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Abstract 

Pain is an extremely subjective and complex sensory and emotional experience. It is affected by a range 

of factors including attention, suggestion, attitude, expectation, and affective state. The influence of 

emotion on pain perception and neural processing is the central focus of this thesis. Previous research has 

demonstrated that individuals exposed to a painful stimulus will rate that stimulus as more painful when 

accompanied by or associated with a negative emotional influence. Conversely, pain ratings decrease 

when the painful stimulus is coupled with a positive emotional influence. Although many studies have 

confirmed that emotional manipulations affect pain perception at a group level, there has been little 

exploration of the range in the effect size across individuals or the psychological characteristics that may 

act to mediate emotional modulation of pain. Furthermore, although there is a growing body of research 

exploring the neural response in the brain, no other study, to date, has used functional MRI to examine the 

neural response across the brainstem and spinal cord involved in emotional modulation of pain. As such, 

this thesis used a combination of behavioural measures and functional MRI to explore differences in the 

effect of emotional modulation on pain perception across individuals, along with the neural response in 

the brainstem and spinal cord. We observed a substantial degree of inter-subject variability for the 

emotional modulation of pain perception, along with significant correlations for scores on anxiety and 

depression questionnaires with the distinct effects for Positive and Negative emotional modulation of 

pain. Functional MRI results revealed an effect for emotional modulation of the neural response involved 

in pain processing in the ipsilateral dorsal horn of the spinal cord, along with several regions in the 

brainstem known to be involved in descending pain modulation. Functional connectivity of these areas 

was observed to vary based on the valence and arousal of the emotional stimuli. Therefore, the findings of 

this thesis provide novel insight into the subcortical neural network involved in emotional modulation of 

pain processing and the factors that influence the effect of emotions on pain perception. 
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Chapter 1 

Introduction 

As human beings, we vary greatly in the way that we interact with and are 

affected by our environments. The experience of pain is no exception. It is simple enough 

to find a basic definition of pain. The International Association for the Study of Pain 

(IASP) describes pain as “an unpleasant sensory and emotional experience associated 

with actual or potential tissue damage, or described in terms of such damage”. Although 

this definition is concise, it fails to capture the extremely malleable nature of pain. Pain is 

affected by a wide variety of influences and a wealth of research has gone in to 

delineating the biophysical and psychological factors that modulate the pain experience. 

Among other factors, the perception of pain has been found to be affected by attention, 

suggestion, attitude, expectations, and emotion (C. Villemure, Laferriere, & Bushnell, 

2012). The ability of emotion to modulate pain is the central focus of this thesis.  

While there have been numerous studies that have examined the effect of 

emotional/affective manipulations on the perception of pain, studies probing the 

underlying physiological mechanisms responsible for this emotional modulation of pain 

(EMP) are less abundant. This is the first study to apply fMRI in the spinal cord and 

brainstem to explore the subcortical neural network involved in EMP. In addition, it 

became clear early into the experiment that the EMP effect on pain perception was not 

homogeneous across individuals. This diversity in the EMP effect prompted a deeper 

exploration of not only the subcortical processing involved, but also a more careful 

examination of the behavioural response itself. Hence, the research project described in 
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this thesis is composed of two studies. The first study was designed to verify the EMP 

effect at a group level in the recruited participants, while simultaneously identifying those 

individuals who were eligible to participate in the follow-up fMRI study of EMP in the 

spinal cord and brainstem. This first study sought not only to replicate the EMP effect as 

described in the literature, but also provided an opportunity to explore the range and 

variability of the EMP effect on pain perception, and to consider some of the influences 

that may contribute to this variability. The second study used participants from the first 

study to examine their neural responses using fMRI of the brainstem and cervical spinal 

cord. The goal of this second study was to identify the neural network involved in EMP 

processing in the cervical spinal cord and brainstem. Using a combination of analysis 

techniques to explore both the responsiveness and interconnections of particular regions, 

we were able to gain novel insight as to the involvement of this subcortical network in 

producing the EMP effect. The findings of these two studies will help to further progress 

our understanding of the complex interaction between emotion and pain. Above and 

beyond contributing to basic neuroscience research by providing a better understanding 

of the fundamental processes of pain and emotion, these findings may facilitate future 

endeavors to understand the comorbidity so often observed between chronic pain and 

certain affective disorders such as depression and anxiety (Nelson & Novy, 1997). Before 

delving into the potential implications of this research, however, it is essential to first 

introduce the topics that comprise the foundation for this thesis. We turn now to an 

overview of basic pain processing, basic principles of MRI and its application to studying 

pain, and the specific phenomenon of emotional modulation of pain.  
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1.1. PAIN 

1.1.1. Pain Transmission 

Pain transmission is a complex process, involving many levels of interacting 

neural mechanisms. It begins with the initial detection of the painful stimulus at the level 

of the nociceptor and progresses along through synapses in the spinal cord, ascending to 

be integrated into modulatory processes at the level of the brainstem, as well as higher 

level thalamic and cortical regions.  

1.1.2. Nociceptors 

The experience of pain starts with the receptors that detect nociceptive 

stimulation. Nociceptors are “sensory endings that respond to stimuli that threaten or 

actually damage tissue” (W.D.  Willis & Coggeshall, 1991). As their names implies, 

nociceptors are specialized peripheral sensory neurons that play a key role in nociception 

and the pain experience. Both pain and temperature are transmitted from nociceptors 

(which are free nerve endings) to the spinal cord along fast conducting Aδ-fibers and 

slow conducting C-fibers. Whereas fast pain is experienced in 0.1 second after the pain 

stimulus is applied and could be described as sharp, acute, or pricking pain, slow pain is 

experienced one second or later after the stimulus is applied, and could be described as 

burning, aching or throbbing pain (Snell, 2010). The speed of transmission for these two 

types of pain is directly related to both the diameter and myelination of the different 

neurons. Whereas C-fiber nociceptors have small diameter, unmyelinated axons which 

support conduction velocities of 0.4-1.4 m/s, Aδ-fiber nociceptors have myelinated axons 

with conductions velocities in the faster range of 5 – 30 m/s (Dubin & Patapoutian, 

2010). Different types of nociceptors will respond to different types of noxious 
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stimulation. There are those that respond to mechanical stimulation like pressure 

(mechanoreceptors), chemical stimulation (chemoreceptors), and thermal stimulation 

(thermorecpetors). Polymodal receptors respond to mechanical, chemical, and thermal 

stimulation. In terms of thermal stimulation, temperature extremes of >~40-45 °C or < 

~15 °C are adequate to activate nociceptors response to noxious thermal stimulation 

(Dubin & Patapoutian, 2010). Once activated, these nociceptors synapse on second order 

neurons in the dorsal horn of the spinal cord, progressing the transmission of the noxious 

stimulation further along its route to higher level processing in the brainstem and cortex.  

1.1.3. Ascending Pain Pathways 

Somatosensory information ascends the spinal cord up to the brainstem and 

cortical regions via two major pathways: the dorsal column medial lemniscus system and 

the anterolateral system. Whereas the dorsal column lemniscus system is most known for 

the transmission of touch and proprioceptive information, the anterolateral system is 

recognized for its transmission of pain and temperature (Pinel, 2009). Given its role in 

transmitting pain and temperature information, consideration of the anterolateral system 

is more pertinent to the focus of this thesis. The anterolateral system is composed of three 

main pathways: the lateral spinothalamic tract, the spinoreticular tract, and the 

spinomesencephalic tract (W. D. Willis, 1985). 

The Lateral Spinothalamic Tract  

The Lateral Spinothalamic Tract is the major ascending tract for information 

about pain and temperature. Although the spinothalamic tract is composed of both the 

lateral and anterior pathways, the anterior pathway is more involved in crude touch and 

pressure, whereas the lateral pathway transmits information about pain and temperature. 
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The first order neurons of the lateral spinothalamic tract are the nociceptors, whose cell 

bodies lie within the posterior root ganglion of the spinal nerve. Upon entering the dorsal 

horn of the spinal cord, the axons of these first order neurons branch out to innervate one 

or two segments both above and below the level of innervation. These extended branches 

form the dorsolateral tract of Lissaeur (Purves, Augustine, Fitzpatrick, & al., 2001).  The 

second order neurons of this tract, whose axons decussate at the same level as the synapse 

of first order neuron, ascend the spinal cord to synapse principally in the ventral 

posterolateral nucleus of the thalamus. Third order neurons then project to higher level 

cortical regions, like the somatosensory area in the post central gyrus, for example (Snell, 

2010). The cell bodies of these second order neurons originate in lamina I, and laminae 

IV- VI (Hodge & Apkarian, 1990; Purves et al., 2001) . 

The Spinoreticular Tract  

Another major ascending pathway for nociceptive information is the 

spinoreticular tract (H. L. Fields, Wagner, & Anderson, 1975). Whereas the 

spinothalamic tract is known for its contributions to the sensory-discriminative 

processing of pain, the spinoreticular tract is attributed with playing more of a role in the 

motivational-affective components of pain (W. D. Willis, 1985). Although many of the 

second order neurons of this tract begin their assent of the spinal cord in a manner similar 

to that of the lateral spinothalamic tract by decussating at the level of the first order 

neuron synapse, some will ascend the spinal cord ipsilaterally. In addition, the location of 

the cell bodies of the second order neurons is deeper in the cord in laminae VII and VIII 

compared to the more superficial position of the second order neurons of spinothalamic 

tract (W. D. Willis & Westlund, 1997). Another defining characteristic is that the second 
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order neurons of the spinoreticular tract synapse in a different destination than those of 

the spinothalamic tract. Specifically, this tract is known to project to medial parts of the 

brainstem including the medullary and pontine reticular formations (Rossi & Brodal, 

1957). Neurons of this tract project to several nuclei in the caudal medulla, without 

somatotopic organization. There are also more rostral projections to such medullary 

regions as the lateral reticular nucleus and the nucleus gigantocellularis (NGC), as well as 

pontine projections to the parabrachial region (PBN) (Abram, 2006). 

The Spinomesencephalic Tract  

Spinomesencephalic neurons respond to both noxious and innocuous stimuli, due 

to their complex receptor fields. The cell bodies for the second order neurons of this tract 

are positioned similarly to those of the spinothalamic tract, laminae I and IV-VI (W. D. 

Willis & Westlund, 1997). Their axons projects to several regions of the midbrain 

including the mesencephalic reticular formation (which includes the cuneiform nucleus) 

and the lateral part of the periaqueductal grey (PAG) (W. D. Willis, 1985). The different 

components of this tract are involved in different functions. Those neurons which project 

to the cuneiform nucleus activate the locomotor center and the ascending reticular 

activating system, while projections to the PAG and other midbrain nuclei act to 

stimulate the descending analgesia system (Abram, 2006).  

1.1.4. Gate Theory 

When considering the mechanisms that modulate pain, one cannot overlook the 

Gate Theory of Pain. The Gate Theory hinges on competing input from nociceptive and 

non-nociceptive stimulation. As first proposed by Melzack and Wall in 1965, the theory 

details how the experience of pain can be altered when the transmission of noxious 
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stimulation is over powered by that of non-noxious stimulation. This happens by way of a 

kind of gating mechanisms in the substantia gelatinosa of the dorsal horn of the spinal 

cord. Essentially, in relation to afferent inputs, the smaller diameter fibers of the 

myelinated Aδ and the unmyelinated C-fibers feed input into the substantia gelatinosa 

along with the larger diameter, myelinated Aα and Aβ fibers that are involved in the 

transmission of non-noxious information. The non-noxious inputs from the Aα and Aβ 

fibers increase the inhibitory effect that the substantia gelatinosa exerts, (which otherwise 

act to advance the transmission of the input), thus serving to “close the gate”. If the 

noxious input is sufficient to surpass a threshold where the inhibitory effect of the non-

noxious input in the substantia gelatinosa can be overwhelmed, the gate can be opened 

and the noxious input propagated further along the ascending tracts (Melzack & Wall, 

1965). It is important to recognize that Malzack and Wall’s theory also alludes to the 

effect of top-down mechanisms that influence the gating mechanisms described in the 

dorsal horn of the spinal cord. The Gate Theory suggests that descending inputs from 

higher centers involved in such processes as attention, emotion, and memory can act to 

influence the facilitation or inhibition of the opening of the gate. In this way, the Gate 

Theory of Pain lends itself to the potential neural mechanisms underlying the Emotional 

Modulation of Pain effect and Motivational Priming Theory (as described in section 1.4). 

1.1.5. Descending Modulation 

Afferent pain transmission is only part of the story when it comes to 

understanding the neural mechanisms which contribute to our experience of pain. In 

addition to the incoming information ascending from the periphery, there is a top-down 

type of descending modulation that greatly influences our perception of pain by exerting 
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influence over the activity in the dorsal horn of the spinal cord itself. Descending 

modulation involves numerous cortical and subcortical structures playing different roles 

in inhibition (attenuation) and/or facilitation (enhancement) of spinal nociceptive 

processing (Gebhart, 2004). At the level of the cortex there is involvement of the 

somatosensory cortex, the anterior cingulate cortex (ACC), the dorsolateral prefrontal 

cortex (DLPFC), the insular cortex, and the amygdala (Garland, 2012; Tracey, 2007); all 

regions of what has been termed, “the pain matrix” (Schweinhardt & Bushnell, 2010). 

Each of these regions plays their own role in either inhibiting and/or facilitating pain 

processing. The pain modulatory network also has major relays in the midbrain 

periaqueductal grey (PAG) and the rostral ventromedial medulla (RVM) (H.L. Fields, 

Basbaum, & Heinricher, 2006), which themselves send projections to more caudal nuclei 

in the medulla, pons, and finally, to the dorsal horn of the spinal cord.  

 Early research implicated the PAG to be involved in antinociception. Reynolds 

(1969) was among the first to infer this function based on an observation that direct 

electrical stimulation of the PAG could produce profound analgesia and allow a rat to 

undergo surgery without pain. It is now known that while the PAG has sparse projections 

to the dorsal horn of the spinal cord itself, efferent projections from the PAG to such 

regions as the RVM and dorsolateral pontine tegmentum (DLPT) allow the PAG to exert 

its antinociceptive effects. The PAG receives both ascending input from the dorsal horn 

of the spinal cord and descending input from the limbic system (including the cingulate 

gyrus, parahippocampal gyrus, hippocampal formation, amygdala and septal area 

(Rajmohan & Mohandas, 2007)), as well as the diencephalon. Cortical projections 

mediate activity in the PAG indirectly by targeting the basolateral component of the 
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amygdala, which sends afferents to the central nucleus, further projecting to the PAG 

(Rizvi, Ennis, Behbehani, & Shipley, 1991). The PAG also receives inputs from the 

hypothalamus (Bandler & Keay, 1996), and regions of the brainstem including the 

nucleus cuneiformis, locus coeruleus (LC), and pontomedullary reticular formation 

(Beitz, 1982; Herbert & Saper, 1992), and has reciprocal connections with the RVM. 

This connection between the PAG and RVM is essential to descending pain modulation. 

Studies have shown that severing this connection by means of anatomical lesion or 

microinjection of excitatory amino acid receptor antagonists into the RVM acts to 

eliminate the analgesic effects elicited through stimulation of the PAG (H. L. Fields, 

Heinricher, & Mason, 1991).  

The RVM consists of the nucleus raphe magnus (NRM), nucleus reticularis 

gigantocellularis (NGC) and the nucleus reticularis paragigantocellularis. (Heinricher, 

Tavares, Leith, & Lumb, 2009; Urban & Smith, 1994). Collectively, the RVM receives 

input from the PAG, parabrachial nucleus (PBN) and the nucleus tractus solitarius (NTS) 

(Kwon, Altin, Duenas, & Alev, 2013) and sends descending projections to the dorsal 

horn of the spinal cord (in addition to its projections to the PAG). Whereas the PAG is 

recognized for its pivotal role in descending inhibition, the RVM has been demonstrated 

to function in both inhibition and facilitation of nociception (Porreca, Ossipov, & 

Gebhart, 2002). Subsequent to studies implicating its involvement in antinocicpetive 

processing, low-intensity electrical stimulation of the RVM was found to elicit the 

nociceptive reflex of tail flicking in the rat model (Zhuo & Gebhart, 1990). The RVM is 

now considered to exert bidirectional descending modulation of nociception. The 

mechanism for this bifurcation of function has been proposed to be attributable to the 
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heterogeneity of the RVM’s cytoarchitecture. Specifically, within the RVM, individual 

neurons fall under the category of “ON-cells” (which enter a period of increased firing 

immediately prior to nocifensive withdrawal), “OFF-cells” (which go into a period of 

decreased firing), or Neutral cells (which do not exhibit either response (Heinricher et al., 

2009; Ossipov, Dussor, & Porreca, 2010). As such, these opposing populations of 

neurons within the RVM have been identified to play separate roles in descending 

facilitation and inhibition, respectively. 

While the RVM represents a hub for descending modulation in the rostral 

medulla, there is also recruitment of regions in the more caudal medulla, including the 

dorsal reticular nucleus (DRt), NTS, and the caudal ventrolateral medulla (VLM) 

(Heinricher et al., 2009). Whereas the DRt has been attributed with functioning to 

facilitate nociception (Lima & Almeida, 2002), the NTS and VLM are proposed to play a 

role in inhibitory modulation of nociception (Millan, 2002; Morgan, Sohn, Lohof, Ben-

Eliyahu, & Liebeskind, 1989; Tavares & Lima, 2002). The DRt receives projections from 

both cortical and subcortical regions involved in many functions in addition to 

nociceptive processing. Connections relative to descending pain modulation include input 

coming from multiple regions of the limbic system (including the amygdala and 

prefrontal cortex), as well as projections from the insula and somatosensory cortices 

(Almeida, Cobos, Tavares, & Lima, 2002). In addition, activity in the DRt is regulated by 

many subcortical structures, with reciprocal connections to the dorsal horn of the spinal 

cord, NTS, RVM, PAG, and hypothalamus. The DRt also has further efferent projections 

to the brainstem and forebrain including the VLM, LC, & PBN. It has been proposed that 

the DRt plays a particular role in the modulation of ascending nociceptive information 
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involved in the motivational/affective dimension of pain (Leite-Almeida, Valle-

Fernandes, & Almeida, 2006). By comparison, the NTS has reciprocal connections with 

the dorsal horn of the spinal cord, hypothalamus, and many limbic and cortical regions, 

while also providing major input to the PAG and monoaminergic nuclei of the brainstem 

(Millan, 2002). The caudal lateral VLM has a closed-loop connection with lamina I in the 

dorsal horn of the cord, which is involved with mediating feedback control of supraspinal 

nociceptive transmission. The VLM also includes the lateral reticular nucleus, which has 

been found to receive input from the more ventral and deep dorsal horn inputs (laminae 

VII, IV, and V, respectively), and projects back to the premotor lamina VII (in the ventral 

horn) (Tavares & Lima, 2002). 

Finally, there are several subregions in the pons that are known to be involved in 

descending modulation. Specifically, the LC, subcoeruleus, and PBN all send 

noradrenergic projections to the spinal cord and are collectively known as the dorsolateral 

catecholamine cell groups A5, A6, and A7. Receiving input from the PAG, stimulation of 

these regions produces inhibition of nociceptive neurons in the spinal cord (Abram, 

2006). The PBN in particular also receives input from regions of the medulla and dorsal 

horn, and subdividions of the PBN project to the NTS, RVM, and dorsal horn (Millan, 

2002). 

Although much of what is now known about pain processing has come from 

animal studies, the study of pain processes in humans in general has come a long way in 

recent decades. The use of tools like functional magnetic resonance imaging has helped 

to make this possible.  
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1.2. MAGENTIC RESONANCE IMAGING (MRI) 

The use of magnetic resonance imaging (MRI) to study anatomy and functional 

processing for tissues in living subjects is a valuable tool, particularly in its application to 

neuroscience research using human participants. It is a non-invasive technique that can be 

applied to explore not only changes in the structural integrity of different tissues 

throughout the body, but also a way to assess neural functioning in the CNS via 

functional MRI (fMRI). In order to truly appreciate and accurately interpret the findings 

of an fMRI study, it is critical to have a basic understanding of the fundamental principles 

of MRI. What is the MR signal and how do we measure it? How does fMRI work and 

what can it tell us about neural activity? The research described in this thesis applied 

fMRI to the spinal cord and brainstem to study pain processing. What are the key 

considerations that have to be taken into account to optimize the technique for its use in 

this study? The following section provides a basic explanation of these key concepts. 

1.2.1. MR signal 

Magnetic Resonance Imaging revolves around the fundamental properties of 

magnets. MRI makes use of the magnetic properties of the abundant hydrogen atoms in 

your body. The nucleus of the Hydrogen atom consists of a single proton. Along with 

having a distribution of electric charges within them, protons will intrinsically spin 

around their axis. The combination of these two factors (the spin and the charges) gives 

them an inherent constant magnetic field. This is also known as its magnetic moment. 

The mass of a proton in combination with its inherent spin gives it inherent angular 

momentum. We can use the controlled magnetic field produced with MRI to manipulate 

the magnetic moment of hydrogen atoms in the body in such a way that measuring their 
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recovery from said manipulations provides the data used to construct 3D images of the 

brain, brainstem, and spinal cord. 

 When a person is placed in the strong magnetic field of the MRI system, the 

tissues in the body become weakly magnetized because of the magnetic properties of the 

hydrogen atoms throughout the body. Once in the magnetic field, the nuclei of the 

hydrogen atoms will align either parallel or antiparallel with the static magnetic field 

(B0). These two different alignments with B0 have different energies, depending on the 

direction of the alignment and the strength of the magnetic field, but because the parallel 

alignment is the lower energy state compared to the antiparallel state, the hydrogen nuclei 

will tend more often to fall into this alignment. Alignment of the hydrogen nucleus with 

B0 is known as equilibrium magnetization. Equilibrium magnetization has a magnitude of 

M0. It is important to note, however, that the hydrogen nuclei do not simply snap into 

alignment with B0. The process of the hydrogen nuclei coming into alignment with B0 

involves the precession (wobbling) of the hydrogen nuclei around B0, at a fixed 

frequency. It is easiest to visualize this precession by imagining a spinning top. The 

nucleus itself is spinning around its axis (via the inherent spin and angular moment 

described above), in addition to the axis of the nucleus wobbling in such a way that it 

circles B0. Now, because different tissues in the body have different magnetization, we 

can observe differences in the way that the hydrogen nuclei in these tissues come into 

equilibrium state. In order to measure this process (known as “relaxation”), we must first 

knock the nuclei out of the equilibrium state that was achieved by putting the person in 

the static magnetic field of the MRI system in the first place. This is achieved through the 

application of a brief pulse of a small magnetic field (radio frequency or “RF” pulse), 
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oriented 90° to B0. This small magnetic field, B1, rotates at the Larmor frequency, and the 

angle that it rotates the magnetization of the nuclei from alignment with B0 is called the 

flip angle.  

 In terms of actually measuring the effect of these manipulations, the MR signal 

itself is the electrical signal that is induced in the receiver coil by the rotating 

magnetization. As mentioned above, the process of the hydrogen nucleus returning to the 

equilibrium state is known as “Relaxation”. This process happens as a result of the 

interactions between hydrogen nuclei that allow them to lose energy and return to 

equilibrium state after the disturbance from applying B1. There are two components of 

relaxation: the longitudinal component and the transverse component. The longitudinal 

component relates to the recovery of the magnetization parallel to B0 and is characterized 

by the time T1. This is in contrast to the transverse component, which relates to the decay 

of the transverse magnetization to zero and is characterized by the time T2. Both 

components are affected by the mobility of the hydrogen nuclei in different tissue in the 

body. Both tend to be longer for more mobile water and shorter for the more restricted 

water and lipids. With the different magnetic environments of different tissues in the 

body, we can observe the different responses in terms of the MR signal. This is how we 

can see different types of tissues in an image. By tipping the magnetization towards the 

transverse plane with an RF pulse, if we measure the signal after waiting a while, the MR 

signal will depend on T2. If we apply another pulse before allowing the signal to fully 

recover to equilibrium parallel to B0, the signal after that pulse will depend on T1. In 

addition, T2* time reflects a distribution of rates of precession, and augments the afore 

mentioned relaxation times. It is caused by magnetic susceptibility differences between 
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tissues resulting in spatial distortions in B0 and affecting the rate of the transverse decay. 

As a result, T2* is shorter than T2.  

At the time that the RF pulse is administered to knock the magnetization of the 

nuclei out of alignment with B0, all of the nuclei are “in phase” in their displaced 

alignment. Given that transverse relaxation, along with dephasing caused by spatial 

variations in the magnetic field, incite exponential decay of the MR signal immediately 

after the administration of the RF pulse, it is necessary to reverse this dephasing, eliciting 

a signal “echo”, to allow sufficient time to measure the MR signal before it decays. The 

use of echoes to measure the MR signal is at the heart of every imaging method. There 

are two imaging techniques that comprise the foundation for all the different MR imaging 

methods used. It all comes down to the way that the echo is produced. This can be done 

either through Gradient Echo (GE) imaging, or Spin Echo (SE) imaging. Whereas GE 

imaging makes use of sequential application of reversed magnetic gradients after the 

initial RF pulse to reverse dephasing and prompt an echo of the original signal, SE 

follows-up the initial RF pulse (typically set to 90º) with repeated pulses, all at a 180º flip 

angle, in order to reverse the dephasing and elicit the echo. With SE imaging, the echo 

elicited is T2-weighted because the dephasing caused by both the static spatial field 

variations and any gradients that are applied can be cancelled out after the 180º pulse. In 

contrast, the effects of the opposing (reversed) gradients applied in GE imaging are 

cancelled out, but the dephasing caused by static spatial field variations is left unaffected. 

As a result, the gradient echo is T2*-weighted. The amount of either T2 or T2*-weighting 

is affected by the choice of echo time (TE)- the time from the initial RF pulse to the 
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formation of the echo. Both gradient and spin echo can be used for the application of 

functional MRI (Stroman, 2011). 

1.2.2. Functional MRI 

Blood Oxygenation-Level Dependent (BOLD) Signal 

Functional MRI can be thought of as extending the same principles that we utilize 

for MRI to make use of certain contrast mechanisms. The most common contrast 

mechanism in fMRI focusses on changes in Blood Oxygenation-Level Dependent 

(BOLD) Signal. The BOLD effect is a local magnetic field distortion, associated with 

neural functioning. Neural signaling is increased in regions as they are recruited to 

function in a given task or in response to a stimulus. Increased neural signaling results in 

increased energy consumption in these regions, which in-turn leads to increased 

metabolic demand. Neurons require Oxygen to function. As synaptic signaling increases, 

there are changes in the level of deoxygenated and oxygenated hemoglobin at the site of 

increased metabolic demand. The delivery of oxygenated blood to the active areas is 

increased, so much so that it is in excess of what was required. Since Deoxyhemoglobin 

and Oxygenated hemoglobin have different magnetic properties (deoxygenated 

hemoglobin has a higher magnetic field relative to outside tissues compared to 

oxygenated hemoglobin), we can measure the MR signal and look for differences in 

relaxation times in the regions that are thought to be more active in a process or task. 

BOLD signal is a reflection of presynaptic input rather than action potentials and neural 

firing rate (Logothetis, Pauls, Augath, Trinath, & Oeltermann, 2001), so increase in 

BOLD signal must be considered to reflect both excitatory and inhibitory signaling. This 

is a very important characteristic to consider, as it can be tempting to interpret “activity” 
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observed in fMRI results as being synonymous with excitatory functioning. Increases in 

BOLD signal represent increased presynaptic signaling, which can be excitatory or 

inhibitory in nature. They key idea is that presynaptic input is more active in regions 

being recruited to function in a given task or responding to the stimulus, and this is what 

the BOLD contrast is making use of (Stroman, 2011). 

1.2.3. Applying fMRI to the spinal cord 

Functional MRI of the human spinal cord has been evolving and improving at a 

rapid pace over that last 15 years. Researchers continue to work diligently to study and 

develop methods to overcome the unique obstacles for using this tool. Just this year, a 

pair of papers was released by a group of the world’s leading experts in spinal fMRI 

research, detailing the current state of the art for spinal fMRI (Stroman et al., 2014; 

Wheeler-Kingshott et al., 2014) . The papers separately addressed the methods and the 

application of the technique. The paper that focused on the current state of spinal fMRI 

methods specifically identified the unique challenges for imaging the cord because of the 

bone surrounding the spinal canal (inhomogeneous magnetic field), physiological motion 

of the cord and adjacent tissues due to breathing, cardiac motion, cerebral spinal fluid 

flow, and the small cross-sectional dimensions of the spinal cord (Stroman et al., 2014). 

In terms of applying the technique to a clinical populations, these issues are further 

complicated in patients with spinal cord injury where the presence of metallic implants is 

a frequent limiting factor. These issues clearly influence considerations for applying 

functional MRI to the spinal cord. In the interest of optimizing the imaging technique, a 

recently published study went into painstaking detail to determine the optimal 

methodology to acquire and analyze spinal fMRI data. Bosma and Stroman (2014a) ran 
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multiple experiments to assess contrast-to-noise ratio for various TE, along with 

assessing of the use of Generalized Autocalibrating Partially Parallel Acquisition 

(GRAPPA), characterizing the noise in both null and task data, assessing multiple 

analysis techniques aimed at noise reduction, and the added interest of showcasing 

improved spatial normalization with the custom written analysis software. In the end, 

they concluded that to attain the optimal CNR for spinal fMRI on a 3 Tesla magnet, one 

should use half-fourier single shot fast spin-echo (HASTE) with a TE of 75msec to attain 

BOLD contrast. Despite reducing noise at an optimal TR, GRAPPA was found to be less 

sensitive to BOLD signal changes due to reduction in SNR. In terms of analysis 

techniques, there were two steps that proved critical to improving the quality of the 

results: the coalignment step and inclusion of the first two principal components as 

regressors in the GLM. Coalignment not only reduced false positives in null data but also 

lead to increased detection of active voxels in task data. Modelling the GLM with the first 

two principal components as regressors resulted in a substantial increase for the number 

of active voxels in the task data. Conversely, the Gibbs ringing artefact removal step was 

rendered unnecessary in light of improved coregistration methods. Temporal filtering 

actually inflated the false positive rate, and the inclusion of RESPITE terms failed to 

reduce the false positive rate (Bosma & Stroman, 2014a). Finally, Bosma and Stroman 

demonstrated significant improvements in the spatial normalization step.  
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Figure. 1. A visualization of the normalization process in one dataset. a) A midline slice 

of the raw data is shown in the sagittal and coronal views. Nine spine lines are manually 

drawn on the image. b) The normalized template is displayed with the lines from the raw 

data spatially arranged to match the template. c) An example of a single normalized 

midline slice. The image has been warped into a common space and maps onto the 

template.  

HASTE imaging (as applied for spinal fMRI) has been demonstrated to offer 

district advantages over the use of traditional GE imaging with Echo-planar spatial 

encoding (EPI) for enhanced speed (as is typically used for fMRI in the brain). 

Specifically, using HASTE allows for BOLD contrast (with sensitivity to BOLD signal 

equivalent to that of GE-EPI when using the optimal TE), with data acquisition at a fast 

speed (which is essential to functional MRI), while simultaneously avoiding the 

significant spatial image distortions that accumulate when using EPI due to magnetic 

field inhomogeneites that arise for fMRI of the spinal cord. This method also allows for a 

relatively low number of slices to be acquired in the sagittal plane, permitting data 

acquisition along a large rostral-caudal spread of the cord, and a good spatial resolution at 

1.5 X 1.5 X 2mm.  



 

20 

 

These method optimizing details exemplify the advancements that have been 

made in spinal fMRI even over the last few years. In the process of these improvements, 

spinal fMRI has been applied to study neural processing in animals and humans alike. In 

humans, it has been applied to separately image the cervical (Brooks et al., 2012; Figley 

& Stroman, 2007; Lawrence, Kornelsen, & Stroman, 2011; Stroman, Figley, & Cahill, 

2008), thoracic (Kornelsen, Smith, & McIver, 2014; Kornelsen, Smith, et al., 2013), and 

lumbar (Kornelsen & Stroman, 2007; Lawrence, Stroman, & Kollias, 2008) segments of 

the cord, exploring a variety of functions including somatosensory, motor (Kornelsen & 

Stroman, 2004, 2007; Ng et al., 2008), and even emotional processes (Kornelsen et al., 

2014; Smith & Kornelsen, 2011). Somatosensory processes including vibration sensation 

(Kornelsen, Smith, et al., 2013; Lawrence et al., 2008), innocuous (Bosma & Stroman, 

2014b; Stroman, 2009; Stroman, Bosma, & Tsyben, 2012) and noxious thermal sensation 

(Brooks et al., 2012; Cahill & Stroman, 2011; Dobek, Beynon, Bosma, & Stroman, 

2014b; Ghazni, Cahill, & Stroman, 2010) have all been investigated. Recent use of fMRI 

to study pain processing in the spinal cord is on the cutting edge for applications of fMRI 

in the study of pain in humans.  

1.3. USING FMRI TO STUDY PAIN IN HUMANS 

1.3.1. fMRI to Study Pain Processing in the Brain 

The use of fMRI to study pain processing in humans has significantly advanced 

our understanding of the neural networks underlying not only acute pain, but a plethora 

of different chronic pain conditions as well. Studies have targeted stimulation of 

nociceptors via acute pain often by making use of either noxious thermal or mechanical 

stimulation (Baumgartner et al., 2010; Hoffman et al., 2004; Moulton et al., 2007; 

Veldhuijzen et al., 2009). In addition to the study of acute pain stimuli, there is an ever 



 

21 

 

growing body of research examining the disruption of resting state networks in 

individuals with various kinds of chronic pain conditions (Baliki, Mansour, Baria, & 

Apkarian, 2014; Kornelsen, Sboto-Frankenstein, et al., 2013; Letzen, Craggs, Perlstein, 

Price, & Robinson, 2013; Loggia et al., 2013). Collectively, these types of studies have 

helped provide a better understanding of the function and connectivity of regions 

involved in what has been termed the “pain matrix”.  

The pain matrix is generally recognized as the neural network of regions that are 

critically involved in various aspects of pain processing. Generally, these regions are 

thought to include: the primary and secondary somatosensory cortices, (S1 and S2 

respectively), the anterior cingulate cortex (ACC), the Insular Cortex (IC), the prefrontal 

cortex (PFC), the thalamus, the basal ganglia, and the cerebellum (Schweinhardt & 

Bushnell, 2010; Tracey, 2008). This network of regions has been proposed to break down 

into a more lateral neuroanatomical component (involved in the processing of more 

sensory-discriminative information) and a medial component (involved in the processing 

of affective and cognitive evaluation) (Tracey & Mantyh, 2007).  

As described in section 1.1.5, these cortical and limbic structures effect 

descending modulation of pain via projections to more caudal structures in the brainstem 

and spinal cord. Modulation of pain-related activity in these structures has been examined 

in a number of ways using fMRI. Attentional focus has been repeatedly demonstrated to 

modulate neural responses in regions of the pain matrix (Bantick et al., 2002; Lobanov, 

Quevedo, Hadsel, Kraft, & Coghill, 2013; Valet et al., 2004). Bantick et al. (2002) found 

that attentional distraction modulated pain related activity such that the affective 

subdivision of the ACC along with the orbital frontal cortex (a subregion of the PFC) 
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exhibited increased activation during distraction from noxious stimulation, whereas the 

thalamus, insula, and cognitive subsection of the ACC exhibited reduced activation. 

Other studies have employed emotional manipulations separately or in conjunction with 

shifts in attentional focus to examine supraspinal modulation of pain related activity (C. 

Villemure & Bushnell, 2009; C. Villemure & Schweinhardt, 2010). Although the studies 

referenced here provide only a small glimpse into the body of fMRI research that has 

been focused on studying pain processing in the brain in humans, the impact of this 

technique on our current understanding of pain processing in humans cannot be 

understated.  

1.3.2. fMRI to Study Pain Processing in the Spinal Cord and Brainstem  

As described in section 1.2.3., spinal fMRI has been applied in both animals and 

humans to study a variety of neural processes across different levels of the spinal cord 

and brainstem. With the dorsal horn of the spinal cord playing a key role in the 

modulation of pain, the application of fMRI to the spinal cord and brainstem to study 

pain processing in humans offers valuable advantages as a non-invasive tool to study the 

complex interplay of cognitive and emotional influences that can only be investigated in 

human participants. A number of studies have been conducted to exam the effects of 

noxious stimulation on dorsal horn activity in the human spinal cord in terms of either 

mechanical (Ghazni et al., 2010), or thermal stimulation (Cahill & Stroman, 2011; Nash 

et al., 2013; Rempe et al., 2014; Summers et al., 2010), or contrasting the two (Brooks et 

al., 2012). Although there are differences in terms of imaging technique and stimulus 

administration across these studies, a common conclusion is that it is possible to elicit 

BOLD responses to nociceptive stimulus in the ipsilateral spinal cord, along with select 

regions of the brainstem known to be involved in pain modulation.  
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Taking the research a step further, some groups have begun to examine the effects of 

descending modulation on spinal cord responses. Stroman, Coe, and Munoz (2011) 

determined that attentional focus (directing focus either to rating the stimulus or away 

from the stimulus through different distractions) significantly influenced the neural 

response to innocuous thermal sensation in spinal cord and brainstem. Other studies have 

manipulated cognitive factors to effect descending modulation of pain in terms of both 

inhibition (Eippert, Finsterbusch, Bingel, & Buchel, 2009; Sprenger et al., 2012) and 

facilitation (Geuter & Buchel, 2013) of dorsal horn activity in the human spinal cord. In 

2009, Eippert at al. used the placebo effect to investigate descending inhibition and its 

effect on dorsal horn activity. They reported significant decreases in pain ratings along 

with decreases in ipsilateral dorsal horn activity in the spinal cord in the placebo 

condition compared to the control condition. Sprenger et al. (2012) manipulated cognitive 

load to assess the effect of attention on pain processing in the ipsilateral dorsal horn of  

the spinal cord and showed that increased attentional load lead to decreased activity in the 

ipsilateral dorsal horn of the stimulated segment, whereas Geuter and Buchel (2013) 

demonstrated that nocebo treatment (used to increase perceived pain) significantly 

increased dorsal horn activity.  

Most recently, the Stroman lab has been working to characterize the cortical and 

subcortical neural networks involved in descending modulation of pain via a number of 

different approaches. Projects are currently underway that are examining the effects of 

attention, conditioned pain modulation, and temporal summation of pain in the brainstem 

and cervical spinal cord of healthy participants and patients with Fibromyalgia. Other 

works with manuscripts in preparation include an investigation of the regions involved in 
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spatial summation of pain processing and an assessment of the inter-subject variability in 

neural responses to noxious thermal stimulation in healthy and spinal cord-injured human 

adults. In a paper that was published just this year, Dobek et al. (2014b) used fMRI of the 

brain, brainstem, and spinal cord to assess the musical modulation of pain perception and 

neural processing in healthy, non-musicians. With the music condition resulting in a 

decrease in perceived pain intensity, Dobek et al. also identified several cortical and 

subcortical regions that were shown to exhibit varied neural response to the painful 

stimulus depending on the musical stimulus presentation. Subcortical regions exhibited 

increased BOLD signal in the PAG, RVM relative to the “music + pain” condition when 

compared to the “pain without music” condition, whereas dorsal horn of the spinal cord 

exhibited a greater decrease in BOLD signal for “music + pain” compared to pain alone. 

With the interaction between the analgesic effects of music and pleasant emotional state, 

the work by Dobek et al. strongly supports the use of fMRI in the spinal cord and 

brainstem to characterize the subcortical neural network involved specifically in the 

controlled emotional modulation of pain.  

1.4. EMOTIONAL MOUDLATION OF PAIN (EMP) 

Emotion and pain processing are intimately linked. Even within its very 

definition, pain is identified as consisting of either a sensory or emotional experience. 

Strong negative emotions, like those involved in grieving the loss of a loved one for 

example, are often associated with the physical sensation of pain. Experiencing “heart-

ache” over a break-up is another example of this association. In the clinical sense, 

negative emotional state has also been associated with increased risk for the onset of pain 

(Carroll, Cassidy, & Cote, 2004), while chronic pain is associated with high incidence of 
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negative affect in the form of both depression and anxiety (Nelson & Novy, 1997; Poole, 

White, Blake, Murphy, & Bramwell, 2009). There is a large body of research that has 

gone into trying to characterize not only the psychological but the neural mechanisms 

underlying the relationship between pain and emotions. Using fMRI, researchers have 

found overlapping neural networks to be recruited in the processing of negative 

emotional affect and physical pain (Buhle et al., 2012; Eisenberger, 2012; Kross, 

Berman, Mischel, Smith, & Wager, 2011; Moulton et al., 2011). One particular stream of 

research has focused on trying to understand the effect of emotional influence on pain 

perception- ie: Emotional modulation of pain (EMP). The main foundation for this 

research lies within Motivation Priming Theory. 

1.4.1. Motivational Priming Theory 

According to Motivational Priming Theory (MPT)
 
(P. J. Lang, 1995; C. Villemure 

& Bushnell, 2002), emotional cues serve to prime our systems to respond to 

environmental triggers. Emotional responses are elicited through cues in our environment 

which activate either an aversive/defensive drive (engaged by cues of danger/threat) or an 

appetitive drive (engaged via such triggers as sex or food). MPT has been extensively 

investigated in the context of preparatory priming for motor actions in response to 

emotional stimuli (Koganemaru, Domen, Fukuyama, & Mima, 2012; Nogueira-Campos 

et al., 2014; Smith & Kornelsen, 2011; van Loon, van den Wildenberg, van Stegeren, 

Hajcak, & Ridderinkhof, 2010), providing evidence for increased preparedness to 

respond to emotionally stimulating triggers compared to emotionally neutral triggers. In 

particular, if an environmental cue prompting a motor response is coupled with a negative 

emotional stimulus, preparedness to respond to that cue is enhanced by its negative 
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emotional connotations, serving an evolutionary advantage by facilitating faster 

withdrawal from a potentially dangerous stimulus. The same principles translate to 

emotional modulation of pain.  

1.4.2. Pain Perception and EMP 

Many studies have shown that perception of a painful stimulus is amplified when 

accompanied by or associated with a negative emotional influence. Conversely, coupling 

the same painful stimulus with a positive emotional association results in a decrease in 

perceived pain. This EMP effect has been explored using a variety of emotional 

manipulations including odors
 
(Weisenberg, Raz, & Hener, 1998), emotional sentences 

(D. C. Zelman, Howland, Nichols, & Cleeland, 1991), hypnosis (Rainville, Carrier, 

Hofbauer, Bushnell, & Duncan, 1999), films (Weisenberg et al., 1998), and pictures (de 

Wied & Verbaten, 2001; Meagher, 2001). In addition, this effect has been demonstrated 

using a variety of noxious sensory stimuli including both mechanical and thermal 

stimulation (using both hot and cold pain). As such, the EMP effect for pain perception 

has been thoroughly documented. That beings said, the effect for emotions to mediate 

pain perception is only one part of the story. There is a growing stream of research 

attempting to characterize the corresponding neural mechanisms underlying emotional 

modulation of pain. 

1.4.3. Physiological Measures for EMP 

A variety of physiological techniques have been employed to examine the 

biological basis for emotional modulation of pain. Studies have used such measures as 

nociceptive flexion reflex (NFR)
 
(J. Rhudy, 2006; J. L. Rhudy, 2005, 2008), brain event 

related potentials (ERPs)
 

(Kenntner-Mabiala, 2005), positron emission tomography 
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(PET) (Rainville, Duncan, Price, Carrier, & Bushnell, 1997), and functional magnetic 

resonance imaging (Berna et al., 2010; Roy, 2009; C. Villemure & Bushnell, 2009; C. 

Villemure et al., 2012) in an attempt to characterize the neural response underlying this 

perceptual phenomenon. Among the most recent of these studies are those which applied 

fMRI to study the EMP effect in the brain.  

Using Velten-type mood induction statements to invoke either sad or neutral 

mood, Berna et al. (2010) used fMRI to assess emotional modulation of the neural 

response in the brain to noxious thermal (heat) pain. They observed increased activity for 

the negative mood condition compared the neutral mood condition in response to the 

noxious stimulus in several regions including the left insula, thalamus, hippocampus, 

inferior frontal gyrus (IFG), DLPFC, orbital frontal cortex (OFC), and the subgenual 

anterior cingulate cortex. In addition, activity in the DLPFC and IFG was specifically 

correlated with measured differences in affective pain ratings between the negative and 

the neutral condition. Activity in the left DLPFC was negatively correlated with the effect 

of mood on pain ratings, whereas increased activity in the left IFG was positively 

correlated with increases in the differences in pain ratings between the two mood 

conditions. As such, this study suggests the involvement of several brain regions in the 

effect of negative emotional modulation of pain.  

In contrast, C. Villemure and Bushnell (2009) used pleasant and unpleasant odors 

to manipulate mood and varied instructions for whether participants were to focus their 

attention on the smell or the noxious thermal stimulus. Behavioral results confirmed the 

efficacy for the pleasant odor to reduce pain unpleasantness, and the attentional focus to 

mediate perceived pain intensity (the noxious stimulus was perceived as more intense 
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when it was the focus of attention compared to when participants focused on the smell). 

Functional MRI results revealed several regions of decreased neural response to the 

painful stimulus when coupled with the pleasant odor, regardless of the attentional focus. 

These areas included the anterior cingulate cortex (ACC), the medial thalamus, and S1 

and S2. Attentional-focus was shown to effect activity only in the anterior insular cortex 

(aIC). In addition, activity in the lateral inferior frontal cortex (LinfF) was shown to 

correlate with mood related modulation, while activity in the superior posterior parietal 

region (SPP) and entorhinal cortex was correlated with attentional-focus related 

modulation. Lastly, activity in the ACC was found to covary with that in the PAG and 

LinfF, as was the activity in the aIC and SPP. In a subsequent study, C. Villemure et al. 

(2012) sought to examine the particular role of the ventral striatum in the analgesic 

effects of positive emotional modulation of pain. This area was of particular interest 

given the known role of the nucleus accumbens (NAc) in processing positive emotional 

stimuli, like reward. They once more used odors to evoke positive and negative affective 

states and observed a correlation for activity in the ventral striatum with the degree of 

analgesia for pain unpleasantness ratings while smelling pleasant odors. This correlation 

was unique to the pleasant odor condition, as ventral striatum activity was not correlated 

with pain ratings in the unpleasant condition. Therefore, C. Villemure et al. (2012) 

proposed a specific role for the ventral striatum in contributing to positive emotional 

modulation of pain. 

 Focusing on the spinal mechanisms involved in EMP, there have been a number 

of studies using NFR as a measure of spinal nociception. NFR is described as a protective 

response which can be elicited by electrical stimulation of the sural nerve, activating both 
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Aδ and C-fibers, and allowing withdrawal from the noxious stimulus (J. Rhudy, 2006). 

Studies using NFR in combination with emotional images from the International 

Affective Picture System (IAPS)(P. J. Lang, Bradley, & Cuthbert, 2008) have repeatedly 

demonstrated that the valence and arousal of emotional images modulate spinal 

nociception in healthy participants. Specifically, exposure to higher-arousal negative 

images elicit a significantly stronger NFR response to noxious stimulation than when the 

noxious stimulus is paired with higher-arousal positive images (J. L. Rhudy, 2008). In 

addition, these NFR responses have been found to be consistent with subjective pain 

ratings. Combining the NFR technique with images from the IAPS for emotional 

modulation is particularly useful given that all of the images are associated with 

normative ratings for both valence and arousal. As such, these studies benefit from both 

the range and specificity that one can apply to choosing the desired emotional stimuli. 

In an interesting attempt to characterize the neural correlates of EMP in both the 

brain and spinal cord, Roy (2009) combined the use of fMRI to assess cerebral 

involvement with NFR to look at spinal nociception, using images from the IAPS. 

Although Roy (2009) used the images to create separate conditions for positive, neutral, 

and negative emotional affect, comparisons between all three conditions were only used 

for analysis of the pain ratings and the NFR results. Functional fMRI results focused only 

on the comparison between the negative and positive conditions. The authors reported 

emotional modulation of neural responses to painful electrical stimulation in such regions 

as the right insula, paracentral lobule, parrahippocampal gyrus, thalamus, and amygdala. 

As mentioned above, Roy (2009) also used NFR to measure nociceptive responses in the 

spinal cord. NFR responses indicated emotional modulation of spinal nociception, with 
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the negative condition eliciting a significantly stronger response than both the neutral and 

positive conditions, but no difference between the neutral and positive conditions. In 

relation to the fMRI results, while right insula activation covaried with emotional 

modulation of pain perception, modulation of the NFR response was found to be 

associated with activity in the thalamus, amygdala, and several prefrontal areas. This 

study offers a preliminary glimpse into the association between the cerebral and spinal 

neural mechanisms involved in EMP. 

 Critically, while studies applying NFR do offer some evidence for emotional 

modulation of spinal nociception, without the incorporation of fMRI these studies lack 

the ability to examine the involvement of descending modulation from higher brainstem 

regions known to be involved in pain modulation. Combined fMRI of the spinal cord and 

the brainstem overcomes this limitation, with the added advantage of using blood 

oxygenation-level dependent (BOLD) signal as a measure of presynaptic input within the 

grey matter itself. This offers a more precise means of characterizing the neural response 

involved in EMP in the spinal cord and brainstem. While fMRI has been applied to study 

the neural correlates of EMP in the cortex, there have been no studies, to date, to apply 

fMRI to the spinal cord and brainstem for this purpose.    

1.5. PROPOSED RESEARCH 

1.5.1 Purpose: 

The purpose of this thesis was to use functional magnetic resonance imaging 

(fMRI) to delineate the neural response in the brainstem and spinal cord underlying the 

emotional modulation of pain in healthy individuals, comparing between the effects of 

positive, neutral, and negative affective manipulation. 
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1.5.2. Rationale: 

Behavioral research has demonstrated that emotional manipulation can modulate 

pain perception. When exposed to a painful stimulus, individuals will rate that stimulus 

as more painful when accompanied by or associated with a negative emotional influence. 

The reverse pattern has been shown for the influence of positive emotion (pain ratings 

decrease with positive emotional influence). To probe this effect more deeply, various 

physiological techniques have been employed to examine the biological basis for 

emotional modulation of pain. Although fMRI has been applied to image cortical 

involvement in the EMP effect, this provides an incomplete representation of how the 

central nervous system processes pain. Missing from this body of research is the 

incorporation of fMRI of the spinal cord and brainstem.  

While other methods for measuring neuronal response in the spinal cord (for 

example, nociceptive flexion reflex) do offer some evidence for emotional modulation of 

spinal nociception, using fMRI provides a more precise means to examine the neural 

response in both the dorsal horn of the spinal cord and regions of the brainstem known to 

be involved pain modulation. The current study combines spinal fMRI with the use of an 

established pain paradigm, and standardized, visual, emotional stimuli to provide novel 

insight into how emotions affect the way we feel and physically process pain. 

1.5.3. Hypotheses: 

We hypothesize that we will observe INCREASED pain ratings in response to 

painful stimulation when coupled with viewing of negative emotional stimuli, and 

DECREASED pain ratings in response to painful stimulation when coupled with viewing 

of positive emotional stimuli. In addition, we hypothesize that there will be significant 
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differences in blood oxygenation-level dependent (BOLD) signal between pain responses 

coupled with different emotional valence, and that these difference in BOLD signal will 

be observed in the dorsal horn of the spinal cord, along with several regions in the 

brainstem known to be involved in descending pain modulation.  

1.5.4. Objectives: 

The specific objectives of this study are: 

1) To assess the effect of emotional modulation on pain perception across 

healthy individuals.  

To determine the neural response in the brainstem and dorsal horn of the spinal cord 

underlying the emotional modulation of pain.  
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Chapter 2 

Diversity in the Emotional Modulation of Pain Perception: A Brief 

Account of the Between-Subjects Variability 

 

2.1. INTRODUCTION 

Emotional modulation of pain perception has been the focus of a great body of 

research. Understanding how our emotional state influences the way we experience pain 

has implications in both basic behavioral science and in consideration of clinical 

populations, including those afflicted with chronic pain or affective disorders including 

depression and anxiety (Strobel, Hunt, Sullivan, Sun, & Sah, 2014). Previous research 

has demonstrated that depressive symptoms can be related to increased incidence of 

chronic pain conditions (Carroll et al., 2004; Magni, Moreschi, Rigattiluchini, & 

Merskey, 1994). Conversely, pain can also serve as a predictor for the co-occurrence of 

negative emotional state, as individuals with chronic pain often experience depressed 

emotional state and disrupted attentional faculties (Kashikar-Zuck, Goldschneider, 

Powers, Vaught, & Hershey, 2001). It has recently even been suggested that emotional 

modulation of pain may play a pivotal role in the development of chronic pain. J. L. 

Rhudy, DelVentura, et al. (2013) recently examined the effect of emotional modulation 

of pain perception in patients with fibromyalgia and determined that patients with 

fibromyalgia exhibited deficits in responsiveness to positive stimuli, as evidenced by 

lower subjective valence and arousal ratings for the positive stimuli. In addition, while 

emotional modulation of nociceptive flexion reflex (a measure of spinal nociception) was 

intact, subjective perception of pain was not effectively modulated by either positive or 
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negative emotional stimuli in patients with fibromyalgia. As a result, the same authors 

recently proposed the hypothesis that impaired capacity for emotional modulation of pain 

may represent a risk factor for chronic pain development (J. L. Rhudy, Bartley, et al., 

2013). In order to gain a better understanding of the psychophysical mechanisms 

underlying the comorbidity of negative emotional state and chronic pain conditions, it is 

essential to first consider the basic effects of emotional modulation on pain perception in 

healthy individuals. 

Emotional modulation of pain (EMP) can be thought of as having its roots in 

Motivational Priming Theory (MPT). MPT suggests that emotional cues serve to prime 

our systems to respond to environmental triggers via activating either aversive 

(threatening) or appetitive drives (sex/food) (C. Villemure & Bushnell, 2002). 

Accordingly, when exposed to a painful stimulus, individuals will rate that stimulus as 

more painful when accompanied by or associated with a negative emotional influence 

(aversive drive activation), whereas pain ratings tend to decrease with positive emotional 

influence (appetitive drive activation) (de Wied & Verbaten, 2001; Meagher, 2001; 

Rainville et al., 1999; J. Rhudy, 2006; J. L. Rhudy, 2008). Although this phenomenon has 

been repeatedly demonstrated at the group level, there has been little consideration of the 

inter-individual variability of the effect. Given the extremely subjective and malleable 

nature of pain perception, it is critical to consider the difference in the effect of EMP at 

the level of the individual in order to pinpoint some of the characteristics that might put 

certain individuals more at risk to experience comorbid pain/depression. 

The purpose of this study was to examine the EMP effect on pain perception 

across a sample of healthy individuals, and to explore some of the sources of variability 
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in the effect. By considering relative scores on standard questionnaires for depression, 

anxiety, pain catastrophizing and social desirability, along with subjective responses to 

emotional stimuli in terms of valence and arousal, we aim to tease apart some of the 

factors that influence the capacity for emotion to modulate pain perception. We 

hypothesize that the Negative condition will result in significantly higher pain ratings 

than both the Neutral and Positive conditions, and furthermore that the Positive condition 

will result in significantly lower pain ratings than the Neutral condition. We also 

hypothesize we will observe a spectrum of responses for the EMP effect size, rather than 

a uniform effect across all individuals. In addition, we hypothesize that the magnitude of 

the effect will be mediated by the subjective emotional responses elicited by the affective 

stimuli. 

2.2. METHODS 

2.2.1. Participants 

Participants included 32 healthy, right-handed females, aged 18-30 (mean age = 

21.5). Seven participants did not complete the study due to insufficient sensitivity to 

discriminate controlled fluctuations in the thermal stimulus during the initial training 

period (see Phase I), leaving 25 participants to complete the study. Participant 

recruitment was restricted to females to avoid known sex differences in pain perception 

and to optimize for the chosen noxious stimulus, as females have been shown to be more 

sensitive than males to thermal stimulation (Feine, Bushnell, Miron, & Duncan, 1991). 

Study participation was limited to the luteal stage of the menstrual cycle (final 2 weeks of 

the natural cycle), or the final 2 weeks in the cycle of the oral contraceptive if the 

participant was on birth control. This was done to eliminate potential variability in pain 

perception due to fluctuations in the hormone cycle (Wiesenfeld-Hallin, 2005). As a 
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measure of control for psychological state, participants completed questionnaires for 

depression (BDI-II) (Beck, Steer, & Brown, 1996), anxiety (STAI) (Spielberger & 

Gorsuch, 1983), social desirability (Crowne-Marlowe Social Desirability Scale) (Crowne 

& Marlowe, 1960) and pain catastrophizing (PCS) (Sullivan, Bishop, & Pivik, 1995). All 

participants provided written, informed consent and this study was reviewed and 

approved by the institutional ethics board.  

2.2.2. Materials: Noxious Thermal Stimulus and Visual Affective Stimuli 

The noxious thermal stimulation was administered by way of a Medoc TSA-II 

thermal sensory analyzer (Medoc Ltd, Ramat Yishai, Israel). The stimulation was 

delivered to the thenar eminence of the right hand corresponding to the C6 dermatome. 

The painful stimulus paradigm followed a block-like design, with 2 baseline innocuous 

thermal sensory periods separated by a period of painful (noxious) thermal stimulation. 

The baseline innocuous temperature was set to 8° below the noxious thermal temperature 

(determined as outlined in Phase I of training) with the pre-noxious stimulation period 

lasting 50 seconds and the post-noxious stimulation lasting 75 seconds. The noxious 

stimulation period consisted of 10 pulses over the course of 30 seconds, with each pulse 

lasting 3 seconds (delivered at a frequency of 0.33 Hz), so the paradigm lasted 155 

seconds in total. Each pulse entailed an 8º increase from baseline over the course of 1.5 

seconds, climaxing at the pre-determined noxious temperature, followed by a return to 

baseline temperature over 1.5 seconds (Figure 2.1). There was a 2 minute break between 

each run to avoid sensitization and allow nociceptors in the skin to recover. The 

application of the painful stimulus in this way was beneficial for a number of reasons. 

Administering brief pulses of noxious temperature in rapid succession is more tolerable 
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than continuous exposure to a noxious temperature. Thus, it was possible to use greater 

temperatures for the noxious stimulation, with the potential to elicit a stronger response. 

In addition, administration of the pulses of noxious stimulation at this frequency can 

result in temporal summation of second pain, a phenomenon characterized by activation 

of C-fiber nociceptors and a building increase in perceived pain over the sequence of the 

pulses (Price & Dubner, 1977; Vierck, Cannon, Fry, Maixner, & Whitsel, 1997). 

Although temporal summation does not occur in all individuals, using this paradigm 

increases the potential for a more robust response in terms of perception of the noxious 

stimulus.  

   
Figure 2.1. Thermal stimulation paradigm, with heat pulses presented at a frequency of 

0.33 Hz. Every participant experienced heat pulses with amplitudes that peaked at a 

temperature that was 8°C higher than baseline, however the baseline temperature (shown 

here as 41°C) and the peak temperature (shown here as 49°C) were calibrated for each 

individual’s pain sensitivity.  

Participants were asked to rate the noxious thermal stimulus using pain rating 

scales for both pain intensity (INT) and pain unpleasantness (UNP). We chose to have 

participants rate both of these components of pain as previous studies have reported a 

variable effect for EMP depending on whether ratings were gathered for the sensory 

(intensity) or affective (unpleasantness) construct (C. Villemure & Bushnell, 2009; C. 

Villemure et al., 2012; Weisenberg et al., 1998). The Pain Intensity scale displayed 
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number ratings progressing from 0-100, with verbal anchors at increments of 10 along the 

spectrum. The verbal descriptors ranged from “no sensation” at 0, all the way up to 

“intolerable pain” at 100. This rating scale has been used in other pain studies and has 

been established as an effective measure of thermal pain (Staud et al., 2003; Staud, 

Craggs, Robinson, Perlstein, & Price, 2007).The Pain Unpleasantness scale was a 

modified version of the Pain Intensity scale. It similarly ranged from 0-100 in terms of 

numeric ratings, but the verbal anchors were adjusted to reflect building Unpleasantness 

of the painful stimulus (See Appendix A). 

The emotional stimuli consisted of a selection (234 images total: 206 IAPS, 28 

supplementary)* of images taken mostly from the International Affective Picture System 

(IAPS) (P. J. Lang et al., 2008)- a database of images categorized in terms of their 

standardized ratings for various characteristics, including Valence and Arousal. Images 

were selected for each of the three conditions (Positive, Neutral, and Negative) on the 

basis of these ratings. Positive images were selected to be high in valence (mean 

Valence= 6.55), whereas negative images were selected for low valence (mean Valence = 

2.20), and neutral images were of medium valence (mean Valence= 4.94). The images for 

the Positive and Negative conditions were both selected to be higher in arousal (Positive 

mean Arousal = 5.45; Negative mean Arousal= 5.99)* as a measure of control, while the 

neutral images were lower arousal (mean Arousal = 3.62). Images were all resized to the 

same dimensions (1024 X 768 pixels) and projected on to a screen made visible to 

participants while lying in the sham scanner (see Phase II under Protocol) via the 

attachment of a mirror to the top of a plastic head coil.  
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*Note: This study also served as a qualifier/training session for individuals who were 

interested in participating in a follow-up fMRI study. As such, the total number of images 

required for all runs across both studies was actually 546, so that participants never 

viewed the same image more than once. Due to an insufficient amount of high arousal 

positive images in the IAPS, a portion of the positive images for this study (n = 28) had 

to be supplemented from the internet as a publically available source for images. The 

images that were supplemented from the internet underwent a pilot rating study, whereby 

28 women (aged 18-45) voluntarily rated the images in terms of both valence and arousal 

using the Self-Assessment Manikin (SAM), the same rating tool used by Lang at al. to 

collect the ratings for the IAPS. Only images that rated consistently with those from the 

IAPS were included in the sample used in the Positive condition.  

2.2.3. Protocol 

2.2.3.1. Phase I-Introduction to Pain Ratings and Calibration 

In order to ensure participants were able to accurately discriminate controlled 

variations in the thermal stimulus, and in order to calibrate the appropriate thermal 

temperature for noxious stimulation for each individual, all volunteers participated in a 

training phase prior to any exposure to the emotional stimuli. The study involved being 

trained in a “sham” MRI environment, intended to closely simulate the experience of 

participating in an fMRI experiment, so that participants who qualified in this study and 

were interested in participating in the follow-up fMRI study would be familiarized with 

the procedures, and experience reduced anxiety related to the experimental setting. The 

training began with an explanation of the rating scales for Pain Intensity (INT) and 

Unpleasantness (UNP). The distinction between these two constructs of pain perception 
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was explained as per the description in Price, McGrath, Rafii, and Buckingham (1983). 

Once participants felt comfortable with the pain scales, they were exposed to 1 pulse of 

the thermal stimulus at approximately 47° to familiarize them with what a typical pulse 

might feel like. The next time participants were exposed to a single pulse, they were 

asked to rate that pulse, first on INT, and then UNP. Next, participants were exposed to 

two pulses of the same temperature and were asked to rate each pulse in terms of INT and 

UNP. The two pulse trials were repeated twice more, but with the pulses differing by 5°, 

and the order of the hotter-cooler spike alternated. Participants were asked to rate each of 

the spikes in terms of both constructs. Participants’ ratings at this stage served as a 

preliminary indication of the participant’s sensitivity to thermal stimulation. Subsequent 

training trials used a series of 6 pulses set at the same temperature. Participants were 

instructed to rate every spike they felt using the pain INT scale. Although the temperature 

of the pulses within a given trial were set to be the same, the temperature of the pulses 

was intentionally varied from trial to trial. If participants were unable to discriminate 

between the controlled variations in the temperature of the pulses between trials (as 

indicated by their pain ratings for each trial), their training was ended, they were thanked 

for their participation, debriefed, paid an honorarium, and dismissed. If the participant 

was able to accurately discriminate the difference in the temperature of the pulses from 

trial to trial, they progressed to a 10-pulse trial where they were required to rate only the 

10
th

 pulse in the series, as they felt it occur, in terms of both pain INT and UNP. At this 

time, the participant was positioned to lay supine in the sham MRI and a plastic head coil 

was placed over their face. A mirror was attached to the coil and positioned so that the 

participant would be able to see the screen positioned at the superior end of the bore. The 
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temperature of the 10-pulse trials was adjusted between each trial until the participant 

consistently reported a pain INT rating of 50. Once the appropriate temperature was 

identified for the participant, they moved on to the EMP test trials. 

 2.2.3.2. Phase II- EMP Testing 

The participant now underwent the 10-pulse pain paradigm as described in the 

Noxious Stimulus section above, in combination with the presentation of the visual, 

affective stimuli while lying in the sham MRI. From this point on, the noxious heat 

pulses for all runs (trials) were set at the same temperature (calibrated in Phase I of 

training for a consistent pain INT rating of 50). Participants were unaware that the 

temperature was set to be the same for all of the post-calibration runs. From the onset of 

the thermal paradigm and over the course of a given run, images of a specific valence 

type were presented on the screen (6 sec/picture, 26 pictures per run, with no image 

presented more than once). The valence type was held constant across the run so that the 

runs could be categorized as one of the following three conditions: Positive, Neutral, or 

Negative. Participants were instructed to watch the images on the screen and to simply 

rate the noxious stimulus on the 10
th

 pulse, as they felt it occur, first in terms of pain INT, 

and then pain UNP. Images were displayed continuously across the run; ie: through the 

entire duration of the pre-noxious stimulus baseline, through the 10 noxious pulses, and 

through the remainder of the post-noxious baseline. At the end of the run, the pain rating 

scales were presented on the screen and participants were asked to repeat their pain 

ratings, with the scale visible as a reference. Displaying the pain rating scales at the end 

of the run helped to remind the participant of how to appropriately rate their pain. Pain 

ratings for both pain INT and UNP were recorded for each run and were later used to 
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evaluate the effect of the emotional stimuli on perceived pain. Participants completed 3 

runs of each valence, resulting in 9 runs total.  

After completing all 9 runs, participants were seated at a computer in the same 

room and asked to use the SAM to rate each of the emotional images they had viewed 

over the course of those 9 runs in terms of both valence and arousal. Their ratings were 

recorded via a custom written MatLab script that was used to simultaneously display one 

image at a time on the right side of the screen, with the SAM scales presented on the left 

of the screen. This step was done to ensure participants exhibited the expected emotional 

response to the images and to confirm the efficacy of the emotional manipulation for later 

comparison with pain ratings. 

2.2.4. Data Analysis 

2.2.4.1. Image Ratings 

 Preliminary analyses for all data were performed using Microsoft Excel. The 

subjective image ratings for valence and arousal were compared between conditions by 

way of paired, directional, Student’s t-tests. We used a Bonferroni corrected p value = 

0.0167 for multiple comparisons = 0.05/3. We hypothesized that the images in the 

Positive condition would be rated significantly more pleasant (higher valence) than the 

images from both the Neutral and Negative conditions. Similarly, we hypothesized that 

we would observe significantly higher image valence ratings in the Neutral condition 

than the Negative condition. In addition, we expected the arousal ratings for the images in 

the Positive and Negative conditions to be roughly equivalent, with both being 

significantly higher arousal than the images in the Neutral condition. Individual results 

were then used to determine difference scores to reflect the relative effect size of image 
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valence and arousal ratings. Ratings for the images in the Negative condition were 

subtracted from those in the Positive condition, resulting in individual level difference 

scores that reflect the effect size for general valence (Positive - Negative). We similarly 

determined difference scores for the effect size of negative valence (Neutral – Negative) 

and positive valence (Positive – Neutral). We also determined the individual effect size 

for image arousal by calculating the difference scores for negative arousal (Negative- 

Neutral) and positive arousal (Positive-Neutral). The individual difference scores for 

effect size of image valence and arousal were included in the subsequent correlation 

analyses (see Analysis for Pain Ratings).  

2.2.4.2. Questionnaires 

All four questionnaires were scored according to their respective scoring guides. 

We determined descriptive statistics for each questionnaire and the individual results 

were included in subsequent correlation analyses (see Analysis for Pain Ratings).  

2.2.4.3. Pain Ratings 

Pain INT and Pain UNP were analyzed as separate data sets using a combination 

of software including Microsoft Excel and SPSS. First, descriptive statistics including the 

mean, median, and standard deviation were derived for the Positive, Neutral, and 

Negative conditions. Next, the differences between all three conditions were assessed via 

paired Student’s t-tests, with directional hypotheses, and verified against a Bonferroni 

corrected p-value of 0.0167 for multiple comparisons = 0.05/3. We hypothesized that the 

Negative condition would elicit significantly higher pain ratings than the Neutral 

condition, and that the Neutral condition would elicit significantly higher pain ratings 

than the Positive condition. We subsequently determined the descriptive statistics for the 
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difference scores representing the Overall (Negative – Positive), Negative (Negative – 

Neutral), and the Positive (Neutral – Positive) EMP effects. We initially considered the 

EMP effect in terms of each of these specific influences because some participants 

exhibited more of an effect of positive valence than negative, meaning that they exhibited 

more pain relief when we contrasted the Positive condition to the Neutral condition, than 

pain amplification from the Negative condition compared to the Neutral. In other words, 

for some people, the positive pictures relieved pain more than the negative pictures 

amplified pain, when compared to the neutral pictures. Other participants showed the 

opposite effect, where pain amplification outweighed pain relief for the corresponding 

valence conditions. Given this variability in the EMP effect, we decided that the most 

efficient way to characterize and quantify the EMP effect was to look at the difference in 

pain ratings between the Negative and the Positive conditions for an Overall EMP effect. 

Looking at the Negative-Positive difference scores provided the advantage of spanning 

the most extreme ranges of the valence spectrum while controlling for the effect of 

arousal because the images in both the Positive and Negative conditions were chosen to 

be higher arousal. In addition, looking at the Negative-Positive difference scores captures 

both the pain relief effect provided by the Positive condition and the pain amplification 

effect elicited in the Negative condition. 

We then organized the data for the individual difference scores for the Overall 

EMP effect from smallest to largest to provide a representation of the range of the EMP 

effect size. Those individual Overall EMP effect scores for both pain INT and UNP 

ratings were then plotted in frequency histograms to provide a representation of the 

distribution of the effect-size, across individuals.  
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 Given the clear variability in the effect size, we proceeded to perform 

correlational analysis on the various EMP effects (Positive, Negative, and Overall) for 

both pain INT and pain UNP, with the individual ratings for the subjective emotional 

image valence and arousal, as well as individual scores on the questionnaires for 

depression, anxiety, pain catastrophizing, and social desirability. The data from one 

participant could not be included in the correlation analyses involving the questionnaire 

scores, as that participant failed to complete the questionnaires in full. The correlation 

analyses were performed using SPSS. 

2.3. RESULTS 

2.3.1. Image Ratings and Questionnaires 

As expected, we observed significant differences between the Positive, Neutral, 

and Negative conditions in terms of valence. Specifically, the images in the Positive 

condition (M = 6.47, SD = 0.68) were rated as being significantly more pleasant (higher 

valence) than the images in both the Neutral (M = 5.02, SD = 0.30; p < 0.0167) and 

Negative (M = 2.72, SD = 0.65; p < 0.0167) conditions. Similarly, the images in the 

Neutral condition were rated significantly more pleasant than the images in the Negative 

condition (p < 0.0167). As expected, the difference between the image arousal ratings in 

the Positive (M = 4.77, SD = 1.47) and Negative (M = 4.96, SD = 1.64) conditions was 

not significant (p = 0.41). The images in the Neutral condition (M = 2.57, SD = 1.36) 

were rated significantly lower in arousal than those in both the Negative (p < 0.0167) and 

Positive (p< 0.0167). Descriptive statistics for the both raw scores and difference scores 

are summarized in Table 2.1. Descriptive statistics for the questionnaire results are 

summarized in Table 2.2. 
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Table 2.1. 

Descriptive Statistics for Both the Raw and Difference Scores (Effect Size) for Image 

Valence and Arousal Ratings 

 Valence  Arousal  

 Mean SD Mean SD 

Raw Ratings     

Positive 6.47 0.68 4.77 1.47 

Neutral 5.02 0.30 2.57 1.36 

Negative 2.27 0.65 4.96 1.64 

Effect Size (Difference Scores)     

Overall 3.74 1.11 NA NA 

Negative 2.29 0.62 2.28 1.38 

Positive 1.44 0.73 2.08 1.29 

 

Table 2.2. 

Descriptive Statistics for Questionnaire Results of the BDI, STAI, PCS, and SDS 

 Mean SD 

Depression  10.54 9.90 

State Anxiety 34.46 8.58 

Trait Anxiety 38.25 7.58 

Pain Catastrophizing 13.25 6.96 

Social Desirability 14.88 5.70 

 

2.3.2. Pain Ratings 

Descriptive statistics for the raw pain INT and UNP ratings are summarized in 

Table 2.3. Paired Student’s T-tests (one-tailed) of the Pain INT and Pain UNP ratings for 

each condition revealed significant differences between conditions supporting the EMP 

effect. Specifically, pain INT ratings were significantly higher for the Negative condition 

(M= 48.81, SD = 9.97) than the Positive condition (M = 42.73, SD = 10.92; p < 0.0167), 

and were significantly higher for the Neutral condition (M = 47.200, SD = 11.47) than the 

Positive condition (p< 0.0167). The difference between the pain INT ratings in the 

Negative and Neutral conditions failed to reach significance (See Figure 2.2).  
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Table 2.3                                                                                                                            

Descriptive Statistics for the Raw Pain Intensity Ratings 

 Mean Median Standard 

Deviation 

Pain Intensity    

Positive 42.73 41.67 10.92 

Neutral 47.20 43.33 11.47 

Negative 48.81 46.67 9.97 

Pain Unpleasantness    

Positive 28.47 26.67 10.97 

Neutral 30.00 31.67 10.23 

Negative 36.13 33.33 12.53 

 

                         
Figure 2.2. Bar Graph of Average Pain Intensity Ratings. A significant difference of p< 

0.0167 indicated by *.  

Pain UNP ratings showed significant differences in two comparisons (Figure 2.3). 

Specifically, Pain UNP ratings were significantly higher in the Negative condition (M = 

36.13, SD = 12.53) than in the Positive (M = 28.47, SD = 10.97; p< 0.0167) and Neutral 

conditions (M = 30.00, SD = 10.23; p < 0.0167). The difference in pain UNP ratings 

between the Neutral and Positive conditions failed to reach significance.   
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Figure 2.3. Bar Graph of Average Pain Unpleasantness Ratings. A significant difference 

of p < 0.0167 indicated by *. 

The descriptive statistics for the Overall, Negative, and Positive EMP effect sizes 

for both pain INT and UNP are summarized in Table 2.4. The spread for the effect size of 

Overall EMP in terms of pain INT ratings ranged from -3.33 to +18.33, as can be seen in 

Figure 2.4, while the distribution of the effect size across individuals can be observed in 

the frequency histogram for Figure 2.5.  

Table 2.4 

Descriptive Statistics for the Difference Scores Reflecting the Overall (Negative-

Positive), Negative (Negative-Neutral) and Positive (Neutral-Positive) EMP Effects 

OVERALL EMP 

(Negative-

Positive) 

 Mean Median Standard Deviation 

 Pain Intensity 6.08 6.67 5.99 

 Pain Unpleasantness 6.87 3.33 8.99 

Negative EMP 

(Negative-

Neutral) 

 Mean Median Standard Deviation 

 Pain Intensity 1.61 3.33 6.28 

 Pain Unpleasantness 5.53 5.00 6.82 

Positive EMP 

(Neutral-Positive) 

 Mean Median Standard Deviation 

 Pain Intensity 4.47 3.33 7.15 

 Pain Unpleasantness 1.33 3.33 7.83 
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Figure 2.4. Spread for the Overall EMP Effect Size (Negative-Positive) for Pain Intensity 

Ratings 

 

                
Figure 2.5. Frequency Histogram for the Overall EMP effect size (Negative-Positive) for 

Pain Intensity Ratings 

The spread for the effect size of Overall EMP in terms of pain UNP ratings 

ranged from –5.00 to +26.67, as can be seen in Figure 2.6, while the distribution of the 

effect size across individuals can be observed in the frequency histogram for Figure 2.7.  
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Figure 2.6. Spread for the Overall EMP Effect Size (Negative-Positive) for Pain 

Unpleasantness Ratings 

 

                        
Figure 2.7. Frequency Histogram for the Overall EMP effect size (Negative-Positive) for 

Pain Intensity Ratings 

  

 A summary of the key findings from the correlation analyses are summarized in 

Table 2.5.  
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Table 2.5 

Summary of the Key Results from the Correlation Analysis. Bolded cells indicate 

significant correlations at p< 0.05. 

 

Negative - 

Neutral   

UNP 

Negative – 

Positive   

UNP 

Neutral –

Positive 

UNP 

Negative – 

Neutral   

INT 

Negative – 

Positive  

INT 

Neutral – 

Positive  

INT 

Image 

Valence  

Pos-Neg 

Pearson Correlation .659 .390 -.126 .593 .041 -.487 

Sig. (2-tailed) .000 .054 .550 .002 .845 .014 

N 25 25 25 25 25 25 

Image 

Valence  

Pos-Neut 

Pearson Correlation .596 .374 -.089 .427 .041 -.340 

Sig. (2-tailed) .002 .066 .672 .033 .847 .096 

N 25 25 25 25 25 25 

Image 

Valence 

Neut-Neg 

Pearson Correlation .484 .262 -.120 .564 .026 -.473 

Sig. (2-tailed) .014 .206 .566 .003 .901 .017 

N 25 25 25 25 25 25 

STATE 

Anxiety 

Pearson Correlation -.022 -.434 -.512 .119 -.064 -.159 

Sig. (2-tailed) .917 .034 .010 .578 .768 .459 

N 24 24 24 24 24 24 

BDI Pearson Correlation .417 .059 -.275 .226 .083 -.113 

Sig. (2-tailed) .043 .784 .194 .288 .701 .598 

N 24 24 24 24 24 24 

 

 

2.4. DISCUSSION 

The influence of emotion on pain perception varies across individuals. Although 

group results showed a clear, significant increase in pain ratings from the Positive to the 

Negative condition in terms of both pain Intensity and Unpleasantness, (as well as a 

significant difference between the Positive and Neutral conditions for pain Intensity and 

the Neutral and Negative conditions for pain Unpleasantness), we observed a large 

degree of variability in the magnitude of the emotional modulation of pain effect across 

individuals. This is not surprising given that people exhibit such a wide range of 

responses to painful stimuli in general (Fillingim, 2005), and that emotional responses 

vary from one person to the next.  

The frequency histograms demonstrated that the majority of individuals show an 

effect size greater than 0, indicating that most people found the same temperature more 
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painful during the Negative condition than the Positive condition. There were, however, a 

handful of individuals showing a trend in the opposite direction. A total of five 

individuals exhibited an effect size < +5 points. Given our pain rating scales, along with 

the calibration to a rating of “50” for moderate pain that was used to determine the 

noxious temperature for each participant, a difference of five points from the Positive 

condition to the Negative condition represents a 10% change in pain ratings. As can be 

seen from the frequency distributions, only 7/25 participants (approximately 28%) 

exhibited a change < +5 points for BOTH Intensity and Unpleasantness. This means that 

nearly three quarters of the sample exhibited a degree of the Overall EMP effect ≥ 10% in 

either pain Intensity or Unpleasantness. Thus, although the EMP effect is undeniably 

variable across individuals, most people exhibited an EMP effect consistent with the 

opposing influences of the appetitive vs. defensive drives that have been suggested to 

mediate the response to noxious stimulation (C. Villemure & Bushnell, 2002). 

In an attempt to explore the source of the variability in the EMP effect, we 

examined the correlations of subjective emotional responses to the emotional stimuli 

(valence and arousal SAM ratings for the images), along with several psychological 

factors including presence of depressive feelings, state and trait anxiety, pain 

catastrophizing, and social desirability. Unsurprisingly, we observed that the subjective 

emotional response to the emotional images related to the strength of the EMP effect. 

Although differences in image arousal ratings showed no significant correlations with the 

EMP effect for either pain Intensity or Pain Unpleasantness, differences in valence 

ratings showed multiple, significant correlations with pain modulation. Specifically, the 

Negative EMP effect for both pain INT and UNP was positively correlated with the 
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valence effect on image ratings for the Overall, Positive, and Negative valence difference 

scores. Thus, participants’ emotional response to the images corresponded with the 

degree to which their pain was amplified through negative emotional modulation. 

Conversely, the effect of Positive EMP on pain INT was significantly negatively 

correlated to both the Overall and Negative effect of valence on image ratings. Therefore, 

the more negative that the participants found the images in the Negative condition to be, 

relative to the images in both the Neutral and Positive conditions, the less relief that the 

images in the Positive condition were able to exert on pain INT. This is a particularly 

interesting finding given that, while a number of studies have reported a significant main 

effect of image ratings on pain ratings (Kenntner-Mabiala, 2007; J. Rhudy, 2006; J. L. 

Rhudy, 2008), these results may suggest that a person’s subjective responses to negative 

emotional influences in general may be associated with their ability to experience the 

benefits of positive emotional modulation on pain perception. 

There were also intriguing findings revealed regarding the relationship between 

pain Unpleasantness (ie: the “affective” component of pain) and some of the 

questionnaire results. Whereas the difference in Pain Intensity ratings showed no 

significant correlations with the questionnaires, the Overall EMP effect for Pain 

Unpleasantness was negatively correlated with state anxiety scores. This might suggest 

that the more state anxiety an individual experiences, the less of an effect that emotion 

can have on perception of pain Unpleasantness. This dampened Overall EMP effect may 

arise from the significant negative correlation between state anxiety and the specific 

effect of positive emotion on pain perception. One possible interpretation of this finding 

is that higher state anxiety corresponds with a reduced capacity specifically for positive 
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emotional modulation to provide relief from pain Unpleasantness, which in turn 

corresponds with a lesser overall effect for emotional modulation of pain Unpleasantness. 

In addition, the Negative EMP effect for pain Unpleasantness was significantly positively 

correlated with scores for depressive symptoms. So while elevated state anxiety may act 

to dampen the relief of positive emotion on pain unpleasantness, elevated feelings of 

depression are related to an enhanced experience of the negative emotional amplification 

of pain Unpleasantness. Considering that J. L. Rhudy, DelVentura, et al. (2013) recently 

proposed that disrupted emotional modulation of pain may play a role in the development 

of chronic pain, the findings of the present study may serve to inform future 

considerations for clinical populations afflicted with chronic pain.  

 This study provides a preliminary representation of the inter-subject variability of 

the EMP effect for pain perception. There are still many questions to be answered 

regarding the sources of this variability. Although the implications of the results are 

limited by the relatively smaller sample size, this study demonstrates a clear need for 

future research to pursue a more in-depth investigation of the separate effects for both 

pain intensity and unpleasantness. Results of the correlation analyses raise questions 

regarding the separate influences of positive and negative emotional modulation for pain 

unpleasantness, and how these two components contribute to the overall effect for EMP. 

Certainly, with a greater number of subjects exhibiting a wider range of certain 

characteristics, more detailed analyses could be performed to examine not only the 

correlations but the directional contributions of such variables as age, gender, and other 

psychological factors (including depression and anxiety) to the capacity for emotion to 

modulate pain on a person-to-person level. In addition, future studies may benefit from 
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collecting other measures for physiological responsiveness to the emotional stimuli 

themselves, such as heart rate or skin conductance response, as an objective indication of 

the arousal effect elicited by the emotional stimuli. Collection of such measures would 

enable an assessment of whether subjective image ratings of the emotional stimuli 

correspond with the relative physiological response, and how both of those types of 

responses to the emotional stimuli engage with the perception of noxious stimuli. 

2.5. CONCLUSION 

These findings provide initial evidence for the range of the effect of emotion on 

pain perception. This is the first study to consider EMP in terms of its varied effect-size 

across individuals. As such, we present novel insight as to the nature of the inter-subject 

variability in the EMP effect. We observed a strong link between the strength of the 

affective influence of the emotional stimuli (subjective valence) on the strength of the 

EMP effect for both pain Intensity and Unpleasantness, and further identified multiple 

psychological influences (degree of state anxiety and depressive feelings) that 

specifically relate to pain Unpleasantness (the affective component of pain perception). 

Future studies should seek to further explore the EMP effect as a potential mechanism 

underlying the comorbidity between pain and depression. 
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Chapter 3 

Functional MRI Reveals Emotional Modulation of Pain Processing in 

the Human Cervical Spinal Cord and Brainstem 

3.1. INTRODUCTION 

Emotions influence the perception of pain. According to Motivational Priming 

Theory (MPT)
 
(J. L. Rhudy, 2005), emotional cues serve to prime our systems to respond 

to environmental triggers. The emotional responses elicited by different environmental 

triggers serve to influence our response to those triggers via either an aversive/defensive 

drive (elicited by cues of danger/threat) or an appetitive drive (elicited via such triggers 

as sex or food)(C Villemure, 2002). MPT has been repeatedly studied in the context of 

priming for motor responses and has consistently demonstrated that emotional stimuli 

lead to enhanced preparedness to perform motor actions in response to emotionally-

charged stimuli (Koganemaru et al., 2012; Nogueira-Campos et al., 2014; Smith & 

Kornelsen, 2011; van Loon et al., 2010). From an evolutionary perspective, it makes 

sense that this same phenomenon  applies to an enhanced sensitivity for somatosensory 

stimuli, particularly pain. If a noxious stimulus is coupled with a negative emotional 

stimulus, the perception of the noxious stimulus will be heightened by the aversive 

associations of the negative emotional stimulus. Increased sensitization to the noxious 

stimulus can therefore facilitate faster withdrawal response, for example. In contrast, if a 

noxious stimulus is paired with positive emotional associations, it may be more beneficial 

for a person to experience decreased sensitivity to the noxious stimulus in order to engage 

with the trigger of the positive emotional response. 



 

57 

 

Previous studies have shown that pain can be modulated by a variety of emotion-

inducing stimuli such as odors (C. Villemure, 2003), emotional sentences (Diane C. 

Zelman, 1991), films (Weisenberg et al., 1998), or pictures
 
(de Wied & Verbaten, 2001). 

When exposed to a painful stimulus, individuals will rate that stimulus as more painful 

when accompanied by or associated with a negative emotional influence (Meagher, 

Arnau, & Rhudy, 2001). The reverse pattern has been shown for the influence of positive 

emotion (pain ratings decrease with positive emotional influence)(J. L. Rhudy, 2008). To 

probe this effect more deeply, various physiological techniques have been used to 

examine the biological basis for emotional modulation of pain; including skin 

conductance response (de Wied & Verbaten, 2001; Meagher et al., 2001), nociceptive 

flexion reflex (NFR) (J. Rhudy, 2006; J. L. Rhudy, 2005, 2008), brain event related 

potentials (ERPs) (Kenntner-Mabiala, 2005), positron emission tomography (PET) 

(Rainville et al., 1997), and functional magnetic resonance imaging (fMRI) (Berna et al., 

2010; Roy, 2009; C. Villemure et al., 2012).  

Although several of these techniques have been applied to study the neural 

mechanisms involved in the effect of emotional modulation of pain (EMP) on neural 

processing in the brain, this provides an incomplete representation of how the central 

nervous system processes EMP. Subcortical neural mechanisms in both the brainstem and 

spinal cord play a critical role in descending modulation of pain. Therefore, an 

assessment of the subcortical neural response involved in EMP is essential to a 

comprehensive understanding of the phenomenon. While other techniques for measuring 

nociceptive response in the spinal cord (for example, measuring nociceptive flexion 

reflex) offer some evidence for emotional modulation of pain responses at the level of the 
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spinal cord (J. Rhudy, 2006; J. L. Rhudy, 2005), the use of functional MRI to explore the 

neural response in the brainstem and spinal cord will expand on this research and provide 

a more detailed characterization of the subcortical functional processes underlying EMP 

at the level of the spinal cord and brainstem. 

The purpose of this study is to use fMRI to delineate the neural response to EMP 

in the brainstem and spinal cord in healthy individuals, comparing between the effects of 

positive, negative, and neutral affective manipulation. We hypothesize that we will 

observe increased pain ratings in response to painful stimulation when coupled with 

viewing of negative emotional stimuli, and decreased pain ratings in response to painful 

stimulation when coupled with viewing of positive emotional stimuli. In addition, we 

hypothesize that there will be significant differences in blood oxygenation-level 

dependent (BOLD) response between the three conditions in both the spinal cord and 

brainstem. 

3.2. METHODS 

3.2.1. Participants 

Participants included 32 healthy, right-handed females, aged 18-30 (mean age = 

21.5). Eleven participants were not able to complete the study. Seven of those 

participants did not complete the training session due to failure to discriminate basic 

temperature variations in Phase I of the training session (prior to exposure to the 

emotional manipulations). Four participants were lost due to attrition, with two 

participants voluntarily withdrawing from the study after the training session, and two 

participants failing to respond to follow-up communications to establish an appointment 

for their participation in the fMRI session. This left 21 participants (mean age = 22) to 
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complete the study in full. Participant recruitment was restricted to females to avoid 

known sex differences in pain perception and to optimize for the chosen noxious 

stimulus, as females have been shown to be more sensitive than males to thermal 

stimulation (Feine et al., 1991). All participants were carried forward from an initial 

behavioural study, whereby they were identified for their ability to accurately distinguish 

variations in the thermal stimulus, prior to the influence of the emotional stimulus (see 

subsection on Phase I of Chapter 2). Study participation was limited to the luteal stage of 

the menstrual cycle (final 2 weeks of the natural cycle), or the final 2 weeks in the cycle 

of the oral contraceptive if the participant was on birth control. This was done to 

eliminate potential variability in pain perception due to fluctuations in the hormone cycle 

(Wiesenfeld-Hallin, 2005). As a measure of control for psychological state, participants 

completed questionnaires for depression (BDI-II) (Beck et al., 1996), anxiety (STAI) 

(Spielberger & Gorsuch, 1983), social desirability (Crowne-Marlowe Social Desirability 

Scale) (Crowne & Marlowe, 1960) and pain catastrophizing (PCS) (Sullivan et al., 1995). 

All participants provided written, informed consent and this study was reviewed and 

approved by the institutional ethics board.  

3.2.2. Materials 

Noxious Thermal Stimulus  

The noxious thermal stimulation was administered by way of a Medoc TSA-II 

thermal sensory analyzer (Medoc Ltd, Ramat Yishai, Israel). The stimulation was 

delivered to the thenar eminence of the right hand corresponding to the C6 dermatome. 

The painful stimulus paradigm followed a block design, with 2 baseline innocuous 

thermal sensory periods separated by a period of painful (noxious) thermal stimulation. 
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The baseline innocuous temperature was set to 8° below the noxious thermal temperature 

(determined as outlined in the Training subsection) with the pre-noxious stimulation 

period lasting 50 seconds and the post-noxious stimulation lasting 75 seconds. The 

noxious stimulation period consisted of 10 pulses over the course of 30 seconds, with 

each pulse lasting 3 seconds (delivered at a frequency of 0.33 Hz), with the paradigm 

lasting 155 seconds in total. Each pulse entailed an 8º increase from baseline over the 

course of 1.5 seconds, climaxing at the pre-determined noxious temperature, followed by 

a return to baseline temperature over 1.5 seconds (Figure 3.1). There was a 2 minute 

break between each run to avoid sensitization and allow skin receptors to recover. The 

application of the painful stimulus in this way was beneficial for a number of reasons. 

Administering brief pulses of noxious temperature in rapid succession is more tolerable 

than sustained exposure to a noxious temperature. Thus, it was possible to use higher 

temperatures for the noxious stimulation, with the potential to elicit a greater neural 

response in the dorsal horn. In addition, administration of the pulses of noxious 

stimulation at this frequency can result in temporal summation of second pain, a 

phenomenon characterized by activation of C-fiber nociceptors and a building increase in 

perceived pain over the sequence of the pulses (Price & Dubner, 1977; Vierck et al., 

1997). Although temporal summation does not occur in all individuals, using this 

paradigm increases the potential for a more robust response to the noxious stimulus.  
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Figure 3.1. Thermal stimulation paradigm, with heat pulses presented at a frequency of 

0.33 Hz. Every participant experienced heat pulses with amplitudes that peaked at a 

temperature that was 8°C higher than baseline, however the baseline temperature (shown 

here as 41°C) and the peak temperature (shown here as 49°C) were calibrated for each 

individual’s pain sensitivity.  

Participants were asked to rate the noxious thermal stimulus using pain ratings 

scales for both Intensity (INT) and Unpleasantness (UNP). The Pain Intensity scale 

displayed number ratings progressing from 0-100, with verbal anchors at increments of 

10 along the spectrum. The verbal descriptors ranged from “no sensation” at 0, up to 

“intolerable pain” at 100. This rating scale has been used in other pain studies and has 

been established as an effective measure of thermal pain (Staud et al., 2003; Staud et al., 

2007). The Pain Unpleasantness scale is a modified version of the Pain Intensity scale. It 

similarly ranges from 0-100 in terms of numeric ratings, but the verbal anchors were 

adjusted to reflect building Unpleasantness of the painful stimulus. 

Visual Affective Stimuli  

The emotional stimuli consisted of a selection (546 images total: 482 IAPS, 64 

supplementary)* of images, taken mostly from the International Affective Picture System 

(IAPS) (P. J. Lang et al., 2008), a database of images categorized in terms of their 

standardized ratings for various characteristics, including valence and arousal. Images 

were selected for each of the three conditions (Positive, Neutral, and Negative) on the 
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basis of these ratings. Positive images were selected to be high in valence (mean 

Valence= 6.55), whereas negative images were selected for low valence (mean Valence = 

2.28), and neutral images were of medium valence (mean Valence= 4.94). The images for 

the Positive and Negative conditions were both selected to be higher in arousal (Positive 

mean Arousal = 5.51; Negative mean Arousal= 5.84) as a measure of control, while the 

neutral images were low arousal (mean Arousal = 3.56). Images were all resized to the 

same dimensions (1024 X 768 pixels) and projected on to a screen made visible to 

participants while lying in the scanner and sham scanner (see Protocol subsection) via the 

attachment of a mirror to the top of a plastic head coil.  

*Note: Due to an insufficient amount of high arousal positive images in the IAPS, a 

portion of the positive images used in the study (64) had to be supplemented from the 

internet as a publically available source for images. The images that were supplemented 

from the internet underwent a pilot rating study, whereby 28 women (aged 18-45) 

voluntarily rated the images in terms of both valence and arousal using the Self-

Assessment Manikin (SAM; the same rating tool used by Lang et al. to collect the ratings 

for the IAPS). Only images that rated consistently with those from the IAPS were 

included in the sample used in the Positive condition.  

3.2.3. Protocol 

Training Session 

Phase I- Introduction to Pain Ratings, and Calibration 

As described in detail in Chapter 2, all participants took part in an initial training 

session, prior to the imaging session, in order to ensure their ability to accurately 

discriminate controlled fluctuations in the thermal stimulus, calibrate the appropriate 
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thermal temperature for noxious stimulation for each individual, and familiarize 

participants with the experimental setting and procedures. The training session involved 

being trained in a “sham” MRI environment, which was intended to closely simulate the 

experience of participating in the fMRI session, and to help alleviate anxiety related to 

the experimental setting. The training began with an explanation of the rating scales for 

Pain Intensity (INT) and Unpleasantness (UNP). The distinction between these two 

constructs of pain perception was explained as per the description in Price et al. (1983). 

Once participants felt comfortable with the meaning of the pain rating scales, they 

underwent a series of calibration and training trials, designed to ultimately identify the 

specific temperature that would elicit a consistent pain INT rating of 50/100 (“moderate 

pain”) on the 10-pulse trials (See Chapter 2 for a detailed description of the calibration 

process). Specifically, if the participant progressed to the 10-pulse trial portion of the 

training phase, the participant was positioned to lay supine in the sham MRI and a replica 

of the head coil used for MRI was positioned around their head. A mirror was attached to 

the coil replica and positioned so that the participant would be able to see the screen 

positioned at the superior end of the bore. The temperature of the 10-pulse trials was 

adjusted between each trial until the participant consistently reported a pain INT rating of 

50 for last pulse in the series of 10 pulses. Once the appropriate temperature was 

identified for the participant, they moved on to the EMP test trials. 

 Phase II- EMP Test Trials 

In the same session, the participant now underwent the 10 pulse pain paradigm as 

described in the Noxious Stimulus section above, in combination with the presentation of 

the visual, affective stimuli while lying in the sham MRI. From this point on, the noxious 
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heat pulses for all runs (trials) were set at the same temperature (calibrated in Phase I of 

training for a consistent pain INT rating of 50). From the onset of the thermal paradigm 

and over the course of a given run, images of a specific valence type were presented on 

the screen (6 sec/picture, 26 pictures per run, with no image presented more than once). 

The valence type was held constant across the run so that the runs could be categorized as 

one of the following three conditions: Positive, Neutral, or Negative. Participants were 

instructed to watch the visual display on the screen and to simply rate the noxious 

stimulus on the 10
th

 pulse, as they felt it occur, first in terms of pain INT, and then pain 

UNP. Images were displayed continuously across the run; i.e., through the entire duration 

of the pre-noxious stimulus baseline, through the 10 noxious pulses, and through the 

remainder of the post-noxious return to baseline. At the end of the run, the pain rating 

scales were presented on the screen and participants were asked to repeat their pain 

ratings, with the scale visible as a reference. Displaying the pain ratings scales at the end 

of the run helped to remind participant of how to appropriately rate their pain. Pain 

ratings for both pain INT and UNP were recorded for each run and were later used to 

evaluate the effect of the emotional stimuli on perceived pain. Participants were not 

informed until debriefing at the end of the fMRI session that the temperature was set to 

be the same for all of the post-calibration runs. Participants completed 3 runs of each 

valence, resulting in 9 runs total.  

After completing all 9 runs, participants were seated at a computer in the same 

room and asked to use the SAM to rate each of the emotional images they had viewed 

over the course of those 9 runs in terms of valence and arousal. This step was done to 
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ensure participants exhibited the expected emotional response to the images and to 

confirm the efficacy of the emotional manipulation. 

Functional MRI Session 

Set-up 

Imaging was carried out on a later date in order to avoid sensitization of the 

nociceptors in the skin or habituation to the emotional stimuli. Upon arrival for the 

imaging session, participants were reminded how to use the rating scales and refreshed on 

the distinction between pain intensity and unpleasantness. Set-up for the imaging session 

closely followed that of the training session. Participants were positioned supine on the 

bed of the MRI and the thermode was fixed to the right thenar eminence. Participants 

were provided with either ear plugs or noise cancelling head phones for hearing 

protection and a head coil for reception of the MRI signal was positioned over their head. 

A mirror was attached to the head coil in order to allow participants to see the screen at 

the superior end of the bore. Once the bed was moved into the bore of the magnet, 

participants performed several practice trials before the imaging began. These practice 

trials consisted of two or three of the 6-pulse trials, and two of the 10-pulse trials. No 

emotional images were incorporated into the practice trials. These pre-imaging practice 

trials were intended to confirm the noxious stimulus temperature as calibrated in the prior 

training session and to allow for subtle adjustments to the temperature settings, where 

necessary, if ratings for the noxious temperature varied from that used in the training 

session. Once the temperature for the noxious heat pulses was confirmed, imaging 

proceeded. 
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Data Acquisition 

Imaging took place in a 3 Tesla, whole-body MRI system (Siemens Magnetom 

Trio; Siemens, Erlangen, Germany). Data were collected through a spine array-receiver 

coil and a posterior neck coil, with a body coil used for transmission of radiofrequency 

(RF) excitation pulses. Prior to functional imaging, localizer images were acquired in 3 

planes to aid in slice positioning for the subsequent fMRI runs. Functional data were 

acquired using half-Fourier single-shot fast spin-echo (HASTE) for BOLD contrast. 

Using this fast spin-echo BOLD method avoids the spatial distortions that result from the 

field inhomogeneities that typically accumulate and degrade the quality of data collected 

using echo-planar imaging spatial encoding methods. Adjusting the echo time (TE) for 

optimal sensitivity by setting it to be equal to the T2 relaxation value of the tissue 

provides BOLD contrast comparable to that of gradient echo BOLD methods (Bosma & 

Stroman, 2014a). Images were acquired in 9 contiguous sagittal slices, at a repetition time 

(TR) of 6.75 seconds per volume (0.75 sec/slice) and a TE of 76 msec. Each slice was 2 

mm thick across the cord and spanned from the top of the corpus callosum to the T1/T2 

intervertebral disc. As such, data were acquired with a 280 mm x 210 mm FOV and a 

matrix size of 192 x 144, providing a resolution of 1.5 mm x 1.5 mm x 2 mm. A spatial 

saturation pulse was applied anterior to the spine to reduce motion artifacts that arise 

from such influences as breathing and swallowing. In total, there were 12 functional runs 

acquired, with 4 runs for each condition (Positive, Neutral, and Negative) and 23 volumes 

per run, resulting in 92 volumes per condition. The order of the conditions was 

randomized to avoid order effects and habituation to the emotional stimuli. 
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The combined thermal and emotional stimulus paradigm for functional runs was 

identical to that of the emotional modulation of pain runs carried out in Phase II of the 

training session. Participants again experienced the 10 pulse paradigm, with the 

emotional images being presented across the duration of the run, and were required to 

provide a pain INT and pain UNP rating for the 10
th

 pulse, as they felt it happen. At the 

end of the run, participants would repeat their ratings with the pain rating scales 

displayed on the screen as a reference. The only difference between the runs participants 

experienced during Phase II of the training session and those of the fMRI session is the 

particular images that were used. Although images between runs within each condition 

were extremely similar in terms of their valence and arousal, no image was ever viewed 

more than once by the participant. Thus, the runs for the fMRI session used different 

pictures than those presented during the training session, but were matched in terms of 

the relative valence and arousal within each condition.  

3.2.4. Data Analysis 

Behavioral Data 

Pain ratings for each individual were combined across both the training and fMRI 

session. Descriptive statistics for the raw pain ratings for each condition and the 

difference scores for the overall effect of EMP (Negative-Positive) were performed. The 

raw pain ratings were then compared between conditions by means of 1-tailed, paired, 

Student’s t-tests, with significance occurring at p < 0.0167 (Bonferroni Corrected p value 

for multiple comparisons; 0.05/3).  
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Functional MRI data 

Preprocessing 

Data were analyzed using custom-written software in MatLab (MathWorks, 

Natick, MA). Data preprocessing included conversion of the data files from DICOM to 

NIfTI format, followed by coregistration of the series within a given set to correct for 

bulk motion. The data were subsequently spatially normalized, in accordance with 

previously established methods (Bosma & Stroman, 2014b; Dobek, Beynon, Bosma, & 

Stroman, 2014a). Specifically, nine reference lines were manually drawn on one volume 

of each set of time-series image data to guide the spatial normalization process and 

generate region masks. The midline sagittal slice was used to draw 5 lines: 1) one around 

the pons; 2) one along the top of the corpus callosum; 3) one along the anterior edge of 

the cord; 4) one along the posterior edge of the cord; and 5) one along the posterior of the 

medulla. There were four additional lines drawn on a resliced midline coronal view 

(based on the reference lines drawn on the sagittal view). These lines included: 1) one 

along the left and one along the right side of the cord; 2) one across the bottom of the 

pons; and 3) one extending through the middle of the image spanning from the bottom of 

the pons up to the corpus callosum. 

General Linear Model Analysis 

Once spatially normalized, the data underwent group-level general linear model 

(GLM) analysis for main effects, group-level between-condition contrast analysis, 

structural equation modeling (SEM) and Region of Interest (ROI) Analysis. The group 

GLM combined the spatially normalized time-series image data from all participants in 

each group and applied 3 x 3 x 3 mm smoothing. The group GLM included a set of basis 
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functions consisting of a model paradigm for the thermal stimulus convolved with the 

hemodynamic response function, a constant function, and the first 2 principal 

components of the time series data for all voxels in the spinal cord and brainstem 

(representing the dominant noise via global variations in the data) (Bosma & Stroman, 

2014a). Analyzing the normalized data averaged over the group takes advantage of the 

fact that signal fluctuations due to random noise and physiological motion that are 

uncorrelated between acquisitions will end up averaging to roughly zero, whereas the 

consistent BOLD-related fluctuations in signal are synchroinzed with the stimulus 

paradigm and will be strengthened. Between-condition contrasts were determined by 

subtracting the group time series data on a voxel-by-voxel basis. These contrasts show 

the voxels that exhibit significant differences in BOLD signal between conditions for the 

entire group, at a p < 0.001. 

SEM Analysis 

Structural Equation Modeling was performed separately for each condition to 

produce a model of the significant connections within each of the conditions. SEM uses a 

predefined model of known anatomical connections (see Millan (2002) for a detailed 

review of anatomical and functional connections and Appendix B for a detailed figure of 

the model) to assess the way that the regions included in that model are influenced by one 

another.  The underlying concept is that BOLD signal fluctuations in a region are most 

closely related to input signaling from other regions, which are in turn expected to be 

related in some way to the BOLD signal fluctuations in the regions providing the input. 

The BOLD signal time-course in a region is therefore expressed as a weighted sum of the 

BOLD signal time-courses in the regions that may be providing the input.  The SEM 
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method determines the weighting factors, and their significance, for a presumed network 

of connections between regions. Essentially, the SEM provides a measure of how well 

the fluctuations in signal in one region are able to predict the fluctuations in the signal of 

another region. The SEM analysis was performed using Matlab software that was custom 

written by Dr. Patrick W. Stroman (McArdle & McDonald, 1984). The data were first 

preprocessed as described above. Next, the data from all of the runs/participants were 

concatenated into one large time series of responses for each voxel, separately for each of 

the three conditions. First, to enable data reduction, the right dorsal horn of the sixth 

cervical segment (C6) was broken down into four subregions (clusters) by way of k-

means clustering; distinguishing the four subregions by grouping together voxels with 

similar time course properties. A primary cluster for the C6 right dorsal horn was chosen 

based on anatomical location, time course properties, and consistency between 

conditions.  Using the same process, each region of interest in the brainstem, based on a 

predefined anatomical template, was divided into 3 subregions.  The time-course data 

across all participants/runs was extracted for each subregion, and SEM weighting factors 

were determined that best fit the measured data for every possible combination of sub-

regions in each brainstem and cord region. The linear weighting factors and the 

combination of subregions that yielded the best fit to the measured data were determined 

in this manner. Path coefficients were considered significant at a threshold of |T| > 2, as 

determined by a one-sample t-test based on the ratio of the magnitude of each weighting 

factor to its standard error.  The results of the SEM analysis demonstrate consistent 

relationships between the BOLD signal fluctuations across regions, even if responses 

from individual participants are very different. 
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ROI Analysis 

A region of interest analysis was then performed using the same subregion ROIs 

that were generated in the SEM analyses. ROIs were assessed in terms of the means and 

standard deviations of their beta-values as determined via the group GLM analysis. These 

values were used to compare the neural responses between the Positive, Neutral, and 

Negative conditions via repeated measures ANOVA. Similar to the GLM analysis, the 

ROI analysis demonstrates consistent features of the responses across groups and 

conditions. 

3.3. RESULTS 

3.3.1. Behavioral Results 

Tables 3.1 and 3.2 display the descriptive statistics for the Pain INT and UNP 

ratings, and the difference scores (representing the overall effect of EMP), respectively. 

Paired Student’s T-tests (one-tailed) of the Pain INT and Pain UNP ratings for each 

condition revealed significant differences between conditions supporting the EMP effect. 

Specifically, pain INT ratings were significantly higher for the Negative condition (M = 

48.74, SD = 10.60) than the Positive condition (M = 44.22, SD = 10.75; p < 0.0167), as 

well as being significantly higher for the Neutral condition (M = 48.40, SD = 11.24) than 

the Positive condition (p < 0.0167). The difference between the pain INT ratings in the 

Negative and Neutral conditions were not significant (See Figure 3.2).  

 

 

 

 

 

 

 



 

72 

 

Table 3.1 

Descriptive Statistics for the Raw Pain Intensity And Unpleasantness Ratings 

 Mean Median Standard 

Deviation 

Pain Intensity    

Positive 44.22 40.71 10.75 

Neutral 48.40 45.71 11.24 

Negative 48.74 47.86 10.60 

Pain Unpleasantness    

Positive 29.05 29.29 10.10 

Neutral 31.85 33.57 10.30 

Negative 36.60 35.00 11.92 

 

 

                           
Figure 3.2. Bar Graph of Average Pain Intensity and Unpleasantness Ratings. A 

significant difference of p < 0.0167 is indicated by *.  

 Pain UNP ratings showed significant difference in all 3 comparisons (Figure 3). 

Specifically, Pain UNP ratings were significantly higher in the Negative condition (M = 

36.60, SD = 11.92) than in both the Positive (M = 29.05, SD = 10.10; p < 0.167) and 

Neutral (M = 31.85, SD = 10.30; p < 0.0167) conditions. Pain UNP ratings were also 

significantly higher in the Neutral condition than the Positive condition (p = 0.0167). 
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The difference scores between the Negative and the Positive condition represent 

the effects of EMP on Pain INT (M = 4.52, SD = 5.14) and Pain UNP (M = 7.55, SD = 

8.09). 

Table 3.2 

Descriptive Statistics for the Difference Scores Reflecting the Overall EMP Effect 

(Negative-Positive) 

 Mean Median Standard Deviation 

Pain Intensity 4.52 4.23 5.14 

Pain Unpleasantness 7.55 5.00 8.09 

 

 

3.3.2. Functional MRI Results 

Group Level Main Effects and Contrast Maps 

The group-level GLM for the main effects analysis revealed significant BOLD 

signal decreases (p < 0.001) in the region of the right dorsal horn of the first thoracic 

spinal cord segment in both the Neutral and Positive conditions, but not the Negative 

condition (Figure 3.3).  

Figure 3.3. GLM results showing the main effects of the A) Negative, B) Neutral, and C) 

Positive Conditions. The slices shown are contiguous 1-mm thick axial slices and show 

the responses from the T1 spinal cord segment. Both the Neutral and Positive conditions 

reveal significant decreases in BOLD signal in the right dorsal horn of the T1 segment. 
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The group-level between-condition contrast analysis revealed several regions in 

the spinal cord and brainstem that significantly differed in their BOLD responses to the 

stimulus (p < 0.001). All three contrasts revealed significant differences in the T1 region 

of the spinal cord. Specifically, the Negative condition showed more activity at the T1 

right dorsal horn than both the Neutral and Positive conditions. The C8 right dorsal horn 

was also significantly more active in the Negative condition than the Neutral condition, 

but the Neutral condition did not significantly differ from the Positive condition. Nor did 

the Negative condition significantly differ from the Positive condition at this level. There 

was no difference in right dorsal horn activity at C6, the level of stimulation. Overall, 

these contrasts reveal an enlarged caudal spread of significantly decreased activity in the 

Positive condition compared to the Neutral and Negative conditions, with decreased 

responses occurring below the site of stimulation, in the right dorsal horn of the cord at 

C8 and T1, rather than at the level of the stimulated segment (Figure 3.4).  

In addition, there were significant differences in the brainstem at the level of the 

medulla and the pons. At the level of the medulla, there was significantly more activity in 

the Positive condition compared to both the Neutral and Negative conditions in the 

vicinity of the contralateral dorsoreticular nucleus (DRt). There was no significant 

difference between the Negative and Neutral conditions in this region. Lastly, there was 

significantly more BOLD activity for the Neutral condition than both the Negative and 

Positive conditions at the levels of the Pons in the regions of the parabrachial nucleus 

(PBN) and basilar pontine nuclei (BPN) of the deep pontine nuclei, with a slightly 

elevated BOLD response in the region of the BPN for the Positive condition over the 

Negative condition (Figure 3.4).  
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Figure 3.4. Results of the contrast analysis to compare the BOLD signal changes 

between the Positive, Neutral, and Negative Conditions. Specific contrasts include A) 

Negative > Positive, B) Negative > Neutral, and C) Neutral > Positive. Axial slices are 

displayed at selected levels of the spinal cord (the 8
th

 cervical and 1
st
 thoracic segments), 

the caudal medulla, and at the level of the pons. Warm colors indicate BOLD responses 

that were greater in the primary condition, while cool colors indicate BOLD responses 

that were greater in the reverse contrast. Key areas with significantly different responses 

are shown to be the right dorsal region of the C8 and T1 segments, near the DRt in the 

medulla, and in the vicinity of the PBN and BPN in the Pons. 

 

SEM Results 

The SEM analysis was conducted separately on the Positive, Neutral, and 

Negative condition datasets and the best fit results are shown in Figure 3.5. The results 

revealed that in addition to multiple unique connections within a given condition, all 

conditions exhibit four shared significant path coefficients going from the hypothalamus 

(HYP)  locus coeruleus (LC), nucleus gigantocellularis (NGC)  LC, periaqueductal 

grey matter (PAG)  parabrachial nucleus (PBN), and PBN  NGC (Figure 3.6). In 

addition, there are three significant path coefficients shared only between the two high 

arousal conditions (Positive and Negative): HYP  NGC, PAG  NGC, and PAG  
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DRt. Both the Positive and Negative conditions exhibit a greater number of significant 

connections than the Neutral condition, and those connections are represented with 

stronger path coefficients. While the Positive and Negative conditions do share a number 

of connections, they differ from one another with several unique connections. Overall the 

Positive condition exhibits stronger descending path coefficients than both the Neutral 

and the Negative condition. The dominant path influences in the Positive condition 

include several of the shared connections, as well as the unique connection from the NGC 

 the dorsal horn of the C6 segment of the cord. The most dominant path influences in 

the Neutral condition include the shared connections, as well as a connection from the 

PBN cord. The most dominant path influences in the Negative condition involve many 

of the shared connections, as well as a unique set of connections from the PBN nucleus 

tractus solitaries (NTS) and the NTS  PBN. 

 

 

Figure 3.5. SEM results for the Positive, Neutral, and Negative conditions. Arrows 

indicate the direction of the influence, while the thickness of the line indicates the 

strength of the path coefficients. Solid lines represent positive path coefficients and 

dashed lines represent the negative coefficients. Clear distinctions are visible between the 

networks involved in the three conditions such that both the Positive and Negative 

conditions exhibit a greater number of significant connections, and with those 
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connections also exhibiting stronger path coefficients than those in the Neutral condition. 

Cord, right dorsal region of the C6 spinal cord segment; PBN, parabrachial nucleus; LC, 

locus coeruleus; NRM, nucleus raphe magnus; NTS, nucleus tractus solitarius; NGC, 

nucleus gigantocellularis; DRt, dorsal reticular nucleus; PAG, periaqueductal gray 

matter; HYP, hypothalamus; Thal, thalamus. 

 

 

Figure 3.6. SEM results for the common connections between conditions. Lines in black 

indicate paths that were common between all three conditions, while lines in red indicate 

the paths shared only by the two high arousal conditions (Negative and Positive). Arrows 

indicate the direction of the influence, but line thickness was made uniform across 

connections, as the strength of the path coefficient varied across conditions. Cord, right 

dorsal region of the C8 spinal cord segment; PBN, parabrachial nucleus; LC, locus 

coeruleus; NRM, nucleus raphe magnus; NTS, nucleus tractus solitarius; NGC, nucleus 

gigantocellularis; DRt, dorsal reticular nucleus; PAG, periaqueductal gray matter; HYP, 

hypothalamus; Thal, thalamus. 

 

ROI Results 

The ROI analyses revealed few statistically significant results. A repeated 

measures ANOVA showed that only the NRM exhibited significant differences between 

conditions (p < 0.05), with the DRt approaching significance at p = 0.0713. There was a 

slight linear trend in 7/10 of the ROIs, showing an effect of valence such that the 

hypothalamus, PAG, LC, NRM, NGC, and the dorsal horn of C6 all exhibited the least 
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increase in BOLD response in the Positive condition and the most in the Negative 

condition (Table 3.3), however these differences between conditions only reached 

significance for the NRM. The DRt showed the opposite trend, with the most increase in 

BOLD signal occurring for the Positive condition and the least for the Negative 

(consistent with the results of the between-condition contrast analyses), but these 

differences did not reach significance. 

Table 3.3 

Average BOLD Percent Signal Change and Relative Standard Error of the Mean, Across 

Sets, from ROI Analysis 

 Positive Neutral Negative 

Hypothalamus -0.06 (±0.25) 0.18 (±0.25) 0.27 (±0.19) 

NTS 0.41 (±0.25) 0.20 (±0.26) 0.35 (±0.20) 

Thalamus 1.45 (±1.48) 0.14 (±0.37) 0.24 (±0.12) 

PAG 0.04 (±0.16) 0.23 (±0.27) 0.27 (±0.20) 

LC 0.34 (±0.24) 0.38 (±0.29) 0.56 (±0.24) 

PBN -0.08 (±0.30) -0.11 (±0.24) -0.01 (±0.31) 

NRM 0.12 (±0.31) 0.23 (±0.23) 1.14 (±0.39) 

NGC -0.29 (±0.20) -0.06 (±0.23) -0.02 (±0.21) 

DRt 1.00 (±0.40) 0.34 (±0.31) -0.10 (±0.46) 

C6 right dorsal -0.82 (±0.42) -0.53 (±0.38) -0.40 (±0.30) 

 

3.4. DISCUSSION 

To date, this is the first study to apply functional MRI to the brainstem and spinal 

cord to explore the subcortical neural response involved in EMP. We observed a 

significant influence of emotional modulation for both the perception and neural response 

involved in EMP in the spinal cord and brainstem.  

As expected, the behavioral results revealed a significant effect for the valence of 

the emotional stimuli on both pain INT and pain UNP ratings. Specifically, participants 

perceived the noxious thermal stimulus to be most intense and most unpleasant when 
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coupled with the viewing of the negative emotional stimuli, and least intense and 

unpleasant when coupled with the viewing of positive emotional stimuli. This is 

consistent with previous research. Although the difference between conditions was 

significant at the group level, the EMP effect on pain perception was not homogeneous 

across participants, as described in detail in Chapter 2. This inter-subject variability for 

the EMP perception effect was reflected in the fMRI results for the neural response 

observed in the brainstem and spinal cord, particularly for the group-level GLM results 

and ROI analysis. 

The group-level GLM revealed an increased caudal spread of BOLD signal 

decreases in the ipsilateral dorsal horn at the level of T1 (several segments below the 

level of stimulation) for both the Positive and Neutral conditions, but not the Negative 

condition. This suggests a decrease in input signaling, likely related to descending pain 

modulation, in the Positive and Neutral condition that was absent from the Negative 

condition. These findings were reinforced by those of the group level between-condition 

contrast analyses. The contrasts revealed significant differences between conditions in the 

ipsilateral dorsal horn at the level of T1 such that the Negative condition elicited greater 

BOLD response than both the Neutral and Positive conditions, with the Neutral condition 

also exhibiting significantly greater BOLD response than the Positive condition. In 

addition, there was a significantly greater BOLD response in the ipsilateral dorsal horn of 

the C8 segment for the Negative condition over the Neutral condition. These findings are 

in agreement with MPT in that the emotional stimuli served to prime the spinal cord in 

terms of sensitivity and responsiveness to the noxious stimulus such that the Positive 



 

80 

 

condition rendered the dorsal horn of the cord least responsive while the Negative 

condition rendered the dorsal horn of the cord the most responsive. 

 Interestingly, although the noxious thermal stimulus was applied to the thenar 

eminence, corresponding to innervation of the 6
th

 cervical segment, we did not observe 

significant group level activations of C6. While unexpected, this outcome may be 

explained by two different influences: the substantial variability in the overall EMP effect 

for pain perception, and the significant contributions of descending modulation from 

brainstem networks. As described in detail in Chapter 2, the EMP effect on pain 

perception is subject to strong between-subject variability. Therefore, it is possible that 

the neural response to the noxious stimulus in the dorsal horn of the stimulated segment 

could exhibit similar variability between participants. If the neural response to the 

noxious thermal stimulus reflects the variability of the EMP effect on pain perception, 

this could have diluted the significance for the main effect of valence. In addition, it is 

important to recognize that the BOLD response that we observe at the level of the dorsal 

horn of the spinal cord is not directly equivalent to the level of peripheral stimulation. 

Instead, the BOLD response in the dorsal horn reflects a combination of the ascending 

peripheral input and descending modulation from higher order cortical and subcortical 

structures. The ipsilateral dorsal horn of C6 was receiving both afferent input from the 

noxious stimulus as well as descending modulatory input from higher cortical structures. 

Therefore, although this region of the cord was receiving ample input, it is possible that 

the net effect of those influences may not have resulted in any significant change in 

BOLD signal from baseline. This is in contrast to regions of the cord like C8 and T1, 

which may have received only the descending modulatory input from higher cortical 
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structures, and therefore exhibited the decrease in neural responsiveness as a function of 

that descending modulation. This includes input from such regions as the DRt and PBN, 

which were also identified in the between-condition contrasts.  

Typically recognized for its role in facilitating nociceptive processing (Heinricher 

et al., 2009), the DRt was identified in the between-condition contrasts as showing a 

significantly increased neural response in the Positive condition relative to both the 

Neutral and Negative conditions. Given that BOLD signal reflects fluctuations in the 

level of presynaptic input rather than the rate of synaptic firing, the increased response in 

this region could reflect an increase in either excitatory or inhibitory presynaptic input. 

As such, it is possible that the stronger response for the DRt in the Positive condition 

relative to the Neutral and Negative conditions may reflect a greater degree of inhibition 

of the typically pro-nociceptive influences of the DRt. This would explain the decreased 

BOLD response observed in more caudal regions of the cord (at the C8 and T1 segments, 

for example) and would correspond with the decreased intensity and unpleasantness of 

pain perceived for the Positive condition relative to the Negative and Neutral conditions.  

There were also two key areas of activation at the level of the pons, including 

regions approximating the PBN and the BPN. Both of these regions were identified in the 

between-condition contrast to exhibit significant differences in neural response relative to 

the condition. Specifically, the PBN exhibited the greatest BOLD response in the Neutral 

condition relative to the Positive condition. The BPN exhibited a similarly elevated level 

of responsiveness in the Neutral condition over the Negative condition. The Positive 

condition also exhibited slightly more BOLD response than the Negative condition in the 

region of the BPN, although this difference was much more subtle than that observed in 
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the contrasts between the Neutral condition and both the Positive or Negative conditions. 

Critically, while the images in the Positive and Negative conditions were relatively 

evenly matched for high arousal ratings, the images in the Neutral condition were chosen 

to have low arousal ratings. As such, we postulate that regions in the pons including the 

PBN and BPN could be playing a role in the EMP of neural processing that is most 

prominently influenced by the level of arousal (more so than the valence) of the 

emotional stimulus. The potential for this preferentially arousal-based function of the 

PBN and BPN in the effect of EMP on neural processing is supported by their known 

connections with the amygdala (Mihailoff, Kosinski, Azizi, & Border, 1989; Sarhan et 

al., 2013; Strobel et al., 2014), and the fact that the amygdala has been demonstrated to 

mediate emotional modulation of autonomic responses based on the arousal, rather than 

the valence, of emotional stimuli (Wood, Ver Hoef, & Knight, 2014). The PBN is already 

recognized to play a large role in descending pain modulation and in particular, for 

antinociception (W. D. Willis & Westlund, 1997). Its connections with the amygdala 

make it a likely mechanism in descending EMP neural processing, while the recruitment 

of the BPN is a more unexpected finding. The BPN is not typically recognized to play a 

role in descending pain modulation. It does, however, receive afferent input from the 

amygdala and other regions of the limbic system (Schmahmann & Pandya, 1997), in 

addition to exhibiting expression for the precursor mRNA for Neuropeptide S, a 

neurotransmitter that modulates arousal and fear responses, which has also been found to 

be expressed in the amygdala (Reinscheid, Xu, & Civelli, 2005). The function of the BPN 

in EMP of neural processing is therefore more likely rooted in its role in general emotion 

and arousal processing as compared to an inherent role in descending modulation of pain.  
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In order to gain insight into the descending influences from regions in the 

brainstem known to be involved in descending pain modulation, structural equation 

modeling was used to examine the meaningful co-variations in signal fluctuations 

between these regions and their influence on the signal fluctuations in the C6 dorsal horn 

of the cord. The SEM analysis revealed that the Positive and Negative conditions 

exhibited more complex networks involved in the EMP effect on pain processing than the 

Neutral condition. This was demonstrated by more regions exhibiting significant 

influences on one another, and by stronger influences between the regions recruited in 

those networks, for both the Positive and Negative condition compared to the Neutral 

condition. This reflects the greater degree of descending modulation involved with the 

emotionally-charged and high-arousal conditions. There were certain regions that shared 

connections between all three conditions, namely the connections of: 1) HYP  LC, 2) 

NGC  LC, 3) PAG  PBN, and 4) PBN  NGC. Being consistent across all three 

conditions, these connections are likely central to the general processing of noxious 

stimulation. The two high arousal conditions also shared an additional three connections: 

1) HYP  NGC, 2) PAG  NGC, and 3) PAG  DRt. The fact that the Positive and 

Negative conditions shared these three connections despite differing in their respective 

valence suggests a role for these three connections in the processing of high-arousal 

emotional stimuli and their effect on EMP. Although the Positive and Negative 

conditions were found to share numerous connections, there were still several unique 

connections for each condition, above and beyond their shared connections. The fact that 

there were unique connections for each of the conditions can be thought to reflect the 

differences in the descending effects of emotional modulation based on the valence of the 
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emotional stimulus. The results of this analysis demonstrate the complexity of the 

subcortical networks involved in EMP and the descending modulation of neural 

responses in the stimulated segment.  

The ROI results revealed that only one region, the NRM, exhibited significant 

differences between conditions, although there did appear to be a faint increasing trend 

for the majority of the other regions, suggesting an effect of valence such that the 

Negative condition elicited the greatest neural response and the Positive condition 

elicited the least neural response. Although the results of the repeated measures ANOVA 

for the DRt failed to reach significance, this region showed the decreasing trend such that 

the Positive condition elicited the greatest neural response and the Negative condition 

elicited the least. This trend, although failing to reach significance, is consistent with the 

results of the between-condition contrast maps and would support the possible inhibition 

of the DRt in the effect of EMP on pain neural processing.  

3.5. CONCLUSION 

In conclusion, this is the first study to apply fMRI to the brainstem and spinal cord in 

an attempt to characterize the subcortical neural response involved in EMP. The results 

demonstrate a pattern of increased descending modulation (as evidenced by the SEM and 

the increased caudal spread), for dampening the neural responsiveness in the ipsilateral 

dorsal horn of the cord, corresponding to the influence of Positive emotional modulation 

relative to the Neutral and Negative conditions. This finding is in accordance with MPT 

and demonstrates the influence of the appetitive system to inhibit both the perception and 

neural processing of noxious stimulation when associated with a positive emotional 

stimulus. In addition, the valence and arousal of the emotional stimuli differentially affect 
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higher brainstem regions to influence the complexity and strength of the neural networks 

recruited in the response to emotional modulation of pain. This is reflected in the 

different patterns of covariance that emerge between the networks in all three conditions, 

and the greater number and strength of influences for connections within the networks 

recruited for both Positive and Negative emotional modulation of pain processing 

compared to Neutral. 
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Chapter 4 

General Discussion & Conclusions 

4.1 PRINCIPLE FINDINGS 

The goal of this research was to examine the effect of emotional modulation on 

pain perception in healthy adults, and to explore the neural response underlying this 

phenomenon in both the spinal cord and brainstem. There is a growing body of work that 

is focused on characterizing both the perceptual and physiological mechanisms that 

contribute to emotional modulation of pain (EMP). Behavioral studies have consistently 

demonstrated that inducing a negative emotional state results in amplification of 

perceived pain, while inducing a positive emotional state works to alleviate said pain (de 

Wied & Verbaten, 2001; Meagher, 2001; C. Villemure & Bushnell, 2002). These 

behavioral findings have been further reinforced by a number of imaging studies which 

have examined the neural network in the brain associated with emotional modulation of 

pain (Berna et al., 2010; Rainville et al., 1997; Roy, 2009; C. Villemure et al., 2012; C. 

Villemure & Schweinhardt, 2010). While these studies provide a fundamental initial 

insight into the neural processing involved in emotional modulation of pain, questions 

remain regarding the nature of the behavioral effect and the subcortical neural response 

associated with altering pain perception via emotion. This was the driving force for my 

thesis. 

Before having volunteers participate in the fMRI study, we first wanted to 

confirm the efficacy of our emotional manipulations on pain perception, and to create an 

opportunity for participants to become more comfortable with the MR environment. This 

was the original goal of the first study, taking place in the mock scanner. It was through 
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these purely behavioral study sessions that we became aware of the considerable 

variability in the magnitude of the EMP effect. Thankfully, our experimental design also 

included having participants rate the emotional stimuli themselves in terms of both 

valence and arousal. We were able to use this data not only to confirm the desired effect 

of the emotional manipulation on an individual basis, but also to later explore whether the 

individual subjective responses to the emotional stimuli were related to the extent to 

which those emotional stimuli evoked emotional modulation of pain perception. We also 

administered a series of questionnaires as a measure of control for psychological state. 

We were able to assess the relationship between these measures of psychological state 

and the emotional modulation of pain perception. While other behavioral studies to have 

repeatedly demonstrated an over-arching effect for emotional modulation of pain, there 

have been no studies, to the best of my knowledge, specifically addressing the variability 

in the effect. As such, this became an additional goal for the behavioral studies, and 

Chapter 2 of my thesis. Not only to identify and prepare participants to take part in the 

fMRI study, but for that data to serve its own unique purpose, in helping to investigate 

the inter-subject variability in the effect for emotion to modulate pain perception. 

The purpose for the fMRI study (Chapter 3) has stayed the same from the outset: 

to characterize the neural response associated with EMP in areas of the brainstem and 

spinal cord that are known to be involved in descending modulation of pain, including 

regions of the midbrain, pons, medulla, and the dorsal horn of the spinal cord. We carried 

forward all willing participants who qualified in the behavioral studies, therefore 

allowing us to consider the neural response in a range of “responders” for the EMP effect.  
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The results of both the behavioral and fMRI studies reflect a substantial influence 

of inter-subject variability in the EMP effect. This variability was not entirely 

unexpected, given that individuals fall along such a wide spectrum for sensitivity and 

responsiveness to pain, without purposeful manipulation of emotional state (Fillingim, 

2005). In both studies, we observed significant differences between conditions for ratings 

of pain intensity and pain unpleasantness, representing an overall effect for EMP. In 

addition, the behavioral study revealed significant correlations between the individual 

subjective responses to the emotional stimuli and the magnitude of the EMP effect. 

Specifically, the effect of subjective responses to image valence was significantly 

positively correlated with the individual effect size for Negative EMP in terms of pain 

unpleasantness and pain intensity. Conversely, the Positive EMP effect for pain Intensity 

was found to be significantly negatively correlated with both the Overall and specific 

Negative effect for subjective image valence responses. Lastly, depression scores were 

found to be significantly positively correlated with the effect for Negative EMP in terms 

of pain unpleasantness, whereas both the Overall and Positive effect of EMP 

unpleasantness were significantly negatively correlated with state anxiety. 

The fMRI data also revealed several significant findings. The main effects 

analysis revealed significant deactivations for both the Positive and Neutral conditions in 

the ipsilateral dorsal horn of the spinal cord at the level of T1, well below the site of 

stimulation (C6). In addition, the between-condition contrasts revealed significant 

differences at T1 and C8 such that the Negative condition was associated with greater 

BOLD signal than both the Neutral and the Positive conditions in the ipsilateral dorsal 

horn of the spinal cord at T1, and again at C8 for Negative > Neutral. The between-
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condition contrast also revealed recruitment of the DRt in the caudal medulla (more 

active in the Positive condition relative to both the Neutral and Negative conditions), and 

regions in pons consistent with the PBN and BPN (most active in the Neutral condition). 

The results of the SEM analysis complimented those discussed above, revealing a higher 

quantity and strength of significant functional connections in the Positive and Negative 

conditions, compared to those in the Neutral condition. There were four significant 

connections shared between all three conditions, and three additional connections shared 

only by the Positive and Negative conditions, along with several unique connections in 

both the Negative and Positive conditions (whereas the Neutral condition only exhibited 

one unique connection). I have attempted to interpret these findings collectively, and to 

consider the fMRI results in light of the results of the behavioral study, as well as 

considering information that has been gathered from previous studies on descending 

modulation of pain in general. 

4.2. INTERPRETATION 

4.2.1. Behavioral 

Above and beyond recognizing the variability in the Overall EMP effect across 

individuals, it is important to recognize that individuals vary in the perceptual 

mechanisms facilitating this effect. While some participants exhibited a bias towards the 

pain relief of the Positive condition compared to the pain amplification effect of the 

Negative condition, others showed just the opposite effect, being more strongly 

influenced by the Negative stimuli and as a result, feeling increased pain, but benefiting 

much less (or not at all) from the analgesic effects of the Positive condition. Therefore, 

while we observed an overall significant difference for both pain intensity and pain 
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unpleasantness ratings reflecting increased perceived pain in the Negative condition 

relative to the Positive condition, this effect is subject to the separate mechanisms of 

Positive and Negative emotional modulation of pain. The variability in these separate 

EMP effects raises the pressing question as to what makes one individual more 

susceptible to one effect or the other. We attempted to address this question with our 

correlation analyses. 

It comes as no surprise that the individual subjective response to the emotional 

images themselves was correlated with the magnitude of the EMP effect. The emotional 

response to the images, in terms of valence, was strongly related to the degree to which 

participants experienced Negative EMP of pain unpleasantness and pain intensity. The 

more emotionally responsive the participants were to the valence of the images, the 

stronger the effect for the negative emotional images to induce greater pain ratings. This 

is in contrast to the Positive EMP effect, where only pain intensity ratings revealed any 

significant correlations relative to the image ratings, and the greater emotional response 

elicited by the images (particularly those in the Negative condition) was negatively 

correlated with analgesic effects of the Positive condition. These results simultaneously 

reinforce the efficacy of the IAPS as a tool for emotional modulation as well as highlight 

the divergence in the Positive and Negative components for overall EMP of pain. 

More unexpectedly, pain unpleasantness (aka: the “affective” component of pain) 

showed significant correlations with results from questionnaires for both depression and 

anxiety. The effect for Negative EMP was positively correlated with depression scores, 

suggesting that the greater the depressive feelings a participant was experiencing, the 

more susceptible that person was to the pain amplifying effect of the negative emotional 
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manipulation. It is possible that this finding may have implications for clinical 

populations afflicted with chronic pain and/or depression. The propensity to experience 

an increase in pain related to negative affective influences may be related to increased 

feelings of depression, and may act as a mechanism for the comorbidity between chronic 

pain and depression, which unfortunately, is a relatively frequent occurrence (Carroll et 

al., 2004; Kashikar-Zuck et al., 2001; Magni et al., 1994). 

Furthermore, we observed intriguing negative correlations between both the 

Overall and Positive EMP effect for pain unpleasantness with questionnaire results for 

state anxiety. These results suggest that the more state-anxious an individual was, the less 

of a pain relieving effect that positive emotional modulation was able exert, therefore 

leading to a reduced Overall effect for EMP. This finding might also have implications in 

dealing with chronic pain patients. J. L. Rhudy, DelVentura, et al. (2013) recently 

suggested that disrupted emotional processing for positive affect may act as a mechanism 

for altered pain processing in patients with fibromyalgia, as these patients failed to 

exhibit emotional modulation of pain perception, in addition to exhibiting decreased 

responsiveness to positive emotional stimuli. If the effect for Positive EMP is 

significantly contributing to the experience of chronic pain, it may be especially 

important to address the comorbidity of chronic pain and anxiety in terms of treatment. It 

may be necessary to assess and treat anxiety (where applicable) so that it cannot act as a 

barrier to implementing successful treatment of the pain itself. 

Admittedly, while the results of the this behavioral study bring to light some 

interesting qualifications for the manner in which emotions modulate pain perception in 

healthy individuals, it also raises a number of questions, and we must be careful 
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interpreting or extrapolating the meaning of these results to have potential clinical 

significance. The fMRI study expands on these behavioral results in a different way by 

exploring the subcortical neural response associated with the Positive, Negative, and 

Overall effects for EMP in healthy individuals. 

4.2.2. Functional MRI 

Based on the results of both the main effects and between-condition contrast 

maps, there appears to be an increased caudal spread for decreased neural responsiveness 

in the ipsilateral dorsal horn of the spinal cord for both the Positive and Neutral 

condition, compared to the Negative condition. This finding is especially interesting 

because although an increased spread for emotional modulation of neural responses is 

consistent with MPT, the results did not show the expected modulation of the ipsilateral 

dorsal horn at the level of C6, corresponding to the specific dermatome that was 

stimulated. Given the premise of MPT and the findings of numerous studies applying 

NFR as a measure of spinal nociception (J. Rhudy, 2006; J. L. Rhudy, 2005, 2008; J. L. 

Rhudy, Bartley, et al., 2013; Roy, 2009), it seemed likely that we would have observed 

increased neural response in the ipsilateral dorsal horn at C6 for the Negative condition, 

and dampened neural response in the Positive condition. Although the ROI analysis 

revealed a weak linear trend, with the Positive condition exhibiting the greatest decrease 

in BOLD response and the Negative condition exhibiting the least decrease in BOLD 

response, the differences between conditions failed to reach significance, and did not 

suggest an increase in sensitivity to the noxious stimulus for the Negative condition 

regardless. Ultimately, interpreting this lack of facilitation for pain processing in the C6 

dorsal horn for the Negative condition may hinge on a combination of two factors: the 
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inter-subject variability in EMP effect (and the unique contributions of the separate 

Positive and Negative EMP effects), and/or the role of the complex descending 

modulatory networks involved in the EMP effect for each of the three conditions. 

First, to address the lack of facilitation of the neural response in the Negative 

condition, as noted with the behavioural data, participants exhibited varying susceptibility 

to the separate influences of positive and negative emotional modulation of pain 

perception. In addition, these differences were not constant across the two constructs of 

pain (reflected in differences between the pain Intensity and Unpleasantness ratings). As 

such, it is possible that the specific effect for Negative EMP may have contributed less to 

the Overall EMP effect than the analgesic effect of positive emotional modulation. 

Accordingly, this may have mediated the neural response in the ipsilateral dorsal horn at 

C6 and other levels of the cord, resulting in the predominant effect of decreased neural 

responsiveness in the Positive and Neutral conditions, rather than eliciting an increased 

sensitization for the Negative condition. Secondly, regarding the failure to observe a 

significant difference between conditions for the neural responses in the C6 dorsal horn, 

as described in Chapter 3, inconsistency between individual responses may have lead to a 

“washing out” of the main-effects at C6 such that the variable magnitude of the EMP 

effect across individuals may have detracted from the group level significance of the 

effect. This is one of the reasons we proceeded to use structural equation modelling to 

examine the meaningful variations in BOLD response within a given condition. 

The SEM analysis revealed considerably more complex patterns of functional 

connectivity between regions in the brainstem known to be involved in descending pain 

modulation for the both the Positive and Negative conditions as compared to Neutral 
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condition. In addition to the important finding that the Positive, Neutral, and Negative 

conditions involved different influences between the regions known to be involved in 

descending pain modulation, we may cautiously consider the nature of some of these 

differences. While we cannot infer excitatory or inhibitory influences for any one region 

on another, there are some particularly interesting connections relative to the PAG. 

Specifically, we observed a significant influence for the PAG to the DRt in both the 

Positive and Negative networks, with the influence in the Positive condition being 

stronger than that in the Negative condition. Given the results of the between-condition 

contrast and the known role for the PAG in descending inhibition, this result suggests that 

the connection between the PAG and the DRt is involved most prominently in Positive 

EMP, relative to the other conditions. 

In addition, the neural response in the PAG appears to exert a stronger positive 

contribution to the neural response in the PBN in the Positive condition compared to both 

the Negative and Neutral conditions. According to the between-condition contrast, the 

pons exhibited increased neural responsiveness in the Neutral condition compared to both 

the Negative and Positive conditions (as well as a slightly stronger response for the 

Positive condition over the Negative condition) for the area of the PBN as well as what 

we hypothesize to be the basilar pontine nuclei (BPN) of the ventral pontine grey. 

Although both the DRt and PBN have been established to function in descending pain 

modulation, the BPN is not typically thought of as being involved in pain processing. 

Classically, the BPN is recognized for its role as a type of relay center, transmitting 

information between the cerebellum and the cerebral cortex (Cicirata et al., 2005). 

Animal studies have demonstrated that the BPN also receives input from both the motor 



 

95 

 

and somatosensory cortices (Mihailoff et al., 1989; Panto, Cicirata, Angaut, Parenti, & 

Serapide, 1995). Importantly, it has also been shown to receive input from the limbic 

system and exhibit expression for the precursor mRNA for Neuropeptide S, a 

neurotransmitter that modulates arousal and fear responses, which has also been found to 

be expressed in the amygdala (Reinscheid et al., 2005; Schmahmann & Pandya, 1997). 

Considering the known functions and connectivity of the BPN, the results of the current 

study suggest that the BPN may potentially play a role in emotional modulation of pain. 

Given the increased neural responsiveness of this region, as well as the PBN, for the 

Neutral condition (low-arousal) relative to both the Negative and Positive conditions 

(high-arousal), we hypothesize that these areas may primarily be involved in arousal 

mediated emotional modulation, with valence meditated modulation being a secondary 

influence. 

4.3. LIMITATIONS 

As with any study, there are certain limitations to the interpretation of these data. 

There is an inherent limitation in the characteristics of the participants in our sample. 

Specifically, we chose to restrict participation to healthy females. That, in combination 

with the narrow age range of our participants, may hinder the generalizability of our 

results across the sexes, and to individuals that are substantially beyond the age-range of 

our sample. In addition, the use of healthy subjects was a key factor in examining the 

most fundamental mechanisms of the phenomenon. That being said, although the results 

may suggest the potential for translation into clinical populations, any speculations made 

here are purely hypothetical and will need to be further substantiated by examining the 

nature of the EMP effect in those patient groups. 
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 A larger sample size would have offered some additional advantages. In terms of 

the behavioural data, more participants may have enabled us to attain a more 

comprehensive idea of the distribution of the effect size, in addition to putting us in a 

better position to identify what may qualify an individual as a “high-responder” or a 

“low-responder”. Being able to make this distinction would further facilitate fMRI 

investigations of the effect by allowing us to explore whether a greater behavioral effect 

for EMP results in a different neural response than that for individuals who exhibit less 

sensitivity to the effect. A larger sample could also have provided the opportunity to 

compare individuals who are more susceptible to either Positive or Negative EMP. 

Certainly, it would be interesting to compare the neural mechanisms underlying the 

distinction between those individuals whose experience of pain is more affected by either 

Positive or Negative emotional influences. 

 Finally, although we collected subjective ratings of valence and arousal in 

response to the emotional stimuli, collecting measures of heart rate and skin conductance 

response during passive viewing of the images (without noxious stimulation) would have 

provided a confirmation of the psychophysiological response to the images. While heart 

rate is regarded as a correlate of subjective valence, skin conductance response has been 

identified as a correlate of subjective arousal (Peter J. Lang, 1993). This information 

could be used as additional measures with which to compare the unique effects of 

Negative and Positive EMP.  

4.4. SIGNIFICANCE AND FUTURE DIRECTIONS 

 These studies are the first to probe the inter-individual differences for emotional 

modulation of pain, as well as being the first to apply fMRI to the spinal cord and 
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brainstem to explore the subcortical neural response underlying the EMP effect. This in 

itself offers novel insight into our understanding for how emotions modulate pain. Future 

studies could expand on this research in a number of ways.  

One avenue is to assess fMRI data from the brain, brainstem, and spinal cord 

across the same individuals. This would provide a more inclusive representation for how 

EMP affects neural processing across the entire CNS and would take advantage of being 

able to apply the same tool (fMRI) to examine this effect across all levels rather than 

being reliant on a combination of fMRI and NFR. Collecting data from participants who 

fall on either end of the spectrum for the magnitude of the overall EMP effect, as well as 

from those who exhibit substantial sensitivity to either Negative or Positive EMP over the 

other, could also be of great value. 

In addition, as alluded to above, it would be of great interest to explore EMP as a 

mechanism contributing the comorbid nature of chronic pain and depression. This is not 

the only patient population that would be of interest. A recent study by Salter, Smith, and 

Ethans (2013) examined affective state in individuals with varying levels of spinal cord 

injury and found that patients with spinal cord injury experienced significantly less 

positive affect than controls. The findings of this study raise an interesting question as to 

whether the effect of EMP on pain perception for noxious stimulation above the site of 

injury would be altered in patients with spinal cord injury compared to controls.  

4.5. CONCLUSION  

 The findings from these studies indicated that emotional modulation of pain is a 

complex phenomenon, with separate influencing forces of negative and positive 

emotional modulation that are not always in balance with one another to produce an 
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overall EMP effect. In addition, the neural response in the dorsal horn of the spinal cord 

and regions of the brainstem involved in EMP reflects differences between those 

opposing emotional modulatory mechanisms. The distinct networks of regions 

functioning in emotional modulation of pain are different depending on the nature of the 

emotional influence, with negative and positive emotional modulation involving a greater 

number of more significant connections between regions known to be involved in 

descending pain modulation in the brainstem and spinal cord than that affected by low – 

arousal neutral emotional modulation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

99 

 

Bibliography 

 

Abram, S. E. (2006). Pain Pathways and Mechanisms. In R. L. Hines (Ed.), Pain 

Medicine: The Requisites in Anesthesiology: Mosby Elsevier. 

Almeida, A., Cobos, A., Tavares, I., & Lima, D. (2002). Brain afferents to the medullary 

dorsal reticular nucleus: a retrograde and anterograde tracing study in the rat. 

[Research Support, Non-U.S. Gov't]. Eur J Neurosci, 16(1), 81-95.  

Baliki, M. N., Mansour, A. R., Baria, A. T., & Apkarian, A. V. (2014). Functional 

Reorganization of the Default Mode Network across Chronic Pain Conditions. 

PLoS One, 9(9), e106133. doi: 10.1371/journal.pone.0106133 

Bandler, R., & Keay, K. A. (1996). Columnar organization in the midbrain 

periaqueductal gray and the integration of emotional expression. [Review]. Prog 

Brain Res, 107, 285-300.  

Bantick, S. J., Wise, R. G., Ploghaus, A., Clare, S., Smith, S. M., & Tracey, I. (2002). 

Imaging how attention modulates pain in humans using functional MRI. 

[Research Support, Non-U.S. Gov't]. Brain, 125(Pt 2), 310-319.  

Baumgartner, U., Iannetti, G. D., Zambreanu, L., Stoeter, P., Treede, R. D., & Tracey, I. 

(2010). Multiple somatotopic representations of heat and mechanical pain in the 

operculo-insular cortex: a high-resolution fMRI study. [Research Support, Non-

U.S. Gov't]. J Neurophysiol, 104(5), 2863-2872. doi: 10.1152/jn.00253.2010 

Beck, A. T., Steer, R. A., & Brown, G. K. (1996). BDI-II : Beck depression inventory 

(2nd ed., pp. 1 manual (iv, 38 p.)). San Antonio, [Tex.]: Psychological Corp. 



 

100 

 

Beitz, A. J. (1982). The Organization of Afferent-Projections to the Midbrain 

Periaqueductal Gray of the Rat. Neuroscience, 7(1), 133-159. doi: Doi 

10.1016/0306-4522(82)90157-9 

Berna, C., Leknes, S., Holmes, E. A., Edwards, R. R., Goodwin, G. M., & Tracey, I. 

(2010). Induction of depressed mood disrupts emotion regulation neurocircuitry 

and enhances pain unpleasantness. Biol Psychiatry, 67(11), 1083-1090. doi: 

10.1016/j.biopsych.2010.01.014 

Bosma, R. L., & Stroman, P. W. (2014a). Assessment of data acquisition parameters, and 

analysis techniques for noise reduction in spinal cord fMRI data. [Research 

Support, Non-U.S. Gov't]. Magn Reson Imaging, 32(5), 473-481. doi: 

10.1016/j.mri.2014.01.007 

Bosma, R. L., & Stroman, P. W. (2014b). Spinal cord response to stepwise and block 

presentation of thermal stimuli: A functional MRI study. J Magn Reson Imaging. 

doi: 10.1002/jmri.24656 

Brooks, J. C., Kong, Y., Lee, M. C., Warnaby, C. E., Wanigasekera, V., Jenkinson, M., & 

Tracey, I. (2012). Stimulus site and modality dependence of functional activity 

within the human spinal cord. [Research Support, Non-U.S. Gov't]. J Neurosci, 

32(18), 6231-6239. doi: 10.1523/JNEUROSCI.2543-11.2012 

Buhle, J. T., Kober, H., Ochsner, K. N., Mende-Siedlecki, P., Weber, J., Hughes, B. L., . . 

. Wager, T. D. (2012). Common representation of pain and negative emotion in 

the midbrain periaqueductal gray. Soc Cogn Affect Neurosci. doi: 

10.1093/scan/nss038 



 

101 

 

Cahill, C. M., & Stroman, P. W. (2011). Mapping of neural activity produced by thermal 

pain in the healthy human spinal cord and brain stem: a functional magnetic 

resonance imaging study. [Research Support, Non-U.S. Gov't]. Magn Reson 

Imaging, 29(3), 342-352. doi: 10.1016/j.mri.2010.10.007 

Carroll, L. J., Cassidy, J. D., & Cote, P. (2004). Depression as a risk factor for onset of an 

episode of troublesome neck and low back pain. Pain, 107(1-2), 134-139. doi: 

DOI 10.1016/j.pain.2003.10.009 

Cicirata, F., Serapide, M. F., Parenti, R., Panto, M. R., Zappala, A., Nicotra, A., & 

Cicero, D. (2005). The basilar pontine nuclei and the nucleus reticularis tegmenti 

pontis subserve distinct cerebrocerebellar pathways. [Review]. Prog Brain Res, 

148, 259-282. doi: 10.1016/S0079-6123(04)48021-2 

Crowne, D. P., & Marlowe, D. (1960). A new scale of social desirability independent of 

psychopathology. J Consult Psychol, 24, 349-354.  

de Wied, M., & Verbaten, M. N. (2001). Affective pictures processing, attention, and 

pain tolerance. Pain, 90(1-2), 163-172.  

Dobek, C. E., Beynon, M. E., Bosma, R. L., & Stroman, P. W. (2014a). Music 

modulation of pain perception and pain-related activity in the brain, brain stem, 

and spinal cord: a functional magnetic resonance imaging study. J Pain, 15(10), 

1057-1068. doi: 10.1016/j.jpain.2014.07.006 

Dobek, C. E., Beynon, M. E., Bosma, R. L., & Stroman, P. W. (2014b). Music 

modulation of pain perception and pain-related activity in the brain, brainstem, 

and spinal cord: an fMRI study. J Pain. doi: 10.1016/j.jpain.2014.07.006 



 

102 

 

Dubin, A. E., & Patapoutian, A. (2010). Nociceptors: the sensors of the pain pathway. 

[Research Support, N.I.H., Extramural Review]. J Clin Invest, 120(11), 3760-

3772. doi: 10.1172/JCI42843 

Eippert, F., Finsterbusch, J., Bingel, U., & Buchel, C. (2009). Direct evidence for spinal 

cord involvement in placebo analgesia. [Randomized Controlled Trial Research 

Support, Non-U.S. Gov't]. Science, 326(5951), 404. doi: 

10.1126/science.1180142 

Eisenberger, N. I. (2012). The neural bases of social pain: evidence for shared 

representations with physical pain. [Research Support, N.I.H., Extramural 

Research Support, Non-U.S. Gov't Review]. Psychosom Med, 74(2), 126-135. 

doi: 10.1097/PSY.0b013e3182464dd1 

Feine, J. S., Bushnell, M. C., Miron, D., & Duncan, G. H. (1991). Sex differences in the 

perception of noxious heat stimuli. [Comparative Study Research Support, Non-

U.S. Gov't]. Pain, 44(3), 255-262.  

Fields, H. L., Basbaum, A. I., & Heinricher, M. M. (2006). Central nervous system 

mechanisms of pain modulation. In S. B. McMahon & M. Koltzenburg (Eds.), 

Wall and Melzack's Textbook of Pain (pp. 125-127): Elsevier Churchill 

Livingstone. 

Fields, H. L., Heinricher, M. M., & Mason, P. (1991). Neurotransmitters in Nociceptive 

Modulatory Circuits. Annu Rev Neurosci, 14, 219-245. doi: DOI 

10.1146/annurev.neuro.14.1.219 



 

103 

 

Fields, H. L., Wagner, G. M., & Anderson, S. D. (1975). Some Properties of Spinal 

Neurons Projecting to Medial Brain-Stem Reticular-Formation. Exp Neurol, 

47(1), 118-134. doi: Doi 10.1016/0014-4886(75)90241-1 

Figley, C. R., & Stroman, P. W. (2007). Investigation of human cervical and upper 

thoracic spinal cord motion: implications for imaging spinal cord structure and 

function. [Research Support, Non-U.S. Gov't]. Magn Reson Med, 58(1), 185-189. 

doi: 10.1002/mrm.21260 

Fillingim, R. B. (2005). Individual differences in pain responses. [Research Support, 

N.I.H., Extramural Review]. Curr Rheumatol Rep, 7(5), 342-347.  

Garland, E. L. (2012). Pain processing in the human nervous system: a selective review 

of nociceptive and biobehavioral pathways. [Research Support, N.I.H., 

Extramural Review]. Prim Care, 39(3), 561-571. doi: 10.1016/j.pop.2012.06.013 

Gebhart, G. F. (2004). Descending modulation of pain. [Research Support, U.S. Gov't, 

P.H.S. Review]. Neurosci Biobehav Rev, 27(8), 729-737. doi: 

10.1016/j.neubiorev.2003.11.008 

Geuter, S., & Buchel, C. (2013). Facilitation of pain in the human spinal cord by nocebo 

treatment. [Research Support, Non-U.S. Gov't]. J Neurosci, 33(34), 13784-13790. 

doi: 10.1523/JNEUROSCI.2191-13.2013 

Ghazni, N. F., Cahill, C. M., & Stroman, P. W. (2010). Tactile sensory and pain networks 

in the human spinal cord and brain stem mapped by means of functional MR 

imaging. [Research Support, Non-U.S. Gov't]. AJNR Am J Neuroradiol, 31(4), 

661-667. doi: 10.3174/ajnr.A1909 



 

104 

 

Heinricher, M. M., Tavares, I., Leith, J. L., & Lumb, B. M. (2009). Descending control of 

nociception: Specificity, recruitment and plasticity. [Research Support, N.I.H., 

Extramural Research Support, Non-U.S. Gov't Review]. Brain Res Rev, 60(1), 

214-225. doi: 10.1016/j.brainresrev.2008.12.009 

Herbert, H., & Saper, C. B. (1992). Organization of Medullary Adrenergic and 

Noradrenergic Projections to the Periaqueductal Gray-Matter in the Rat. Journal 

of Comparative Neurology, 315(1), 34-52. doi: DOI 10.1002/cne.903150104 

Hodge, C. J., Jr., & Apkarian, A. V. (1990). The spinothalamic tract. [Research Support, 

Non-U.S. Gov't Research Support, U.S. Gov't, P.H.S. Review]. Crit Rev 

Neurobiol, 5(4), 363-397.  

Hoffman, H. G., Richards, T. L., Coda, B., Bills, A. R., Blough, D., Richards, A. L., & 

Sharar, S. R. (2004). Modulation of thermal pain-related brain activity with 

virtual reality: evidence from fMRI. [Clinical Trial Randomized Controlled Trial 

Research Support, Non-U.S. Gov't Research Support, U.S. Gov't, P.H.S.]. 

Neuroreport, 15(8), 1245-1248.  

Kashikar-Zuck, S., Goldschneider, K. R., Powers, S. W., Vaught, M. H., & Hershey, A. 

D. (2001). Depression and functional disability in chronic pediatric pain. Clinical 

Journal of Pain, 17(4), 341-349. doi: Doi 10.1097/00002508-200112000-00009 

Kenntner-Mabiala, R. (2005). Affective modulation of brain potentials to painful and 

nonpainful stimuli Affective modulation of somatosensory-evoked potentials. 

Psychophysiology, 42(5), 559-567. doi: 10.1111/j.1469-8986.2005.00310.x 



 

105 

 

Kenntner-Mabiala, R. (2007). Independent effects of emotion and attention on sensory 

and affective pain perception. Cognition and emotion, 21(8), 1615-1629. doi: 

10.1080/02699930701252249 

Koganemaru, S., Domen, K., Fukuyama, H., & Mima, T. (2012). Negative emotion can 

enhance human motor cortical plasticity. [Research Support, Non-U.S. Gov't]. 

Eur J Neurosci, 35(10), 1637-1645. doi: 10.1111/j.1460-9568.2012.08098.x 

Kornelsen, J., Sboto-Frankenstein, U., McIver, T., Gervai, P., Wacnik, P., Berrington, N., 

& Tomanek, B. (2013). Default mode network functional connectivity altered in 

failed back surgery syndrome. [Research Support, Non-U.S. Gov't]. J Pain, 14(5), 

483-491. doi: 10.1016/j.jpain.2012.12.018 

Kornelsen, J., Smith, S. D., & McIver, T. A. (2014). A neural correlate of visceral 

emotional responses: evidence from fMRI of the thoracic spinal cord. Soc Cogn 

Affect Neurosci. doi: 10.1093/scan/nsu092 

Kornelsen, J., Smith, S. D., McIver, T. A., Sboto-Frankenstein, U., Latta, P., & Tomanek, 

B. (2013). Functional MRI of the thoracic spinal cord during vibration sensation. 

[Research Support, Non-U.S. Gov't]. J Magn Reson Imaging, 37(4), 981-985. doi: 

10.1002/jmri.23819 

Kornelsen, J., & Stroman, P. W. (2004). fMRI of the lumbar spinal cord during a lower 

limb motor task. Magn Reson Med, 52(2), 411-414. doi: 10.1002/mrm.20157 

Kornelsen, J., & Stroman, P. W. (2007). Detection of the neuronal activity occurring 

caudal to the site of spinal cord injury that is elicited during lower limb movement 

tasks. [Research Support, Non-U.S. Gov't]. Spinal Cord, 45(7), 485-490. doi: 

10.1038/sj.sc.3102019 



 

106 

 

Kross, E., Berman, M. G., Mischel, W., Smith, E. E., & Wager, T. D. (2011). Social 

rejection shares somatosensory representations with physical pain. [Clinical Trial 

Research Support, N.I.H., Extramural]. Proc Natl Acad Sci U S A, 108(15), 6270-

6275. doi: 10.1073/pnas.1102693108 

Kwon, M., Altin, M., Duenas, H., & Alev, L. (2013). The Role of Descending Inhibitory 

Pathways on Chronic Pain Modulation and Clinical Implications. Pain Pract. doi: 

10.1111/papr.12145 

Lang, P. J. (1993). Looking at pictures: Affective, facial, visceral, and behavioral 

reactions. Psychophysiology, 30(3), 261-273. doi: 10.1111/j.1469-

8986.1993.tb03352.x 

Lang, P. J. (1995). The emotion probe. Studies of motivation and attention. [Research 

Support, U.S. Gov't, P.H.S.]. Am Psychol, 50(5), 372-385.  

Lang, P. J., Bradley, M. M., & Cuthbert, B. N. (2008). International affective picture 

system (IAPS): Affective ratings of pictures and instruction manual. Technical 

Report A-8.  : University of Florida, Gainesville, FL. 

Lawrence, J. M., Kornelsen, J., & Stroman, P. W. (2011). Noninvasive observation of 

cervical spinal cord activity in children by functional MRI during cold thermal 

stimulation. [Research Support, Non-U.S. Gov't]. Magn Reson Imaging, 29(6), 

813-818. doi: 10.1016/j.mri.2011.02.008 

Lawrence, J. M., Stroman, P. W., & Kollias, S. S. (2008). Functional magnetic resonance 

imaging of the human spinal cord during vibration stimulation of different 

dermatomes. [Research Support, Non-U.S. Gov't]. Neuroradiology, 50(3), 273-

280. doi: 10.1007/s00234-007-0338-6 



 

107 

 

Leite-Almeida, H., Valle-Fernandes, A., & Almeida, A. (2006). Brain projections from 

the medullary dorsal reticular nucleus: An anterograde and retrograde tracing 

study in the rat. Neuroscience, 140(2), 577-595. doi: DOI 

10.1016/j.neuroscience.2006.02.022 

Letzen, J. E., Craggs, J. G., Perlstein, W. M., Price, D. D., & Robinson, M. E. (2013). 

Functional connectivity of the default mode network and its association with pain 

networks in irritable bowel patients assessed via lidocaine treatment. [Research 

Support, N.I.H., Extramural]. J Pain, 14(10), 1077-1087. doi: 

10.1016/j.jpain.2013.04.003 

Lima, D., & Almeida, A. (2002). The medullary dorsal reticular nucleus as a 

pronociceptive centre of the pain control system. [Review]. Prog Neurobiol, 

66(2), 81-108.  

Lobanov, O. V., Quevedo, A. S., Hadsel, M. S., Kraft, R. A., & Coghill, R. C. (2013). 

Frontoparietal mechanisms supporting attention to location and intensity of 

painful stimuli. [Research Support, N.I.H., Extramural]. Pain, 154(9), 1758-1768. 

doi: 10.1016/j.pain.2013.05.030 

Loggia, M. L., Kim, J., Gollub, R. L., Vangel, M. G., Kirsch, I., Kong, J., . . . Napadow, 

V. (2013). Default mode network connectivity encodes clinical pain: an arterial 

spin labeling study. [Research Support, N.I.H., Extramural]. Pain, 154(1), 24-33. 

doi: 10.1016/j.pain.2012.07.029 

Logothetis, N. K., Pauls, J., Augath, M., Trinath, T., & Oeltermann, A. (2001). 

Neurophysiological investigation of the basis of the fMRI signal. [Research 

Support, Non-U.S. Gov't]. Nature, 412(6843), 150-157. doi: 10.1038/35084005 



 

108 

 

Magni, G., Moreschi, C., Rigattiluchini, S., & Merskey, H. (1994). Prospective-Study on 

the Relationship between Depressive Symptoms and Chronic Musculoskeletal 

Pain. Pain, 56(3), 289-297. doi: Doi 10.1016/0304-3959(94)90167-8 

McArdle, J. J., & McDonald, R. P. (1984). Some algebraic properties of the Reticular 

Action Model for moment structures. [Research Support, U.S. Gov't, P.H.S.]. Br J 

Math Stat Psychol, 37 ( Pt 2), 234-251.  

Meagher, M. W. (2001). Pain and emotion: effects of affective picture modulation. 

Psychosom Med, 63(1), 79.  

Meagher, M. W., Arnau, R. C., & Rhudy, J. L. (2001). Pain and emotion: effects of 

affective picture modulation. [Clinical Trial Randomized Controlled Trial]. 

Psychosom Med, 63(1), 79-90.  

Melzack, R., & Wall, P. D. (1965). Pain mechanisms: a new theory. [In Vitro Review]. 

Science, 150(3699), 971-979.  

Mihailoff, G. A., Kosinski, R. J., Azizi, S. A., & Border, B. G. (1989). Survey of 

Noncortical Afferent-Projections to the Basilar Pontine Nuclei - a Retrograde 

Tracing Study in the Rat. Journal of Comparative Neurology, 282(4), 617-643. 

doi: DOI 10.1002/cne.902820411 

Millan, M. J. (2002). Descending control of pain. [Review]. Prog Neurobiol, 66(6), 355-

474.  

Morgan, M. M., Sohn, J. H., Lohof, A. M., Ben-Eliyahu, S., & Liebeskind, J. C. (1989). 

Characterization of stimulation-produced analgesia from the nucleus tractus 

solitarius in the rat. [Research Support, U.S. Gov't, P.H.S.]. Brain Res, 486(1), 

175-180.  



 

109 

 

Moulton, E. A., Elman, I., Pendse, G., Schmahmann, J., Becerra, L., & Borsook, D. 

(2011). Aversion-related circuitry in the cerebellum: responses to noxious heat 

and unpleasant images. J Neurosci, 31(10), 3795-3804. doi: 

10.1523/jneurosci.6709-10.2011 

Moulton, E. A., Pendse, G., Morris, S., Strassman, A., Aiello-Lammens, M., Becerra, L., 

& Borsook, D. (2007). Capsaicin-induced thermal hyperalgesia and sensitization 

in the human trigeminal nociceptive pathway: an fMRI study. [Research Support, 

N.I.H., Extramural]. Neuroimage, 35(4), 1586-1600. doi: 

10.1016/j.neuroimage.2007.02.001 

Nash, P., Wiley, K., Brown, J., Shinaman, R., Ludlow, D., Sawyer, A. M., . . . Mackey, 

S. (2013). Functional magnetic resonance imaging identifies somatotopic 

organization of nociception in the human spinal cord. [Research Support, N.I.H., 

Extramural]. Pain, 154(6), 776-781. doi: 10.1016/j.pain.2012.11.008 

Nelson, D. V., & Novy, D. M. (1997). Self-report differentiation of anxiety and 

depression in chronic pain. J Pers Assess, 69(2), 392-407. doi: 

10.1207/s15327752jpa6902_10 

Ng, M. C., Wu, E. X., Lau, H. F., Hu, Y., Lam, E. Y., & Luk, K. D. (2008). Cervical 

spinal cord BOLD fMRI study: modulation of functional activation by dexterity 

of dominant and non-dominant hands. [Research Support, Non-U.S. Gov't]. 

Neuroimage, 39(2), 825-831. doi: 10.1016/j.neuroimage.2007.09.026 

Nogueira-Campos, A. A., de Oliveira, L. A., Della-Maggiore, V., Esteves, P. O., 

Rodrigues Ede, C., & Vargas, C. D. (2014). Corticospinal excitability preceding 



 

110 

 

the grasping of emotion-laden stimuli. [Research Support, Non-U.S. Gov't]. PLoS 

One, 9(4), e94824. doi: 10.1371/journal.pone.0094824 

Ossipov, M. H., Dussor, G. O., & Porreca, F. (2010). Central modulation of pain. 

[Research Support, N.I.H., Extramural Review]. J Clin Invest, 120(11), 3779-

3787. doi: 10.1172/JCI43766 

Panto, M. R., Cicirata, F., Angaut, P., Parenti, R., & Serapide, F. (1995). The projection 

from the primary motor and somatic sensory cortex to the basilar pontine nuclei. 

A detailed electrophysiological and anatomical study in the rat. J Hirnforsch, 

36(1), 7-19.  

Pinel, J. P. J. (2009). The Somatosensory System: Touch and Pain. In S. Frail & K. 

Motter (Eds.), Biopsychology (Seventh ed., pp. 173): Pearson. 

Poole, H., White, S., Blake, C., Murphy, P., & Bramwell, R. (2009). Depression in 

chronic pain patients: prevalence and measurement. Pain Pract, 9(3), 173-180. 

doi: 10.1111/j.1533-2500.2009.00274.x 

Porreca, F., Ossipov, M. H., & Gebhart, G. F. (2002). Chronic pain and medullary 

descending facilitation. [Review]. Trends Neurosci, 25(6), 319-325.  

Price, D. D., & Dubner, R. (1977). Mechanisms of first and second pain in the peripheral 

and central nervous systems. [Review]. J Invest Dermatol, 69(1), 167-171.  

Price, D. D., McGrath, P. A., Rafii, A., & Buckingham, B. (1983). The validation of 

visual analogue scales as ratio scale measures for chronic and experimental pain. 

Pain, 17(1), 45-56.  

Purves, D., Augustine, G. J., Fitzpatrick, D., & al., e. (2001). Neuroscience (Second ed.). 

Sunderland (MA): Sinauer Associates. 



 

111 

 

Rainville, P., Carrier, B., Hofbauer, R. K., Bushnell, M. C., & Duncan, G. H. (1999). 

Dissociation of sensory and affective dimensions of pain using hypnotic 

modulation. [Clinical Trial Controlled Clinical Trial Research Support, Non-U.S. 

Gov't]. Pain, 82(2), 159-171.  

Rainville, P., Duncan, G. H., Price, D. D., Carrier, B., & Bushnell, M. C. (1997). Pain 

affect encoded in human anterior cingulate but not somatosensory cortex. Science, 

277(5328), 968-971.  

Rajmohan, V., & Mohandas, E. (2007). The limbic system. Indian J Psychiatry, 49(2), 

132-139. doi: 10.4103/0019-5545.33264 

Reinscheid, R. K., Xu, Y. L., & Civelli, O. (2005). Neuropeptide S: a new player in the 

modulation of arousal and anxiety. [Research Support, N.I.H., Extramural 

Research Support, Non-U.S. Gov't Review]. Mol Interv, 5(1), 42-46. doi: 

10.1124/mi5.1.8 

Rempe, T., Wolff, S., Riedel, C., Baron, R., Stroman, P. W., Jansen, O., & Gierthmuhlen, 

J. (2014). Spinal and supraspinal processing of thermal stimuli: An fMRI study. J 

Magn Reson Imaging. doi: 10.1002/jmri.24627 

Reynolds, D. V. (1969). Surgery in the rat during electrical analgesia induced by focal 

brain stimulation. Science, 164(3878), 444-445.  

Rhudy, J. (2006). Emotional modulation of spinal nociception and pain: The impact of 

predictable noxious stimulation. Pain (Amsterdam), 126(1), 221.  

Rhudy, J. L. (2005). Affective modulation of nociception at spinal and supraspinal levels. 

Psychophysiology, 0(0), 050826083855001-??? doi: 10.1111/j.1469-

8986.2005.00313.x 



 

112 

 

Rhudy, J. L. (2008). Emotional control of nociceptive reactions (ECON): Do affective 

valence and arousal play a role? Pain (Amsterdam), 136(3), 250-261. doi: 

10.1016/j.pain.2007.06.031 

Rhudy, J. L., Bartley, E. J., Palit, S., Kerr, K. L., Kuhn, B. L., Martin, S. L., . . . Terry, E. 

L. (2013). Do sex hormones influence emotional modulation of pain and 

nociception in healthy women? Biol Psychol, 94(3), 534-544. doi: DOI 

10.1016/j.biopsycho.2013.10.003 

Rhudy, J. L., DelVentura, J. L., Terry, E. L., Bartley, E. J., Olech, E., Palit, S., & Kerr, K. 

L. (2013). Emotional modulation of pain and spinal nociception in fibromyalgia. 

[Research Support, N.I.H., Extramural]. Pain, 154(7), 1045-1056. doi: 

10.1016/j.pain.2013.03.025 

Rizvi, T. A., Ennis, M., Behbehani, M. M., & Shipley, M. T. (1991). Connections 

between the central nucleus of the amygdala and the midbrain periaqueductal 

gray: topography and reciprocity. [Research Support, U.S. Gov't, Non-P.H.S. 

Research Support, U.S. Gov't, P.H.S.]. J Comp Neurol, 303(1), 121-131. doi: 

10.1002/cne.903030111 

Rossi, G. F., & Brodal, A. (1957). Terminal Distribution of Spinoreticular Fibers in the 

Cat. Archives of Neurology and Psychiatry, 78(Nov), 439-453.  

Roy, M. (2009). Cerebral and spinal modulation of pain by emotions. Proceedings of the 

National Academy of Sciences - PNAS, 106(49), 20900-20905. doi: 

10.1073/pnas.0904706106 



 

113 

 

Salter, J. E., Smith, S. D., & Ethans, K. D. (2013). Positive and negative affect in 

individuals with spinal cord injuries. [Research Support, Non-U.S. Gov't]. Spinal 

Cord, 51(3), 252-256. doi: 10.1038/sc.2012.105 

Sarhan, M., Pawlowski, S. A., Barthas, F., Yalcin, I., Kaufling, J., Dardente, H., . . . 

Veinante, P. (2013). BDNF parabrachio-amygdaloid pathway in morphine-

induced analgesia. [Research Support, Non-U.S. Gov't]. Int J 

Neuropsychopharmacol, 16(7), 1649-1660. doi: 10.1017/S146114571200168X 

Schmahmann, J. D., & Pandya, D. N. (1997). Anatomic organization of the basilar 

pontine projections from prefrontal cortices in rhesus monkey. Journal of 

Neuroscience, 17(1), 438-458.  

Schweinhardt, P., & Bushnell, M. C. (2010). Pain imaging in health and disease--how far 

have we come? [Research Support, Non-U.S. Gov't Review]. J Clin Invest, 

120(11), 3788-3797. doi: 10.1172/JCI43498 

Smith, S. D., & Kornelsen, J. (2011). Emotion-dependent responses in spinal cord 

neurons: a spinal fMRI study. [Research Support, Non-U.S. Gov't]. Neuroimage, 

58(1), 269-274. doi: 10.1016/j.neuroimage.2011.06.004 

Snell, R. S. (2010). The Spinal Cord and the Ascending and Descending Tracts. In C. 

Taylor & K. Horvath (Eds.), Clinical Neuroanatomy (Seventh ed., pp. 144-147): 

Wolters Kluwer Health: Lippincott, Williams, & Wilkins. 

Spielberger, C. D., & Gorsuch, R. L. (1983). Manual for the State-trait anxiety inventory 

(form Y) ("self-evaluation questionnaire"). Palo Alto, CA: Consulting 

Psychologists Press. 



 

114 

 

Sprenger, C., Eippert, F., Finsterbusch, J., Bingel, U., Rose, M., & Buchel, C. (2012). 

Attention modulates spinal cord responses to pain. Curr Biol, 22(11), 1019-1022. 

doi: 10.1016/j.cub.2012.04.006 

Staud, R., Cannon, R. C., Mauderli, A. P., Robinson, M. E., Price, D. D., & Vierck, C. J., 

Jr. (2003). Temporal summation of pain from mechanical stimulation of muscle 

tissue in normal controls and subjects with fibromyalgia syndrome. [Comparative 

Study Research Support, Non-U.S. Gov't Research Support, U.S. Gov't, P.H.S.]. 

Pain, 102(1-2), 87-95.  

Staud, R., Craggs, J. G., Robinson, M. E., Perlstein, W. M., & Price, D. D. (2007). Brain 

activity related to temporal summation of C-fiber evoked pain. Pain, 129(1-2), 

130-142. doi: 10.1016/j.pain.2006.10.010 

Strobel, C., Hunt, S., Sullivan, R., Sun, J., & Sah, P. (2014). Emotional regulation of 

pain: the role of noradrenaline in the amygdala. Sci China Life Sci, 57(4), 384-

390. doi: 10.1007/s11427-014-4638-x 

Stroman, P. W. (2009). Spinal fMRI investigation of human spinal cord function over a 

range of innocuous thermal sensory stimuli and study-related emotional 

influences. [Research Support, Non-U.S. Gov't]. Magn Reson Imaging, 27(10), 

1333-1346. doi: 10.1016/j.mri.2009.05.038 

Stroman, P. W. (2011). Essentials of functional MRI. Boca Raton: CRC Press. 

Stroman, P. W., Bosma, R. L., & Tsyben, A. (2012). Somatotopic arrangement of thermal 

sensory regions in the healthy human spinal cord determined by means of spinal 

cord functional MRI. Magn Reson Med, 68(3), 923-931. doi: 10.1002/mrm.23292 



 

115 

 

Stroman, P. W., Coe, B. C., & Munoz, D. P. (2011). Influence of attention focus on 

neural activity in the human spinal cord during thermal sensory stimulation. Magn 

Reson Imaging, 29(1), 9-18. doi: 10.1016/j.mri.2010.07.012 

Stroman, P. W., Figley, C. R., & Cahill, C. M. (2008). Spatial normalization, bulk motion 

correction and coregistration for functional magnetic resonance imaging of the 

human cervical spinal cord and brainstem. [Research Support, Non-U.S. Gov't]. 

Magn Reson Imaging, 26(6), 809-814. doi: 10.1016/j.mri.2008.01.038 

Stroman, P. W., Wheeler-Kingshott, C., Bacon, M., Schwab, J. M., Bosma, R., Brooks, 

J., . . . Tracey, I. (2014). The current state-of-the-art of spinal cord imaging: 

methods. [Review]. Neuroimage, 84, 1070-1081. doi: 

10.1016/j.neuroimage.2013.04.124 

Sullivan, M. J. L., Bishop, S. R., & Pivik, J. (1995). The Pain Catastrophizing Scale: 

Development and validation. Psychological Assessment, 7(4), 524-532. doi: Doi 

10.1037//1040-3590.7.4.524 

Summers, P. E., Ferraro, D., Duzzi, D., Lui, F., Iannetti, G. D., & Porro, C. A. (2010). A 

quantitative comparison of BOLD fMRI responses to noxious and innocuous 

stimuli in the human spinal cord. [Research Support, Non-U.S. Gov't]. 

Neuroimage, 50(4), 1408-1415. doi: 10.1016/j.neuroimage.2010.01.043 

Tavares, I., & Lima, D. (2002). The caudal ventrolateral medulla as an important 

inhibitory modulator of pain transmission in the spinal cord. Journal of Pain, 

3(5), 337-346. doi: DOI 10.1054/jpai.2002.127775 

Tracey, I. (2007). Neuroimaging of pain mechanisms. [Review]. Curr Opin Support 

Palliat Care, 1(2), 109-116. doi: 10.1097/SPC.0b013e3282efc58b 



 

116 

 

Tracey, I. (2008). Imaging pain. [Review]. Br J Anaesth, 101(1), 32-39. doi: 

10.1093/bja/aen102 

Tracey, I., & Mantyh, P. W. (2007). The cerebral signature for pain perception and its 

modulation. [Review]. Neuron, 55(3), 377-391. doi: 

10.1016/j.neuron.2007.07.012 

Urban, M. O., & Smith, D. J. (1994). Nuclei within the Rostral Ventromedial Medulla 

Mediating Morphine Antinociception from the Periaqueductal Gray. Brain Res, 

652(1), 9-16. doi: Doi 10.1016/0006-8993(94)90311-5 

Valet, M., Sprenger, T., Boecker, H., Willoch, F., Rummeny, E., Conrad, B., . . . Tolle, T. 

R. (2004). Distraction modulates connectivity of the cingulo-frontal cortex and 

the midbrain during pain--an fMRI analysis. [Research Support, Non-U.S. Gov't]. 

Pain, 109(3), 399-408. doi: 10.1016/j.pain.2004.02.033 

van Loon, A. M., van den Wildenberg, W. P., van Stegeren, A. H., Hajcak, G., & 

Ridderinkhof, K. R. (2010). Emotional stimuli modulate readiness for action: a 

transcranial magnetic stimulation study. [Research Support, Non-U.S. Gov't]. 

Cogn Affect Behav Neurosci, 10(2), 174-181. doi: 10.3758/CABN.10.2.174 

Veldhuijzen, D. S., Nemenov, M. I., Keaser, M., Zhuo, J., Gullapalli, R. P., & Greenspan, 

J. D. (2009). Differential brain activation associated with laser-evoked burning 

and pricking pain: An event-related fMRI study. [Controlled Clinical Trial 

Research Support, N.I.H., Extramural]. Pain, 141(1-2), 104-113. doi: 

10.1016/j.pain.2008.10.027 

Vierck, C. J., Jr., Cannon, R. L., Fry, G., Maixner, W., & Whitsel, B. L. (1997). 

Characteristics of temporal summation of second pain sensations elicited by brief 



 

117 

 

contact of glabrous skin by a preheated thermode. J Neurophysiol, 78(2), 992-

1002.  

Villemure, C. (2002). Cognitive modulation of pain: how do attention and emotion 

influence pain processing? Pain (Amsterdam), 95(3), 195-199. doi: 

10.1016/s0304-3959(02)00007-6 

Villemure, C. (2003). Effects of odors on pain perception: deciphering the roles of 

emotion and attention. Pain (Amsterdam), 106(1-2), 101-108. doi: 10.1016/s0304-

3959(03)00297-5 

Villemure, C., & Bushnell, M. C. (2002). Cognitive modulation of pain: how do attention 

and emotion influence pain processing? Pain, 95(3), 195-199. doi: Pii S0304-

3959(02)00007-6 Doi 10.1016/S0304-3959(02)00007-6 

Villemure, C., & Bushnell, M. C. (2009). Mood influences supraspinal pain processing 

separately from attention. J Neurosci, 29(3), 705-715. doi: 

10.1523/jneurosci.3822-08.2009 

Villemure, C., Laferriere, A. C., & Bushnell, M. C. (2012). The ventral striatum is 

implicated in the analgesic effect of mood changes. Pain Res Manag, 17(2), 69-

74.  

Villemure, C., & Schweinhardt, P. (2010). Supraspinal pain processing: distinct roles of 

emotion and attention. [Review]. Neuroscientist, 16(3), 276-284. doi: 

10.1177/1073858409359200 

Weisenberg, M., Raz, T., & Hener, T. (1998). The influence of film-induced mood on 

pain perception. Pain, 76(3), 365-375.  



 

118 

 

Wheeler-Kingshott, C. A., Stroman, P. W., Schwab, J. M., Bacon, M., Bosma, R., 

Brooks, J., . . . Tracey, I. (2014). The current state-of-the-art of spinal cord 

imaging: applications. [Review]. Neuroimage, 84, 1082-1093. doi: 

10.1016/j.neuroimage.2013.07.014 

Wiesenfeld-Hallin, Z. (2005). Sex differences in pain perception. [Review]. Gend Med, 

2(3), 137-145.  

Willis, W. D. (1985). Nociceptive pathways: anatomy and physiology of nociceptive 

ascending pathways. [Comparative Study Research Support, U.S. Gov't, P.H.S.]. 

Philos Trans R Soc Lond B Biol Sci, 308(1136), 253-270.  

Willis, W. D., & Coggeshall, R. E. (1991). Peripheral Nerves and Sensory 

ReceptorsSensory Mechanisms of the Spinal Cord (Second ed., pp. 32). New 

York London: Plenum Press.  

Willis, W. D., & Westlund, K. N. (1997). Neuroanatomy of the pain system and of the 

pathways that modulate pain. [Review]. J Clin Neurophysiol, 14(1), 2-31.  

Wood, K. H., Ver Hoef, L. W., & Knight, D. C. (2014). The amygdala mediates the 

emotional modulation of threat-elicited skin conductance response. [Clinical Trial 

Research Support, N.I.H., Extramural Research Support, Non-U.S. Gov't]. 

Emotion, 14(4), 693-700. doi: 10.1037/a0036636 

Zelman, D. C. (1991). The effects of induced mood on laboratory pain. Pain 

(Amsterdam), 46(1), 105-111. doi: 10.1016/0304-3959(91)90040-5 



 

119 

 

Zelman, D. C., Howland, E. W., Nichols, S. N., & Cleeland, C. S. (1991). The effects of 

induced mood on laboratory pain. [Research Support, U.S. Gov't, P.H.S.]. Pain, 

46(1), 105-111.  

Zhuo, M., & Gebhart, G. F. (1990). Characterization of descending inhibition and 

facilitation from the nuclei reticularis gigantocellularis and gigantocellularis pars 

alpha in the rat. [Research Support, Non-U.S. Gov't Research Support, U.S. Gov't, 

P.H.S.]. Pain, 42(3), 337-350.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

120 

 

Appendix A: Pain Intensity and Unpleasantness Rating Scale 
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Appendix B: Pain Processing Network Model Used for Structural Equation 

Modeling 
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Appendix D: Volunteer Consent Form 

 

I have read and understand the consent form for this study, entitled “Mechanisms 

of human pain modulation and effects of spinal cord injury investigated by means of 

fMRI of the entire CNS”. I have had the purposes, procedures and technical language of 

this study explained to me. I have been given sufficient time to consider the above 

information and to seek advice if I chose to do so. I have had the opportunity to ask 

questions which have been answered to my satisfaction. I have named Dr. 

________________ at _______________ as the physician to be contacted for follow-up 

purposes. I am voluntarily signing this form. I understand that I may retain a copy of this 

consent form for my records.  

 

If at any time I have further questions, problems or adverse events, I can contact Dr. 

Patrick Stroman (Principal Investigator)  

by e-mail at stromanp@queensu.ca or by phone at 613-533-3245 

or 

Dr Doug Munoz, Director, Centre for Neuroscience Studies  

by e-mail at doug@eyeml.queensu.ca or by phone at 613-533-2111 

If I have questions regarding my rights as a research participant I can contact 

Dr. Albert Clark, Chair, Queen’s University Health Sciences and Affiliated Teaching 

Hospitals 

Research Ethics Board at 533-6081 

 

By signing this consent form, I am indicating that I agree to participate in this 

study. 

_______________________   _________________ 

Signature of Participant   Date 

STATEMENT OF INVESTIGATOR: 

I, or one of my colleagues, have carefully explained to the participant the nature of the 

above research study. I certify that, to the best of my knowledge, the participant 

understands clearly the nature of the study and demands, benefits, and risks involved to 

participants in this study. 

____________________________             _________________ 

Signature of Principal Investigator   Date 
 


