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Abstract  

 Pain is a remarkably complex and a multifaceted process, involving the interaction 

between physiological and psychological factors in unique ways. Among many other factors, the 

size of the affected surface area contributes to the pain experience, altering one’s pain 

perception. Spatial summation is the term used to describe this phenomenon, and is characterized 

by an increase in pain perception, or a decrease in pain threshold, when the affected surface area 

is increased. This project investigated the neuronal processes underlying spatial summation of 

heat sensations in healthy female volunteers, by means of functional magnetic resonance 

imaging (fMRI) of the central nervous system. The first study of this project involved increasing 

the surface area of skin stimulated by manipulating the number of thermal probes delivering 

thermal stimulation, which was delivered just below participants’ measured pain threshold. 

Surface area was increased on one hand and across two hands to determine the extent of spatial 

summation, and furthermore, to determine the effect on neural activity in the spinal cord and 

brainstem. The second study of this project involved increasing the surface area of skin 

stimulated by a noxious heat stimulus and its effect on pain perception and corresponding neural 

activity in the spinal cord, brainstem, and brain. Results from this project suggest that the central 

mechanisms contributing to the spatial summation of heat sensations involve many of many of 

the brainstem and brain regions involved in processing the emotional, motivational, and 

cognitive aspects of pain. Therefore, increasing the surface area of stimulation may alter pain 

perception by influencing the affective dimension of the sensation, rather than the 

sensory/discriminatory component. The combination of such structures may interact in a unique 

way to protect the body from potential, or further damage, by increasing the perception of pain 

through emotional, motivational and cognitive mechanisms. 
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Chapter 1 

Introduction 

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

sensory and emotional experience associated with actual or potential tissue damage, or described 

in terms of such damage”. Pain is therefore complex, involving the integration of sensory-

discriminative and cognitive-emotional components, resulting in a unique experience among 

individuals.  Experiencing pain can be adaptive, by indicating the occurrence of tissue damage 

and providing warning signals in response to stimuli that have potential to harm the integrity of 

the body. Therefore, the perception of pain is a fundamental part of the body’s defense system 

and human survival, protecting the body while it heals, and avoiding similar harmful situations in 

the future.   

The evolution of the nervous system has equipped humans with the ability to perceive 

pain and respond appropriately, modulating the pain by facilitating or inhibiting the sensation, 

depending on the situation. It is now well known that there is a difference between nociception, 

the objective reality of a painful stimulus, and pain perception, the subjective response to the 

stimulus.  The body’s ability to inhibit pain to a certain degree can be important in unique 

situations, and has been noted to occur in soldiers suffering from severe wounds during war as 

well as in athletes during sporting events. Analgesic drugs, cognitive and other coping strategies 

have proven to be useful to control pain when the sensation becomes maladaptive, such as during 

many documented pain states. Such conditions, which are often characterized by exacerbated 

pain and/or ongoing pain, often result from the lack of inhibition and/or the exaggerated 

facilitation of pain.  



	  
	  

 2 

Compared to pain inhibition, the exact importance of facilitation is less clear, although 

the balance between the two mechanisms is important for maintaining equilibrium. Facilitation 

of pain has been thought to be important in notifying us when pain intensity or the size of the 

affected area increases. Spatial summation, increasing the surface area affected by a sensory or 

noxious stimulus, is associated with an increase in pain perception. In terms of its importance, 

spatial summation may contribute to human survival by informing us that a greater portion of the 

body is being, or has the potential to be damaged, thus encoding the stimulus as more painful to 

quicken the reflexive response.  The mechanism underlying this effect is unknown, and thus 

requires further investigation. Understanding how surface area contributes to the pain experience 

may provide us with greater insight into the importance of integrating sensations for daily 

survival. Furthermore, because spatial summation can be an important determinant of clinical 

pain intensity (Staud, Price, Robinson, & Vierck, 2004), gaining insight into the adaptive 

mechanism of summation can be valuable for understanding when and how these mechanisms 

are disrupted. Lastly, studying components of pain in isolation enables us to tease apart the 

complexity of the pain experience, with the hope to control and alleviate pain when it becomes 

maladaptive.  

1.1 Pain Transmission 

The transmission of pain involves an impulse being transmitted from the nociceptor to 

the dorsal horn of the spinal cord, from the spinal cord to the brainstem, and finally, through 

connections between the thalamus, cortex and higher structures within the brain.  

1.1.1 Nociceptors 

Nociceptors are peripherally located, specialized sensory receptors that respond to stimuli 

producing actual or potential tissue damage. Stimulation of nociceptors initiates the neural 
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process of encoding and processing noxious stimuli, enabling individuals to experience and 

respond to pain, thereby protecting the body.  These free nerve endings are found in every tissue 

of the body, with the exception of the brain, and respond to mechanical, thermal and chemical 

stimuli, providing the central nervous system (CNS) with information about the external 

environment. In order for a pain impulse to be generated, and transmitted to the CNS, the 

nociceptors convert (transduce) the noxious stimulus into an action potential, which then 

propagates toward the dorsal horn of the spinal cord. The speed of transmission of nerve impulse 

propagation depends on the size of the axons of the sensory neurons and their degree of 

myelination (see section 1.1.2). Fast pain is experienced by mechanical or thermal types of 

stimuli, and slow pain be elicited by mechanical, thermal, and chemical stimuli (Snell, 2010). 

Nociceptors are classified into three types depending on the nature of the stimulus.  

Mechanosensitive nociceptors respond to intense mechanical stimulation from pressure or 

chemicals signaling actual or potential tissue damage, whereas temperature-sensitive 

(thermosensitive) nociceptors are sensitive to extreme hot and cold stimuli (> ~45°C or < 

~15°C). Lastly, polymodal nociceptors are sensitive to noxious stimuli with mechanical, thermal 

or chemical properties (Dubin & Patapoutian, 2010).   

 
1.1.2 Spinal Cord 
 

The spinal cord extends from the brain, and together, they comprise the central nervous 

system (CNS). In the rostral-caudal direction, the cord is organized into 31 spinal cord nerve 

segments (8 cervical, 12 thoracic, 5 lumbar, 5 sacral, and 1 coccygeal), that are named after the 

vertebral level where the roots leave the spinal cord. Each spinal cord segment innervates a 

dermatome, a region of skin on the body supplied by a single nerve (e.g., C6 dermatome 

corresponds to the 6th cervical spinal cord segment) (Figure 1.1) (Snell, 2010). The internal 
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anatomy of the spinal cord includes gray matter (shaped like a butterfly) and surrounding white 

matter, which consists predominately of bundles of myelinated neuronal axons. The gray matter 

consists of dendrites, cell bodies of neurons, and unmyelinated axons. It is spatially subdivided 

into two ventral horns (VHs) located anteriorly, and two dorsal horns (DHs) located on the 

posterior side of the spinal cord. The grey matter cross-sectional anatomy of the spinal cord is 

further organized into 10 parallel cytoarchitectonic regions (laminae) based on the variation in 

size and density of the neurons. The DHs comprise lamina I – VII, whereas the VHs comprise 

lamina VIII and IX. Lamina X is located in the central zone, around the central canal 

(Dostrovsky & Craig, 2006). Lamina I and II are together referred to as the superficial DH, the 

central target for nociceptive primary afferents. Lamina I, also referred to as the marginal layer, 

consists of interneurons and projection neurons (5 – 10%), whereas lamina II is denoted as the 

substantia gelatinosa and consists of small interneurons and unmyelinated fibers.  

The DH is important for transmitting sensory (ascending) input from the periphery to the 

brainstem and cortical regions. It is where the axons of first-order afferent neurons synapse with 

cell bodies of second-order neurons. Input is transmitted from nociceptive receptors to the DH of 

the spinal cord via two fiber types; Aδ fibers which terminate in lamina I and C fibers which 

primarily terminate in lamina II (Snell, 2010). Impulse propagation along myelinated Aδ fibers is 

responsible for the perception of fast pain, which occurs very rapidly after a stimulus is applied 

(within 0.1 seconds). In contrast, the perception of slow pain begins a second or more after a 

stimulus is applied and occurs through the conduction of impulses along unmyelinated C fibers.  

Both Aδ and C excitatory neurons relay messages by releasing neurotransmitters, including 

glutamate, substance P, and calcitonin gene related peptide (CGPR) (Vanderah, 2007), which 

results in the activation of second-order neurons. Second-order neurons (and subsequent third-
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order neurons) travel from the dorsal horn to rostral regions within the brainstem and terminate 

to locations depending on the ascending pathway (see section 1.1.3).  

The VHs of the spinal cord gray matter contain	   somatic motor nuclei, which are 

responsible for transmitting nerve impulses for contraction of skeletal muscles.  Axon bundles 

carry nerve impulses from the brain to the VH via motor (descending) tracts, allowing nerve 

impulses to be propagated out of the CNS along motor neurons to effector tissue. In addition, at 

the level of the spinal cord, second-order neurons project from the DH to the VH directly, 

provoking a reflex withdraw response. Such responses are possible by the work of interneurons, 

which are responsible for relaying impulses from sensory to motor neurons within the spinal 

cord. Interneurons are also important in both ascending sensory tracts and descending motor 

tracts, functioning to integrate information appropriately (Snell, 2010).  

 

 

 

 

 

 

 

 

 
 
Figure 1.1. Spinal cord nerve segments (right) and corresponding anterior (left) and posterior 
(middle) dermatome regions. Adapted from Fong (2009).  
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Figure 1.2. Internal anatomy of the spinal cord shown in anatomical orientation. Posterior dorsal 
horn (DH) and anterior ventral horn (VH) make up the grey matter and are organized into 10 
laminae (I-X). Adapted from Dostrovsky and Craig (2006). 
 
1.1.3 Ascending Pain Pathways 

 
Three ascending tracts are responsible for transmitting nociceptive information from the 

periphery to supraspinal structures in the brainstem and diencephalon. The pathways involve a 

chain of projection neurons that allow the signal to travel from the nociceptors to rostral 

structures, where it is integrated with cognitive and emotional processes, resulting in the 

interpretation of pain.  

The spinothalamic tract (STT) consists of an anterior tract that conveys information 

about pressure and touch, and a lateral tract, which conveys pain and temperature information. In 

regards to noxious stimulation, the anterior portion of the STT transmits information about the 

location of the pain, whereas the lateral portion transmits information regarding the magnitude 

and quality of the pain (Vanderah, 2007). The lateral STT begins with first-order neurons, which 

are responsible for conducting impulses from the periphery to the central system by connecting 

DH 

VH 
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the nociceptor to the spinal cord. These neurons have their cell bodies located in the posterior 

root ganglion of the spinal cord, where the associated axon terminals synapse with second-order 

neurons located in the superficial dorsal horn neurons of the spinal cord. The cell bodies of 

second-order neurons are found predominantly in lamina I (marginal nucleus) and V (nucleus 

proprius). The axons of the second-order neurons crossover to the opposite side of the spinal 

cord, forming the lateral spinothalamic tract (W. D.  Willis, 1985). The axons ascend upward 

toward the brainstem and eventually reach the ventral posterior nucleus of the thalamus, where 

they synapse with third-order neurons. The axons of these neurons project to the primary 

somatosensory area (S1) on the same side of the cerebral cortex as the thalamus, contralateral to 

the site of stimulation (W. D.  Willis, 1985). The STT is important for determining the location 

and intensity of the stimulation. 

The spinoreticular tract (SRT) is the oldest tract, conveying information regarding 

nociception and temperature bilaterally to the brainstem. The SRT originates in the deep layers 

of the dorsal horn and in laminae VII and VIII and ascends in the lateral funiculus along with the 

spinothalamic tract. The SRT terminates in the reticular formation of the medulla and lower 

pons, and thus does not directly propagate to the brain (Basbaum & Jessell, 2000; Paxinos & 

Mai, 2004). The reticular formation is involved in wakefulness and arousal processing, and 

contributes to the autonomic response to pain. Therefore, the SRT is implicated in the general 

arousal component of pain processing, rather than its discrimination per se. The transmission of 

input from the periphery to the reticular formation is similar to the STT description, where first-

order neurons synapse with second-order neurons in the DH. Although third-order neurons 

projecting to the thalamus are not involved in this particular pathway, multiple synapses are 

made between the reticular formation and the thalamus, directly connecting the SRT with the 
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thalamus, and subsequently, brain regions involved in processing autonomic, reflexive, and 

emotional aspects of pain (e.g., insula and cingulate cortex) (Basbaum & Jessell, 2000; Paxinos 

& Mai, 2004; W. D.  Willis, 1985).   

The spinomesencephalic tract (SMT) originates in lamina I and IV-VI, ascends in the 

lateral funiculus, and terminates in the periaqueductal gray matter (PAG) and in rostral 

subnuclei, including the nucleus intercollicularis, nucleus cuneiformis, superior colliculus, 

nucleus of Darkschewitsch, and the Edinger-Westphal nucleus (Basbaum & Jessell, 2000). The 

spinomesencephalic neurons respond mainly to noxious, but also to innocuous stimuli, and 

appear to have complex receptive fields on widely separated areas of the body (Yezierski, 

Sorkin, & Willis, 1987). Although the SMT does not directly project to the cerebral cortex, some 

of the tract cells propagate to the thalamus through collaterals (W. D. Willis & Westlund, 1997), 

in addition to the amygdala, hypothalamus, and other limbic structures located within the 

forebrain (Paxinos & Mai, 2004). The SMT plays a major role in modulating information by 

suppressing and enhancing pain sensations via projections to the PAG (Paxinos & Mai, 2004). 

The tract also might contribute to locomotor assessment and the ascending reticular activating 

system (W. D. Willis & Westlund, 1997).  
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Figure 1.3. Ascending Pain Pathways, including the spinothalamic (STT; left), the spinoreticular 
(SRT; middle), and the spinomesencephalic (SMT; right) tracts. The SST terminates in the 
thalamus and subsequently, to the primary somatosensory cortex. The SRT terminates in the 
reticular formation of the medulla and lower pons. The SMT terminates in the PAG and 
subnuclei in the midbrain. Axial spinal cord and brainstem segments presented in radiological 
orientation. Adapted from W. D.  Willis (1985). 
 
 
1.2 Gate control theory of pain 

 
First described by Melzack and Wall in 1965, the gate control theory of pain is the idea 

that one’s perception of pain is not a direct result of activation of pain receptor neurons, but 

rather a result of interactions of different neurons (Melzack & Wall, 1965). The theory explains 
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whether a sensory message will reach the brain or be blocked, resulting from neural gates 

opening and closing. These relay points, or ‘gates’, are located along the ascending pain 

pathways and operate to permit or restrict nociceptive information to propagate onward. 

Therefore, the same activity at the level of the nociceptor will not always lead to the same 

perception of pain, depending on whether or not the gates are open.  

As seen in Figure 1.4, the mechanism involves the convergence of nociceptive and non-

nociceptive impulses from nociceptive sensory fibers (Aδ and C) and the non-nociceptive fibers 

(Aα and Aβ) to two different regions within the dorsal horn of the spinal cord: cells in the 

substantia gelatinosa and the “transmission” cells.  Melzack and Wall proposed that the 

substantia gelatinosa in the dorsal horn is the gate, modulating the transmission of information 

from the primary afferent neurons to the transmission cells. The gating mechanism, whether 

information is propagated towards the brain, depends on the nature of the nerve fibers making 

contact with the substantia gelatinosa. Large (non-nociceptive) fiber activity inhibits (closes) the 

gate, whereas small (nociceptive) fiber activity facilitates (or opens) the gate. Information from 

descending fibers that originate in supraspinal regions can project to the dorsal horn of the spinal 

cord and can also influence the gate (see section 1.3).  

 When nociceptive information reaches a certain threshold, the inhibition is overridden, 

resulting in the ‘opening of the gate’. Information regarding the noxious stimulus is thus able to 

propagate to the spinothalamic pathway for conscious perception of the pain. Factors that are 

thought to make the gates more open, increasing the perception of pain, include stress and 

tension, paying attention to the pain, and lack of activity. In contrast, factors that are thought to 

close gates and thus decrease the perception of pain include relaxation and contentment, being 

distracted from the pain, partaking in physical activity, as well as medication and counter-
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stimulation (e.g., heat, massage). Thus, the perception of pain depends on a balance between 

ascending and descending messages.  

 

 

 

 

 

 

 

 

 
Figure 1.4. Gate Control Theory of Pain. Both small (Aδ and C) and large (Aα and Aβ) fibers 
synapse onto cells in the substantia gelatinosa (SG) in the dorsal horn and central transmission 
(T) cells. The inhibitory effect exerted from the SG to the T cells are enhanced (+) by large nerve 
fiber activity and suppressed (-) by small nerve fiber activity. T cells project information toward 
the brain for further processing. Adapted from Melzack and Wall (1965).  
 
 
1.3 Descending modulation of pain 

 
Spinal cord activity in response to sensory stimulation is the net effect of afferent input 

from the periphery, coupled with the effects of descending modulatory influences from 

supraspinal structures. The modulation of spinal nociceptive transmission involves a network of 

integrated brainstem structures, including largely the periaqueductal gray (PAG) located in the 

midbrain, the dorsolateral pontine tegmentum (DLPT) and the rostral ventromedial medulla 

(RVM), both found caudal to the PAG. The modulatory system regulates nociceptive processing 

to produce either facilitation (pro-nociception) or inhibition (anti-nociception) of pain (Fields & 

Basbaum, 2005; Hagbarth & Kerr, 1954). The PAG is important in the initiation of the pain 

Thus, the perception of pain depends on balance between ascending and descending messages pain.  
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modulatory system, projecting the majority of its efferent input to the RVM, which acts as a 

relay site for both modulatory systems (Bingel & Tracey, 2008). Stimulation of the RVM has 

been shown to both inhibit and facilitate spinal nociceptive transmission through independent 

descending systems that are anatomically, pharmacologically, and physiologically distinct 

(Urban & Gebhart, 1997, 1999).  

The role of the RVM in the descending modulation of pain has been implicated during 

experiments using noxious heat to elicit the tail flick reflex in rats. Neuronal discharges appeared 

to be increased, corresponding to a facilitated reflexive response, or decreased (an inhibited 

response), based on the location of the recording site (Fields, Bry, Hentall, & Zorman, 1983). It 

was determined that a population of neurons (‘on-cells’) increased firing prior to the initiation of 

the nociceptive reflex, while another group of neurons (‘off-cells’) decreased firing immediately 

preceding the tail-flick. Activation of on-cells contributes to the enhanced sensitivity to noxious 

stimulation, whereas activation of off-cells contributes to reduced sensitivity to noxious 

stimulation, resulting in descending facilitation and inhibition, respectively (Ossipov, Dussor, & 

Porreca, 2010).  The RVM sends bilateral projections from on- and off- cell populations to the 

dorsal horn of the spinal cord via the dorsolateral funiculi and ventromedial funiculi, 

respectively, differentially mediating spinal nociception (Fields, Malick, & Burstein, 1995; 

Gebhart, 2004; Urban & Gebhart, 1997; Zhuo & Gebhart, 1990, 1992, 1997). In addition, the 

opposing influences involve distinct amino acid, adrenergic, and neuropeptide receptor subtypes 

within the RVM, as well as different pharmacological spinal mediators. For instance, the 

descending facilitatory pathway involves receptors of spinal serotonin, K opioid, and 

cholecystokinin, whereas inhibition involves descending cholinergic and monaminergic systems 

(Urban & Gebhart, 1997, 1999).   
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 The dorsolateral pontine tegmentum (DLPT) also contributes to the descending 

modulation of nociception by targeting neurons in the dorsal horn of the spinal cord (Dubin & 

Patapoutian, 2010; Tracey & Mantyh, 2007). These direct projections from the DLPT to dorsal 

horn neurons are primarily excitatory, facilitating behavioural pro-nociception. Projections from 

the PAG also innervate the DLPT, which indirectly affect spinal nociception via subsequent 

inhibitory or excitatory projections to the RVM (Tracey & Mantyh, 2007). Similar to the RVM, 

neurons within the PAG and DLPT display on- and off- cells, modulating nociception 

appropriately.  Input to the RVM influences nociception by targeting neurons in mainly lamina I 

and lamina II in the dorsal horn of the spinal cord (Basbaum, Clanton, & Fields, 1978). It 

appears that the descending PAG-RVM modulatory system, with involvement from the DLPT, is 

able to exert opposing control of nociceptive processing at the level of the spinal cord.  

 In addition to the network of brainstem structures involved in modulating pain, structures 

at higher levels of the nervous system contribute to the descending pathways, including the 

frontal lobe, anterior cingulate cortex (ACC), insula, amygdala, and hypothalamus, in addition to 

motor areas including the basal ganglia, supplementary motor area, and cerebellum (Peyron, 

Laurent, & Garcia-Larrea, 2000; Tracey & Mantyh, 2007; W. D. Willis & Westlund, 1997). 

Many of these aforementioned structures participate in the limbic system, and are important in 

mediating the motivational-affective and autonomic responses to painful stimuli. Much of the 

information regarding the nature of the pain is relayed to limbic structures via brainstem reticular 

systems receiving ascending input from the spinoreticular pathway (Willis & Westlund, 1997). 

Recently, researchers have explored the relationship between peripheral stimulation intensity, the 

reported pain intensity, and corresponding neural activity in structures that are known to mediate 

the pain experience. A number of factors have been demonstrated to modulate pain processing 
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and consequently, alter the subjective pain sensation, including arousal level, anxiety, 

depression, attention and distraction, and expectation or anticipation (J. Brooks & Tracey, 2005; 

Tracey & Mantyh, 2007). For instance, when individuals are distracted, subjective pain ratings 

are reduced, in association with increased neural responses in the PFC, cingulate cortices, 

thalamus, insula, and PAG, among other regions (Tracey et al., 2002).  Thus, the net perception 

of pain is the result of  a complex balance of sensory-discriminatory and cognitive-emotional 

factors.  

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 

 
 
 
 
Figure 1.5. Descending modulatory pain pathways. The RVM exerts a bidirectional control over 
nociception, and has been shown to have pro- (green) and anti- (red) nociceptive circuitry. The 
ascending pathways are shown in yellow. Abbreviations: Periaqueductal gray (PAG), 
dorsolateral pontine tegmentum (DLPT), and Rostral ventromedial medulla (RVM). Adapted 
from Fields and Basbaum (1999). 
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1.4 Principles of Magnetic Resonance Imaging (MRI) 

Functional MRI (fMRI) provides a means to non-invasively study neuronal activity in 

humans, offering many advantages over other imaging methods, including positron emission 

tomography (PET), electroencephalography (EEG), and magnetoencephalography (MEG). For 

instance, fMRI circumvents many of the limitations associated with PET studies, including 

operating in a non-radioactive environment, making repetitive recording feasible. In addition, 

unlike PET, where conclusions are restricted to averaging data from a group of individuals, fMRI 

provides the opportunity to examine functional activity at both the group and individual level 

(data from a single-subject) (Logothetis, 2002, 2008).  Furthermore, whereas fMRI is able to 

model the entire volume of the brain, EEG and MEG techniques are unable to detect neuronal 

changes in subcortical structures, making such methods more optimal for modeling only cortical 

activity (Liu, Ding, & He, 2006). Lastly, fMRI offers better spatial resolution in comparison to 

other methods, and significantly greater temporal resolution compared to PET (Lystad & Pollard, 

2009).  Functional MRI is the only functional neuroimaging method that has been applied in the 

brain, brainstem, and spinal cord.  

1.4.1 MR Signal 

 Magnetic uses the magnetic properties of hydrogen nuclei found in tissues and their 

interaction with a strong external magnetic field and radio waves to produce a detailed image. 

The hydrogen atom is nearly 100% abundant in the human body, found in tissues containing 

water and lipids. Two key properties allow the nucleus to produce a significant magnetic signal: 

1) it contains a single proton, with north and south poles, and 2) it spins on its axis. Due to the 

spin characteristics, the randomly oriented hydrogen nuclei found in a normal physical state, will 

assume two possible positions when placed in a large magnetic field (B0). The nuclei will align 
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in either a parallel or anti-parallel orientation with the direction of the magnetic field. When the 

nuclei are aligned parallel to B0, the energy is at its minimum, and when the nuclei are anti-

parallel to B0, the energy it as its maximum. At equilibrium, the lower energy stat is slightly 

more likely to occur.  

 Tissues inside an MRI system become weakly magnetized, parallel to the magnetic field 

of the MRI system with a magnitude defined as M0 when at equilibrium. However, hydrogen 

nuclei don’t snap into alignment with B0 instantaneously, instead they precess around the 

direction of B0 at a fixed frequency. Equilibrium can be disrupted by a radiofrequency (RF) 

pulse, which is a brief oscillating electromagnetic field (B1) oriented perpendicular to B0. The RF 

pulse tips the magnetization (M0) away from equilibrium at some angle, called the ‘flip angle’, 

determining the strength of the signal. The MR signal is produced and recorded in the receiver 

coil of the MRI system, as an electrical signal induced by the rotating (precessing) magnetization 

of the hydrogen nuclei. After a RF pulse has disrupted the magnetization away from equilibrium, 

it returns back to resting state through a process defined as ‘relaxation’. Relaxation occurs as a 

result of the magnetic interaction amongst hydrogen nuclei, causing them to lose energy and 

‘relax’. Relaxation is characterized as having two components, a longitudinal component 

(parallel to B0), and a transverse component (transverse to B0). Longitudinal relaxation causes 

the magnetization to grow to its equilibrium value of M0, and is characterized by time T1. The 

transverse relaxation causes the magnetization to decay to its equilibrium value of zero with the 

time T2. The relaxation components occur at different rates, where the transverse relaxation 

occurs more quickly relative to the longitudinal relaxation. Importantly, tissues relax at different 

rates due to their diverse molecular structure, providing the basis for tissue contrasts in MRI.  



	  
	  

 17 

Both relaxation components tend to be longer for environments with more mobile water, and 

shorter in environments where water is more restricted.  

1.4.2 Imaging Methods 

There are two fundamental imaging methods used in MRI: the ‘spin-echo’ (SE) and the 

‘gradient echo’ (GE). The imaging method (SE or GE) influences the appearance of the image by 

determining how anatomical structures, and/or neural functions, appear compared to their 

surroundings. Creating an echo, returning the MR signal after it has decayed, is needed in order 

for the MR signal to last long enough for it to be measured and to detect differences in relaxation 

times between different tissues or points in time. Once an RF pulse tips the magnetization of 

some particular tissue away from the alignment with B0, the magnetization of all points are ‘in 

phase’ and oriented in the same direction. However, the magnetization gets out of phase over 

time, resulting in signal reduction. After an RF pulse, the total transverse magnetization decays 

exponentially to zero with the characteristic time T2*, which depends on the relaxation time, T2, 

in addition to the magnetic field variation across the fluid and tissue being imaged. The MR 

signal decays to zero within milliseconds of the RF pulse. Producing an ‘echo’ by temporarily 

reversing the dephasing, is therefore needed to measure the MR signal.  

A spin echo (SE) is formed by applying a second RF pulse immediately after the initial 

excitation RF pulse. The second pulse cancels out the dephasing by rotating the magnetization 

180° around any axis in the transverse plane. However, applying a spin echo does not recover the 

entire MR signal, since it cancels out the effects constant magnetic field variations, not the 

effects of the transverse relaxation. As a result, the SE is T2-weighted. In comparison, a gradient 

echo (GE) is formed after an excitation RF pulse by briefly applying a magnetic field gradient 

followed by a gradient in the opposite direction. The magnetization is brought back into phase 
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shortly after the gradient direction is reversed, which causes the effects of the two gradients to 

cancel each other out.  Once the magnetization is in phase, the MR signal can once again be 

detected. Unlike with a SE, the magnetic field variations are not canceled out with a GE, causing 

the signal to decay exponentially with the characteristic time, T2*, inherent to the tissues, in the 

absence of any applied gradient fields.  

1.5 fMRI Contrast Mechanisms 

1.5.1 Bold Oxygenation-Level Dependent (BOLD) 

The BOLD contrast mechanism was first described in 1990 using strong magnetic fields 

to study details of the rat brain (Ogawa & Lee, 1990; Ogawa, Lee, Kay, & Tank, 1990; Ogawa, 

Lee, Nayak, & Glynn, 1990). These studies revealed a contrast mechanism dependent upon 

blood oxygen levels, and concluded that it provided measurements of changes in neural activity, 

similar to prior techniques like PET. However, the BOLD contrast mechanism was demonstrated 

to offer additional features to imaging technology, including its non-invasive nature and high 

spatial and temporal resolution. (Logothetis, 2008). Overall, three key effects are combined to 

produce the BOLD effect; altered neural activity is coupled with changes in blood oxygenation, 

the latter of which affects the relaxation time and subsequently influences the MRI signal 

(Stroman, 2011).   

Hemoglobin (Hb), located in red blood cells found in blood vessels, was discovered to 

have magnetic properties years before it was exploited for the use of fMRI (Pauling & Coryell, 

1936). The MR signal arises because of the magnetic property difference between oxygenated 

and deoxygenated hemoglobin. Compared to oxygenated Hb, which has a very small effect on 

the magnetic field around it, deoxygenated Hb has a higher magnetic field relative to outside 
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tissues. Therefore, the magnetic field around blood vessels depends on the blood oxygenation 

level, a reflection of the net hemoglobin state.  

The Properties of Hb would be useless if it was distributed evenly throughout the body. 

Neural firing causes the concentration of deoxygenated Hb to change, resulting in an altered MR 

signal. Activation (an increase in neural firing rate) in a region causes an increase in cerebral 

blood flow (CBF) and an increase in oxygen consumption. Although more oxygen is consumed, 

the amount of oxygen delivered as a result of the increased CBF exceeds the oxygen 

consumption. Therefore, the net effect is an increase in the blood oxygen level in regions with 

greater neural activations (Logothetis, 2002; Stroman, 2011).  

 A stimulus is commonly applied to evoke BOLD responses, revealing regions of altered 

neural activity related to the particular stimulus and task. When a stimulus is applied, the MR 

signal change lags after the onset of the stimulus, lasts several seconds, and returns to baseline 

(pre-stimulus value) a few seconds after the stimulus has stopped. The use of a block paradigm, 

where stimuli or tasks are applied for a pre-defined time followed by a return of baseline, is a 

common fMRI design due to the robust BOLD response it evokes. A sustained stimulus allows 

multiple images to be obtained during the stimulation period, allowing the BOLD response to be 

captured with high sensitivity. Blocks of shorter duration are advantageous for producing more 

consistent BOLD responses, avoiding changes due to habituation, participant expectation, 

fatigue, or boredom. Multiple shorter stimulation blocks can be concatenated together to increase 

statistical power (Stroman, 2011) . 

1.5.2 Signal Enhancement by Extravascular Water Protons (SEEP) 

Similar to other contrast mechanisms like BOLD, the SEEP contrast mechanism relies on 

physiological changes to produce MR contrast for fMRI use. Signal enhancement by 
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extravascular water protons was first identified while attempting to study the human spinal cord 

using BOLD contrast. In addition to evidence suggesting that the BOLD effect does occur in the 

spinal cord, it was discovered that an additional mechanism, unrelated to relaxation times, 

contributes to the MR signal. The SEEP contrast is instead dependent on the proton density, the 

amount of water in the tissues. MR signals thus arise due to differences in the water content, 

showing greater neural activity in regions with greater amounts of water. This is because 

astrocytes and neurons swell slightly with water as water moves out of the blood vessels due to 

increases in blood flow to regions of increased activity and the metabolic activity of astrocytes 

(Figley, Leitch, & Stroman, 2010; Stroman, Krause, Malisza, Frankenstein, & Tomanek, 2002).  

 Studies comparing SEEP to BOLD suggest that SEEP contrast offers functional MRI 

some advantages, including better spatial localization of areas demonstrating neuronal activity, 

higher contrast-to-noise ratio, and lower sensitivity to field inhomogeneities and artifacts (Figley 

et al., 2010; Stroman, Tomanek, Krause, Frankenstein, & Malisza, 2003).  Due to these benefits, 

the most practical application of SEEP appears to be its application in the brainstem and spinal 

cord (Leitch, Figley, & Stroman, 2010). However, SEEP does not provide the physiological 

information regarding local oxygen metabolism and oxygen delivery that BOLD fMRI offers 

(Stroman et al., 2003). In addition, BOLD imaging provides greater temporal resolution and 

statistical power (Figley et al., 2010). Nonetheless, the reliability of the fMRI results obtained in 

the spinal cord and brainstem using the SEEP contrast mechanism has been demonstrated in a 

large body of literature (Leitch et al., 2010) Therefore, deciding on which contrast mechanism to 

use should depend on the application and experimental conditions, and an asscessment of the 

trade-offs between SEEP and BOLD (see section 1.6.1 for the most current, optimal methods). 
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1.6 Spinal fMRI 

1.6.1 Methodological Developments 

Studying the spinal cord and brainstem using functional magnetic resonance imaging 

(fMRI) presents additional challenges, beyond those associated with brain fMRI. The location 

and anatomical features of the spinal cord cause magnetic susceptibility differences between air, 

tissues, and bone, resulting in poor magnetic homogeneity. The spinal cord is located near the 

lungs and heart and is surrounded by moving cerebrospinal fluid (CSF), resulting in 

physiological motion of the spinal cord. Together, the relatively small cross-sectional 

dimensions, large rostral-caudal extent, and the variable curvature of the spine between 

individuals affect the sensitivity and reliability of fMRI results (Stroman, 2011; Stroman, Figley, 

& Cahill, 2008). Therefore, these challenges have required fMRI data acquisition and analysis 

methods to be modified to adequately image the spinal cord. Furthermore, optimizing imaging 

parameters for spinal cord fMRI is continually evolving as methods are developed, 

experimentally tested, and improved.  

The optimal spinal cord fMRI method is based on a single-shot fast spin-echo, as it has 

proven useful in reducing magnetic field inhomogeneities and distortion associated with other 

more conventional brain fMRI methods, such as gradient echo or echo-planar spatial encoding 

schemes (Stroman, 2005; Stroman et al., 2008; Stroman, Kornelsen, & Lawrence, 2005). This 

method allows images to be aquired in the sagittal plane, providing data from a large extent (~28 

cm) of the spinal cord, with the spatial resolution as fine as 1 x 1 x 2 mm.  The majority of 

published spinal cord fMRI studies use a method based on SEEP (described above), as oppposed 

to a BOLD contrast mechanism. Initially, results from conventional BOLD fMRI using T2*-

weighted EPI methods used to image the spinal cord  showed poor image quality and poor spatial 
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localization of areas of activity. However, recent indepth analysis of the contrast mechanisms 

contributing to the MR signal appear to suggest a combination of contributions from both SEEP 

and BOLD, with a greater proportion of signal changes resulting from the BOLD mechanism.  

The most recent assesment of methods for spinal cord fMRI suggests that to optimize the 

sensitivity to BOLD contrast, the optimal imaging parameters to use with spin-echo acquistions 

at 3 Tesla involve an echo time (TE) of 75 msec (Stroman, 2013).  

In addition to imaging methods, specific analysis techniques can be employed to increase 

the reliability of the fMRI results obtained in the spinal cord and brainstem. Several techniques, 

have been used to reduce physiological noise and to increase the total signal-to-noise ratio 

(SNR). Recent work has determined that using a model-based approach has little influence or a 

negative effect on the type I (false positives) or type II (true negatives) error rates. Rather, co-

registration of the data, and model-free estimates of the noise contributions are effective in 

increasing the number of active voxels in task data (Stroman, 2013).  Therefore, the removal of 

Gibb’s ringing artefacts, temporal filtering, and inclusion of RESPITE terms in GLM basis 

functions do not improve the sensivity to detect BOLD signal changes. Recent studies have 

confirmed the relaibility and sensitivity of these current methods (Stroman, 2013).  

Spatial normalization is the process of rotating and spatially scaling image data to match 

the size, shape, and orientation of another image data set or a standardized set of reference data 

(Stroman, 2011). Normalizing fMRI data enables analyses to be carried out at the group level by 

aligning data with a 3D coordinate system with one dimention parallel to the long axis of the 

spinal cord and the other two running in the anterior/posterior and left/right directions. Recent 

methodological development has optimized data normalization, by increasing the number of 

manually drawn refrence lines to guide the normalization, and applying a MIRT registration in 
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order to fine-tune the alignment (Medical Image Registration Toolbox (A. Myronenko & X. 

Song, 2010; Myronenko & Song, 2009). Defining key anatomical features within the spinal cord 

and brainstem with the 9 reference lines (Figure 1.5), coupled with the application of the MIRT 

method, proves to increase the accuracy of normalization (see chapter 2 & 3 methods). The 3D 

normalized reference volume was constructed by averaging time-series data from 14 datasets. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.6. A demonstration of the normalization procedure for one image dataset. Sagittal (left) 
and coronal (right) view of a midline slice with the nine reference lines manually drawn on the 
image used for preprocessing of the spinal cord fMRI data.  
 
1.7 Using fMRI to study Pain in Humans 
 

Studying pain in animal models has been extremely valuable, contributing predominately 

to prior pain literature. Over the past few decades, imaging techniques have provided insight into 

the network of brain structures involved in pain processing and those related to different types of 

pain modulation. Initially, pain in humans was studied with positron emission tomography (PET) 

by comparing responses to noxious and innocuous stimulation. Such studies allowed researchers 

to demonstrate human brain areas involved in the pain experience (Jones, Brown, Friston, Qi, & 
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Frackowiak, 1991; Talbot et al., 1991).  As mentioned earlier, fMRI provides the means to study 

the physical and psychological aspects of pain non-invasively in a human population, at the 

group and individual level. Non-invasive imaging using experimental pain in healthy volunteers 

has proven to be useful in studying the subjective nature of pain and how perception is 

modulated in a wide number of conditions. Studying patients with documented pain has allowed 

researchers and clinicians to study the effects of the condition on the brain, such as how the 

central mechanisms are disrupted and furthermore, to develop and/or change over time. 

Furthermore, studying patient populations is valuable for developing therapeutic and treatment 

options for suffering individuals. More recently, spinal cord fMRI has been utilized to study 

experimental and clinical pain, allowing the entire human central nervous system to be studied in 

detail. Using spinal cord and brain fMRI to study pain in humans has proven to be a reliable tool 

to study pain and its complexity, including many of the contributing factors.  The increasing 

number of imaging studies in humans has confirmed the relevance of specific nuclei identified 

by animal studies.  

1.7.1 Brain fMRI 

Functional MRI of the brain has shed insight into the functional and anatomical 

connectivity of neural circuits in healthy populations, contributing to what we know about the 

integrated network of regions involved in the pain experience. Over the years, the network of 

regions involved during acute pain in healthy individuals has been dynamic, as different 

combinations of brain regions have been reported based on the experimental protocol. However, 

a group of brain areas located within the sensorimotor and limbic system consistently appear to 

be involved in pain processing, and together are referred to as the ‘pain matrix’ (Peyron et al., 

2000; Tracey, 2008; Tracey & Johns, 2010). Using fMRI, BOLD responses to noxious 



	  
	  

 25 

stimulation have repeatedly been reported in a large number of cortical and subcortical regions, 

including the insula, thalamus, primary somatosensory cortex (S1, Brodmann areas (BAs) 1-3), 

secondary somatosensory cortex (S2, BA 5), anterior cingulate cortex (ACC, BA 23 & 32), 

prefrontal cortex (PFC, BAs 9,10 & 45-47), inferior parietal lobe (IPL, BA 39 & 40), primary 

motor area (M1, BA 4), supplementary motor area (SMA, BA 6), amygdala, hippocampus, basal 

ganglia (caudate & putamen) and cerebellum (J. Brooks & Tracey, 2005; Ingvar, 1999; Peyron et 

al., 2000; Tracey & Mantyh, 2007).  It has been demonstrated that many of the areas involved in 

pain processing are involved in sensory processing. For instance, when participants experienced 

noxious (46 °C) and non-noxious (41 °C) stimuli, positive BOLD responses evoked by the 46 °C 

stimulus were also evoked by the 41 °C (Becerra et al., 1999). In addition, except for S1 and the 

thalamus, stimulation at the 46 °C intensity evoked significantly greater BOLD responses 

compared to the 41 °C stimulus.  

Blood oxygenation-level dependent responses to acute noxious stimulation can be 

generally characterized as involving structures a part of the lateral or medial pain system. The 

lateral system is presumed to process the sensory and discriminatory components of noxious 

stimuli, whereas structures recognized as a part of the medial system process the 

motivational/cognitive and affective aspects of nociception (Ingvar, 1999). The distinction, 

although overly simplistic, is based on the projection sites from the medial and lateral thalamus, 

and is valuable for grouping structures that appear to have similar roles (J. Brooks & Tracey, 

2005).   The S1 and S2 contribute to the lateral system by determing the spatial location of the 

pain, but have also been reported to be involved in the intensity encoding of the stimultion 

(Bushnell et al., 1999). The ACC has been implicated in the affective aspect of pain, provoking a 

reduction reaction when lesioned (Vaccarino & Melzack, 1989). Some structures, such as the 
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insula (which encodes both stimulus intensity (Coghill, Sang, Maisog, & Iadarola, 1999) and 

laterality (J. C. Brooks, Nurmikko, Bimson, Singh, & Roberts, 2002), appear to contribute to the 

lateral and medial system by integrating information.  

As previously mentioned in the descending modulation of pain discussion (section 1.3), 

numerous experiments have demonstrated that attention and distraction alter pain-related signal 

changes in the cerebral cortex. Functional MRI studies have used different methods to employ 

attention- and cognitive distraction-related modulations of nociception, showing reduced 

behavioural reports of pain perception, and corresponding alterations in neural responses in 

many cortical and subcortical brain regions (Bantick et al., 2002; Fairhurst, Wiech, Dunckley, & 

Tracey, 2007; Valet et al., 2004; Villemure & Bushnell, 2002). Psychological factors other than 

attention, such as mood and emotional state, also alter pain perception, indicating that positive 

stimuli (music, pleasant pictures) generally reduce pain, whereas negative stimuli generally 

increase pain (Villemure & Bushnell, 2002). 

1.7.2 Brainstem and Spinal Cord fMRI 

As described earlier, due to anatomical differences between the brain and spinal cord, 

using fMRI to study pain processing in lower regions of the CNS presents several challenges. 

However, advances in imaging methods have made it possible to examine the regions and 

mechanisms involved in the pain experience, allowing the topic to be better understood.  Initial 

spinal cord fMRI studies have demonstrated the network of areas involved with thermal 

sensation and pain (Cahill & Stroman, 2011; Stroman, 2009; Stroman et al., 2008). Using two 

stimulation intensities (42 °C and 46 °C), Cahill and Stroman (2011) demonstrated that the more 

intense stimulus (46 °C) was perceived as significantly more painful and corresponded to greater 

signal changes in various structures known to be involved in pain processing. Stimulation with 
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the 46 °C stimulus evoked greater neural signal change in the ipsilateral dorsal horn at C6, 

reticular formation in the medulla and pons, the PAG, and the thalamus. Ghazni, Cahill, and 

Stroman (2010) showed similar results using von Frey filaments of varying intensities. Stimulus 

intensity not only alters one’s perception, but also significantly influences the network of regions 

showing increased signal changes. More specifically, a more intense stimulus (15 g von Frey 

filament) evoked significantly greater signal change in the ipsilateral dorsal horn of the spinal 

cord, the DLPT, PAG, and populations of neurons located within the RVM. These changes 

corresponded to an increase in pain intensity and pain unpleasantness ratings in response to 

stimulation by the more intense 15 g von Frey filament. Interestingly, the 15 g stimulus evoked a 

greater number of voxels as compared with the 2 g stimulus in the thalamus. 

Using fMRI, studies have shown that activity in the spinal cord is modulated by attention, 

specifically, whether or not one is focusing on the sensation or something else (Sprenger et al., 

2012; Stroman, 2009; Stroman, Coe, & Munoz, 2011). When participants direct their attention 

toward the stimulus sensation, the neural activity detected in the spinal cord, as well as brainstem 

regions involved in the descending modulatory system appears different. Using a working 

memory task (1-back verses 2-back letter task) in combination with thermal stimulation 

demonstrates that reduced pain perception due to distraction relies on the inhibition of incoming 

pain signals at the level of the spinal cord (Sprenger et al., 2012). This is suggested because the 

imaging data revealed that the BOLD responses to the noxious stimulation in the dorsal horn of 

the spinal cord is significantly reduced under a higher working memory load (2-back task), and 

thus when distraction is increased (Sprenger et al., 2012). Recent work in our lab (Stroman lab) 

reveals that mood and/or emotional states induced by listening to favorable music can alter 
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neural responses in the spinal cord, corresponding to the inhibition of pain perception (in 

review).  

1.8 Spatial Summation of Heat Sensations 

The surface area of skin stimulated by thermal stimuli is thought to influence sensory 

threshold and perceived intensity, a phenomenon known as spatial summation. Specifically, 

increasing the area of skin exposed to thermal stimulation has been shown to involve two effects: 

1) a decrease in reported threshold, and 2) an increase in perceived intensity (Hardy & Oppel, 

1937). Studies using thermal stimuli to explore the phenomenon of spatial summation have 

manipulated the surface area of stimulation by either, 1) increasing the area of a single stimulus 

(Defrin & Urca, 1996; Kojo & Pertovaara, 1987; Machet-Pietropaoli & Chery-Croze, 1979); 

Defrin et al., 2003), or 2) increasing the number of stimuli, maintaining a fixed size (Defrin, 

Sheraizin, Malichi, & Shachen, 2011; Douglass, Carstens, & Watkins, 1992; Nielsen & Arendt-

Nielsen, 1997; Price, McHaffie, & Larson, 1989). 

1.8.1 Summation of Innocuous Heat Stimuli 

Spatial summation was first confirmed in the warmth sense by Hardy and Oppel (1937) 

who demonstrated that when two hands were stimulated simultaneoulsy with the same intensity, 

the warmth threshold was approximately 40% lower than that of one hand alone. Since the two 

hands are innervated by separate spinal nerve trunks, this study was one of the intial studies to 

suggest that summation occurs at the level of the central nervous system. Shortly thereafter, 

Kenshalo, Decker, and Hamilton (1967) confirmed Hardy and Oppel’s findings, and extended 

them to comprise conductive heat and other stimulation sites on the body, including the forearm 

and back. Marks and Stevens (1973) confirmed the effects of spatial summation by showing that 

spatial summation occurs even across dermatome boundaries. Relative to a small surface area 
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(6.1 cm2), subjects estimated a larger surface area (12.2 cm2) as being warmer, independent of 

whether the irradiance was split between dermatomes or not. In addition, it was determined that 

warmth thresholds were relatively the same as the stimulus separation increased from zero 

(unitary dermatome) up to 2.5 cm (split dermatome), suggesting no loss of summation.  

Together, the magnitude estimations and the measured thresholds demonstrate that summation 

can operate not only over large areas, but also over spatially seperated regions of the body. 

Furthermore, Marks and Stevens (1973) stated that their findings contribute to the conclusion 

that spatial summation is primarily a ‘central’ neural phenomenon, but follow by agreeing that a 

pheripheral component is also likely. Physiological measurements from rhesus monkeys 

demonstrate that peripheral summation occurs over relatively small areas (Kenshalo & Gallegos, 

1967), corresponding to the hypothesis that peripheral summation contributes when areas are 

small, whereas central summation dominates over larger areas (Herget, Granath, & Hardy, 

1941). 

1.8.2 Summation of Noxious Heat Stimuli  

Similar to spatial summation noted in the warmth domain of the thermal sensory 

modality, increasing the surface area of stimulation for heat-induced pain has been demonstrated 

to decrease the pain threshold (Defrin, Givon, Raz, & Urca, 2006; Defrin, Ronat, Ravid, & 

Peretz, 2003; Lautenbacher, Nielsen, Andersen, & Arendt-Nielsen, 2001; Machet-Pietropaoli & 

Chery-Croze, 1979; Nielsen & Arendt-Nielsen, 1997). For instance, Nielsen and Arendt-Nielsen 

(1997) demonstrated that pain thresholds significantly decreased from 45.6 °C to 43.5 °C as the 

surface area was increased from 3.14 cm2 to 15.70 cm2. In addition, numerous studies have 

recorded subjective pain sensation ratings, confirming that spatial summation is accompanied by 

an increase in reported perceived pain (Defrin et al., 2006; Defrin et al., 2011; Defrin & Urca, 
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1996; Douglass et al., 1992; Price et al., 1989). Price et al. (1989) conducted psychophysical 

experiments to determine the effect of increasing the size of a noxious heat stimulus on pain 

perception. Ratings from a visual analog scale (VAS) for pain-sensation intensity and 

unpleasantness were used to compare responses to noxious heat stimuli (45 – 50 °C) applied to 

the forearm by one, two, or three thermal probes (1 cm2 each). Increasing the number of probes 

resulted in an increase in perceived pain sensation and pain unpleasantness for all stimulus 

intensities presented. The effect is lowest near pain threshold (~45 °C) and increases as stimulus 

intensity increases. The minimal threshold for spatial summation near the pain threshold is 

consistent with other studies (Greene & Hardy, 1958; Hardy, Wolff, & Goodell, 1940). 

Price et al. (1989) also manipulated the distance between active thermodes to evaluate 

whether distance contributes to the effects of spatial summation. The separation of thermodes 

over a range of 0-10 cm had no effect on spatial summation on either of the VAS rating scales. 

Thus, in this particular study, summation depended on the number of probes activated regardless 

of the distance between them. Similarly, Douglass et al. (1992) was interested in the effect of 

thermal probe distance on spatial summation and sought to investigate whether the magnitude of 

spatial summation of noxious heat varied when thermal probes were separated across two 

adjacent dermatomes. In this particular study, two noxious heat stimuli ranging from 43 °C to 51 

°C and six different surface areas (0.21, 0.42, 0.63, 0.84, 1.84, 1.68 and 2.10 cm2) were applied 

simultaneously to the forearm. Results from this study conclude that spatial summation of heat-

induced pain is practically equivalent, regardless of whether the painful stimuli (45 - 51 °C) of 

equal total size is applied within a single dermatome or whether they are applied across two 

adjacent dermatomes. Furthermore, when two separate thermal probes were simultaneously 

applied to adjacent dermatomes, subjects’ VAS pain intensity and unpleasantness ratings did not 
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significantly differ from ratings given when the two thermodes were applied within a single 

dermatome.  

 This finding, that spatial summation of heat stimuli presented in the noxious range 

appears to be the same, regardless of whether the stimuli were delivered within or across 

dermatomes, is supported by other research groups (Marchand & Arsenault, 2002; Nielsen & 

Arendt-Nielsen, 1997; Staud, Vierck, Robinson, & Price, 2004). Similarly, spatial summation of 

warmth occurs when stimulation is delivered across dermatomes (Hardy & Oppel, 1937; Marks 

& Stevens, 1973; J. C. Stevens, Marks, & Simonson, 1974). This suggests that information 

arriving at different levels within the spinal cord can integrate in such a way to increase the 

perception of stimulation intensity. The current body of literature has attempted to unravel the 

possible mechanism involved in the phenomenon of spatial summation, and have concluded that 

the likelihood of a single ‘local integration’ mechanism is improbable. The fact that the effects 

are seen at large distances and even across dermatomes, grants the proposal of a second, central 

mechanism, suggesting that summation occurs at some point along the ascending sensory 

pathway beyond the level of the cutaneous receptors. Support also comes from animal research, 

which has shown that nociceptive activity recorded in the spinothalamic tract increases as 

surface area stimulated increases, up to a certain point (Bouhassira, Gall, Chitour, & Le Bars, 

1995). Moreover, central summation of multiple thermal stimuli might occur at second- and 

third-order neurons in the spinal cord, and/or at supraspinal levels, such as within specific 

brainstem and brain regions (Price et al., 1989).  

1.9 Proposed Research 

1.9.1 Purpose  
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The purpose of the proposed research is to determine the neural effects that occur in the 

central nervous system during spatial summation of heat stimuli in healthy volunteers, by means 

of, functional magnetic resonance imaging.  

1.9.2 Rationale  

Determining the structures involved in the spatial summation of heat sensations is 

important for better understanding the mechanism by which surface area influences pain 

perception. By doing so, it may provide insight into the additive nature of pain, such as when the 

pain arises from more than one source, and how the central nervous system responds to the 

potential of increased tissue damage. Furthermore, better understanding of how pain is integrated 

and summated across distinct regions may be useful in obtaining a greater appreciation for the 

mechanisms underlying clinical pain conditions characterized by widespread pain. Therefore, 

gaining insight into the central component of spatial summation has potential to benefit diverse 

human populations.  

1.9.3 Hypothesis 

We hypothesize that the magnitude of the BOLD signal change in regions involved in 

pain processing will be greater when the surface area of skin stimulated is increased. 

1.9.4 Objectives 

The specific objectives of this study are: 

1. To determine the effect of spatial summation of warmth sensations in the spinal cord 

and brainstem (Chapter 2), and 

2. To determine the effect of spatial summation of painful heat sensations in the spinal 

cord, brainstem and brain (Chapter 3). 
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Chapter Two 

Investigation of Spatial Summation of Warmth Sensations in the Spinal Cord 
and Brainstem, by Means of Functional MRI 

 

2.1. Introduction 

The perceived intensity of a thermal stimulus applied to the skin, and the sensory 

threshold, is thought to have a strong dependence on the surface area of skin that is affected 

(Hardy & Oppel, 1937). This phenomenon, known as spatial summation, has been clearly 

demonstrated in psychophysical studies using thermal non-painful sensations (Hardy & Oppel, 

1937; Kenshalo et al., 1967; Marks & Stevens, 1973; J. C Stevens & Marks, 1971). Such studies 

have demonstrated that when the stimulation temperature is held constant, increasing the surface 

area of skin affected by a thermal stimulus increases the perceived sensation. Furthermore, 

powerful spatial summation effects have resulted from manipulating the total surface area 

affected, even in non-contiguous regions, by increasing the number of thermal contact probes 

delivering stimulation (Douglass et al., 1992; Nielsen & Arendt-Nielsen, 1997; Price et al., 

1989).  

Originally, spatial summation was thought to occur by means of a single peripheral 

mechanism. In this situation, the most likely explanation for spatial summation is that increasing 

surface area leads to an increase in the number of activated warm receptors, and consequently, 

the amount of sensory input to the spinal cord (Marks & Stevens, 1973). Although the peripheral 

mechanism is a plausible contributing factor, even early investigations sought to shed light on 

the locus of spatial summation within the central nervous system. For instance, Hardy and Oppel 

(1937) demonstrated that the pain threshold was approximately 30% lower when stimulation was 

simultaneously delivered to two hands compared to one hand. Since the two hands are innervated 
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by separate spinal nerve trunks, their finding suggested that summation partially occurs centrally 

in the nervous system. In support of this conclusion, Marks and Stevens (1973) showed that the 

effects of spatial summation of warmth occur across dermatome boundaries. Their study 

provides evidence that the features of summation are similar for unitary stimulus fields (on one 

dermatome) and separated stimulus fields (on two dermatomes). It was these early accounts of 

spatial summation, showing that summation is evident not only over large areas, but over 

spatially separated regions of the body, which provided strong support for the conclusion that 

spatial summation is primarily an effect of central neural factors.  

Later investigations have also arrived at similar conclusions, advocating that spatial 

summation is a largely centrally driven phenomenon (Defrin, Petrini, & Arendt-Nielsen, 2009). 

Specifically, it has been proposed that the mechanism may involve the recruitment of second-

order neurons in the dorsal horn and their subsequent integration onto third-order neurons at 

supraspinal levels, including regions within the brainstem and cortex (Douglass et al., 1992; 

Price et al., 1989). Furthermore, the process of detection and integration of multiple, separated 

thermal stimuli, may occur differentially based on the features of the sensation (Defrin et al., 

2011), and thus the process of spatial summation may be different for warm and cold innocuous 

stimuli, as well as compared to that considered to be noxious.  

Although the effects of spatial summation have been thoroughly demonstrated through 

psychophysical studies since the early 1930’s, and the contribution of a central mechanism has 

been suggested, the details of the spatial summation process are still not fully understood. Only a 

few studies have examined the effects of spatial summation using non-invasive functional 

neuroimaging technology, all of which have focused on the summation of pain, and the effect of 

surface area on neural activity within the brain, specifically the primary somatosensory cortex 
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(Peyron et al., 2000). Due to recent technological advances, it is possible to use fMRI to 

demonstrate neural activity in the brainstem and spinal cord that play a role in a particular 

behaviour or during different tasks. Thus, fMRI is a now a feasible method to demonstrate the 

full three-dimensional extent of activity in the brainstem and spinal cord and therefore, the 

complete network of regions involved in the integration and modulation of thermal, innocuous 

sensations can be identified. Furthermore, if spatial summation occurs centrally as proposed, it is 

possible that its effects can be detected using imaging methods, such as spinal fMRI of the 

brainstem and spinal cord. 

 While the summation of warmth has yet to be studied using fMRI, our lab, as well as 

others, have demonstrated spinal cord and brainstem regions involved in the perception of warm, 

innocuous, stimulation (Lawrence, Stroman, & Malisza, 2008; Stroman, Bosma, & Tsyben, 

2012). These areas, including the dorsal horn of the spinal cord, and regions within the medulla, 

pons and midbrain, which have been shown to demonstrate activity corresponding to stimulus 

intensity, may also be involved in the process of spatial summation. Identifying and quantifying 

neural activity within these regions in able-bodied individuals is essential for determining normal 

neural functioning that results from spatial summation. The results can be compared to 

conditions that produce similar effects, such as allodynia, where thresholds are lowered so that 

innocuous stimuli can be perceived as painful (Sandkuhler, 2009). Models and mechanisms for 

such conditions have been identified, and comparing such processes to spatial summation could 

be useful for better characterizing and understanding these conditions. For instance, examining 

how healthy functioning can become debilitating, and a frequent symptom of disease, may be 

possible by identifying common links between spatial summation and allodynia. Ultimately, this 

could prove useful if such areas could be targeted for therapy and/or treatment. Thus, the primary 
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purpose of the current study is to use spinal fMRI to identify regions within the healthy human 

brainstem and spinal cord that contribute to the effects of spatial summation of warmth, and thus 

providing us the knowledge to better comprehend the phenomenon as a whole.  

Based on previous research, we hypothesize that increasing the surface area of 

stimulation will alter the perception of the stimulus intensity, such that the thermal sensation will 

be perceived as more intense, and possibly even painful. Corresponding to this effect, it is 

expected that regions involved in pain processing, such as the rostral ventromedial medulla 

(RVM) and periaqueductal gray matter (PAG) will have increased activity in stimulation 

conditions involving multiple stimuli. More specifically, compared to one stimulus, two stimuli 

activated simultaneously will evoke greater percent signal changes in the aforementioned 

regions. In addition, neural activity is expected to be independent of the location of two stimuli, 

having the same total surface area, as supported by previous research demonstrating similar 

spatial summation at widespread locations cortex. The current study, for the first time, shows 

that the effects of spatial summation can be seen at the level of the brainstem and spinal cord, 

and thus involves a central processing mechanism. Furthermore, results indicate that increasing 

the surface area of skin exposed to thermal stimulation alters neural activity in regions known to 

be involved in the modulation of heat and pain sensations.  

2.2. Methods 

2.2.1. Participants  

Twelve able-bodied, right-handed female subjects 22.33 ± 0.26 (mean ± S.E.M) years of 

age (range, 21-24 years) participated in this study. Exclusion criteria for participation in the 

study included any neurological disorders, previous injury to the brain or spinal cord, any 

peripheral injury that affects the sensitivity to their hands to touch or thermal sensation, or 
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having any MRI safety risks (e.g., pacemaker, neurostimulator, metallic implants etc.). All 

research procedures were approved by the Queen’s University Human Research Ethics Board 

and written informed consent was obtained from every volunteer before participation in the 

study.  

2.2.2. Thermal stimulation 

Each participant experienced three thermal sensation stimulation conditions involving 

either one stimulus (intermittent) or two stimuli simultaneously (one intermittent and one 

constant), located on either the same hand or opposite hands (Figure 2.1). Both stimuli were 

positioned on the glabrous skin (palm), thumb side of participants’ hands, corresponding to the 

6th cervical dermatome (C6).  The thermodes were secured in place with cloth tape. In half of the 

cases, both thermodes (intermittent and constant stimuli) were positioned on the same (right) 

hand, whereas in the remaining cases, the thermode delivering the intermittent stimulus was 

positioned on the right hand while the thermode delivering the constant stimulus was positioned 

on the left hand. The intermittent stimulus was applied using a custom-made thermal stimulation 

device (STADYS) and was delivered in a block paradigm with three 45 sec duration periods of 

hot sensation at 44 °C, with interleaved rest periods, during which time the stimulus cooled 

passively to skin temperature (Figure 2.2). The constant stimulus was delivered at 0.3 °C below 

each participant’s measured heat pain threshold for the duration of the stimulation paradigm (432 

seconds), using a Medoc TSA-II thermal sensory analyzer (Medoc Ltd, Haifa, Isreal). The first 

condition involved stimulation of the intermittent thermal stimulus only (1S). The second and 

third conditions involved simultaneous stimulation of the intermittent and constant stimuli, with 

the constant stimulus on the same hand as the intermittent stimulus (right) in condition two (2S), 

and on the opposite hand (left) in condition three (2O) (Figure 2.1). The order of stimuli was 
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counterbalanced across participants by changing the thermode placement on the participants’ 

hands during the course of the study.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1. Three thermal stimulation conditions showing the number of contact probes 
(thermodes) and the placement on the glabrous skin (palm), thumb-side of both the left and right 
hand. All thermal stimulation was presented at the C6 dermatome, corresponding to the 6th 
cervical segment of the spinal cord. 
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Figure 2.2. Thermal stimulation paradigm of intermittent stimulus delivered by STADYS to the 
glabrous skin (palm), thumb-side of the right hand. The block paradigm was 432 seconds in 
duration, consisting of both a pre-stimulus and post-stimulus baseline, interleaved with 
stimulation periods.  

 

 Before functional images of the spinal cord were acquired, each participant’s heat pain 

threshold was determined using a Medoc TSA-II thermal sensory analyzer (Medoc Ltd, Haifa, 

Isreal). Thresholds were used as a reference point for subsequent thermal stimulation to ensure 

stimulation was within the innocuous range for each participant. Thresholds were measured with 

the participant inside the MRI system to account for the effects of this unique environment on the 

pain sensation experience. This process also provided time for the participant to become more 

accustomed to the MRI environment and to become familiarized with the heat stimuli, in an 

effort to reduce anxiety and anticipation during the subsequent fMRI studies. The pain threshold 

was measured by progressively increasing the temperature applied to the hand, in a regular step-

wise fashion, until the participant indicated verbally (via a 2-way intercom) that the temperature 

was painful. The temperature was then decreased until the participant reported that it was not 
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painful, and the process was repeated numerous times to obtain a stable measure. The pain 

threshold value is equal to the stimulus intensity at the instant when the participant makes a 

verbal response (Fruhstorfer et al., 1976).   

2.2.3. Setup for functional MRI studies 

Functional MRI studies with thermal stimulation were carried out in a 3.0 Telsa Siemens 

Magnetom Trio MRI system, using a spine-array coil, anterior neck coil, and anterior head coil, 

for detection of the MR signal. Initial localizer images were acquired in 3 planes to be used as a 

reference for slice positioning for subsequent fMRI acquisitions. All functional images were 

obtained with a half-Fourier single-shot fast spin-echo sequence (HASTE) with an echo time 

(TE) of 38 ms and a repetition time (TR) of 1 s per slice (9 sec total).  Changes in image signal 

intensity that were inferred to reflect changes in neural activity, were the result of a combination 

of blood oxygenation-level dependent (BOLD) contrast and signal enhancement by extravascular 

water protons (SEEP), as described previously (Figley et al., 2010). Due to a greater contribution 

coming from the BOLD contrast, results in this study are described as BOLD responses (see 

section 1.6.1). Sagittal image slices spanned the spinal cord to include the C7/T1 intervertebral 

disc to above the superior edge of the thalamus with a 28 cm x 14 cm field-of-view (FOV) and a 

192 x 96 matrix, in 9 contiguous sagittal slices. Each slice was 2-mm thick, resulting in a voxel 

size of 1.5 mm x 1.5 mm x 2 mm. Spatial suppression pulses were applied to eliminate signal 

from anterior to the spine to reduce physiological motion produced by the heart, lungs, throat etc. 

Each participant’s peripheral pulse was recorded continuously throughout the study using the 

physiological monitoring equipment that is incorporated in into the Siemens MRI system. The 

acquisition of each image slice was triggered with an external trigger generated by a National 

Instruments data acquisition board (DAQpad- 6020E) controlled by custom software written in 
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MATLAB® (The MathWorks Inc., Natick, MA, USA). The method permitted synchronization of 

peripheral pulse recordings and acquisition of each imaging slice.  

An optical device for recording the peripheral pulse was attached to the left index finger 

and remained there for the duration of the study. For the entire duration of the study, participants 

were instructed to lay still and watch the movie “Finding Nemo” (Disney/Pixar) made possible 

using headphones and a rear-projection screen viewed via a mirror. The movie was intended to 

maintain a constant attention focus across all studies, and reduce anxiety and boredom. To 

encourage participants to remain as still as possible throughout the studies, they were made as 

comfortable as possible using foam-filled pads, pillows and blankets.  

2.2.4. Psychophysical Assessment 

Immediately after each thermal stimulation condition, participants rated the intensity of 

the sensation experienced on an 11-point numerical analog scale, where 0 = no discomfort at all 

and 10 = worst discomfort imaginable. This evaluation was used to assess the perceived intensity 

of the thermal stimuli across different conditions. Participants were familiarized with the rating 

scale prior to the beginning of the imaging session.  

2.2.5. Data Analysis  

The 3D functional image data were analyzed using custom-made software written in 

MATLAB® (The Mathworks Inc., Natick, MA, USA). Sagittal slice data were analyzed using 

methods described previously (Stroman, 2013) by first drawing nine reference lines along the 

spinal cord and brainstem. Lines were drawn on each dataset in the midline sagittal plane, 

marking the anterior and posterior edges of the spinal cord, and in the coronal plane, marking the 

left and right edges of the spinal cord. Lines were also drawn around the edge of the pons, along 

the posterior medulla, and a line traced along the top of the corpus callosum.  Lastly, lines were 
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drawn in the coronal plane of the image to indicate the bottom of the pons, and through the 

middle of the coronal plane extending from the top of the corpus callosum to the bottom of the 

pons. Points were selected and then joined together to create the nine reference lines. The 

positions of the points were adjusted to fine-tune the lines to maximize the normalization 

accuracy. Fine-tune adjustments of the mapping was achieved by applying the Medical Image 

Registration Toolbox (Myronenko & Song, 2009; A. Myronenko & X. B. Song, 2010). Image 

data were also co-registered using the Medical Image Registration Toolbox, prior to data analysis 

with a general linear model (GLM).  The basis set for the GLM included a model of the 

stimulation paradigm convolved with the BOLD hemodynamic response function, the first two 

principal components as models of the dominant global variance in the data, and a constant 

function (Stroman, 2013).  After the GLM analysis the results were spatially normalized to 

enable 2nd level group analyses to identify consistent features of the responses. A random effects 

analysis was conducted and activity maps of the significantly active voxels were created for the 

group for each thermal stimulation condition.  

2.3. Results 

2.3.1. Psychophysical Assessments  

A one-way within subjects ANOVA was conducted and revealed a significant effect of 

the stimulation condition on participants’ subjective pain ratings: Wilks’ Lambda = .22, F(3, 9) = 

10.97, p = .002. A Least Significant Difference post-hoc test verified that compared to 

stimulation from one thermode (2.58 ± .42, mean ± standard error of the mean), pain ratings 

were significantly higher when stimulation was delivered from two thermodes located on the 

same hand (5.92 ± .65; p < .001), and with two thermodes located on opposite hands [(thermode 

on right hand: 4.00 ± .81; p = .05); (thermode on left hand: 4.67 ± .75; p = .001); Figure 2.3]. In 
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addition, pain ratings were significantly greater during the 2S condition compared to the pain 

ratings reported for the thermode located on the left hand during the 2O condition (p = .015).  

Lastly, pain ratings did not differ based on the location (left or right hand) of the two thermodes 

when stimulation was delivered to opposite hands (p = .21). 

 

 

 

 

 

 

 

 

                            
 
 
 
 
 
 
 
 
 
 
 
Figure 2.3. Mean (± S.E.M) subjective pain ratings reported by participants (N = 12) in response 
to stimulation delivered by one thermode (1S), two thermodes on the same hand (2S), and two 
thermodes on opposite hands (2O) to the hand corresponding to the C6 dermatome during fMRI 
of the spinal cord. When simulation was delivered by two thermodes on opposite hands, pain 
ratings were acquired separately for the thermode located on the right hand (Right) and the left 
hand (Left).  * indicates significance at p ≤ .05.  
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2.3.2. Functional MRI results 

Random effects group analyses of fMRI results with each stimulation condition were 

used to conduct group contrast analyses between each of three stimulation conditions to 

determine regions demonstrating significant differences in BOLD percent signal change. The 

pairwise contrasts demonstrate that the greatest differences in activity were in the 6th cervical 

segment of the spinal cord, and in brainstem structures including the rostral medulla, pons and 

midbrain.  As seen in Figure 2.4, it is apparent that the right (ipsilateral) dorsal horn of the 6th 

cervical segment has greater percent signal change when the 2S and 2O conditions are contrasted 

with the 1S condition (2S-1S and 2O-1S). The same is true for a region in the rostral medulla 

identified as the rostral ventromedial medulla (RVM), a region in the pons identified as the 

dorsolateral pontine tegmentum (DLPT), and an area in the midbrain, identified as the 

periaqueductal grey region (PAG). When the 2S and 2O conditions are contrasted however (2S-

2O), there are fewer areas showing differential BOLD responses. Furthermore, in the regions C6, 

the RVM, DLPT and PAG do not appear to have significantly different percent signal changes 

between conditions 2S (two stimuli on right hand) and 2O (two stimuli on opposite hands). 

Overall, BOLD percent signal changes appear to be greatest when the surface area of stimulation 

was increased (stimulation by two thermodes compared to one thermode), regardless of 

thermode locations (same hand or opposite hands). 
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Figure 2.4. Selected axial slices (left) showing combined results of neural activity observed in 
the brainstem and the C6 segment of the spinal cord when thermal stimulations were contrasted. 
Corresponding sagittal view (right) shows the location of the selected regions in the brainstem 
and spinal cord as well as a T-value scale, where hotter colours (red) reflect positive 
significance, and cooler colours (blue) reflect negative significance. Contrast 2S-1 represents 
condition 2 – condition, contrast 2O-1 represents condition 3 – condition 1, and contrast 2S-2O 
represents condition 2 – condition 3. The stimulation conditions consist of 1) condition 1: one 
stimulus on the right hand, 2) condition 2: two stimuli on the right hand, and 3) condition 3: two 
stimuli, one on the right hand and one on the left hand. The figure shows significant activity (T > 
3.0) across the group.  
 

  To further quantify these observable differences in neural activity between the three 

stimulation conditions, Regions of Interest (ROI) analyses were carried-out (Figure 2.5). One-

way within subjects ANOVA’s were conducted to compare the effect of the stimulation 

condition on the BOLD percent signal change in brainstem and spinal cord regions in one 

thermode (1S), two thermodes on the same hand (2S), and two thermodes on opposite hands 

(2O) conditions.  There was a significant effect of the stimulation condition on the BOLD 
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percent signal change in the RVM, DLPT, and the PAG (RVM: Wilks’ Lambda = .59, F(2, 25) 

= 5.31, p = .018; DLPT: Wilks’ Lambda = .67, F(2, 24) = 6.05, p = .007; PAG: Wilks’ Lambda, 

.69, F(2, 23) = 5.15, p = .014). Least Significant Difference post-hoc tests revealed that the 

BOLD percent signal changes in the RVM, DLPT and PAG were significantly greater when 

stimulation was delivered with two thermodes compared to one, regardless of whether the 

thermodes were located on the same hand or opposite hands (all p’s ≤ .05; see Table 2.1). 

Furthermore, the post-hoc test revealed that there was no significant difference in the BOLD 

percent signal change in these brainstem regions when stimulation was delivered by two 

thermodes on the same hand compared to opposite hands [RVM: p = .87; DLPT: p = .55; PAG: p 

= .85] (Table 2.1). Lastly, there was no significant effect of stimulation condition on the BOLD 

percent signal change in the 6th segment of the spinal cord, Wilks’ Lambda, .55, F(2, 9) = 3.65, p 

= .069. Table 2.1 displays the averages of the β values (the response magnitudes from the GLM) 

for all voxels included in the manually defined ROI for the three stimulation conditions.  

 

 



	  
	  

 47 

Figure 2.5. Mean (± S.E.M) BOLD percent signal changes evoked by stimulation with one 
thermode (1S), two thermodes on the same hand (2S), and two thermodes on opposite hands 
(2O) in selected regions of the spinal cord and brainstem. A. Right dorsal horn of 6th cervical 
spinal cord segment, B. rostral ventromedial medulla (RVM), C. dorsolateral pontine tegmentum 
(DLPT) in the pons, D. periaqueductal gray (PAG) in the midbrain. Regions of interest were 
defined in 3D, and are indicated in colour overlaid on anatomical drawings with hotter colours 
(red) indicating a larger ROI extent in the rostral-caudal direction. * indicates significance at p ≤ 
.05.  
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Table 2.1. Mean (± S.E.M) β values (the response magnitudes from the GLM) for all voxels 
included in the manually drawn ROI of the 6th cervical segment, RVM, DLPT, and PAG. P-value 
is indicated for comparisons made between the 1S condition and the 2S and 2O conditions. * 
indicates significance at p ≤ .05.  
 

 
 

Stimulation Condition 
 

Region of Interest 
 

One thermode 
(1S) 

Two thermodes 
Same hand 

(2S) 

Two thermodes 
Opposite hands 

(2O) 

 
C6 
 

.28 (±.46) .05 (±.12) -.42 (±.36) 

RVM 
 

-.30 (±.15) 
 

.24 (±.13) 

p = .024* 

.21(±.12) 

p = .009* 
    

DLPT 
 

.11 (±.08) 
 

.44 (±.08) 

p = .005* 

.36 (±.08) 

p = .039* 
    

PAG 
 

 .054 (±.04) 
 

.21 (±.08) 

p = .045* 

.25 (±.07) 

p = .033* 

 

The bilateral DLPT region of interest was analyzed further to compare the right and left 

DLPT. Two additional one-way within subjects ANOVAs were conducted to determine if the 

stimulation condition has an effect on the BOLD percent signal change in the left and right 

DLPT. There was a significant effect of the stimulation condition on the BOLD percent signal 

change in both the left and right DLPT (left DLPT: Wilks’ Lambda = .56, F(2, 11) = .56, p = 

.042; right DLPT: Wilks’ Lambda = .38, F(2, 6) = 4.93, p = .054). Least Significant Difference 

post-hoc tests revealed that the BOLD percent signal change in the left DLPT was statistically 

significantly greater when simulation was delivered by two thermodes on the same hand (.69 ± 
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.09 (mean ± S.E.M.)) compared to stimulation by one thermode (.31 ± .11, p = .052) or by two 

thermodes on opposite hands (.19 ± .13, p = .012). In addition, the BOLD percent signal change 

in the right DLPT was statistically significantly greater when simulation was delivered by two 

thermodes on opposite hands (.54 ±. 13) compared to stimulation by one thermode (-.05 ± .12, p 

= .012) or by two thermodes on the same hand (-.03 ± .12, p = .038) (Figure 2.6).  

 

 

 

Figure 2.6. Mean (± S.E.M) BOLD percept signal changes evoked by stimulation with one 
thermode (1S), two thermodes on the same hand (2S), and two thermodes on opposite hands 
(2O) in the A. Left DLPT, and B. Right DLPT. Regions of interest were defined in 3D, and are 
indicated in colour overlaid on anatomical drawings with hotter colours (red) indicating a larger 
ROI in the rostral-caudal direction. * indicates significance at p ≤ .05.  
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2.4. Discussion 
 

The results from the current study are the first to use fMRI to demonstrate the structures 

involved in spatial summation of warmth within the spinal cord and brainstem. Participants 

underwent three thermal stimulation conditions, allowing us to compare the effects of increasing 

surface area on thermal intensity perception. As hypothesized, intensity ratings were 

significantly higher when the surface area exposed to stimulation was increased on the same 

hand and across two hands, behaviorally confirming spatial summation and providing support for 

the involvement of a central mechanism. Secondly, imaging results demonstrate that increasing 

the surface area exposed to stimulation evokes greater BOLD percent signal changes in specific 

regions within the brainstem known to be involved in the processing of heat and pain sensations. 

Because the intensity of the thermal stimulation and experimental environment was held constant 

across conditions, the differences revealed in the current study can be attributed to the amount of 

surface area exposed to stimulation.  

 Behavioural results indicate that increasing surface area increases the perceived intensity 

of the stimulation, indicative of spatial summation. Furthermore, perceived intensity was greater 

when surface area was increased on the same hand (2S condition) as well as across two hands 

(2O condition); findings consistent with prior research (Hardy & Oppel, 1937). Compared to the 

2S condition, the ratings reported for the 2O condition were lower (significantly lower for the 

thermode on the right hand), and may be due to the fact that participants were instructed to rate 

the left and right thermodes separately. Furthermore, rather than asking for one integrated rating 

for the two thermodes, participants were required to divide their attention between the two 

thermodes to provide two ratings. Quevedo and Coghill (2009) have demonstrated that dividing 

attention has the ability to dampen spatial summation, whereas directing attention to both stimuli 
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simultaneously facilitates sensation integration and spatial summation. Overall, results indicate 

that stimulation by two stimuli is perceived as more intense compared to stimulation by one 

stimulus.   

 The imaging results correspond with the behavioural reports, showing distinct differences 

based on the number of activated thermodes. Increasing the surface area exposed to stimulation 

by activating two thermodes on the same hand evoked greater BOLD responses in brainstem 

regions repeatedly shown to be involved in pain processing. Blood oxygen level dependent 

percent signal changes in the rostral ventromedial medulla (RVM), dorsolateral pontine 

tegmentum (DLPT) and periaqueductal gray matter (PAG), located in the medulla, pons, and 

midbrain respectively, have been described previously in healthy participants (Gebhart, 2004; 

Peyron et al., 2000). Increases in BOLD signal changes in these isolated regions is analogous 

with a previous human spinal fMRI study during which greater BOLD responses were observed 

in the vicinity of the PAG, regions within the pons, and RVM, when innocuous stimulation was 

more intense as a function of increasing temperature (Stroman, 2009). Thus, a similar network of 

structures are involved in intensity perception, regardless of whether perception is affected as a 

result of increasing stimulation temperature or increasing surface area. It is important to note that 

the same study demonstrated that signal change in the localized ipsilateral C6 dorsal horn of the 

spinal cord increased when stimulation was less intense (lower temperature).  Although not 

significantly different across the 3 conditions we tested, a positive BOLD percent signal change 

at the dorsal horn was greatest when surface area was the smallest (1S condition), and 

consequently, stimulation was perceived as less intense.  The observed signal changes were less 

robust in the spinal cord dorsal horn in the 2S condition, while the 2O condition evoked a 

negative BOLD percent signal change, as a result of increasing the surface area. 
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Increasing the surface area being stimulated to the same extent, but with the area 

distributed across one hand or two hands, evoked similar BOLD responses in the RVM, DLPT, 

and PAG. This suggests that in this case, neural activity depends on the net surface area, and not 

whether the stimulation regions are contiguous. When the left and right DLPT were compared, 

results indicate that the 2S and 2O conditions evoke differences in BOLD signal change as a 

function of where the second thermode was located. Specifically, when the surface area was 

increased on the right hand, the left DLPT showed greater percent signal change, whereas when 

surface area was increased across two hands, the right DLPT showed greater percent signal 

change. The spinothalamic pathway transmits afferent information ipsilaterally from the dorsal 

horn to supraspinal structures (Paxinos & Mai, 2004). Therefore, during the 2S condition, the 

afferent input ascends through lateral regions on the left side, whereas during the 2O condition, 

afferent input ascends through regions on both the left and right side.  

Spinal cord activity in response to sensory stimulation is the net effect of afferent input to 

the spinal cord from the periphery, in addition to the effects of descending modulation from 

supraspinal structures. Increasing the amount of innocuous peripheral input travelling to the 

spinal cord appears to involve the analgesia pathways, evoking BOLD responses in structures 

known to modulate pain processing. The RVM and PAG are apart of the opiate analgesia system 

and demonstrate greater neural changes when the descending pain system is activated (Gebhart, 

2004; Millan, 2002). The RVM, the final common output for information descending from more 

caudal regions, projects to the dorsal horn through the dorsolateral funiculus, where it influences 

the processing of nociceptive information (Urban & Gebhart, 1999).  The RVM projects to the 

dorsal horn through the dorsolateral funiculus, where it influences the processing of nociceptive 

information (Urban & Gebhart, 1999). Prior research describes the RVM as producing intensity-
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dependent inhibition.  However, more recently the RVM has been shown to also play a role in 

facilitating pain perception (Kaplan & Fields, 1991; Neubert, Kincaid, & Heinricher, 2004; Pinto 

et al., 2008; Zhuo & Gebhart, 1990, 1992). The mechanism involved in mediating the facilitation 

of nociception is thought to involve the excitation of ‘on-cells’, a class of neurons located in the 

RVM. Activation of these neurons projects to the dorsal horn of the spinal cord via the 

ventrolateral funiculi, contributing to the enhanced sensitivity of peripheral input (Neubert et al., 

2004; Pinto et al., 2008; Urban & Gebhart, 1999; Zhuo & Gebhart, 1990). Restricting the 

transmission from the RVM to the spinal cord by inactivating the RVM, leads to a reduction in 

sensory sensitivity and pain perception (Kovelowski et al., 2000).  This reduction of input would 

be expected to produce a negative, or reduced, BOLD response in fMRI results. The PAG also 

plays an active role in the descending facilitation of spinal nociceptive transmission, displaying 

enhanced neuronal activation (Fairhurst et al., 2007; Tracey et al., 2002). Although the PAG’s 

direct influence on the dorsal horn of the spinal cord is limited, the PAG indirectly connects with 

the dorsal horn through projections to the RVM. The connection between the PAG and RVM is 

significant such that inactivation of the RVM results in the reduction of descending transmission 

from the PAG (Fields & Heinricher, 1985). Lastly, Giesler, Yezierski, Gerhart, and Willis (1981) 

demonstrated that electrical stimulation of the pontine tegmentum and reticular formation 

corresponds to the facilitation of neurons in the dorsal horn of the spinal cord. Overall, increased 

percent signal changes in the PAG and RVM suggest the analgesic pathway played a more 

prominent role in the effects observed when surface area is increased.    

 

 

 



	  
	  

 54 

2.5. Conclusion  

The current study is the first to provide insight into the spinal cord and brainstem regions 

involved in the spatial summation of warm stimulation and confirm that the phenomenon is 

largely centrally driven. When a larger surface area was exposed to thermal stimulation, reported 

perceived intensity was increased and coupled with greater BOLD percent signal changes in the 

descending modulatory pathway. The observed BOLD responses in the PAG, RVM and DLPT 

are most likely a reflection of the descending facilitatory system at work, mediating pro-

nociception from innocuous sensory input. Many clinical states and environmental stimuli 

associated with abnormal and/or enhanced pain perception display similar patterns of neuronal 

activity, including ‘on-cell’ enhancement in the RVM (Kovelowski et al., 2000). For instance, 

allodynia and external stimuli such as stress, illness and cognitive behaviour, have been shown to 

activate the descending modulatory system, facilitating a pro-nociception response in the absence 

of pain. Therefore, the results from this study suggest that the behavioural effects associated with 

spatial summation are similar to those contributing to conditions in people experiencing 

enhanced pain, and thus may operate by a similar mechanism. Investigating BOLD responses in 

the entire central nervous system, including contributions from cortical regions, is necessary to 

expand our understanding of the specific mechanisms involved in the spatial summation of 

warmth stimulation.   

 
 
 

 
 

 
 
 
 
\ 



	  
	  

 55 

Chapter Three 

Investigation of Spatial Summation of Noxious Heat Sensations in the Spinal 
Cord, Brainstem, and Brain, by Means of Functional MRI 

 
3.1. Introduction 

 Spatial summation, the increase in perceived intensity with an increase in stimulus area, 

is an important component of processing in many sensory systems, and has been reported to 

contribute to the perception of thermal sensations (Hardy & Oppel, 1937). Spatial summation 

extends beyond the innocuous sense, and has been demonstrated to also be involved in both the 

sensory and affective features of heat pain (Price et al., 1989). Numerous psychophysical studies, 

and clinical studies, have robustly demonstrated the effects of spatial summation with the use of 

a thermal pain stimulus (Coghill, Mayer, & Price, 1993; Defrin et al., 2006; Defrin & Urca, 

1996; Douglass et al., 1992; Greene & Hardy, 1958; Greenspan, Thomadaki, & McGillis, 1997; 

Hardy et al., 1940; Lautenbacher, Kunz, Strate, Nielsen, & Arendt-Nielsen, 2005; Lautenbacher 

et al., 2001; Machet-Pietropaoli & Chery-Croze, 1979; Nielsen & Arendt-Nielsen, 1997; Price et 

al., 1989; Staud, Vierck, et al., 2004; Stohler & Kowalski, 1999). In all of these studies, the 

perceived sensation was manipulated by either increasing/decreasing the surface area of one 

thermal probe, or adding/subtracting the number of thermal probes making contact with the skin. 

Regardless of which methodology was employed, increasing the area of the stimulus making 

contact with the skin led to a decrease in pain threshold and an increase in perceived intensity.  

The effects of spatial summation of thermal pain are not only exhibited when stimulation 

areas are contiguous or confined within one dermatome. For example, manipulating the distance 

between 2 active thermal probes by 10 cm (Price et al., 1989) or 30 cm (Quevedo & Coghill, 

2009), or separating two thermal probes across two dermatomes (Douglass et al., 1992) did not 

alter the effects regarded as spatial summation. With support from other research groups 
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(Marchand & Arsenault, 2002; Nielsen & Arendt-Nielsen, 1997; Staud, Vierck, et al., 2004), 

these conclusions suggest that information arriving at different levels within the spinal cord can 

integrate and increase the perception of pain. As a result, many have suspected that in 

conjunction with the involvement of receptors located at the periphery, a central mechanism is 

likely to play a key role in the occurrence of spatial summation (Douglass et al., 1992; Marks & 

Stevens, 1973; Price et al., 1989). Nonetheless, the neurophysiology responsible for the effects 

provoked by increasing the amount of surface area stimulated is complex and as of yet, is not 

well understood.  

Although the detailed mechanism responsible for the existence of spatial summation of 

pain is unclear, what is clear is its significant contribution to the pain experience. Spatial 

summation of pain is now thought to be an integral component of pain perception, the coding of 

pain intensity, and identifying pain quality. Consequently, spatial summation involving noxious 

heat is a topic of high importance for our overall understanding of the neurophysiology 

underlying pain. Furthermore, determining the balance between peripheral and central controls 

and separating such influences from emotional and cognitive influences is expected to be 

beneficial in guiding the treatment and alleviation of different pain conditions.  

One of the main challenges that has restricted prior research from exploring the spatial 

summation process in more depth is due to the nature of pain itself. The universal pain 

experience is individualistic, being influenced not only by physiological means, but also 

emotional and cognitive factors. In the past, the complexity of pain has made it difficult to study 

specific effects, such as spatial summation, and make valuable conclusions with confidence. 

However, with the use of in-vivo, non-invasive objective measures, such as functional 

neuroimaging, how pain is processed, modulated and perceived is now better understood as a 
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result of assessing the different components that influence and/or alter pain. Prior studies have 

used imaging techniques to study the multifaceted pain experience, and as a result, a likely ‘pain 

matrix,’ or a group of distributed structures within the brain that interact and play a role in the 

central processing of painful stimuli have been identified. Cortical structures that have repeatedly 

been demonstrated to contribute to such processes include the prefrontal cortex (PFC), insula 

(INS), thalamus (THAL), somatosensory cortex (S1), basal ganglia (BG), and limbic system 

structures, including the anterior cingulate cortex (ACC), and hippocampus (Ingvar, 1999; 

Peyron et al., 2000; Tracey, 2008). Brainstem regions, including the periaqueductal gray region 

(PAG), the rostral ventromedial medulla (RVM), as well as other medullary nuclei, have also 

been shown to contribute to pain processing.  Furthermore, more recent studies have attempted to 

outline more specific regions within the brainstem and spinal cord that are involved in pain 

processing (Cahill & Stroman, 2011).  Because many regions within the central nervous system 

are thought to act together to process and modulate peripheral input, such regions are likely to 

interact in specific ways based the nature of the incoming information. Thus, unique perceptional 

and behvaioural responses are a result of the characteristic input and the involvement of 

distributed central networks.   

 Identifying the network of regions spanning the entire central nervous system involved 

in the spatial summation of pain has not yet been undertaken. Using well developed imaging 

methods, and what we now know about the structures and mechanisms involved in the 

processing of pain, it is now possible to further investigate the specific mechanisms involved in 

spatial summation. Thus, the current study attempts to support prior psychophysical studies by 

confirming the existence of spatial summation from behavioral data. Moreover, we investigate 

the key structures that correspond to the altered pain perception when the surface area inflicted 
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by noxious stimulation is increased.  Because stimulation is perceived as more painful when the 

surface area is greater, it is expected that patterns of neural activity will be similar to that 

expected by increases in intensity, or temperature, of the thermal stimulus. Thus, many regions 

within the brainstem and brain, known to contribute to painful experiences are likely to be 

important in spatial summation, more specifically, showing greater activation when the 

stimulation is delivered over a larger surface area.  

With the use of functional MRI, the current study presents the first detailed investigation 

of the regions within the entire central nervous system involved in the spatial summation of pain 

in a healthy human population. We identify the neural responses associated with the summation 

of pain in regions within the spinal cord, brainstem, and cortical regions, showing differential 

neural activation as a result of the amount of surface area stimulated. Furthermore, regions 

known to be involved in pain processing and perception appear to show greater fMRI signal 

change when the amount of surface area is greater, suggesting their involvement in evoking the 

effects associated with the spatial summation phenomenon.  

3.2. Methods 

3.2.1. Participants 

Healthy adult females (18-45 years of age) were recruited from the local community. All 

twelve (21.67 ± 2.65 years of age; range 18-25) participants were non-smokers and scored within 

the normal range on a battery of tests assessing depression and anxiety, using the Beck’s 

Depression Inventory (BDI) (Beck & Beamesderfer, 1974) and the Spielberger State/Trait 

Anxiety Inventory (Spielberger, 1970),	   respectively. Exclusion criteria for participation in the 

study included any neurological disorders, previous injury to the brain or spinal cord, any 

peripheral injury that affects the sensitivity to their hands to touch or thermal sensation, or 
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having any MRI safety risks (e.g., pacemaker, neurostimulator, metallic implants etc.). All pre-

menopausal participants were tested during the luteal phase of their menstrual cycles, verified by 

menstrual history. The luteal phase of the menstrual cycle is characterized by the most consistent 

hormone levels, allowing for consistency among participants. the All research procedures were 

approved by the Queen’s University Human Research Ethics Board and written informed 

consent was obtained from every volunteer before participation in the study.  

3.2.2. Experimental Design 

The purpose of this study was to use fMRI to identify regions within the spinal cord, 

brainstem and brain involved in evoking the spatial summation of pain. To achieve this, we 

applied thermal stimulation (≥ 45°C) to the glabrous skin (palm), thumb side of participants’ 

right hand, corresponding to the 6th cervical dermatome (C6). Each participant experienced two 

thermal stimulation conditions, a small thermode condition and a large thermode condition. Both 

conditions were identical except for surface area of skin exposed to noxious stimulation. As 

displayed in Figure 3.1, a block design consisted of a 47 second initial baseline period, a 33 

second stimulation period, and a 70 second, final baseline period. Therefore, each data collection 

run lasted 2.5 minutes in duration. The intensity of stimulation was adjusted according to the 

experimental pain ratings given during training in the sham MRI scanner (see below). 

Participants were informed that there may or may not be small fluctuations in temperature during 

the stimulation period and to vocalize when the fluctuations are perceived. The temperature of 

the last two seconds of the stimulation period was set 0.3 °C hotter than the preceding 31 

seconds. This slight increase in temperature was designed to direct attention toward the 

stimulation and away from other thoughts and distractions, as reported in previous literature 

(Miron, Duncan, & Bushnell, 1989). Both the initial and final baseline temperatures were the 
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same and were always 14 °C lower than the calibrated stimulation temperature. The temperature 

increased and decreased to/from the stimulation temperature at 8 °C per second.  

 

 

 

 

 

 

 

 
 
 
 
 
Figure 3.1. Thermal stimulation paradigm delivered by a MR-compatible Peltier thermode 
(Medoc) to the glabrous (palm), thumb-side of the right hand. The stimulation temperature 
represents the mean temperature used during the study.  
 

2.3.3. Ratings 

3.2.3.1. Ratings of Experimental Pain  

A standardized numerical pain scale was used by participants to rate the intensity of the 

pain produced by the thermal stimulation. The scale ranged from 0 to 100 in increments of 5, 

associated with verbal descriptors at intervals of 10: 10, warm; 20, a barely painful sensation; 30, 

very weak pain; 40, weak pain; 50, moderate pain; 60, slightly strong pain; 70, strong pain; 80, 

very strong pain; 90, nearly intolerable pain; and 100, intolerable pain (Appendix F).	  
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3.2.3.2. Ratings of Somatic Pain and Anxiety  

Somatic pain and overall anxiety were recorded periodically during the experimental 

protocol using numerical scales ranging from 0 (no pain/no anxiety at all) to 100 (the most 

intense pain/anxiety imaginable) (Vierck, Cannon, Fry, Maixner, & Whitsel, 1997) Although 

participants were required to be free from pain and to be anxiety-stable, ratings were obtained to 

capture any change or onset of pain (i.e., headache) or experiment-induced anxiety.  The purpose 

of these ratings was to identify any confounding effects, should they occur, and to eliminate any 

participants from further analysis if confounding effects may have influenced our results. No 

participants were excluded from the current study.  

3.2.4. Thermal Probe 

Two MR-compatible Peltier thermodes (large thermode: 30 x 30 mm (900 mm2), small 

thermode: 16 x 16 mm (256 mm2); TSA-2001, Medoc Advanced Medical Systems, Ramat 

Yishai, Israel) were used for thermal stimulation (Figure 3.2). Efforts were made to make the two 

thermodes indistinguishable in weight and feel. To make the small thermode the same intrinsic 

size to the large thermode, an additional piece of rigid, insulating plastic, hollowed in the center, 

was made flush with the small thermode and tightly secured using hot glue. The surface area of 

the small thermode together with the additional insulating material was identical to the surface 

area of the larger thermode. Although the total surface area making skin contact was the same 

with the two thermodes, the area that underwent temperature changes was different (Defrin et al., 

2009; Defrin & Urca, 1996).  Also, non-magnetic lead weights were added to the smaller 

thermode to replicate the mass of the larger thermode. Using the plastic and weights, the small 

thermode reliably replicated the feel of the large thermode. For stimulation, the probe was 

secured to the palm-side of the hand corresponding to the C6 dermatome using a tight black 
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Magic Glove made of 85% acrylic, 10% spandex, and 5% nylon (product # 82-1717-4). In 

addition to ensuring the thermode maintained continual skin contact, the glove also served to 

restrict the visibility of the thermode, circumventing biases that might arise due to differences in 

appearance between the small and large thermode. 

 

 

 

 

  

 
 
 
Figure 3.2. Thermode placement on the glabrous skin (palm), thumb side of the right hand, 
corresponding to the C6 dermatome. A. Large thermode, B. Small thermode (black) with outer 
insulating material (white).  
 

3.2.5. Questionnaires 

All participants completed a package of questionnaires, which were used to characterize 

participants’ mood, overall level of depression and anxiety, and how they catastrophize pain. The 

package consisted of the Beck’s Depression Inventory (BDI) (Beck & Beamesderfer, 1974), the 

Spielberger State/Trait Anxiety Inventory (Spielberger, 1970), the Social Desirability Scale 

(Crowne & Marlowe, 1960) and the Pain Catastrophizing Scale (PCS) (Sullivan, Bishop, and 

Pivik, 1995). The BDI is a 21-item self-report rating inventory designed to measure attitudes and 

symptoms of depression. Total scores range from 0 to 63, where a score of 17-20 is considered 

borderline clinical depression and a score greater than 20 is indicative of depression. 

Spielberger’s State/Trait Anxiety Inventory is comprised of two 20-item scales accessing anxiety 
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in a specific situation and as a general trait. Total scores range from 20 to 80, which higher 

scores correlating with greater anxiety. The Social Desirability Scale consists of 33 true/false 

questions designed to access individuals’ social desirability bias. Total scores range from 0 to 33, 

where a score between 0 and 8 is low, a score between 9 and 19 is average and a score between 

20 and 33 is high. The Pain Catastrophizing Scale consists of 13 statements designed to 

determine how people feel and what they think about when they are in pain. The items are rated 

on a scale from 0-4 and have three different categories: Rumination, Magnification and 

Helplessness. Total scores range from 0 to 52, where a higher score correlated with a higher level 

of catastrophizing. Participants also completed a brief 10-question post-experimental 

questionnaire designed to gather more information regarding the perception of the thermal 

stimulation. The questionnaire requires individuals to strongly agree, agree, disagree or strongly 

disagree with experiment-related statements (Appendix C).   

3.2.6. Functional MRI (fMRI) 

3.2.6.1. Sham fMRI  

All participants underwent one training session in a sham MRI scanner prior to acquiring 

images in the actual MRI system.  The “sham” MRI replicates the MR imaging environment, 

including lighting, sounds, and experiences, without the static magnetic field of the actual MRI 

system. During the training session, participants became familiar with the numerical rating scale 

while seated comfortably in an upright position in the room containing the sham MRI scanner. 

Each participant’s perception of pain was calibrated to a moderate pain level, corresponding to a 

rating of approximately 50 on the 100-point scale. The larger thermode was used for calibration 

because it was expected to elicit a greater pain response compared to the smaller thermode, 

avoiding the possibility of stimulating with too high of intensity. The stimulating temperature of 
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the first trial was 45 °C and was gradually increased during successive trials until calibration was 

complete, when the target pain rating was reached. The temperature that consistently provoked 

the same rating of approximately 60 was used for all subsequent trials, regardless of the size of 

the thermode.  In addition, participants gained experience paying attention to the thermal 

stimulation and indicating when any increase in temperature was perceived.  Once participants 

had sufficient practice paying attention to the thermal stimulation and rating the stimulation, they 

were made comfortable on the sham MRI bed and completed 10 randomized stimulation trials (5 

large thermode and 5 small thermode). Participants (N = 3) who did not show the effects of 

spatial summation did not take part in the imaging portion of the study.  Participants were 

exposed to all the elements of the experimental protocol, including wearing protective ear wear, 

and hearing recordings of the MRI system, to replicate the environment during testing and 

reduce any associated anxiety.    

3.2.6.2. fMRI 

Functional MRI of the spinal cord, brainstem and brain was carried out on those 

participants who clearly demonstrated spatial summation of pain. In an attempt to avoid skin 

sensitization and patient fatigue, fMRI was done on a separate day from the collection of the 

psychophysical data in the sham MRI system. Participants were guided into a supine position on 

the bed of the MRI system, to enter the scanner headfirst. The large thermode was positioned on 

the glabrous skin (palm), thumb side of participants’ right hand, corresponding to the 6th cervical 

dermatome (C6). A black glove was again worn to secure the thermal probe in place and avoid 

confounding responses due to visible differences between the two thermodes. An optical device 

for recording the peripheral pulse was attached to the left index finger and remained there for the 

duration of study. A mirror allowed participants to view the numerical pain scale on a rear 
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projection screen outside the MRI system, identical to the setup used in the sham MRI. In 

addition, a programed visual display guided participants though each run, encouraging them to 

pay attention to thermal stimulation, to vocalize when they felt any slight increase in 

temperature, and when to rate the sensation.  Headphones were worn for hearing protection, 

while cameras and two-way audio was used for continual monitoring of the participant during 

image acquisition.  

Prior to imaging, the temperature calibration was verified using the large thermal probe. 

The temperature used to elicit a pain rain of approximately 50 on the 100-point scale. 

Participants felt 12 separate thermal stimulation runs, 8 that collected spinal cord fMRI data and 

6 that collected brain fMRI data. The thermode was removed from the hand in between each data 

collection run for two minutes to minimize receptor sensitization. 

3.2.5.3. Spinal fMRI Acquisition 

 Spinal fMRI data were acquired in a 3.0 Tesla Siemens Magnetom Trio, using a spine-

array coil and anterior neck coil. Initial localizer images were acquired in 3 planes and used as a 

slice positioning guide for subsequence fMRI acquisition. Functional images were acquired in 9 

slices to span 18 mm across from left to right. Contiguous sagittal slices spanned from below the 

intervertebral disc between the 1st and 2nd vertebrae, to above the thalamus in the brainstem using 

a half-Fourier single-shot fast spin-echo (HASTE) imaging method with T2-weighting 

[Repetition time/echo time (TR/TE = 6.75 s/75 ms); field-of-view (FOV) = 28 cm x 21 cm; 

voxel size = 1.5 mm x 1.5 mm x 2.0 mm thick]. Spatial suppression pulses were acquired 

anterior to the spine to improve image quality by reducing physiological motion artefacts 

produced by the heart, lungs, throat etc. Each participant’s peripheral pulse was recorded 

continuously throughout the study using the physiological monitoring equipment that is 
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incorporated in into the Siemens MRI system. The acquisition of each image slice was triggered 

with an external trigger generated by a National Instruments data acquisition board (DAQpad- 

6020E) controlled by custom software written in MATLAB® (The MathWorks Inc., Natick, MA, 

USA). All participants underwent eight separate and randomized 2.5-minute spinal cord fMRI 

runs, four with stimulation by the small thermode and four with stimulation by the large 

thermode, for a total acquisition time of 20 minutes.   

3.2.6.4. Brain fMRI Acquisition 

Brain fMRI data were acquired following Spinal fMRI acquisition. For optimal BOLD 

sensitivity, functional images were acquired in 49 transverse slices using a T2*-weighted 

gradient echo planar imaging (EPI) sequence [Repetition time/echo time (TR/TE = 3 s/30 ms); 

field of view (FOV) = 192 x 192 cm; matrix = 64 x 64; voxel size 3.0 mm x 3.0 mm x 3.0 mm 

thick]. All participants underwent six separate and randomized 2.5-minute brain fMRI runs, three 

with stimulation by the small thermode and three with stimulation by the large thermode.  

3.2.6.5. Image Analysis  

Spinal Cord Analysis - Spinal cord functional MRI data were analyzed using custom-

made software written in MATLAB® (The Mathworks Inc., Natick, MA, USA) and using 

previously described methods (Stroman, 2013). Image data were co-registered using the Medical 

Image Registration Toolbox (Myronenko & Song, 2009; A. Myronenko & X. B. Song, 2010) 

with means of a general linear model (GLM), which included a model of the stimulation 

paradigm convolved with the BOLD hemodynamic response function, the first two principal 

components as models of the dominant global variance in the data, and a constant function 

(Stroman, 2013).  Normalization consisted of manually drawing nine reference lines on the 

images by selecting points along the edge of the spinal cord and brainstem. The positions of the 
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points were adjusted to correspond to the correct location, and were then joined together to form 

the reference lines.  Lines were drawn on each dataset in the midline sagittal plane of the image, 

marking the anterior and posterior edges of the spinal cord, and in the coronal plane, marking the 

left and right edges of the spinal cord. Lines were also drawn around the edge of the pons, along 

the posterior medulla, and a line traced along the top of the corpus callosum. Lastly, lines were 

drawn in the coronal plane of the image to indicate the bottom of the pons, and through the 

middle of the coronal plane extending from the top of the corpus callosum to the bottom of the 

pons. Fine-tuning adjustments of the mapping was achieved by applying the Medical Image 

Registration Toolbox (Myronenko & Song, 2009; A. Myronenko & X. B. Song, 2010).  

The spinal cord fMRI runs with stimulation from the small thermode and the four runs 

with stimulation from the large thermode were combined to create two separate datasets. The 

runs were averaged, instead of being combined sequentially, in order to avoid any effects of 

baseline intensity differences that can be encountered when time-series data are concatenated, 

while maintaining the advantages of having more sampled data. The averaged spinal fMRI data 

were then analyzed by means of a general linear model (GLM), based on the stimulation 

paradigm convolved with the BOLD hemodynamic response function, the first two principal 

components of the time course data from all voxels as models of the dominant global sources of 

variance, and a constant function. A random effects analysis was conducted and activity maps of 

the significantly active voxels were created for the group for the large and small thermal 

stimulation conditions. Comparisons of the percent signal change between the large and small 

stimulation conditions were calculated with paired T-tests.  

Brain Analysis - Group analysis of functional brain data was performed using statistical 

parametric mapping (SPM8) software (Wellcome Dept. of Imaging Neurosience). Each time-
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series of fMRI data was motion corrected using a 6-parameter rigid-body transformation by 

bringing all brain volumes into alignment. Images underwent slice-scan time correction to 

correct for differences in image acquisition time between slices. Normalization was performed 

using representative, averaged realigned slices and a standard EPI template available in SPM8, 

thus allowing for comparison across all participants. Data were smoothed using a 5-mm full-

width at half maximum, (FWHM) Gaussian kernel. In addition, three runs from stimulation with 

the small thermode and the three runs from stimulation with the large thermode were combined 

to create two separate datasets for each participant.  

A random-effects group analysis (a second-level analysis) was carried out on the 

participants’ activation maps to produce group results, characterizing both the large and small 

thermode conditions. A contrast between the two conditions was formed to determine regions 

displaying significant differences in percent signal change at the p < .01 significance level. MNI 

coordinates were converted to talariach coordinates, which were then used to identify cortical 

regions using the ‘Atlas of the Human Brain’ (Mai, Assheurer, & Paxinos, 1997) and the 

Talairach Daemon Client (Version 1.1, Research Imaging Center, University of Texas Health 

Science Center, San Antonio, TX).	  

3.3. Results 

3.3.1. Somatic Pain Ratings and Questionnaire Data 

None of the participants reported having any somatic pain either before or during the 

behavioural testing or imaging sessions. Their mean ± S.E.M. Beck’s Depression Inventory score 

was 3.08 ± .78 and their Spielberger State/Trait Anxiety scores were 31.17 ± 3.06 and 31.42 ± 

2.84, respectively. Their mean ± S.E.M Social Desirability score was 20.00 ± 1.54 and their 

mean ± S.E.M Pain Catastrophizing score was 9.00 ± 1.87.  No participant scored particularly 
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high on any one of the 4 questionnaires. These results suggest that data obtained during the 

current study are not confounded by incidental somatic pain, high levels of anxiety and/or 

depression, desirability bias, or abnormal pain catastrophizing characteristics. All participants 

indicated that they understood and complied with the study instructions and were able to use the 

numerical pain rating scale to rate the sensations appropriately. The majority of participants (10 

out of 12, 83%) indicated that the pain from the thermal stimulation did not significantly increase 

or decrease as the study progressed (Appendix C).  

3.3.2. Experimental Pain Ratings  

The mean ± S.E.M temperature that was calibrated to elicit pain with a rating of 

approximately 50 °C with large thermode stimulation was 47.0 °C ± .22 °C and ranged from 45.5 

°C to 48.0 °C (Table 3.1).  A paired t-test demonstrates that the pain ratings produced by the 

large thermode were significantly greater (47.4 °C ± 2.1 °C) than with the small thermode (25.2 

°C ± 2.2 °C; t(11) = 9.44; p < 0.001; Figure 3.3). There was no significant difference in 

participant pain ratings between the spinal cord and brain imaging runs when stimulation was 

delivered with the large thermode, t(11) = -1.06; p = .31 (mean ± S.E.M: spinal cord, 47.4 ± 2.1; 

brain, 48.9 ± 2.7) or small thermode, t(11) = .24; p = .82 (mean ± S.E.M: spinal cord, 25.2 ± 2.2; 

brain, 24.9 ± 2.3). The mean ± S.E.M difference in pain rating responses between the large and 

small thermode was 22.2 ± 2.4 and ranged from 10 points to 36.4 points. All participants 

reported that they were able to rate the thermal stimulation appropriately and were able to do so 

using the numerical rating scale.  
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Table 3.1. Age, stimulation temperature and corresponding average pain rating reported during 
the small and large thermode conditions during spinal cord and brain fMRI for each participant.  
The rating difference is the difference between the average pain rating reported during the large 
condition and small condition.  

 

 

 

 

 

 

 

 

 

 
Figure 3.3. Mean (± S.E.M) subjective pain ratings reported by participants (N = 12) in response 
to stimulation delivered by the large and small thermode to the right hand corresponding to the 
C6 dermatome during fMRI of the spinal cord and brain. * indicates significance at p ≤ .05.  
 
 

   Average Rating  

Participant Age Temperature  
Threshold (°C) 

Small 
Thermode Large Thermode Rating 

Difference 

1 25 47.5 24.3 44.3 20.0 
2 22 48.0 39.3 54.4 15.1 
3 24 47.5 40.0 54.3 14.3 
4 21 45.5 22.1 36.4 14.3 
5 19 46.0 22.9 45.7 22.8 
6 24 47.0 27.1 37.1 10.0 
7 18 47.5 17.9 46.4 28.5 
8 19 47.0 25.7 62.1 36.4 
9 19 48.0 17.9 48.6 30.7 
10 24 47.0 21.4 42.9 21.5 
11 25 46.3 27.9 49.3 21.4 
12 20 46.8 15.7 47.14 31.4 
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3.3.3. Spinal cord fMRI Results 

Random effects group analyses of each stimulation condition indicate significant 

differences in neural activity in regions of the spinal cord and brainstem. As can be seen from the 

transverse slices in Figure 3.4, we detected differences in activity in response to thermal 

stimulation at the right dorsal horn of the 6th cervical segment, and regions within the rostral 

medulla, pons and midbrain, that are known to play a role in pain processing. Therefore, it is 

evident that the size of the thermode used for stimulation does have a significant influence on 

activity detected in the spinal cord and brainstem. A pairwise contrast between the two 

stimulation conditions identified regions demonstrating the greatest differences in activity. When 

activity evoked by the small thermode is subtracted from that by the large thermode (large – 

small), greater activity is present in ‘pain’ regions when more surface area is stimulated. 
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Figure 3.4. Group results (random effects analysis, N = 12) for large and small thermode 
stimulation of the right hand. Results (left) are shown for selected contiguous 1-mm thick 
transverse slices through the C6 spinal cord segment, the rostral medulla, pons and midbrain, and 
corresponding radiological oriented figures [ventral (V); dorsal (D); right (R); left (L)]. The 
sagittal slice (right) indicates the location of the aforementioned spinal cord segment and 
brainstem region as well as a T-value scale, where hotter colours (red) reflect positive 
significance, and cooler colours (blue) reflect negative significance.  
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To further quantify the difference between stimulation conditions, a region-of-interest 

analysis was conducted, guided by a priori knowledge and the regions displayed in the group 

main and contrast effects (previously described). As can be seen in Figure 3.5, Analysis of 

Regions of Interests (ROIs) indicates that the two thermal stimulation conditions resulted in 

differential BOLD effects. In particular, relative to the small thermode, stimulation by the large 

thermode evoked a significantly greater BOLD signal change in the spinal cord segment 

corresponding to the C6 dermatome compared to baseline, t(4) =3.42; p = 0.03 (mean ± S.E.M: 

large, 2.01% ± 0.54%; small, 0.76% ± 0.12%).  Similarly, relative to the small thermode, 

stimulation by the large thermode evoked a significantly greater BOLD signal change in 

brainstem regions, including the region noted as the RVM, t(15) =3.14; p = 0.007 (mean ± 

S.E.M: large, 0.77% ± 0.15%; small, -0.07% ± 0.17%), the left DLPT situated in the pons, t(19) 

=4.55; p < 0.001 (mean ± S.E.M: large, 0.61% ± 0.11%; small, -0.15% ± 0.12%), and the PAG 

in the midbrain, t(23) =2.77; p = 0.01 (mean ± S.E.M: large, 0.62% ± 0.08%; small, 0.06% ± 

0.16%.   

Pearson’s correlations were conducted to explore the relatedness of the regions that 

differed between the two stimulation conditions. The analysis revealed that as a result of 

stimulation by the large thermode, the BOLD percent signal change noted in the RVM, DLPT 

and PAG were all significantly correlated with each other, all p’s ≤ 0.05, refer to Table 3.2.  

While the RVM and the DLPT have a positive relationship, the relationship between the RVM 

and PAG and the DLPT and PAG are both negative (negative correlation). In contrast, only the 

RVM and DLPT appear to have a significantly positive relationship as a result of stimulation by 

the small thermode (Table 3.3). Pain ratings were not significantly correlated with BOLD 

percent signal change in either condition.  
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Figure 3.5. Mean (± 
S.E.M) BOLD percept 
signal changes (left) and corresponding Regions of Interest (ROI) evoked by stimulation with the 
small and large thermodes in selected regions of the spinal cord and brainstem. A. Right dorsal 
horn of 6th cervical spinal cord segment, B. RVM in the rostral medulla, C. left DLPT in the 
pons, D. PAG in the midbrain. Regions of interest were defined in 3D, and are indicated in 
colour overlaid on anatomical drawings with hotter colours (red) indicating a larger ROI in the 
rostral-caudal direction.  
 
Table 3.2. Correlation Matrix of Subjective Pain Ratings and BOLD Percent Signal Changes for 
the Large Thermode Condition  
 
 
Figure 3.5. Mean (± S.E.M) BOLD percept signal changes (left) and corresponding Regions of 
Interest (ROI) evoked by stimulation with the small and large thermodes in selected regions of 
the spinal cord and brainstem. A. Right dorsal horn of 6th cervical spinal cord segment, B. RVM 
in the rostral medulla, C. left DLPT in the pons, D. PAG in the midbrain. Regions of interest 
were defined in 3D, and are indicated in colour overlaid on anatomical drawings with hotter 
colours (red) indicating a larger ROI in the rostral-caudal direction.  
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Table 3.2. Correlation Matrix of Subjective Pain Ratings and BOLD Percent Signal Changes for 
the Large Thermode Condition.  
 
 
 
 
 
 
 
 
 
 
 

 

  ** Significant at p ≤ .01 
  * Significant at p ≤ .05 
 
 
Table 3.3. Correlation Matrix of Subjective Pain Ratings and BOLD Percent Signal Changes for 
the Small Thermode Condition.  
 
 
 
 
 
 
 

 

  

 
 
  ** Significant at p ≤ .01 
 
 
3.3.4. Brain fMRI Results 
 

For both the large and small stimulation conditions, a one-way T-test was conducted to 

identify regions demonstrating greater percent signal change during periods of thermal 

stimulation. The stimulation conditions appear to evoke similar increases in BOLD response 

!

 Rating C6 RVM DLPT PAG 

Rating --     

C6 -.24 --    

RVM -.33 .10 --   

DLPT -.34 -10 .77** --  

PAG .26 .03 -.57* -.63* -- 

!

 Rating C6 RVM DLPT PAG 

Rating --     

C6 -.073 --    

RVM -.014 .26 --   

DLPT -.167 -.05 .54** --  

PAG .261 .25 -.16 -.22 -- 
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when the painful stimulus was applied to the hand. Specifically, in both conditions, regions 

within the integrated pain network displayed significantly greater BOLD percent signal change 

during stimulation compared to baseline at a significance level of p < .01. The following 

structures demonstrated a significant increase in percent signal change during thermal 

stimulation: insula (INS, BA 13), anterior cingulate cortex (ACC, BA 24), prefrontal cortex 

(PFC), thalamus (THAL), somatosensory cortex (S1), motor areas [primary motor area (M1), 

supplementary motor area (SMA), and cerebellum], and regions within the basal ganglia (BG). 

Other regions within the frontal, parietal and temporal lobes also showed a larger BOLD 

percentage signal change during thermal stimulation, compared to baseline (Table 3.3).  

A within subjects (paired-sample t-test) comparison between the large and small 

stimulation conditions was conducted to determine differences in percent signal change as a 

result of thermode size. The contrast (large – small) revealed that stimulation by the large 

thermode evoked significantly greater BOLD percent signal changes in regions contralateral to 

the site of stimulation, in addition to a few ipsilateral and bilateral regions (Figure 3.6). 

Compared to the small thermode, the large thermode evoked significantly greater bilateral 

BOLD responses in the thalamus and caudate body. In addition, the large thermode evoked 

greater BOLD responses in the left hippocampus, left subthalamic nucleus, the left middle 

frontal and middle temporal gyrus, left precentral gyrus, left claustrum, right superior frontal 

gyrus and right lateral globus pallidus (Table 3.4). There was no significant difference in any 

other regions at a significance level of p < .01. 
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Table 3.4. T-score values from one-sample t-tests that correspond to right and left hemisphere 
cortical structures (and corresponding Brodmann area) demonstrating significant percent signal 
change during stimulation with the large and small thermode. See Appendix A and B for 
Talairach coordinates. 	  
 
 

  
 

Large 
___________________ 

 
Small 

__________________ 

Structure  Left Right Left Right 
 
Frontal Lobe      

       Superior frontal gyrus (10)  4.43 7.52 4.56 5.36 
       Dorsolateral prefrontal cortex (9) 3.98 5.90 3.46 4.86 
       Supplementary motor area (6/8) 3.70 7.21 3.93 7.68 
       Inferior frontal gyrus (44/45/47) 5.05 6.14 4.71 8.18 

Parietal Lobe      
       Primary somatosensory cortex (1/2)  3.61 5.67 4.60 
       Superior parietal lobule (5/7)  6.30 3.52  
       Inferior parietal lobule (39/40) 5.31 5.72 5.08 7.16 
       Subcentral area (43)   4.47  

Temporal Lobe      
Middle temporal gyrus (21)  2.82 4.53 2.89 3.45 
Superior temporal gyrus (22/38) 3.99 4.18 4.07 3.99 
Transverse temporal gyrus (21) 2.82  5.81  
Fusiform gyrus (19/20)  3.14 3.17 3.22 

Limbic System     
       Insula (13) 4.50 6.30 5.61 10.54 
       Ventral Anterior Cingulate Cortex (24)   4.13 3.82 3.36 
       Ventral Posterior Cingulate Cortex (23) 3.35 4.38 3.44 3.60 
       Dorsal Anterior Cingulate Cortex (32) 4.26 4.30 3.17 4.68 
       Parahippocampal gyrus (34)   3.39 4.29 
       Hippocampus   3.00  
Midbrain      

Thalamus  3.52 3.20 3.72 3.77 
Hypothalamus   2.82  
Caudate tail 5.39 3.65   
Caudate body  3.06 3.93 3.04 3.72 
Caudate head   3.82  
Putamen   3.47 3.34 
Medial Globus Pallidus  6.54 5.28 4.62 
Substania nigra  3.06   
Claustrum   2.86  4.07 

Cerebellum Anterior Lobe 3.72 4.26 3.44 4.29 
Cerebellum Posterior Lobe  2.96 2.81 3.73 2.82 
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Figure 3.6. Regions demonstrating a significant difference in stimulation-related neural activity 
when BOLD percent signal change recorded from the small thermode condition is subtracted 
from that recorded from the large thermode condition (paired t-test); significance level at p = .01. 
Abbreviations: Body of the caudate nucleus (BCd), Thalamus (THAL), Subthalamic nucleus 
(SubN), Hippocampus (HC), Middle temporal gyrus (MTG), Lateral globus pallidus (LGP), 
Claustrum (CL), Middle frontal gyrus (MFG), and Superior frontal gyrus (SFG).  
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Table 3.5. Cortical regions (and corresponding Brodmann area) displaying significantly greater 
percent signal change during the large thermode condition compared to the small thermode 
condition. Talariach coordinates are along the left-right (x), anterior-posterior (y), and superior-
inferior (z) directions and are represented in millimeters (mm). 
 

  Talariach Coordinates  (mm)    

 Structure x  
(L/R) 

y 
(A/P) 

z 
(S/I) 

t 
Value 

z 
Value 

p 
Value 

Left Thalamus -2 -2 11 9.49 4.85 .000 
 Hippocampus -28 -21 -8 3.51 2.81 .002 
 Subthalamic Nucleus -13 -17 -6 2.91 2.45 .007 
 Caudate Body -7 -5 18 2.89 2.44 .007 
 Middle Frontal Gyrus (10) -38 52 -1 2.83 2.40 .008 
 Primary Motor Cortex (4) -33 -25 66 2.83 2.40 .008 
 Claustrum -27 4 20 2.83 2.38 .009 
 Middle Temporal Gyrus (19) -33 -63 9 2.80 2.37 .009 

Right Thalamus 7 -5 20 4.02 3.09 .001 
 Superior Frontal Gyrus (10) 27 61 5 3.33 2.71 .003 
 Lateral Globus Pallidus 15 1 1 2.90 2.44 .007 
 Caudate Body 5 0 13 2.72 2.33 .010 
 

3.4. Discussion 

The current study examined the role of the central nervous system, including the spinal 

cord, brainstem, and brain, in mediating the effects associated with spatial summation using 

functional Magnetic Resonance Imaging. Participants underwent two noxious stimulation 

conditions, which allowed us to vary the surface area of skin stimulated and examine these 

effects behaviourally and in terms of neural activity. As predicted, relative to stimulation by the 

small thermode, stimulation by the large thermode provoked more intense pain as measured by 

participants’ reported pain ratings. Secondly, as predicted, the larger thermode evoked greater 

activation in specific regions throughout the entire central nervous system known to be involved 

in pain processing, including specific regions that play a role in the modulation of pain. With the 

exception of the surface area used for noxious stimulation, the two stimulation conditions were 
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identical, including the temperature intensity used for stimulation, and the look and feel of the 

thermode. Thus, the results reported and observed in the current study appear specific to the size 

of the surface area stimulated with noxious heat, and can be attributed to the effects of spatial 

summation of pain.  

Behavioural data from the current study confirm the existence of spatial summation of 

pain and support earlier studies conducted with thermal contact heat (Defrin et al., 2006; Defrin 

& Urca, 1996; Douglass et al., 1992; Greene & Hardy, 1958; Hall, 1958; Lautenbacher et al., 

2001). Despite stimulation with the same temperature, participants perceived the pain associated 

with stimulation by the large thermode as moderate (on average), compared to barely or very 

weak pain when stimulation was with the small thermode, demonstrating the robust effect spatial 

summation has on pain perception.  The imaging data correspond with the behavioural results, 

showing quantifiable differences due to the size of the thermode used for stimulation, giving 

insight into the structures and mechanisms involved in the spatial summation of pain within the 

entire central nervous system.  

Stimulation with the large and small thermode resulted in an increase in percent signal 

change in the spinal cord segment corresponding to the site of stimulation (C6 dermatome). 

Furthermore, relative to the small thermode, stimulation with the large thermode evoked greater 

BOLD responses at the dorsal horn of the 6th cervical segment; findings consistent with prior 

research examining signal changes to noxious stimuli (Cahill & Stroman, 2011; Stroman, 2009).  

Together, these two findings are similar to results reported in a prior study that manipulated the 

actual intensity of the noxious stimulus. Lawrence et al. (2008) have previously showed that 

signal changes occurred in a similar localized region of the dorsal horn for both noxious and 

innocuous stimulation, but that the signal change was greater during noxious stimulation. 
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Similarly, in humans, Cahill and Stroman (2011) compared signal changes with stimulation at 46 

°C and 42 °C and demonstrated that the 46 °C stimulus was perceived as more painful, and 

resulted in greater percent signal change at the ipsilateral dorsal horn at the C6 segment.  

In addition, stimulation with the large thermode elicited greater BOLD percent signal 

changes in brainstem regions known to be involved in the processing of pain. Specifically, the 

large thermode condition evoked greater BOLD responses in the rostral ventromedial medulla 

(RVM), dorsolateral pontine tegmentum (DLPT), and periaqueductal gray (PAG), important 

regions in the descending pain modulatory system (Bingel & Tracey, 2008; Peyron et al., 2000; 

Tracey & Mantyh, 2007). These regions are part of the integrated network that regulates 

ascending nociceptive input (largely within the dorsal horn of the spinal cord) to produce either 

the inhibition (anti-nociception) or facilitation (pro-nociception) of pain (Fields & Basbaum, 

2005; Hagbarth & Kerr, 1954). These regions have been thought to exhibit facilitatory influences 

on spinal nociceptive transmission, displaying enhanced neuronal activity during circumstances 

where pain is perceived as more intense. The descending modulatory system is characterized by 

propagations from the PAG to both the RVM and DLPT, and subsequently to the dorsal horn. 

Projections from the PAG to the RVM are likely to synapse onto ‘on-cells’, a population of 

neurons that are involved in facilitating the perception of pain (Neubert et al., 2004; Pinto et al., 

2008; Urban & Gebhart, 1999; Zhuo & Gebhart, 1990). Stimulation of ‘on-cells’ within the 

RVM has shown to increase neuron activity at the level of the dorsal horn, and has been coupled 

with other indicators of exacerbated pain (Fields et al., 1995). Furthermore, projections from the 

PAG influence neuronal activity at the DLPT, which is known to primarily make direct 

connections with the dorsal horn (Bingel & Tracey, 2008). Stimulation of the DLPT is associated 

with enhanced neuronal activity at the dorsal horn of the spinal cord (Giesler et al., 1981). 
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Although these same regions also display increased neuronal activity during anti-nociception, the 

mechanism is different, involving the activation of ‘off-cells’ in the RVM and suppressed dorsal 

horn activity (Millan, 2002). Thus, the increases in BOLD responses in these isolated regions 

within the brainstem may correspond to the activated and/or enhanced descending facilitatory 

system, subsequently leading to an increased perception of pain during the large thermode 

condition.   

Changes in the BOLD signal during the large thermode condition show strong 

correlations between functionally related brainstem regions. It appears that an increase in BOLD 

response within the PAG is associated with decreases in BOLD responses within the RVM and 

DLPT. Therefore, BOLD signal changes evoked in the RVM and DLPT may correspond to input 

originating from the PAG.  In addition, the RVM and DLPT, both which project to the dorsal 

horn of the spinal cord, are positively correlated, such that the BOLD signal increases 

concurrently within these regions. Both these regions are involved in making excitatory 

connections with the spinal cord, facilitating behavioural pro-nociception. The relationships 

between these brainstem structures during the large thermode condition, coupled with the lack of 

similar correlations during the small thermode condition, offers support that an active descending 

modulatory system is contributing to the differences seen between stimulation conditions.   

Both stimulation conditions also evoked greater percent signal changes in cortical and 

subcortical regions that have repeatedly been demonstrated to be activated in response to noxious 

stimulation. Regardless of the size of the thermode, noxious stimulation resulted in BOLD 

responses in the following brain regions involved in pain: anterior cingulate cortex (ACC), 

insula, primary somatosensory cortex (S1), prefrontal cortex (PFC), supplementary motor area 

(SMA), parietal cortex, and the cerebellum (Ingvar, 1999; Millan, 2002; Peyron et al., 2000). 
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The similar observed responses to stimulation with both thermodes are likely to reflect the 

consistent features across the large and small thermode condition, including the intensity of the 

stimulation. When conditions are compared within subjects, there are a few isolated brain 

regions that show greater BOLD responses when stimulation is provided by the large thermode. 

Greater bilateral signal change, with a more dominant response on the contralateral side, is 

observed during the large thermode stimulation condition. In addition, relative to the small 

thermode, stimulation with the large thermode evoked greater bilateral activity in the caudate 

body. Additional regions within the basal ganglia, including the subthalamic nucleus (SubN) and 

the lateral globus pallidus (LGP), as well as the primary motor cortex (M1), and PFC, display 

greater BOLD responses during the large thermode condition. Together, these isolated regions 

appear to play a more pivotal role when surface are is increased as a function of stimulation with 

the large thermode, and thus may be important in producing the effects of spatial summation. 

The thalamus is a relay center for afferent information ascending to cortical regions 

(Ingvar, 1999), and is thought to be involved in attentional processes and vigilance. Prior 

research has also reported bilateral signal increases during noxious stimulation and when 

attentional focus is maintained (Portas et al., 1998; Posner & Dehaene, 1994). The prefrontal and 

parietal cortices are also involved in attention as well as executive functioning, and most likely 

contribute by mediating the cognitive dimension of pain processing, including the localization 

and encoding of the pain stimulus (Peyron et al., 2000). In addition, the basal ganglion has been 

reported in previous research using contact heat for experimental pain (Borsook, Upadhyay, 

Chudler, & Becerra, 2010), and is associated with many of the other regions displaying enhanced 

signal changes in this study. For instance, the BG receives information from S1, the anterior 

cingulate cortex, insula, thalamus, and the prefrontal and parietal cortices, as well as receives 
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inputs from ascending pathways, and thus acts as a site for multisensory integration (Nagy, 

Eordegh, Paroczy, Markus, & Benedek, 2006). Previous literature has proposed that the BG 

plays a role in regulating the execution of cortical commands (i.e., emotional, cognitive and 

motor behaviours) and encodes properties associated with the intensity of noxious stimuli 

(Borsook, Upadhyay, Chudler, & Becerra, 2010). Similarly, the hippocampus and claustrum, 

structures closely connected to the amygdala, contribute to responses initiated by stress 

(Ploghaus et al., 2001). Furthermore, Derbyshire et al. (1997) demonstrated greater signal change 

in the hippocampus when stimuli were perceived as more painful as stimulation temperature was 

increased, comparable to when surface area was increased in the current study.  

Interestingly, in addition to the aforementioned brain regions, the primary motor cortex 

(M1), a region previously reported in pain literature, displayed a significantly greater BOLD 

response when stimulation was perceived as more painful (large thermode condition). In support 

of this finding, Casey, Minoshima, Morrow, and Koeppe (1996) demonstrated that in addition to 

rating stimulation delivered at 50 °C as more painful than 40 °C, an increase in percent signal 

change was seen in the contralateral M1. Blood oxygenation-level dependent changes in M1 may 

be secondary to the effects of spatial summation, providing support for the altered perception of 

pain when stimulation is with the large thermode. 

3.5. Conclusion  

With the help of functional MRI, the current study is the first to provide insight into the 

central structures and mechanisms involved in the spatial summation of painful thermal 

stimulation. When the surface area of skin exposed to stimulation was increased, pain ratings 

also increased, and corresponded to greater BOLD percent signal changes in regions involved in 

pain processing. The pattern of BOLD responses in brainstem and brain regions is most likely a 
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reflection of multisensory integration and an enhanced descending facilitatory system.  It appears 

that brainstem and midline brain regions show the greatest difference in percent signal change 

between the two stimulation conditions. Furthermore, many relay, sensory integration, and pain 

intensity encoding centers, such as the RVM, basal ganglia and thalamus, are important when the 

surface area stimulated is increased. Therefore, these areas may play a central role in integrating 

and encoding peripheral information regarding the spatial extent of the painful stimulus. Further 

research examining the mechanism of spatial summation may prove to be useful for better 

understanding how peripheral input is integrated to facilitate pain in conditions characterized by 

enhanced or exacerbated pain.  
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Chapter 4 

General Discussion & Conclusions 

 
4.1. Principal Findings 

 The goal of this research project was to gain better insight into the structures and the 

neuronal activity involved in spatial summation of sensations produced by heat applied to the 

hand. The results from this project provide evidence that the spatial summation of heat 

sensations can be detected within the central nervous system using spinal cord and brain 

functional MRI. Our work supports prior hypotheses put forth regarding the driving mechanisms 

involved in spatial summation, by demonstrating that summation occurs beyond the cutaneous 

receptor, occurring at various levels within the spinal cord, brainstem, and brain. Furthermore, 

our findings confirm that increasing the surface area stimulated, leads to increased reports of 

pain intensity, corresponding to changes in BOLD responses, which are inferred to reflect 

changes in neuronal activity. x 

The primary goal of the first study (chapter 2) presented herein was to determine if 

spatial summation of warmth was detectible in spinal cord and brainstem regions when the 

surface area exposed to stimulation was increased on one hand and when increased across two 

hands. When stimulation was delivered at an intensity determined to be less than the 

participants’ pain threshold, increasing the surface area resulted in reports of a greater pain-like 

experience. Behavioural results were coupled with greater BOLD signal changes within 

brainstem regions known to be involved in pain processing, including regions characterized as a 

part of the descending modulation system. These changes occurred regardless of whether the 

stimulation area was contiguous (on one hand), or divided across two hands.  
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The primary goal of the second study (chapter 3) was to characterize spatial summation 

of heat pain in the entire central nervous system. When stimulation was delivered at intensities 

(temperatures) within the noxious range, increasing the surface area stimulated increased 

reported pain ratings and evoked the greatest BOLD responses in the DH of the spinal cord, 

regions of the brainstem, and a few localized brain regions. Regardless of the size of the 

stimulation area, during stimulation, many brain regions characterized as a part of the ‘pain 

network’ showed increased neural activity, as measured by BOLD signal changes. The size of 

the stimulation area appeared to affect only small, isolated regions in the brain.  

4.2 Comparison of Spatial Summation Studies 

The central mechanism contributing to the effects associated with spatial summation of 

warmth, and heat pain, involve the same brainstem regions; the periaqueductal gray (PAG), 

dorsolateral pontine tegmentum (DLPT), and the rostral ventromedial medulla (RVM). The 

consistent pattern of activated brainstem regions supports previous behavioural studies showing 

that the spatial summation of warmth (first study) and noxious pain (second study) are similar in 

nature (Kojo & Pertovaara, 1987). However, the BOLD percent signal changes in these regions 

were greater when stimulation was within the noxious range and were perceived as being 

“moderately painful”. In addition, differences in the BOLD response at the DH of the spinal cord 

could also be a reflection of the intensity of the stimulus, where increasing surface area evoked a 

significant increase in signal change only when the stimulus was painful. It is plausible that the 

greater change in BOLD signal response at the dorsal horn corresponds to greater facilitation of 

pain, and thus causing a greater perception of pain.  

Although stimulation was delivered at an intensity determined to be less than 

participants’ pain threshold in the first study (chapter 2), individually calibrated temperatures 
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were not all within the innocuous range. While some studies have demonstrated that nociceptors 

respond selectively to temperatures ≥ 45 °C, with little or no response to stimulus temperatures 

below 45 °C (LaMotte & Campbell, 1978), others have shown that they can respond to heat 

stimuli delivered at intensities as low as 40 °C (Raja, Meyer, & Campbell, 1988; Van Hees & 

Gybels, 1981). The stimulation temperatures we used may have been intense enough to activate 

classes of nociceptors in addition to thermoreceptors, which would suggest that the stimulation 

was not exclusively innocuous, even though it was below the measured threshold as which the 

participant indicated that they felt pain.  This is true for both stimuli that were used in the 

experiment (first study), since one thermode delivered heat at 44 °C across all participants, and 

the second stimulus’ intensity varied, with an average temperature of 44.4 °C (range: 42.2 °C – 

47.0 °C). Although it is likely that nociceptor activation occurred, the ascending pathways are 

responsible for carrying both sensory and nociceptive information from the periphery to the 

central nervous system (Snell, 2010). The processing of thermal stimuli is similar for innocuous 

and noxious stimuli, involving many of the same structures innervated by the spinothalamic, 

spinoreticular, and spintomesencephalic tracts. Therefore, it is hard to dismiss the possibility that 

the similar BOLD responses demonstrated in the two studies may be a reflection of nociceptor 

activation in both cases. Consequently, differences between the two conditions may actually be a 

reflection of individual pain threshold rather than intrinsic nociceptor activation.  

4.3 Interpretations 

 Spatial summation affects pain perception in a similar manner as increasing the intensity 

of a noxious stimulus. For instance, increasing the surface area of a constant thermal stimulus 

and increasing the temperature of a stimulus, both produce an overall greater perception of pain, 

as measured by subjective ratings.  Interestingly, increasing the surface area of stimulation does 
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not evoke greater BOLD responses in many of the brain regions known to be involved in pain, 

whereas increasing temperature has been demonstrated to evoke greater signal changes in 

regions within the ‘pain network’ (Becerra et al., 1999).  This suggests that, although increasing 

the surface area of stimulation and increasing temperature produce the same effect, they are not 

intrinsically identical. Therefore, these two methods of altering pain perception are most likely 

operating by two distinct mechanisms. While the precise purpose for these separate mechanisms 

is unknown, it could be speculated that separate mechanisms allow the aspects of different pain 

(i.e., the quality, location, and intensity) to be interpreted effectively and efficiently.   

 The gate control theory of pain may help explain the increase in BOLD signal change 

that was demonstrated in regions of the brainstem, and the DH of the 6th cervical spinal cord 

segment (second study). Increasing the amount of surface area exposed to stimulation increases 

the amount of input travelling to the spinal cord, opening up the ‘gates’, and facilitating the 

passage of information regarding the nature of the stimulus. Information regarding the surface 

area, and thus the potential extent of tissue damage, may be transmitted form the spinal cord to 

the more rostral regions of the brainstem. It is possible that the integration and summation of the 

peripheral input occurs in many of the regions innervated by the ascending sensory pathways, 

including the PAG, DLPT and RVM. 

 The mechanism contributing to spatial summation may be important for directing 

attention to the affected area. The thalamus has been demonstrated to be involved in attentional 

processes and thought to elicit a general ‘arousal’ reaction to a painful stimulus (Portas et al., 

1998). The bilateral thalamic BOLD response evoked by the larger thermode suggests that 

increasing surface area promotes greater attentional focus toward the stimulus leading to an 

altered (increased) perception of the pain, a common finding among previous literature (Bantick 
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et al., 2002; Miron et al., 1989). From a survival point of view, the human nervous system may 

have evolved in such a way that enables us to integrate noxious sensations for efficient 

processing, generating the most appropriate response in a given situation. The larger the surface 

area of potential damage, the more critical is its detection for an organism’s survival. Therefore, 

when a larger area of the body is threatened, eliciting a withdrawal reaction to noxious stimuli at 

a lower intensity, could protect the body from widespread harm (Defrin & Urca, 1996). 

Extensive damage, spanning many regions of the body could potentially result in greater 

functional impairment, such as in the case if many extremities or organ systems are involved.   In 

a similar manner, larger surface areas may be perceived as more painful to avoid habituation or 

receptor adaptation, as prolonged exposure that could eventually become harmful, affecting a 

greater portion of the body. By intensifying the stimulus, our body is better able to monitor the 

pain for longer periods of time, maintaining our awareness/attention to that location, making us 

better able to respond if or when the time comes.  

In addition, regions within the basal ganglia (BG), such as the caudate, subthalamic 

nucleus (STh) and globus pallidus (GP), appear to play a role in the perception of pain during 

stimulation with the large thermode. These regions have been reported in previous research using 

contact heat for experimental pain (Borsook, Upadhyay, Chudler, & Becerra, 2010). Concurrent 

activation of these regions is logical because of their close anatomical vicinity, and the paths of 

neural connections existing between these regions. The BG receives information from both the 

cerebral cortex, including S1, ACC, INS, DLPFC, and parietal cortices, in addition to the 

thalamus. The caudate receives input from these regions and follows by making most of its 

connections with the GP, where information is then conveyed to the STh (Bantick et al., 2002; 

Borsook, Upadhyay, Chudler, & Becerra, 2010). Investigations of the caudate and its functioning 
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in pain processing suggest a role in avoidance behaviour towards pain and may also assist in 

encoding noxious stimuli intensity. Suppression of neural messages, while regulating the 

execution of cortical commands (i.e., emotional, cognitive and motor behaviours) has been 

suggested to be the role of the STh. Together, the components of the BG may work together, 

along with the thalamus, to encode the properties of the painful stimulus, relaying this 

information to cortical regions for further pain processing.  

Together with the BG, the primary motor cortex (M1) may be important for controlling 

reflexive responses. The primary motor cortex, along with other regions involved in motor 

functions, has been previously reported to respond to painful stimuli. For instance, Casey et al. 

(1996) compared cerebral activation patterns when stimulation was delivered at 40°C and 50°C, 

describing that in addition to rating to 50°C stimulation as significantly more painful, an increase 

in percent signal change was seen in the contralateral M1. Like the previous example, the current 

study demonstrates that when a stimulus is perceived as more intense, M1 appears to be involved 

and may reflect motor activation (withdrawal reaction) or a motor inhibition (movement refrain), 

as previously mentioned by Peyron and colleagues (2000). In correspondence with the survival 

theory mentioned earlier, M1 activity may reflect a reflexive response, or perhaps the preparation 

associated with making a withdrawal response, in the event that the threat from the stimulus 

increased. The alternative explanation, motor inhibition, is also likely given the nature of the 

experimental environment, such that participants are told to refrain from any movement while in 

the MRI system.  

 A BOLD response in the BG and M1, structures involved in motor responses, suggest 

that the mechanism involved in spatial summation may also involve the stress system. The 

integrated network of structures involved with stress have been shown to be activated by 
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physical stressors, such as pain (Melzack, 1999). Such stressors disrupt the body’s normal 

functioning, or homeostasis, which triggers neural, hormonal, and behavioural responses aimed 

at restoring homeostasis.  When injury or potential injury is present, the sensory information 

projected to the brain activates the disrupted regions within the ‘pain network’, in parallel to the 

stress system, which initiates a complex sequence of events to return the body to homeostasis. 

Thus, the stress and pain-perception systems possess overlapping mechanisms (Melzack, 1995). 

The stress response influences other systems, including structures in the limic system (i.e., 

amygdala and hippocampus), which are important for emotional, motivational, homeostatic, and 

cognitive processes. The current project demonstrates that increasing the surface area exposed to 

noxious stimulation evokes greater BOLD responses in the hippocampus. Thus, the role of the 

hippocampus in stress, as well as its key importantance to memory formation and recollection, 

suggest that increasing surface area is perceived as more threatening to the body, consequently 

leading to an exacerbated perception of pain.  

 Overall, many of the brainstem and brain regions invoved in the spatial summation of 

heat sensations in the current project are involved in processing the emotional, motivational, and 

cognitve aspects of pain. Therefore, increasing the surface area of stimulation may alter pain 

perception by influencing the affective dimention of the sensation, rather than the 

sensory/discrimatory component. The combination of such structures may interacte in a unique 

way to protect the body from potential, or further damage, by increasing the perception of pain 

through emotional, motivational and cognitive mechanisms. 

4.4 Limitations 

 Recruitment for study participation resulted in all female volunteers whose ages fell 

within a narrow range, making it difficult to generalize the results from this project to the general 
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public. For this project we recruited only females in an attempt to eliminate sex-related 

differences in the experience and reporting of the experimentally induced pain. In addition to 

rating themselves as being more willing to report pain (Robinson et al., 2001), females are 

typically more sensitive to pain and show to be better able to discriminate among heat intensities 

(Riley, Robinson, Wise, Myers, & Fillingim, 1998). Lastly, because research shows that clinical 

pain conditions are more prevalent among females (Melzack, 1999), future studies investigating 

spatial summation in pain populations could reliably be compared to results from the current 

project. Moreover, although Lautenbacher et al. (2001) reported no sex or age differences during 

a behavioural study of spatial summation of heat, the contributing central mechanisms may be 

different for different populations. Consequently, an fMRI study comparing females and males, 

over a range of ages, would reveal if the mechanisms involved in spatial summation 

demonstrated here could extend to the general healthy individual.  

 In the current project, thermal stimulation was delivered either slightly below 

participants’ pain thresholds (chapter 2) or at an intensity eliciting moderate pain (chapter 3). 

Therefore, results from these spatial summation studies cannot be generalized to intensities 

(temperatures) eliciting strong or extreme pain. With the chosen methodology, using fMRI and a 

block design for stimulation, it would have been challenging to stimulate with a very high 

temperature without inflicting harm on the study volunteers. Even if the temperature was not 

intense enough to cause tissue damage initially, repetitive stimulation may have either resulted in 

accumulated sensitivity, leading to damage, and/or receptor desensitization.  Repeated blocks of 

stimulation are necessary in order to acquire enough imaging data for analysis, thus limiting 

stimulation temperature to within tolerable intensities. Developing methods to study the central 

mechanisms associated with spatial summation of strong or extreme pain using fMRI could 
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reveal if such mechanisms are modified as a function of intensity, or constant throughout the 

noxious range. Prior studies have been inconsistent, such that some have suggested that spatial 

summation remains constant (Douglass et al., 1992), whereas others have demonstrated that 

spatial summation increases as the intensity of the temperature increases (Price et al., 1989). An 

fMRI study would be useful in better understanding the relationship between the intensity of 

stimulation and spatial summation.  

 We hypothesized that applying noxious stimulation to a greater surface area of skin 

would evoke a greater BOLD response in the primary somatosensory cortex in the region 

corresponding to the hand. Contrary to this hypothesis, the surface area did not have a significant 

effect on S1 neural activity, which may be explained by the relatively small dimensional 

difference between the two thermodes (Peyron et al., 2000). By choosing to use a thermal probe 

for stimulation, we limited the size of surface area that could be affected. Implementing other 

methods to induce heat pain is difficult when using fMRI, due to the nature of the MR 

environment. By applying noxious stimulation by different means, such as pressure, it may be 

possible to stimulate smaller and smaller surface areas, evoking a greater difference in S1 BOLD 

signal change.  

4.5 Significance and Future Directions 

 This project confirms the previously reported behavioral effects associated with spatial 

summation, and also contribute novel, relevant findings regarding the involvement of structures 

within the central nervous system. In addition to contributing to the body of spatial summation 

literature, this project has parallel implications for pain research. First and foremost, this project 

acts as a foundation for future studies investigating spatial summation of heat sensations in the 

entire central nervous system. More specifically, it demonstrates that using functional MRI to 
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study the effects of spatial summation is a suitable way to identify the structures, and possible 

mechanisms, contributing to the increase in pain perception as a function of surface area.  

Prospective studies could use fMRI to study this phenomenon in greater detail, including 

how it differs in different populations, including those experiencing malfunctioning facilitatory 

and inhibitory modulatory systems. In addition, comparing the finding presented in the current 

project, with the network of CNS structures contributing to pain states that manifest themselves 

in a similar manner, may well be advantageous.  For instance, spatial summation of warm stimuli 

resulted in a more pain-like experience, which, if compared to a clinical pain state, resembles 

allodynia, where innocuous sensations are perceived as painful. Also, spatial summation of 

noxious stimulation resulted in an increased sensitivity of heat pain, which is comparable to the 

clinical pain state known as hyperalegesia. It could be hypothesized that allodynia and 

hyperalgesia are exacerbated forms of spatial summation. Therefore, studying the similarities 

between these clinical pain states and the normal physiology associated with spatial summation 

may prove advantageous for developing the means to control and alleviate pain for individuals 

suffering from such conditions.  

In addition, this project offers insight in methodological considerations for future studies 

using thermal stimulation. Our results show that the size of surface area stimulated by a thermal 

stimulus not only influences participants’ subjective pain ratings, but also has a significant effect 

on neural activity, as measured by BOLD percent signal changes. This is especially true for 

spinal cord fMRI, suggesting that stimulation with a larger stimulus may provide the most robust 

changes in spinal cord and brainstem regions. In addition, to capture a consistent effect, it is 

important that the surface area being stimulated is constant across participants. If using the 
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Medoc thermal stimulation device, this can be accomplished by using the same size thermode 

and ensuring its entire surface makes contact with the skin. 
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Appendix A: Talariach Coordinates for Table 3.4 (Large Thermode; Study 2) 
	  
	   	  
	  

	  
	  
	  

 
Left Right 

  Talariach 
Coordinates  Talariach 

Coordinates 

Structure T x y z     T x y z 

Frontal Lobe         

       Superior frontal gyrus (10)  4.43 -11 9 68 7.52 10 21 61 
       Medial frontal gyrus (9) 3.98 -39 37 26 5.90 3 36 33 
       Middle frontal gyrus (6/8) 3.70 -30 47 7 7.21 51 26 42 
       Inferior frontal gyrus (44/45) 5.05 -57 8 20 6.14 38 23 5 
       Precentral gyrus (4)      5.61 37 11 35 
Parietal Lobe         

Primary somatosensory cortex     3.61 58 -23 21 
Superior parietal lobule (7)     6.30 43 -57 52 
Inferior parietal lobule (39/40) 5.31 -59 -53 35 5.72 51 -48 53 

Temporal Lobe         
       Middle temporal gyrus (21)      4.53 51 -29 0 
       Superior temporal gyrus (22/38) 3.99 -37 7 -16 4.18 51 10 -4 
       Transverse temporal gyrus (21) 2.82 -57 -20 14     
       Fusiform gyrus (19/20)     3.14 27 -77 -12 
Limbic System         
       Insula (13) 4.50 -44 -6 0 6.30 43 -57 52 
       Ventral Anterior Cingulate Cortex (24)     4.13 0 21 1 
       Ventral Posterior Cingulate Cortex (23) 3.35 -19 -47 12 4.38 2 -23 20 
       Dorsal Anterior Cingulate Cortex (32) 4.26 -9 -27 27 4.30 4 22 42 
Midbrain          
       Thalamus  3.52 -2 -4 3 3.20 0 -21 2 
       Caudate tail 5.39 -19 -37 22 3.65 16 -27 24 
       Caudate body  3.06 -10 9 9 3.93 7 0 13 

Medial Globus Pallidus     6.54 13 1 0 
Substania nigra     3.06 9 -16 -13 
Claustrum      2.86 31 4 17 

Cerebellum, Anterior Lobe 3.72 0 -37 -14 4.26 11 -31 -16 
Cerebellum, Posterior Lobe  2.96 -11 -79 -23     



	  
	  

 111 

Appendix B: Talariach Coordinates for Table 3.4 (Small Thermode; Study 2)	  
	  

	  

 
Left Right 

  Talariach 
Coordinates  Talariach 

Coordinates 

Structure T x y z     T x y z 

Frontal Lobe         

       Superior frontal gyrus (10)  4.56 0 30 47 5.36 9 51 44 
       Medial frontal gyrus (9) 3.46 -18 40 16 4.86 55 20 39 
       Middle frontal gyrus (6/8) 6.05 -59 1 15 7.68 51 -4 7 
       Inferior frontal gyrus (44/45/47) 4.71 -31 27 7 8.18 43 19 0 
Parietal Lobe         

Primary somatosensory cortex (1/2) 5.76 -62 -19 32 4.60 62 -22 33 
Superior parietal lobule (5) 3.52 -22 -44 59     
Inferior parietal lobule (39/40) 5.08 -59 -37 45 7.16 54 -33 38 
Subcentral area (43) 4.47 -53 -18 17     

Temporal Lobe         
       Middle temporal gyrus (21)  2.89 -54 -35 -4 3.45 56 -24 -11 
       Superior temporal gyrus (22/38) 4.07 -58 -55 38 3.99 38 6 -18 
       Transverse temporal gyrus (21) 5.81 -59 -35 -4     
       Fusiform gyrus (19/20) 3.17 -39 -2 -19 3.22 44 -6 -27 
Limbic System         
       Insula (13) 5.61 -42 -7 15 10.54 34 18 10 
       Ventral Anterior Cingulate (24) 3.82 -8 23 21 3.36 24 -10 37 
       Ventral Posterior Cingulate (23) 3.44 -9 -31 26 3.60 4 -22 32 
       Dorsal Anterior Cingulate (32) 3.17 -9 10 -19 4.68 11 32 21 

Dorsal Posterior Cingulate (31)          
Parahippocampal gyrus (34) 3.39 -24 0 -14 4.29 11 -12 -15 
Hippocampus  3.00 -30 -29 0     

Midbrain          
Thalamus  3.72 0 -2 6 3.77 2 -30 4 
Hypothalamus  2.82 -10 -4 -7     
Caudate body  3.04 -9 -8 23 3.72 3 -1 18 
Caudate head 3.82 -8 14 -8     
Medial Globus Pallidus 5.28 -18 -6 -7 4.62 13 -4 -8 
Putamen  3.47 -23 17 4 3.34 23 12 11 
Claustrum      4.07 27 16 17 

Cerebellum, Anterior Lobe 3.44 -9 -31 -16 4.29 8 -38 -7 
Cerebellum, Posterior Lobe  3.73 -28 -74 -16 4.26 51 -56 -21 
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Appendix C: Post-Study Questionnaire Responses  

	  
	  

Percent (number of participants) who (strongly) agreed and (strongly) disagreed with the post-
experimental questionnaire statements  
	  

Statement Strongly Agree/Agree Strongly 
Disagree/Disagree 

 
1. I understood and complied 

with the study instructions 
 

2. I felt tired by the end of the 
study 

 
3. It was difficult to pay attention 

to the thermal stimulation on 
my hand 
 

4. It was difficult to detect the 
change in temperature during 
the thermal stimulation 

 
5. It was difficult to rate the 

thermal stimulation using the 
rating scale 

 
6. I found myself daydreaming  

 
7. I was able to rate the thermal 

stimulation appropriately 
 

8. The pain produced by the 
stimulus increased as the study 
progressed 

 
9. The pain produced by the 

stimulus decreased as the 
study progressed 

 
10. The pain produced by the 

stimulus did not change as the 
study progressed  

 
100% (12) 

 
 

83.33% (10) 
 
 
 

41.67% (5) 
 

 
 

66.67% (8) 
 

 
 

0% (0) 
 
 

58.33% (7) 
 

100% (12) 
 

 
 

16.67% (2) 
 
 

 
16.67% (2 

 
 
 

33.33% (4) 

 
0% (0) 

 
 

16.67% (2) 
 
 
 

58.33% (7) 
 
 
 

33.33% (4) 
 
 
 

100% (12) 
 

 
41.67% (5) 

 
0% (0) 

 
 
 

83.33% (10) 
 
 

 
83.33% (10) 

 
 

 
66.67% (8) 
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Appendix D: MRI Safety Checklist 
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Appendix E: Volunteer Consent Form 
 

I have read and understand the consent form for this study, entitled “From Research to Clinic: 

Translation of Functional MRI of the Human Spinal Cord (spinal fMRI)”.  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 
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Appendix F: Pain Rating Scale  

 
	  

	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  

	  
	  

	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  

 
	  


