 

level SEM analysis for the 1-Back condition, and its absence in the SEM analysis for 

Participant D suggests an important role for the DRt in cognitive modulation of pain.  

Previous work in rats has identified the DRt as a pronociceptive structure72 that is 

involved in a positive feedback loop during nociceptive processing in the DH203.  The 

DRt exerts an excitatory effect on both superficial and deep laminae in the DH, and can 

potentiate the neural response to peripheral nociceptive stimulation.  This was seen 

during activation of the DRt by pharmacological means, which led to increased 

responsiveness of spinal nociceptive neurons79.  The bidirectional connection between the 

DRt and cord in the SEM diagram for Participant D, who demonstrated relatively little 

reduction in pain ratings, supports the view that the DRt facilitates nociceptive signalling.  

Additionally, SEM analysis indicated a PAGàDRt connection in Participant E.  This 

connection could be attributable to an inhibitory role for the PAG on the DRt as part of a 

mechanism for descending inhibition of nociceptive signalling via disruption of 

excitatory feedback between the DRt and the SC.  To support this hypothesis, anatomical 

studies have confirmed that a connection does exist between the PAG and the DRt, 

however the functional relationship has yet to be characterised72.   

While the functional imaging of this thesis did not include cortical regions, other 

work examining supraspinal pain modulation has identified connectivity between the DRt 
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and the ACC, a multifaceted cortical structure involved in pain modulation, executive 

functions, and emotion processing21.  The ACC has been shown to contribute to the 

affective components of pain23 and has been implicated in the emotional modulation of 

pain106.  In relation to pain and cognition studies, pain-evoked activity in the ACC was 

diminished when individuals were distracted compared to when attention was directed 

toward painful stimulation40.  Furthermore, the ACC has known outputs to the PAG126 

and is also mediated by endogenous opioids194.  This was demonstrated when naloxone, 

an opioid receptor antagonist, disrupted the coupling of activity between the ACC and 

PAG and abolished the effects of placebo analgesia204.  Emotional modulation of pain 

and cognitive modulation of pain are dissociable processes that involve separate 

descending mechanisms, however they are not mutually exclusive and there is overlap in 

the cortical structures that are involved40.  Thus, the ACC, PAG, and DRt could comprise 

another critical descending modulatory pathway that is recruited during cognitive 

modulation.  

The implications of the SEM analysis for Participant D and E suggest that not 

only are the behavioural outcomes of cognitive modulation of pain variable from person 

to person, but that there are also differences in the underlying neurophysiological 

responses that contribute to one’s propensity to modulate pain under cognitive factors.  

This raises another important point: whether the degree of cognitive modulation of pain 

and the modulatory networks that are recruited relate to the strategy that was employed 

when having to perform a cognitive task and appraise painful stimuli.  Since pain is 

inherently an attention demanding stimuli due to its biological relevance to warn of real 

or potential tissue damage205, cognitive factors that require attention interact with pain 



 

88 

 

and vice versa206.  Our work demonstrates that a cognitive load can diminish the 

perception of pain (see Chapter Two), illustrating a direction of interaction where 

cognition influences pain perception.  At the same time, pain is a powerful competitor for 

salience, even when higher-level processes are actively attending to other incoming 

stimuli206.  Studies that have manipulated pain intensity while keeping cognitive load 

constant have observed high pain intensities compromise task performance206,207.  This 

direction of interaction, where pain influences cognition and hinders performance, has 

clinical relevance since chronic pain patients have demonstrated executive function 

deficits in cognitive domains such as response inhibition208. 

One study assessed pain and cognition interactions in the brain using fMRI by 

comparing the pain-evoked activity in individuals who performed a visual cognitive task 

with and without simultaneously receiving noxious stimulation.  Within the condition 

involving both the task and stimulation, pain-related brain responses were observed in 

cortical regions such as the S1/S2 and the IC.  Furthermore, in that same condition, 

attenuation of these pain-related brain responses was observed in a subgroup of 

individuals who performed the task better than the others209.  Unfortunately, the 

functional imaging did not include subcortical regions, although the authors speculated 

that the use of different strategies could also extend to the recruitment of distinct 

descending modulatory pathways in the brainstem and SC.  Therefore, the strategy that is 

used could contribute to the individual differences seen in connectivity and the resulting 

behavioural outcome of cognitive modulation of pain. 

It is worth noting that the authors of the aforementioned study did not provide any 

specific instructions to the participants regarding where to direct their attention.  
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However in our work, we intentionally provided specific instructions in an effort to avoid 

ambiguity and minimise inconsistent interpretation.  Participants were told to perform the 

task to the best of their abilities in addition to rating their pain as accurately as possible.  

By giving both directives to the participants, we intended to place equal importance on 

what was required of them without biasing them towards either.  They were free to 

choose how they felt they could sufficiently accomplish both adequately.  Thus the 

contrasting connectivity seen between Participant D and E could be reflective of the 

behavioural strategies that were used.  However we were limited by the inferences that 

could be drawn from our data because we did not survey the participants afterwards about 

their approach during the testing.  

4.3 Limitations 

Some of the limitations in our work include characteristic traits of the subjects 

that we sampled.  Participants were all female and fell within a narrow age range, and this 

hinders the extent to which we can generalise our results to a broader population that falls 

outside of these traits.  Another limitation was that the use of oral contraceptives was not 

taken into consideration as a factor to control for when recruiting subjects.  The evidence 

surrounding oral contraceptives and its influence on pain processing and perception is 

unequivocal210,211, therefore it was not deemed a necessary factor to consider.  That being 

said there is still uncertainty regarding a potential effect on pain processing, and we were 

not able to account for it. 

The sample size presents another limitation to this work.  As discussed, a range of 

differences in pain ratings were observed and SEM analysis of two individuals was able 

to illuminate the inter-subject variability at the behavioural and neurophysiological level.  
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However, a larger sample size could have led to subgroups based on small or large pain 

rating differences.  With a sufficient amount, each subgroup could have enough power to 

perform group-level GLM analysis on the functional results for each subgroup and would 

also strengthen the SEM analysis.  This would have facilitated even further investigations 

into the differences at the neurophysiological level using fMRI.  

Another limitation involves the scope of the imaging, which only included the 

brainstem and SC.  As outlined previously, pain processing involves cortical structures as 

well.  A more comprehensive examination could have been performed and a more 

holistic picture of cognitive modulation of pain described if the functional imaging had 

spanned all levels of the CNS.  Furthermore, this would have provided additional data 

relevant to the SEM analysis.  Previous studies have already established connectivity 

between cortical structures and brainstem structures such as the PAG and DRt.  By 

excluding cortical structures, a portion of the signalling input into these regions were not 

accounted for in the SEM analysis. 

4.4 Significance and Future Directions 

The work that is presented here encompasses an investigation into the behavioural 

effect of cognitive modulation of pain and the neural correlates of this process in 

subcortical regions through the use of fMRI.  For the first time, we used fMRI to study 

how a cognitive load modulates structures in the brainstem and the SC to influence pain 

perception.  The implications of our findings raise further questions and future avenues to 

explore. 

Future studies would benefit from including all levels of the CNS.  As discussed 

in Section 4.3, pain processing involves regions that span the CNS, and any complete 
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understanding of cognitive modulation of pain will need to examine the brain, brainstem, 

and SC from the same individual.  Furthermore, resting state studies in the SC could 

provide additional information regarding the basal neural activity and help characterise 

the response of the DH to pain modulation better.  It would be beneficial to improve our 

understanding of the tonic activity in the SC. 

Another direction to take with this work would be to perform this investigation in 

a clinical population.  Chronic pain is a clinical condition where nociceptive processing 

has become maladaptive and results in persistent, exacerbated, and widespread pain212.   

In neuroimaging studies, patients with chronic pain syndromes such as fibromyalgia, 

arthritis, and back pain have reported more severe pain ratings and greater pain-evoked 

activity in the brain during noxious stimulation compared to healthy controls213,214.  There 

is evidence of profound neuroplasticity and neurodegeneration in the brain and SC during 

chronic pain, which suggests that mechanisms of pain processing have become 

dysfunctional. Animal models of persistent pain neuropathies have shown that the SC 

exhibits dramatic neuronal changes during the development of chronic pain215.  Chronic 

pain patients have demonstrated reduced grey matter density in cortical regions such as 

the PFC and ACC216.  Behavioural studies also indicate impaired cognitive abilities, with 

deficits in modalities such as executive functions and memory217.  Furthermore, imaging 

studies provide evidence that chronic pain influences cognitive modulation of pain at the 

cortical level208, however there has yet to be a similar investigation into how chronic pain 

alters cognitive modulation of pain at the subcortical level using fMRI.   

Examining potential pathophysiological effects of chronic pain on descending 

cognitive modulation in subcortical regions would provide additional insight into 
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potential therapeutic options.  Our behavioural results suggest that cognitive modulation 

of pain could be taken advantage of and applied within a non-pharmacological 

intervention, such as Cognitive Behavioural Therapy (CBT), as an effective solution for 

pain management.  However, the inter-subject variability in behavioural outcomes and 

connectivity as demonstrated in SEM analysis point to complexities in the efficacy of 

such a therapy.  The benefits of CBT may only be evident for certain individuals who 

utilise a particular strategy or do not have extensive neurophysiological changes to the 

modulatory mechanism as a result of chronic pain.  Individuals who are similar to 

Participant D and who are not as susceptible to modulation due to a particular strategy 

that they employ or pathophysiological changes may not find CBT to be as effective.  

Hence, characterising the different approaches that are employed and the 

pathophysiology of chronic pain could help determine the applicability of therapy such as 

CBT for pain management. 

4.5 Conclusions 

In conclusion, this work presented findings that demonstrated the behavioural 

effect of cognitive modulation on pain perception and the neural correlates in the 

brainstem and SC that are involved in this process.  Placing a cognitive load reduced the 

perception of pain significantly, and functional imaging of subcortical regions implicated 

involvement of the PAG, RVM, DRt, NTS, LC, and PBN, which are brainstem structures 

of the descending modulatory network, and the DH of the SC.  The connectivity of the 

activity in these regions was shown to differ depending on the presence of a cognitive 

load.  Furthermore, the connectivity was not the same between individuals who 

demonstrated different degrees of cognitive modulation of pain.  Therefore, cognitive 
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modulation of pain involves a network of structures in the brainstem and SC that 

mediates a complex mechanism of pain processing, and the effects of this modulation on 

pain vary from person to person.    
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MRI Safety Screening Form 

 


