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Abstract 

When one noxious stimulus is coupled with a second noxious stimulus applied to a remote region 

of the body relative to the first stimulus, the perception of pain is reduced.  This phenomenon is 

termed conditioned pain modulation (CPM) and it’s thought to engage descending inhibitory 

controls originating in the brainstem which modulate pain processing pathways, resulting in a 

decrease in pain. This thesis explores the CPM effect in humans, to further our understanding of 

pain modulation within the central nervous system (CNS).  Previous research reveals that CPM 

evokes pain inhibition in the majority of healthy pain-free individuals, while recent studies have 

shown that a significant proportion of healthy individuals also demonstrate pain facilitatory 

responses similar to those exhibited by individuals with chronic pain.  Currently, no imaging 

studies have exclusively explored subcortical changes in activity evoked by the CPM paradigm. 

Therefore, this thesis delves into uncovering the changes in the brainstem and spinal cord activity 

in response to the CPM paradigm by investigating the behavioral and neural responses of healthy 

females using functional magnetic resonance imaging (fMRI).  CPM was induced by delivering a 

heat test stimulus to the right thenar eminence and a cold conditioning stimulus to the left thenar 

eminence simultaneously, in 25 females aged 27.6 ± 7.82, while obtaining behavioral and imaging 

data. We found that the CPM paradigm evoked a significant reduction in perceived pain coupled 

with significantly greater blood oxygenation-level dependent (BOLD) responses in the PAG, 

RVM, DRt and the DH of the spinal cord, compared to the control condition, where only the heat 

test stimulus was delivered.  Furthermore, the connectivity between these regions was greater 

during CPM than during the control condition.  Lastly, we found significant differences in the 

behavioral and neural responses between individuals demonstrating pain inhibition and those 

demonstrating pain facilitation in response to CPM.  Furthermore, connectivity findings suggest 

that different networks are engaged when experiencing an enhanced perception of pain compared 

to when the pain is reduced during CPM.  These findings enhance our current knowledge of the 

subcortical network involved in CPM, and provide novel insights into the neural correlates of pain 

modulation.  
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Chapter 1 

Introduction 

Our understanding of pain has advanced greatly since 1664 when Descartes first 

theorized the processing of pain occurring in the central nervous system of man1.  We now 

know that pain is much more complex and that pain can be modulated at various subcortical 

sites prior to the signals reaching higher cortical regions for perception. The brain has the 

endogenous capacity to facilitate and inhibit the perception of pain to allow one to cope 

with pain appropriately.  For instance, an athlete’s pain perception may be highly reduced 

when engaged in extreme sports to allow the brain to focus its resources on avoiding further 

injury.  On the other hand, enhanced pain sensitivity has been associated with promoting 

recovering rest after physical body insults2-4.  Most often, pain inhibition and pain 

facilitation are not exclusive and the overall experience of pain is the result of a balance 

between these two processes. 

Upsetting this balance by a dysregulation of one or both mechanisms, it can cause 

the pain perception to become maladaptive. For instance, a lack of inhibition and/or 

increased pain facilitation evokes an exaggerated pain sensation and even induces chronic 

pain if the dysregulation in neural networks becomes permanent.  Growing interest in 

understanding the alterations in the neural networks that characterize chronic pain 

syndromes have led to numerous advancements in the research tools measuring the 

capacity of endogenous pain networks to modulate perceived pain.  One tool often used to 

test the endogenous ability to inhibit pain is the conditioned pain modulation (CPM) 

paradigm, where the delivery of one noxious stimulus, the conditioning stimulus, reduces 
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the noxious perception of another, the test stimulus, in the majority of healthy individuals5.  

Conversely, the delivery of this paradigm in individuals with chronic pain revealed a lack 

of changes in the perceived pain or a pain facilitatory response to CPM6-8. 

There is an abundance of behavioral findings that may help understand the 

physiology of the neural networks involved in modulating pain via CPM. However, the 

neural correlates of this paradigm are still largely unknown.  CPM is often employed in 

laboratory settings, but also has potential applications in clinical settings as well. For 

instance, behavioral findings revealed that CPM is one of the few dynamic tests that 

predicts the susceptibility of developing chronic post-operative pain9, and to predict the 

efficacy of analgesics10.  Therefore, understanding the neural processes that mediate pain 

inhibition during CPM may provide understanding of the pain modulatory networks 

involved and how they are altered in chronic pain states.  This thesis thus concentrates on  

investigating the neural networks underlying the analgesic effect of CPM by using 

brainstem and spinal cord functional MRI to further our understanding of the body’s 

endogenous ability to modulate pain. 

This thesis consists of two studies.  The goal of the first study was to use spinal 

cord and brainstem functional MRI to investigate the underlying neural correlates of pain 

inhibition in response to CPM.  The findings from this study will not only improve our 

current understanding regarding the physiological mechanisms underlying efficient CPM, 

but it may also expand our knowledge about the endogenous processes involved in 

modulating and mitigating perceived pain. 

Early into the experiment, behavioral pilot data revealed that the CPM effect was 

not consistent across healthy individuals, but rather represented a gradient between pain 
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inhibition and pain facilitation.  This prompted a more detailed investigation in the 

behavioral and neural characteristics that differentiate efficient CPM responders 

(participants demonstrating pain inhibition) from less efficient CPM responders 

(participants demonstrating pain facilitation), which became the second study of the thesis. 

Therefore the goal of this study was to use brainstem and spinal cord functional MRI to 

explore some of the behavioral and physiological characteristics that differentiate healthy 

participants experiencing an analgesic effect of CPM from those demonstrating 

hyperalgesia in response to CPM.   

 Altogether, the findings from these two studies will greatly further our current 

understanding about the physiological processes mediating CPM in healthy participants 

and add to the existing body of knowledge regarding the endogenous processes implicated 

in modulating the experience of pain.  Furthermore, findings may also reveal important 

insights into the use of CPM to further explore behavioral and neural characteristics that 

may serve as biomarkers for increased chronic pain development. 

Prior to delving into these two studies, an introduction that briefly outlines the 

topics discussed in this thesis is presented. 

1.1 Pain 

The perception of pain is a complex experience that begins with noxious stimuli 

activating peripheral nociceptors whose afferent fibers terminate in the dorsal horn of the 

spinal cord.  From there, the pain signals ascend to medullary sites for further processing 

prior to finally reaching cortical regions for conscious perception. 

1.1.1 Nociceptors 
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The process of pain sensation begins with the activation of sensory receptors called 

nociceptors, which are free nerve endings that respond to painful stimuli.  There are three 

types of nociceptors classified based on the noxious stimuli they respond to: mechanical 

nociceptors are activated by intense pressure applied to the skin, thermal nociceptors 

respond to extreme temperatures (>45 ºC or <5 ºC) and strong mechanical stimuli, and 

polymodal nociceptors are activated by a variety of high intensity chemical, mechanical, 

and thermal stimuli11.  Once a specific modality activates the appropriate nociceptor, the 

signal is propagated along the axon to the dorsal horn of the spinal cord.  The speed of 

signal propagation depends largely on the diameter and the conducting velocity of the 

sensory axon.  For instance, the Aδ fibers have conducting velocities of about 5-30 m/s, 

evoking the first sharp, acute pain that is experienced right after pain stimulus is 

delivered12.  Aδ fibers are characteristic of thermal and mechanical nociceptors.  C fibers 

on the other hand, are smaller in diameter compared to the Aδ fibers and are also 

unmyelinated, resulting in slower conduction velocities (0.4-1.4 m/s).  Due to the slow 

transmission speed, the sensation evoked by activating C-fibers resembles that of a dull, 

throbbing pain that starts a second after the painful stimulus is delivered and lasts a few 

seconds after the cessation of the pain stimulus13.  C-fibers are often characteristic of 

polymodal nociceptors. 

1.1.2 Spinal Cord 

The central nervous system (CNS) is comprised of the spinal cord and the brain.  

The spinal cord extends from the medulla oblongata at the inferior portion of the brain, in 

a rostral-caudal direction, and it is divided into 31 spinal nerves (8 cervical, 12 thoracic, 5 

lumbar, 5 sacral, and 1 coccygeal).  Each spinal nerve innervates a specific area of the skin 
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called a dermatome that corresponds to a spinal segment (i.e. the 6th cervical spinal cord 

segment, receives sensory afferent input from the corresponding C6 dermatome).  The 

sensory axons or first-order nerve afferents enter the dorsal side of the spinal cord via the 

dorsal roots and synapse on second-order neurons in the gray matter of the spinal cord for 

integration of sensory input.  The gray matter consists of dendrites, cell bodies, and 

unmyelinated axons, and it forms a butterfly shape surrounded by white matter which 

consists largely of myelinated axons which form the tracts linking the spinal cord and the 

brain.  The gray matter is subdivided into dorsal horns (DHs) which receive and direct the 

sensory input, and two ventral horns (VHs) which contain motoneurons whose axons 

innervate muscle fibers.  The gray matter of the spinal cord is further subdivided into 10 

cytoarchitectonic regions (laminae) arranged in parallel, where laminae I-VI correspond to 

the DHs, laminae VII-IX constitute the VHs, and laminae X surrounds the central canal14.  

Sensory inputs mediating pain information of thermal origin arriving from first-order C 

fiber afferents terminate in laminae I and II of the dorsal horn, and pain signals mediated 

via primary Aδ fibers terminate in laminae II, III and V15.  Together, laminae II and III 

form the substantia gelatonosa (SG), which receives afferent input from both C and Aδ 

fibers16. Laminae V corresponds to the wide dynamic range (WDR) of the DH containing 

cells responding to noxious inputs mediated via dorsal horn inhibitory interneurons16. 

1.1.3 Ascending Pain Pathways 

First-order Aδ and C fibers transmitting pain and temperature information synapse 

on second-order neurons in the dorsal horn of the spinal cord whose axons cross the midline 

and ascend to brainstem and thalamus.  The primary ascending pain pathways are the lateral 

spinothalamic tract, the spinoreticular tract, and the spinomesencephalic tract11. 
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1.1.3.1 Lateral Spinothalamic Tract 

The lateral spinothalamic tract is a major ascending pathway that conveys pain and 

temperature information from the spinal cord directly to the thalamus11.  Transmission of 

nociceptive information along this tract begins with the activation of various ion channels 

at the periphery of nociceptors which convey noxious inputs to the dorsal horn.  Noxious 

heat is thought to activate the moderate heat threshold channel, the transient receptor 

potential cation channel vanilloid receptor 1 (TRPV1), which responds to temperatures 

ranging from 43 ºC to 51 ºC17.  Nociceptors also contain the transient receptor potential 

cation channel M8 (TRPM8) that responds to noxious cold temperatures below 20 ºC18.  

Noxious heat evoked signals are propagated along Aδ and C fibers of first-order neurons, 

while the majority of noxious cold inputs are conveyed predominantly via C fibers with 

some inputs activating Aδ fibers17,18.  When the projecting axons of these neurons reach 

the dorsal horn of the spinal cord, they branch into ascending and descending collaterals, 

innervating the immediate corresponding spinal segment and just above and below the 

level of innervation, forming the dorsolateral tract of Lissauer15.  Once these axons enter 

the DHs of the gray matter they synapse on second-order neurons in laminae I and V.   

Animal studies suggest that both noxious heat and cold inputs terminate in laminae I, while 

a significant proportion of noxious heat inputs also synapse in laminae V of the dorsal 

horn19-21.  The axonal fibers of second-order neurons decussate at the same spinal segment 

and ascend contralaterally through the spinal cord and the brainstem, and terminate in the 

ventral posterior lateral nucleus of the thalamus.  Recent studies report that thermal and 

pain inputs are distributed somatotopically within the thalamus such that noxious cold 

inputs and noxious heat inputs converge on third-order neurons that located on separate 
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regions of the thalamus depending on the modality22.   These final neurons project 

ipsilaterally to cortical structures such as the somatosensory cortices (S1 and S2), the 

insula, and the cingulate cortex.  Both noxious heat and noxious cold have been shown to 

activate the same cortical regions and much less is known with respect to the maintenance 

of the somatotopic representation within cortical activated structures13,23. 

1.1.3.2 Spinoreticular Tract 

The spinoreticular tract is another major ascending pathway that mediates the 

transmission of temperature and nociception from the dorsal horn to the brainstem.  As 

with the lateral spinothalamic tract, the axons of first-order neurons conveying nociceptive 

information enter the spinal cord and synapse on second-order neurons located deeper 

within the DHs, in laminae VII and VIII.  The majority of the axons of these second-order 

neurons ascending through the spinal cord uncrossed and terminate on third-order neurons 

in the reticular formation, pons, and midbrain24.  The reticular formation integrates holistic 

patterns across the body and influences appropriate behavioral states for the entire body.  

The third-order neurons then relay nociceptive information to other structures such as the 

thalamus and the hypothalamus which are involved in processing the emotional and the 

autonomic aspects of pain.  Due to the high level of convergence at each synapse, spatial 

localization is lost as information is propagated from the spinal cord to the reticular 

formation16.  Therefore, this pathway is largely practical in mediating the emotional-

affective component of pain rather than processing discriminative sensory information 

about noxious inputs11. 

1.1.3.3 Spinomesencephalic Tract 
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A third ascending pathway that mediates nociceptive information is the 

spinomesencephalic tract.  As with the lateral spinothalamic tract and the spinoreticular 

tract, the first-order neuron synapse on second-order neurons originating in laminae I and 

V of the DH.  These neurons ascend along the spinal cord and terminate in the 

mesencephalic reticular formation and in the periaqueductal gray matter (PAG).  From 

here, second-order neurons synapse on third-order neurons located in the parabrachial 

nucleus (PBN).  Although this tract does not have direct connections to cortical regions, 

the PBN is a major relay site for thermoreceptive and nociceptive information to the 

forebrain25.  The spinomesencephalic tract is thought to contribute to the maintenance of 

central sensitization26-28 and to play a major role in modulating descending controls via 

projections from the PAG29. 

1.1.4 Gate Theory of Pain 

Nociceptive inputs arriving at the DHs are subject to modulation prior to ascending 

to subcortical and cortical sites for further processing.  The gate theory of pain suggests 

that nociceptive inputs arriving via myelinated Aδ and unmyelinated C fibers can be 

inhibited by the concomitant activation of low-threshold large myelinated Aβ fibers that 

carry innocuous pressure and touch information30.  Laminae II and III of the SG receive 

converging inputs from the Aδ and C fibers carrying noxious information and from the 

larger Aβ fibers conveying mechanoreceptive information.  Activation of non-noxious Aβ 

fibers subsequently leads to the activation of inhibitory interneurons which ultimately 

block nociceptive transmission from Aδ and C fibers thus “closing the gate”30.  When the 

nociceptive information reaching the DHs surpasses a certain threshold, the inhibitory 

interneurons previously activated by the Aβ fibers carrying innocuous information are now 
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inhibited by incoming noxious inputs from Aδ and C fibers.  This process “opens the gate” 

and promotes the nociceptive transmission to subcortical and cortical regions via ascending 

pathways30. 

The “gate theory of pain” was the first to conceptualize the interaction of different 

sensory modalities and today we acknowledge that various higher cortical processes (i.e. 

emotions, memories, expectations, and mood states) have the capacity to modulate the 

perception of pain in similar ways to result in different expressions of pain. 

1.1.5 Emotional Modulation of Pain 

Studies suggest that the perception of pain is not linearly related to the intensity of 

a noxious stimulus, but rather it can be strongly influenced by psychological factors.  

Positive mood is known to reduce the perception of pain31,32, while negative mood such as 

depression and anxiety is known to facilitate the experience of pain32,33. Studies 

demonstrate that pain-free depressed individuals have a higher risk of developing chronic 

musculoskeletal pain compared to non-depressed pain-free individuals34,35.  Similarly, 

anxiety disorders have been shown to mark the onset of hyperalgesia36.   

A bidirectional relationship between pain and emotions has also been demonstrated 

in many clinical populations.  For instance, individuals with chronic pain often experience 

feelings of depression or persistent mood disturbances37.  Conversely, clinically depressed 

individuals and those with post-traumatic stress disorders have reported heightened pain 

sensitivity or abnormal responses to pain when compared to healthy controls38,39.  Although 

the causal relationship between chronic pain and emotional disturbances in cases where 

both co-occur is often challenging to determine and not well understood, there is abundant 
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evidence from human and animal studies that suggest that emotional factors play a large 

role in modulating nociceptive processing. 

1.1.6 Descending Pain Modulation 

As alluded to previously, descending pain modulating controls from supraspinal 

regions (i.e. brainstem and cortical structures) can influence the perception of pain by 

exerting “top-down” controls to either facilitate or inhibit the transmission of nociceptive 

inputs.  Several cortical origins of descending processes include the primary and the 

secondary somatosensory cortices (S1 and S2) the dorsolateral prefrontal cortex (DLPFC), 

the anterior cingulate cortex (ACC), the amygdala, and the anterior insula, which together 

form the “pain neuromatrix”40,41.  Most of these regions project to midbrain structures such 

as the PAG and the rostral ventromedial medulla (RVM), which have direct and indirect 

connections through pontine and medullary regions to modulate the transmission of 

nociceptive information at the spinal level. 

1.1.6.1 Descending Pathways of Pain Modulation 

Descending controls originating largely from subcortical regions access the DH via 

the dorsolateral funiculus (DLF) and the ventrolateral funiculus (VLF) which function 

differentially to facilitate or inhibit the transmission of nociceptive signals42.  It has been 

suggested that a prominent focus of the DLF is to mediate descending inhibition while the 

VLF is thought to contribute to descending modulation by facilitating transmission of 

nociceptive signals43,44.   Although these influences travel by different pathways, the 

engagement of descending inhibition and descending facilitation can occur simultaneously 

by activating several brainstem regions that have dual roles in modulating nociceptive 

transmission45. 
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1.1.6.2 Subcortical Origins of Descending Pathways 

A major player in the descending pain modulatory axis is the PAG.  This medullary 

region is considered to be part of the endogenous pain control system, known to elicit 

generalized analgesia in both humans and animals when stimulated46,47.  It is highly 

interconnected with the hypothalamus, the prefrontal cortex (PFC), the amygdala, and the 

ACC, receiving inputs regarding emotional and cognitive states42.  Although it receives 

both direct and indirect input from the DH, the descending projections from the PAG to 

the spinal cord are largely indirect48.  Its antinociceptive effects are conveyed by activating 

brainstem regions, such as the RVM, the nucleus tractus solitarius (NTS), the PBN, and 

the locus coeruleus (LC) which have direct influence over spinal nociceptive inputs15. 

The link between the PAG and the RVM is particularly important to the descending 

modulation of pain, as ascending sensory inputs from the DH activate upon arrival to the 

PAG descending controls that are conveyed through the RVM49-52.  The RVM is 

subdivided into the nucleus raphe magnus (NRM) and the nucleus reticularis 

gigantocellularis (NGC), both receiving direct connections from the PAG53.  The PBN, 

NTS, and other supraspinal regions also send afferents targeting the RVM which then 

exerts inhibitory or facilitatory influences on the neurons of the DH48,54.   The ability to 

bimodally influence nociception has been attributed to the heterogeneity in the classes of 

neurons42.  The RVM consists of “ON” cells, “OFF” cells, and “Neutral” cells55,56.  

Noxious stimulation activates “ON” cells, while opioids released from the PAG inhibit 

their activity42.  Conversely, “OFF” cells are inhibited by noxious inputs and activated by 

opioidergic inputs from the PAG42.  Findings suggest that activation of “ON” cells triggers 
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descending facilitation, while “OFF” cells participate in descending inhibition43,54,57,58.  

“Neutral” cells do not respond to nociceptive inputs59. 

Descending autonomic and somatosensory information regarding the emotional 

and the cognitive aspects of pain are integrated within the hypothalamus, the PBN, and the 

NTS via projections from higher cortical structures42,48,60.  These subcortical regions are 

highly interlinked and communicate both directly and indirectly with the DH to modulate 

nociceptive processing32,38,42.  A large portion of indirect projections to the DH are 

mediated through the RVM and the PAG, playing important roles in triggering the 

descending modulatory controls61-63.  Studies have shown that stimulation of the lateral 

hypothalamus, PBN, and NTS suppressed DH neuron response to nociceptive inputs, while 

stimulation of the medial portion of the hypothalamus elicited hyperalgesia61,64-66. 

Another structure within the caudal medulla that facilitates the nociceptive response 

of DH neurons is the dorsal reticular nucleus (DRt)67.  It is largely interconnected with 

various subcortical regions such as the LC, PAG, PBN, and the hypothalamus, and it 

receives bilateral projections from laminae I and IV-V of the DH53,68,69.  Neurons within 

the DRt are activated mainly by noxious stimulation conveyed by the Aδ and C fibers70, 

and they respond proportionally to the intensity of the stimulus71.   The descending 

pathways to the DH are ipsilateral and contralateral to the site of stimulation and act to 

promote the spinal transmission of nociceptive inputs to other subcortical and cortical 

regions.  It has also been postulated that the DRt plays a primary role in the expression of 

“diffuse noxious inhibitory controls” (DNIC), the activation of which by noxious 

stimulation can evoke an analgesic response in other regions of the body72.  As such, the 

DRt can mediate both descending facilitation by amplifying the nociceptive response of 
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DH neurons responding to noxious stimulation from primary afferent projections, and 

descending inhibition by reducing the activity of neurons receiving inputs from other 

regions of the body67.  Although much of the work investigating the involvement of the 

DRt in modulating the spinal neuron response to noxious stimulation during DNIC has 

been extensively studied in animal models, little is known of its contribution to the 

analgesic response in humans. 

 

1.2 Diffuse Noxious Inhibitory Controls (DNIC) 

Although it seems contradictory at first, noxious stimuli can reduce the pain evoked 

by stimulation of a remote region of the body73,74.  This phenomenon has been employed 

in earlier years to suppress the pain induced by caudectomies on domestic animals by the 

use of nasal forceps75.  The hypothesis behind this phenomenon suggested that DH neurons 

transmitting nociceptive information can be inhibited by nociceptive stimulation applied 

to another region of the body with distinct receptive fields76,77.  This effect became known 

as the “diffuse noxious inhibitory controls” or DNIC. 

1.2.1 DNIC in Animals 

Studies in animals revealed that DH neurons are inhibited by a noxious 

conditioning stimulus applied outside of the excitatory receptive field of the neuron under 

study75,78-80.  In rats, the C-fiber mediated nociceptive reflex evoked by electrical 

stimulation of the sural nerve and recorded in the biceps femoris muscle was inhibited by 

noxious thermal stimulation to the paw or tail81.  Interestingly, DNIC was not observed in 

decerebrated rats suggesting that the mechanisms underlying this phenomenon requires the 

involvement of supraspinal structures77,78,82.  Since the thalamus is an important structure 
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in the ascending spinothalamic pathway conveying nociceptive information, lesioning the 

thalamus was proposed to reduce the DNIC effects.  Surprisingly, ablation of the thalamus 

had no effect on DNIC.  This suggested that other brainstem structures known to mediate 

descending inhibition to have involvement in DNIC.  However, as with thalamic lesions, 

ablation of the PAG, PBN, LC, and the RVM did not reduce DNIC83-86.  Conversely, 

lesioning the DRt strongly reduced DNIC, thus suggesting that the DRt is a key structure 

in mediating the effects of DNIC72. 

1.2.2 DNIC in Humans 

Early human studies investigating the DNIC effect combined the use of 

psychophysical measures with recordings of the nociceptive reflex to test the inhibitory 

effect of DNIC previously demonstrated in animals87-89.  As in animals, stimulation of the 

sural nerve in humans induced a nociceptive reflex in the biceps femoris muscle (the RIII 

reflex) of the thigh and evoked a painful sensation90.  However, when a noxious cutaneous 

conditioning stimulus was delivered concomitantly with the sural nerve electrical 

stimulation, the RIII reflex and the associated pain were significantly reduced90.  These 

findings parallel results from animal studies and demonstrate that in humans, a painful 

conditioning stimulus can also inhibit the transmission of nociceptive information induced 

by the activation of a nociceptive spinal reflex. 

Studies on tetraplegic patients revealed that the RIII reflex and the pain sensation 

remained unchanged when a noxious conditioning stimulus was delivered to the 

contralateral leg91.  These findings demonstrate that in humans, as in animals, the inhibitory 

effects induced by noxious conditioning stimuli likely involve supraspinal structures.  

Determining the specific regions involved in mediating DNIC is highly challenging in 
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humans since the majority of conclusions are based on observational studies in humans 

with injuries that caused cerebral or brainstem lesions and associated hemianalgesia. 

1.2.3 Conditioned Pain Modulation (CPM) 

 Although lesion case studies in humans provide the opportunity to explore the 

structures involved in mediating DNIC, the lesions are not often restricted to the area under 

investigation and may include surrounding regions or white matter tracts that may affect 

the interpretation of the symptoms or results.  For this reason, the focus of exploring other 

non-invasive methods and testing similar DNIC evoking paradigms that better predict the 

mechanism underlying DNIC has greatly advanced in recent years.  Different laboratories 

have employed a variety of approaches and experimental settings to study DNIC-like 

effects.  One psychophysical paradigm often used to test the endogenous circuits of pain 

modulation in humans is “conditioned pain modulation” or CPM.  This paradigm is based 

on the same underlying principle as DNIC, where one noxious conditioning stimulus 

modulates the perception of another noxious stimulus. 

1.2.3.1 Inducing and Measuring CPM 

Currently, there is great variability in the experimental design used to test CPM in 

laboratory settings.  Typically, the CPM effect is measured by obtaining subjective pain 

scores based on numerical scales.  However, objective measures of pain evoked potentials 

recorded from electroencephalogram devices have also been used.  Variability in the 

methodology is also found in the modality of the test stimulus which often depends on the 

experimental setting.  The test stimulus can be delivered thermally via a contact-heat 

thermode, mechanically by using a pressure based device, or electrically by stimulation of 

the sural nerve and measuring the reflex response.  The conditioning stimulus is often 
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delivered by a cold pressor test involving the immersion of a limb in cold water, but other 

methods such as a hot water bath and/or a second contact-heat thermode have also been 

employed.  CPM methods also differ with respect to the stimulus parameters. Typically, 

the stimuli are delivered contralaterally however, several studies have also stimulated the 

same ipsilateral side of the body in different locations and evoked a similar inhibitory 

effect.  The temporal parameters of the stimuli are also variable given that both sequential 

and simultaneous administration of stimuli have been shown to induce the CPM effect. 

Additionally, the test stimulus duration and intensity can also vary depending on the 

experimental set-up and on whether the stimulus follows a tonic or phasic delivery. Due to 

such variation in the CPM methodology it is challenging to generalize the results and to 

compare the effects observed between studies92-94.  Therefore, to advance the translation of 

laboratory findings to the clinical field, replicable and consistent study designs are 

necessary. 

1.2.3.2 Applications of CPM in Clinical Settings 

In healthy populations, the delivery of a noxious conditioning stimulus reduced the 

perceived pain of the test stimulus, thus demonstrating efficient CPM.  Conversely, CPM 

was shown to be less efficient in populations with idiopathic pain syndromes such as 

fibromyalgia95, tension-type headache96, irritable bowel syndrome97, and 

temporomandibular joint disorder98.  Furthermore, patients with depression experienced 

less efficient pain inhibition in response to the CPM paradigm, indicating that 

psychological factors may have a top-down effect on modulating the activity of brainstem 

regions involved in activating endogenous pain controls in response to CPM. 
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Given the promising applications of CPM as a clinical tool used to assess the 

endogenous analgesia capabilities of various clinical populations, the association between 

CPM efficiency and pain development has been recently further explored.   In an attempt 

to discern whether low CPM efficiency is a causal factor in the development of chronic 

pain or the result of persistent pain, the efficiency of CPM in healthy pain-free patients was 

tested prior and post thoracotomy.  Findings reveal that individuals demonstrating less 

efficient pain inhibition via CPM prior to surgery expressed a higher risk of developing 

chronic pain post-surgery, suggesting that CPM may have a pathophysiological role in 

predicting the development of clinical pain.  Another clinical application of CPM is its 

relevance in determining the outcome of a drug treatment for pain.   It is assumed that a 

dysfunction in the pain modulatory network that induces abnormal pain can be corrected 

by drugs capable of correcting the dysfunction5.  Therefore, patients with less efficient 

CPM should benefit more from drugs that increase the descending inhibition pathways 

compared to patients that show efficient CPM99.  As predicted, the less efficient CPM 

responders benefited more from the administration of drugs by demonstrating reduced 

perceived pain and an improvement in CPM efficiency, than participants already 

demonstrating efficient CPM99. 

Thus far, there is a large body of behavioral evidence to support the integration of 

CPM in clinical settings as a tool to assess the capacity to modulate pain and to predict 

drug efficacy.  Unfortunately, less attention has been given to the mechanism underlying 

CPM, and much of the research has been restricted to animals and patients with different 

forms of brain and spinal cord injuries100.  With recent advancements in the neuroimaging 

field, functional magnetic resonance imaging (fMRI) has become a widely used non-
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invasive method to study the central processing of pain.  As with all other neuroimaging 

methods, it is crucial to first understand the basic principles behind fMRI prior to its 

application to studying various pain modulating processes within the CNS.  The following 

section will briefly cover the topics necessary to understand and interpret fMRI data. 

 

1.3 Magnetic Resonance Imaging (MRI) 

With the emergence of various neuroimaging techniques, magnetic resonance 

imaging (MRI) has quickly become a preferred non-invasive techniques used to study the 

anatomical structure and the neural function of the CNS.  Although using MRI to obtain 

anatomical images differs from using functional MRI (fMRI) to investigate neural 

processing, the basic concepts that underlie both applications are the same.  To fully 

appreciate how to apply MRI techniques and interpret the data, a basic understanding about 

the fundamental concepts is necessary. 

1.3.1 The MR Signal 

The source of the magnetic resonance (MR) signal stems from the magnetic 

properties of hydrogen nuclei (i.e. protons) which are found in abundance in water and 

lipid containing tissues within the body.  Like magnets, hydrogen nuclei have a south and 

a north pole and have an inherent magnetic field called a magnetic moment.  In addition, 

hydrogen nuclei spin about the same axis that runs between the north and south poles, and 

have an inherent angular momentum.  Typically, hydrogen nuclei are oriented randomly 

and their magnetic moments cancel out when no external field is applied.  However, when 

a body is placed within a stronger magnetic field such as that of an MR system, the 

hydrogen within the tissues in the body become weakly magnetized.  This causes the 
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hydrogen nuclei to spin in alignment with the strong magnetic field (B0), and orient parallel 

or antiparallel to B0.  Each orientation has different energies, where the parallel orientation 

is the low energy state while the antiparallel is the high energy state.  A greater proportion 

of hydrogen nuclei orient in the lower energy state parallel to B0 than antiparallel to B0, 

which is considered the higher energy state.  The alignment of the hydrogen nuclei to B0 

does not occur instantaneously, rather it takes roughly 1-2 seconds for hydrogen nuclei to 

come into alignment with the static field, much like a spinning top, until reaching 

equilibrium.  The net steady-state magnetization that is aligned to B0 is known as the 

equilibrium magnetization, denoted by M0.  In the equilibrium state, the MR signal cannot 

be detected. 

To measure the MR signal, the net magnetization M0 must first be disturbed out of 

alignment with B0.  This is achieved through the application of a second brief magnetic 

field that has the same frequency as the precession of the hydrogen nuclei.  This brief pulse 

of magnetic field is called a radio frequency or an RF pulse, since the frequency of rotation 

is often in the radio-frequency ranges.  The RF pulse is applied 90° to B0, producing a 

small magnetic field (B1) rotating at the same frequency of as the hydrogen nucleus 

precession, known as the Larmor frequency.  This tips the magnetization out of alignment 

with B0 at an angle called the “flip angle”. 

Once the RF pulse is turned off and the magnetization M0 has been pushed away 

from alignment, the hydrogen nuclei begin to “relax” back to equilibrium in a process 

called relaxation.  During relaxation, the energy that was provided by the RF pulse is now 

being lost largely by the interaction between hydrogen nuclei in the surrounding 

environment.  Relaxation consists of two components, the longitudinal component and the 
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transverse component.  The longitudinal relaxation, characterized by T1, is parallel to B0 

and grows exponentially to its equilibrium value of M0 as hydrogen nuclei in a higher 

energy state flip to a lower energy state.  The longitudinal relaxation rates vary depending 

on tissue composition and structure and are influenced by the movement of hydrogen 

nuclei.  Immediately after the RF pulse, the nuclei that are in phase, begin to dephase in 

the transverse plane.  Transverse relaxation is the second component characterized by the 

time T2.  The transverse relaxation is perpendicular to B0 and decays exponentially to its 

equilibrium value of zero.  The transverse relaxation rates also depend on the movement 

of hydrogen nuclei.  If a second RF pulse is applied after the magnetization has completely 

recovered to equilibrium, the signal will depend on T2. Conversely, if an RF pulse is applied 

before the magnetization has fully recovered to equilibrium, the signal is dependent on T1.  

Both relaxation components, longitudinal and transverse (T1 and T2), are highly influenced 

by the mobility of hydrogen nuclei in their surrounding water and lipid environments.  

Hydrogen nuclei tend to interact more frequently with other hydrogen nuclei that are in 

close proximity, thus the relaxation rates are much shorter in lipids than in mobile water.  

Given that different tissues have different composition and structures, they create different 

relaxation environments and thus the resulting T1 and T2 relaxation times will differ 

between various tissues.  In reality, there are also subtle changes in the magnetic field when 

transitioning between different biological tissues (i.e. from bone to air) which contribute 

to spatial variations within the magnetic field B0.  These magnetic susceptibilities cause 

the transverse magnetization to decay to equilibrium much faster but have no effect on the 

longitudinal magnetization.  Therefore, the effect of the transverse magnetization in 
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combination with the effects produced by the spatial variations in the magnetic field is 

characterized as T2*
101,102. 

1.3.2 MR Imaging Methods 

When in phase, the hydrogen nuclei produce the largest MR signal. Soon after the 

RF pulse is administered, the hydrogen nuclei dephase quickly due to the spatial variations 

in the magnetic field and the transverse relaxation, resulting in decay in the MR signal.  To 

bring back the MR signal, it is necessary to reverse the dephasing of the hydrogen nuclei 

and produce an echo in the signal.  In MRI, the fundamental principle of producing echoes 

to measure the MR signal is at the core of every imaging method.  The two imaging 

methods that use this principle are the spin-echo method and the gradient-echo method.  In 

the spin echo method, a second RF pulse is applied shortly (i.e. less time than the T1value) 

after the first RF pulse which rotates the magnetization at 90º.  The second RF pulse is 

applied at a flip angle of 180º, causing the hydrogen nuclei to return back in phase, resulting 

in a brief peak in the signal, or an “echo”, and the MR signal can be detected.  This second 

RF pulse also cancels out the inhomogeneties in the static magnetic field however, the 

transverse relaxation is not affected.  Therefore, the signal obtained from the spin echo 

method is T2-weighted.  As mentioned above, the gradient echo method also creates echoes 

to return the MR signal however it does so by applying a magnetic field gradient in one 

direction and then reversing the gradient to bring the transverse magnetization back into 

phase.  Since the gradients are applied in opposite directions, their effect is cancelled out 

but the spatial variations in the static magnetic field are not affected and therefore, the peak 

of the echo is T2*-weighted.   

1.3.3 Functional MRI (fMRI) 
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Functional MRI (fMRI) is one of the many applications of MRI, and is used to 

study the activation of different brain areas during task performance, or a sensory stimulus.  

The principle behind fMRI is to detect changes in the MR signal over time such that the 

changes observed in the images correspond to the different neural states during task 

performance.  Both imaging methods, gradient-echo and spin-echo can be applied to fMRI 

however, the gradient-echo method offers the greatest blood oxygenation-level dependent 

(BOLD) sensitivity when the TE equals the T2* value of the tissues in the region under 

study101,102. 

1.3.3.1 Blood Oxygenation-Level Dependent (BOLD) 

Typically, fMRI uses the blood oxygenation-level dependent (BOLD) contrast to 

detect changes in the magnetic field that are dependent on the changes in neural activity. 

Because neurons, as with all other cells, do not have internal stores for oxygen and thus 

rely heavily on oxygen delivered from the immediate vasculature. During periods of 

increased neural activity, local oxygen consumption increases to meet the increased energy 

demand.  To sustain the increase in activity, the cerebral blood flow (CBF) to the active 

region is also increased such that the supply of oxygenated hemoglobin exceeds the 

demand of the active neurons.  As such, the levels of oxyhemoglobin and deoxyhemoglobin 

are altered at the site of increased activity.  These changes can be detected by the MR 

scanner since deoxyhemoglobin and oxyhemoglobin differ in their magnetic properties.  

The oxyhemoglobin arriving at the active site is diamagnetic and has little effect on the 

magnetic field however, once it delivers the oxygen for metabolic consumption the 

deoxyhemoglobin becomes paramagnetic and introduces inhomogeneities in the nearby 

magnetic field.  Distortions in the net magnetic field due to the different oxygenation levels 
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lead to changes in the T2 and T2* relaxation times which reveal differences in signal 

intensities in response to the increased neural activity.  In this way, the MR signals can be 

made to be blood oxygenation-level dependent (BOLD) and reflect the state of metabolic 

activity of the neural tissues.  By acquiring images with BOLD contrast, the data obtained 

from the images will reveal information about the neural function during task 

performance101,102. 

Following the delivery of a brief stimulus, there is a delay of approximately 2 

seconds in the MR signal before any change can be detected.  This delay is followed by a 

gradual increase, reaching a peak at about 6 seconds.  With the cessation of the stimulus, 

the MR signal decreases to a minimum, often dipping below baseline levels before 

recovering.  It takes about 20 seconds for the signal to recover back to baseline levels after 

the stimulus ended.  The resulting shape of the response is depends on the hemodynamic 

properties of the tissues such as oxygen consumption and changes in blood flow and 

volume and therefore, the response function is called the hemodynamic response function 

(HRF).  This response function convolved with the stimulation pattern produces the 

expected BOLD MR signal change which is further used in the analysis of the MR data101. 

One important aspect in interpreting the neural activity obtained from using BOLD 

contrast fMRI, is to acknowledge that the activity observed in response to the task reflects 

the change in presynaptic input and not necessarily the neural firing rate or the postsynaptic 

output.  Additionally, BOLD contrast fMRI does not discriminate between types of input 

signals (i.e. inhibitory or excitatory), but rather the change in activity represents the net 

effect of a combination of presynaptic inputs101,103. 

1.3.3.2 Spinal Cord and Brainstem fMRI 
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Functional MRI is not restricted to the brain and can be applied to other areas of 

the body such as the spinal cord to view activity related to task performance in the gray 

matter of the cord.  Although many of the imaging parameters used for brain imaging are 

similar to those applied to the spinal cord, the major differences come from the fact that 

the spinal cord is structurally different than the brain.  For instance, the small size of the 

gray matter in the cord makes it highly susceptible to body movement which can cause 

false positive results.  Furthermore, the spinal cord is located close to the lungs and heart 

and thus physiological noise arising from cardiac pulsations and respiration can generate 

signal intensity fluctuations that can also increase the rate of false positive activations.  The 

spinal cord lies within the spinal canal and is surrounded by cerebrospinal fluid (CSF) 

which moves in a pulsatile manner with each heart beat, resulting in small movements of 

the spinal cord as well.  The spinal cord is also surrounded by several meningeal layers (i.e. 

the pia mater, the arachnoid, and the dura mater) and encased in the bony vertebrae.  The 

boundaries between different tissues cause magnetic field distortions which contribute to 

spatial distortions in MR images, and reductions in T2* values, and reduce the signal 

intensity in the vicinity of those regions. 

Often, brain fMRI studies use the eco-planar imaging (EPI) method to spatially 

encode the MR signal because of its fast acquisition speed.  On the other hand, employing 

EPI for spinal cord and brainstem imaging will not produce the same quality images as in 

the brain due to the different tissue interfaces that are proximal to the spinal cord which 

subsequently cause distortions in the images.  One encoding method that was suggested to 

overcome these apparent distortions in the brainstem and spinal cord while maintaining a 

fast acquisition time and a high image quality is the fast spin echo method referred to as a 
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half-Fourier single-shot fast spin echo (HASTE)101,104.  In a recent study by Bosma and 

Stroman (2014), HASTE was coupled with a parallel imaging method referred to as 

generalized autocorrelating partially parallel acquisition (GRAPPA) to determine the 

optimal imaging methods for spinal cord fMRI.  Findings from this study indicate that 

GRAPPA reduced the signal-to-noise ratio and thus consequently led to a reduction in 

sensitivity to BOLD signal changes.  With respect to determining the ideal parameters for 

spinal cord fMRI, this study also concluded that a TE of 75 msec produces the optimal 

BOLD contrast-to-noise ratio when the HASTE method is employed104. 

As with brain fMRI data, spinal cord data must follow several preprocessing steps 

prior to analysis.  Bosma and Stroman (2014) have also investigated the method that best 

reduces the rate of false positives by analyzing spinal cord fMRI data using a GLM model 

without preprocessing steps, with co-alignment only, and with a combination of co-

alignment and a model-free principal component method with temporal filtering.  The 

findings of this study indicate that only accurate co-alignment steps can reduce the 

occurrence of false positives104.  Although, the use of model-free principal component 

method with temporal filtering is shown to increase the number of active voxels in the task 

data, it consequently also increases the rate of false positives104.  Often temporal filtering 

is applied as a preprocessing step to brain fMRI data however when applied to the spinal 

cord data, there was no significant improvement in the quality of the signal104.  Overall, the 

work by the Stroman lab has provided findings that substantially advance the field of spinal 

cord fMRI. 

1.4 Pain Processing and fMRI 

1.4.1 Pain Processing and fMRI: Regions in the Brain 
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Despite the fact that pain perception is variable across individuals due to its 

subjective component, the neural correlates of thermal pain processing are highly 

consistent among individuals.  Furthermore, fMRI studies conducted on a large cohort of 

healthy volunteers indicated that both noxious cold and noxious heat evoked comparable 

BOLD responses in the brain105.  The regions of the brain activated in response to the 

noxious thermal stimulation include the thalamus, the PFC, basal ganglia, S1 and S2, 

insula, the posterior parietal cortex, and the anterior cingulate cortex (ACC)106,107.  

Collectively, these cortical and limbic regions form the “pain neuromatrix”.  During 

noxious cold and hot stimulation, bilateral activation of these regions was noted, with 

stronger activation corresponding to the contralateral side107.  The S1 and S2 cortices are 

known to mediate the sensory discriminative aspect of pain, while the insular cortex has 

been shown to participate in encoding temperature sensation108,109.  Conversely, the PFC, 

amygdala, and the thalamus have been suggested to process the affective components of 

pain110, while the ACC has been activated in during attentional focus and distraction from 

painful stimuli111. 

These cortical regions are also involved in modulating the perception of pain by 

projecting to brainstem structures which subsequently activate descending controls that 

modulate the transmission of nociceptive inputs112. 

1.4.2 Pain Processing and fMRI: Regions in the Brainstem and Spinal Cord 

Prior to the application of fMRI to the brainstem and the spinal cord, studies were 

limited to the use of animal models and case studies of injury and disease in humans to 

study the function of subcortical structures in the processing of pain.  With advancements 

in the fMRI field, several studies have shown the importance of the brainstem and spinal 
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cord in modulating the transmission and the processing of pain.  For instance, a recent 

study conducted in a group of healthy participants demonstrated that administration of a 

noxious heat stimulus evoked changes in functional activity observed in the gray matter of 

the spinal cord at the dermatome level being stimulated113.  Interestingly, heat allodynia 

which is characterized as the perception of pain evoked by an innocuous stimulus was 

shown to induce similar functional responses in the dorsal horn as the delivery of noxious 

heat while innocuous heat did not induce significant changes in the dorsal horn region113.  

Noxious cold was also found to strongly activate the superficial layers of the dorsal horn 

(i.e. laminae I-III)114.  In healthy individuals, a change in temperature from 29 ºC to 15 ºC 

resulted in a steady fluctuation of percent BOLD signal change between 2% and 3% 

however, when the temperature was further decreased to 10 ºC, the signal change increased 

substantially to roughly 8%115.  Interestingly, patients with spinal cord injuries at the 

lumbar level demonstrated similar percent signal changes as healthy controls however, the 

distribution of activity differed between the two groups of individuals115.  For instance, the 

noxious cold stimulation evoked a neural response localized to the ipsilateral side of the 

dorsal horn in healthy controls while the same stimulation elicited a heightened 

contralateral ventral horn response and absent or reduced activity in the dorsal horn in 

patients with spinal cord injuries whom had no sensation of the stimulus115. 

The pain-related functional activity within the brainstem region of the CNS has also 

been recently investigated by the Stroman lab.  In one study by Dobek et al. (2014), healthy 

pain-free participants were presented with a noxious heat stimulus coupled with music, and 

with another condition consisting of noxious heat stimulation without music, to explore the 

effect of music modulation on pain.   Results indicate that the PAG and the RVM 
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demonstrate increased BOLD responses in conjunction with decreased pain perception to 

the condition with music compared the condition without music116.  This study 

demonstrates important functional changes occurring in the brainstem in response to pain 

and further supports the use of fMRI as a method of characterizing the subcortical neural 

pain network participating in the music modulation of pain. 

A similar study conducted by the Stroman lab further explored the roles of the PAG 

and RVM in processing pain by evoking enhanced pain perception by means of the 

temporal summation paradigm.  Imaging findings demonstrate greater BOLD responses in 

the RVM and PAG in response to temporal summation paralleled by an increase in 

perceived pain compared to the control condition where temporal summation was absent.  

These enhanced functional responses observed are suggested to demonstrate an 

engagement of the pain modulatory networks involving the PAG and the RVM, which may 

ultimately participate in the overall perception of pain. 

Altogether, these findings provide valuable evidence and more importantly 

promote the use of brainstem and spinal cord fMRI for exploring the neural correlates of 

pain modulation and pain processing. 

1.4.3 CPM and fMRI 

Current studies using fMRI to investigate the neural correlates of CPM have 

revealed changes in cortical regions involved in pain processing during CPM.  In one fMRI 

study, a reduction in pain evoked by the test stimulus was shown to parallel a decrease in 

activity in pain related regions such as the S1, PFC, ACC, and the anterior insula following 

the delivery of a conditioning stimulus100.  Similarly, another imaging study revealed 

reduced PFC, ACC, and S1 activity during analgesia evoked by CPM40,41. 
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Furthermore, activity within the thalamus, insula, S2, medulla, and the amygdala 

decreased concurrently with the perceived pain evoked by a heat test stimulus upon 

delivery of a cold conditioning stimulus117.  The reduction in perceived pain correlated with 

the decrease in activity in the insula, thalamus, the dorsal medulla, and the PFC.  When an 

opioid receptor blocker such as naloxone was administered, the CPM-related activation in 

the midbrain, OFC, S2, and the amygdala was decreased but the perceived pain was not 

affected.  This suggests that opioidergic system originating in the PAG may not be directly 

related in mediating the CPM effects. Altogether, neuroimaging studies indicate decreased 

activity in the PFC, S1, insula, amygdala, and thalamus in response to the CPM paradigm, 

while brainstem regions such as the PAG and the RVM are suggested to play a more 

indirect role during CPM. 

Currently, the majority of fMRI studies investigating CPM focus on identifying the 

cortical structures involved in mediating the analgesic effects of CPM.  Few studies have 

attempted to explore the subcortical regions underlying CPM.  Given that less cortical 

influences and rather activation of brainstem structures has been shown to facilitate the 

DNIC effect in animals, it is therefore necessary to investigate the brainstem and spinal 

cord neural correlates during CPM in order to gain a greater understanding regarding the 

mechanism involved in mediating pain inhibition via CPM. 

 

1.5 Proposed Research 

1.5.1 Purpose 

 The purpose of this Master’s project was to use brainstem and spinal cord functional 

MRI (fMRI) to investigate the neural correlates underlying the conditioned pain 
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modulation (CPM) paradigm in healthy participants that demonstrate different behavioral 

responses to CPM. 

1.5.2 Rationale 

 Studies suggest that when a noxious “conditioning” stimulus is applied to an area 

of the body that is remote from that of a “test” stimulus, the magnitude of the “test-pain” 

is reduced.  This conditioned pain modulation (CPM) phenomenon has been used 

extensively to probe the capacity of the endogenous pain network to inhibit perceived pain 

in humans.  Behavioral findings reveal that a large proportion of healthy individuals 

demonstrate a reduction in perceived pain in response to the CPM paradigm, while 

populations with various chronic pain syndromes experience a pain facilitatory response to 

the paradigm.  More recently, several studies revealed that healthy pain-free groups have 

also reported facilitatory responses evoked by CPM which resemble those of patients with 

chronic pain.  To understand the differences in the behavioral responses evoked by CPM 

in healthy populations, non-invasive methods such a functional MRI (fMRI) have been 

employed, with a large proportion of these studies focusing mainly on cortical activity.  

Conversely, animal studies suggest that cortical structures are not directly involved in 

mediating this analgesic effect but rather subcortical regions involved in pain processing 

such as those located within the brainstem and spinal cord are suggested to underlie this 

phenomenon.  Therefore, to gain a better understanding regarding the differences observed 

in the behavioral responses in healthy pain-free individuals, the neural responses in 

subcortical regions must be investigated.  This thesis focuses on attempting to determine 

the mechanism behind CPM by comparing the neural differences in healthy pain-free 
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participants responding differentially to the paradigm while using brainstem and spinal 

cord fMRI. 

1.5.3 Hypothesis 

 We hypothesize that the CPM paradigm will evoke a decrease in perceived pain in 

healthy pain-free participants.  Furthermore, we expect significantly greater BOLD 

responses in the dorsal horn of the spinal cord, and at various levels of the brainstem known 

to be involved in pain modulation (i.e. PAG, RVM, DRt, PAG, LC, and NTS) during the 

CPM condition compared to a control condition with no CPM.  Lastly, we predict that the 

connectivity between these regions will be greater during the CPM condition compared to 

the control condition.  

1.5.4 Objectives 

 The objectives of the study are the following: 

1) To determine the spinal cord and brainstem neural correlates of pain inhibition in 

response to the CPM paradigm. 

2) To investigate the differences in the behavioral and neural correlates of CPM in 

participants experiencing pain inhibition compared to healthy participants demonstrating 

altered behavioral responses (i.e. pain facilitation) evoked by the CPM paradigm. 
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Chapter 2 

Investigating the neural correlates of conditioned pain modulation 

(CPM) in the human spinal cord and brainstem: an fMRI study 

 

2.1 Introduction 

Conditioned pain modulation (CPM) provides a valuable method for investigating 

a person’s capacity to regulate their pain by means of a noxious conditioning stimulus to 

reduce the pain perceived from a test stimulus9,10,92,93,118-122.  Despite the extensive 

behavioral studies of CPM in humans, our understanding of the related neuronal processes 

is largely based on analogous animal studies investigating diffuse noxious inhibitory 

controls (DNIC)123.  Animal studies reveal that dorsal horn pain nociception is strongly 

influenced by descending inhibitory modulation from supraspinal structures; primarily 

those that comprise the DNIC system124.  The neuronal processes that underlie the CPM 

effect in humans may therefore be important to our understanding of endogenous pain 

regulation and how it can be altered in chronic pain conditions, or as a result of injury or 

disease.  CPM may also involve cognitive and emotional factors that cannot be investigated 

in animal models.  Studies using functional MRI have provided evidence linking the 

neuronal processes and the behavioral effects associated with CPM, but have been thus far 

limited to cortical regions117,121,125,126.  Because of the role of the spinal cord and brainstem 

in the neuronal processes underlying DNIC, we aim to use functional MRI to identify the 

neural responses in the spinal cord and brainstem that are associated with CPM in healthy 

human participants. 



 

33 

 

  Studies in rats and cats have shown that dorsal horn neurons can be inhibited when 

a noxious stimulus is applied to a body region that is distant to the neurons’ excitatory 

receptive fields74,127.  Sectioning the spinal cord can cause a reduction in the DNIC effect 

suggesting the importance of supraspinal structures in DNIC76,78,82.  Furthermore, DNIC 

was found to be mediated via the dorsal reticular nucleus (DRt) while brainstem regions 

such as the periaqueductal grey (PAG) and the rostral ventral medulla (RVM) were 

suggested to have an indirect role in supporting DNIC69,83,128.  In humans, several studies 

using functional MRI have demonstrated CPM-related responses in the prefrontal cortex 

(PFC), the primary and the secondary somatosensory cortices (S1, S2), the anterior 

cingulate cortex (ACC), the insula (INS) and the PAG, in response to CPM117,121,125,126.   

Increased activity in cortical regions such as the PFC, ACC, thalamus, and the insula during 

CPM was associated with descending pain modulating activity to subcortical 

structures126,129,130.  

Upon recent advancements in spinal cord/brainstem fMRI data acquisition and analysis 

we can now investigate descending inhibition of spinal cord nociception in key areas of the 

spinal cord and brainstem that were previously inaccessible104,131-135.  We hypothesize that 

a decrease in pain perception will correspond to an increased BOLD signal change (% 

change) in the dorsal horn of the spinal cord, the PAG, the RVM, and the DRt in the CPM 

condition compared to the Control condition.  This is based on the expectation of increased 

descending inhibition of spinal cord responses.  As the regions outlined above are known 

to participate in descending pain modulation and in DNIC, we further hypothesize that the 

connectivity between these regions will be greater in response to the CPM effect.  
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2.2 Methods 

2.2.1 Participants 

Eighteen healthy, right handed females (mean age 26.8 ± 6.21) with no history of 

chronic pain, psychiatric or neurological disease, were recruited from the local Kingston 

community to participate in the study.  All subjects provided written consent, and were free 

to withdraw from the study at any time.  The study included three study visits (one training 

session, and two imaging sessions). Six participants did not show the CPM effect during 

the first stage of behavioral training and were excluded from this study.  From our final 

sample of twelve participants, two participants completed only the training and the first 

imaging sessions, and were thus excluded from the behavioral analysis. Only women were 

enrolled in the study to avoid gender confounds and sex differences in the CPM effect as 

discussed in other studies94,136-138.   

2.2.2 Questionnaires 

All participants completed a set of questionnaires at the training session.  The 

questionnaires included the Beck Depression Inventory-II (BDI-II)139, the State/Trait 

Anxiety Questionnaire140, the Social Desirability Scale141, and the Pain Catastrophizing 

Scale142.  The BDI-II consists of 21 items where participants rated their experience with 

depressive symptoms on a scale from 0 to 3, with possible scores ranging from 0 to 63 (0-

10 = normal ups/downs in mood, 11-16 = mild mood disturbances, 17-20 = borderline 

clinical depression, 21-30 = moderate depression, 31-40 = severe depression, and 40-63 = 

extreme depression).  The State/Trait Anxiety Questionnaire consists of two surveys 

measuring the transient state anxiety, and the trait anxiety, each section having 20 items.  

The participants rated their feelings based on a 1 to 4 Likert scale (1 = not at all, 2 = 
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somewhat, 3 = moderately so, 4 = very much so), for a possible range of scores from 20 to 

80 (20-39 = low anxiety, 40-50 = moderate anxiety, and 60-80 = high anxiety).  The Social 

Desirability Scale consists of a personal reaction inventory based on True/False statements.  

There are a total of 33 items for a total score of 0 to 33 (0-8 = low, 9-19 = average, and 20-

33 = high).  Lastly, the Pain Catastrophizing Scale measures the participants’ level of 

rumination, magnification, and helplessness, based on 13 items ranging from 0 (not at all) 

to 4 (all the time) on a Likert scale.  The total score ranges from 0 to 52, where a score 

higher than 30 is considered clinical relevant catastrophizing. Questionnaires were scored 

and descriptive statistics were calculated for each. 

2.2.3 Pain rating scales 

Participants used a heat and a cold pain scale to rate their sensations to the test 

stimulus (TS) and to the conditioning stimulus (CS), respectively (Figure 1.).  Both pain 

rating scales range in pain intensity from 0 (No sensation) to 100 (Intolerable pain) in 

increments of 10.  A rating of 10 is considered a Warm sensation on the heat pain rating 

scale and a Cool sensation on the cold pain rating scale, 20 is a Barely painful sensation, 

30 is Very weak pain, 40 is Weak pain, 50 is Moderate pain, 60 is Slightly strong pain, 70 

is Strong pain, 80 is Very strong pain, and 90 is Nearly intolerable pain.  Participants were 

instructed to give numerical values to rate their sensations.  A rating of 20 on both pain 

scales indicates the pain threshold for heat and cold pain, and a rating of 50, which indicates 

moderate pain, was the target rating used to calibrate the temperatures applied for each 

participant during the experimental trials.  
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Figure 1. Pain rating scales used to rate pain sensations. The top scale is the heat pain rating scale 

used to rate the TS, and the bottom scale is the cold pain rating scale used to rate the CS.  A rating 

of 20 on both scales represents the pain thresholds, while a rating of 50 is indicative of the target 

temperature used during the stimulation period of the experimental runs. 

2.2.4 Training session 

All participants underwent a training session in a mock fMRI environment to 

become familiar with the heat and cold sensations, the pain rating scales and the scanning 

environment.  Once the pain rating scales were explained, participants were exposed to 

heat and cold sensations to test their pain thresholds via a Medoc TSA-II thermal sensory 

analyzer (Medoc Ltd, Ramat Yishai, Israel).  The thermode delivering the heat sensations 

(TS) was always applied to the right thenar eminence and the thermode that delivered the 

cold sensation (CS) was always applied to the left thernar eminence (Figure 2.).   
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Figure 2. Schematic representation of the delivery locations for the test stimulus (TS) and the 

conditioning stimulus (CS). 

 

Heat and cold pain thresholds were both determined using the following procedure.  By 

pressing the buttons on a mouse connected to the Medoc system, participants either 

decreased or increased the temperature of the heat/cold pain until they reached a pain rating 

of 20 on the pain rating scales.  Afterwards, sensory discrimination was assessed and 

participants rated their pain when the thermode was applied to three locations on the 

forearm at three different temperatures (45 °C, 46 °C, and 47 °C).  Participants were then 

positioned supine on the bed inside the mock MRI system and underwent temperature 

calibrations and the CPM protocol as it would be presented in subsequent MRI sessions.  

They viewed a rear-projection screen (via a mirror) which enabled them to see the pain 

rating scales.  While lying in the mock-MRI, the heat pain was calibrated first, followed by 

the cold pain, to reach a pain rating of 50 with each type of stimulus.  During the heat pain 

calibrations, the cold thermode remained at baseline (32 ºC), and while the cold pain was 

calibrated, the heat thermode also maintained the baseline temperature.  The calibration 

step followed a block design where the thermode started at 32 °C for 5 seconds, then 

ramped up (for the heat pain calibrations) or ramped down (for the cold pain calibrations) 
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to a new temperature which was maintained for 33 seconds (for the TS) or 43 seconds (for 

the CS).  The participants were asked at the beginning, at the middle, and at the end of the 

stimulation period to rate their pain to the TS and/or to the CS to give an indication of how 

their sensation progressed during the stimulation period.  A 2 minute break was given 

between each run to prevent sensitization of the nociceptive afferents and a total of 6 runs 

were employed.  If the participants’ ratings were below or above 50, the temperatures were 

adjusted (increased or decreased) accordingly, and additional trials were run until the 

ratings during the stimulation period averaged to 50. Temperatures for the TS and the CS 

that elicited ratings of 50 were used in the experimental runs for the remainder of the study. 

2.2.5 Test Stimulus (TS) for fMRI studies 

The test stimulus (TS) used for fMRI studies was the same as described above for 

the training sessions, and was applied to the skin overlaying the thenar eminence on the 

right hand, corresponding to the C6 dermatome.  The stimulation paradigm was 

administered in a block design, where the test stimulus was flanked by two baseline periods 

set at an innocuous temperature of 32 °C.  The test stimulus began at the baseline for 51 

seconds, and then increased to a predefined temperature calibrated at moderate pain for 33 

seconds, followed by a decrease in temperature to the baseline which was maintained for 

64 seconds.  The entire run lasted 155 seconds (Figure 3.).  Between each run, a 2 minute 

break was given to prevent sensitization of nociceptive afferents143 and to let the 

participants’ sensation return to baseline prior to the next stimulation run. 
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Figure 3. A schematic representation of the task paradigm used to assess the CPM effect in the 

fMRI sessions. Both TS and the CS stimuli begin and end at a baseline (32°C) temperature, 

flanking a stimulation period of 33 seconds for the TS and 43 seconds for the CS.  One 

entire run is 155 seconds.  In the Control condition, only the TS is delivered while the CS 

remains at a baseline temperature.  In the CPM condition, both the TS and the CS are 

delivered simultaneously as indicated.  Each condition consists of 6 total runs per 

participant. 

2.2.6 Conditioning Stimulus (CS) for fMRI studies 

The conditioning stimulus (CS) was again as used in the training sessions and was 

delivered using a second Medoc TSA-II thermal sensory analyzer.  This thermode was 

secured to the thenar eminence of the left hand.  The CS was applied simultaneously with 

the TS in order to generate the CPM effect however, the stimulation period (43 seconds) 

was preceded by a baseline period (41 seconds) and followed by a second baseline period 

(56 seconds).  The CS change in temperature rates were longer than those used to deliver 

the TS because of hardware limitations in the rate of temperature change. The entire run 

lasted 155 seconds.  The stimulation period for the CS started 5 seconds earlier and lasted 

5 seconds longer than that of the TS to enable us to distinguish between the BOLD 

responses corresponding to the CS paradigm and those corresponding to the TS paradigm 

in the imaging data (Figure 3.). 

2.2.7 Experimental design 
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There were 2 experimental conditions that were tested in the study: 1) Control, and 

2) CPM.  In the Control condition, only the TS was delivered and the thermode inducing 

the CS remained at baseline during the entire run.  In the CPM condition, both CS and the 

TS were employed to produce the pain modulation effect.  In each experimental run, the 

participants viewed a set of instructions at the beginning of the run which indicated which 

pain (TS on the right hand or CS on the left hand) should be the focus of their attention, 

followed by the appropriate rating scale. The participants were blinded to which pain they 

would rate until after the stimulation period, when a set of instructions prompted the 

participants to rate their pain to either the TS or the CS. The study included runs in which 

participants rated the cold CS to further blind the participant to the study design and to 

prevent the participants from guessing which pain to rate.  For each participant, both 

conditions were repeated three times for a total of twelve runs over the course of the two 

study visits.  Out of the 6 runs in the CPM condition, two runs involved rating the CS.  

Only the ratings for the TS from all conditions were included in the analysis.  All study 

sessions including the training session were conducted on different days to avoid 

participant fatigue and nociceptor over-sensitization over the course of the three visits. 

2.2.8 Functional MRI (fMRI) session 

2.2.8.1 Set-up 

At the start of each imaging session, the pain rating scales, the instructions, and the 

experimental design were once again explained to the participants.  Participants were then 

positioned supine on the MRI bed and were given ear plugs as hearing protection from the 

scanner noise.  The thermodes were then secured to the participants’ left and right hands.  

Once inside the scanner, two practice runs (without image acquisition) with the TS alone 
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and then the CS alone were conducted to confirm that the target temperatures used in the 

training session still induced a moderate pain (i.e. pain rating of 50) in the fMRI sessions. 

If the previously determined target temperatures for the two stimuli evoked different 

ratings than those obtained during the training session, the participants were recalibrated 

by adjusting the temperature until a pain rating of 50 was reached, as detailed in the 

Training session above. 

2.2.8.2 Data acquisition 

All fMRI data were acquired in 3 Tesla whole-body MRI system (Siemens 

Magnetom Trio; Siemens, Erlangen, Germany) equipped with a spine-array receiver coil, 

a 3-channel posterior neck coil, and a body coil to deliver the radio-frequency (RF) pulses.  

A T2-weighted half-Fourier single-shot fast spin-echo (HASTE) imaging sequence was 

used to provide blood oxygenation-level dependent (BOLD) contrast.  Imaging parameters 

included a repetition time (TR) of 4.77 sec and an echo time of 76 msec to produce optimal 

T2-weighted BOLD contrast.  Nine contiguous slices in the sagittal orientation spanning 

from above the corpus callosum to just below the T1/T2 intervertebral disc were acquired 

per run.  A total of 32 volumes/ run were generated and each run was repeated 3 times for 

each of the 2 conditions for a total of 6 functional runs were acquired in each fMRI session.  

Each complete set fMRI data set for each condition consisted of a total of 192 volumes.  

The image resolution was 1.5 mm x 1.5 mm, with a slice thickness of 2 mm.  The field of 

view was 280 mm x 140 mm and the matrix size was 192 x 96.  During each acquisition, a 

spatial suppression pulse was applied anterior to the spinal cord to reduce motion artifacts 

resulting from physiological movement such as swallowing, breathing, and heart beating.  



 

42 

 

Lastly, the first volume of each run was discarded to reduce the effects of variable T1-

weighting. 

2.2.9 Data analysis 

2.2.9.1 Behavioral data 

A two factor repeated-measures ANOVA was conducted to test for significant 

differences in pain ratings between the two imaging sessions, and between the two 

conditions.  Significant effects were followed up by 2-tailed paired Student’s t-tests. The 

descriptive statistics which include the mean, standard deviation (SD), and median were 

calculated at the group level to provide quantitative information regarding the TS pain 

ratings for each condition.  The CPM effect size was calculated based on the difference in 

TS pain ratings obtained in the CPM condition and the Control condition. 

2.2.9.2 Functional MRI data: Data preprocessing 

Custom written software in MatLab (MathWorks, Natick, MA) was used to analyze 

all brainstem and spinal cord fMRI data.  The image data were first converted from DICOM 

format to NIfTI format, followed by several preprocessing steps.  These included co-

registration of the data to correct for bulk movement using a non-rigid 3D registration tool, 

the MIRT toolbox144,145, which applied a non-linear 3D adjustment to align each volume 

of  time series to the third volume of the set.  A spatial normalization step was also applied 

to the data to automatically calculate the parameters necessary to transform the original 

image data into a shape and size that matches a predefined target template.  This step was 

completed in two steps, where the first step generated the rough normalization parameters 

as a close estimate to the template, followed by a fine-tuning step to improve the match to 
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the template. The resulting normalized data spanned the entire cervical spinal cord and 

brainstem with 1 mm cubic voxels. 

2.2.9.3 Functional MRI data: General Linear Model (GLM) analysis 

The normalized image data from each experimental condition were combined and 

spatially smoothed with a 3 mm x 3 mm x 5 mm (R/L x A/P x S/I) boxcar kernel104,146.  

One large time-series was created by averaging all the individual runs.  This process 

maintained the benefits of acquiring large volumes of data by lowering the physiological 

noise in the data that was not associated with the stimulation paradigms to nearly zero, and 

improving the BOLD signal change that is correlated with the stimulation paradigms.  This 

analysis method consisted of a set of basis functions that included the TS and the CS pain 

paradigms convolved with the BOLD hemodynamic response function (HRF)104, the first 

two principle components of the time-series data from all voxels representing the global 

signal variance within the data, and a constant function. Statistical significance for BOLD 

signal changes was inferred at p < 0.001. 

2.2.9.4 Functional MRI data: Structural Equation Modeling (SEM) analysis 

Structural equation modelling (SEM) or “path analysis” was used to determine 

hypothetical connections modelled between regions within the brainstem, spinal cord, 

thalamus, and hypothalamus.  This analysis method is based on the assumption that the 

BOLD signal change in one region is predominantly related to signaling input from other 

sources.  Therefore, the BOLD response observed in a certain region is modelled as the 

weighted sum of responses from other regions that are anatomically connected and may 

provide significant inputs in response to the stimulation.  Each connection was assigned a 

weighting factor that best fitted the measured data.  
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The preprocessed data was subjected to SEM analysis made available through 

custom written software in MatLab developed based on methods described by McArdle 

and McDonald and also in Craggs et al.147,148.  The connectivity model that was used to test 

possible connections between brainstem, thalamic, and spinal cord regions was composed 

based on anatomical descriptions from Millan42.  The data from regions identified by the 

model were extracted from all participants and runs, and concatenated into one time-series 

of functional responses for each voxel.  The temporal properties of the time-series data 

were then used to divide the normalized data into sub-regions by means of k-means 

clustering.  This step allowed for the active voxels that corresponded to significant BOLD 

signal changes to be grouped separately from voxels which may have introduced false 

positive activity in the data due to the physiological movement at the edge of the CSF and 

cord.  All sub-regions were analyzed, and the combination of region that generated the 

greatest fit was then used to determine the linear weighting factors calculated for 35 

different network connections.  Significant connections were determined by means of one-

sample t-tests that calculated the ratio of the magnitude of each weighting factor to its 

standard-error.  The threshold for significance was inferred at T > 2 which corresponded 

roughly with p < 0.05. 

 

2.3 Results 

2.3.1 Questionnaires 

Descriptive statistics of the questionnaire scores from all participants are 

summarized in Table 1.  Based on normative data, all questionnaire scores fall within the 

normal ranges. 
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Table 1. Descriptive statistics of demographic information and questionnaire scores from 

all participants. 

 

2.3.2 Behavioral results 

We conducted a two factor repeated-measures ANOVA to compare the TS pain 

rating scores between the two fMRI sessions and between the conditions (CPM and 

Control).  The results indicate that there was no significant effect between imaging sessions 

and therefore the TS pain ratings obtained during the first and second imaging session did 

not differ (F(1,9) = 1.05, p = .33).   

 

Figure 4. Reported TS pain ratings for each condition obtained during the two fMRI 

sessions.  The ratings are averaged TS pain ratings with standard error bars.  The asterisk 

(*) indicates significance of p < 0.01. 
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There was however, a significant difference in the TS pain ratings between the 

CPM and the Control conditions (F(1,9) = 16.25, p < .005).  A paired-sample Student’s t-

test showed that the TS pain ratings in the Control condition were significantly higher than 

the ratings in the CPM condition (t(8) = 2.31, p < .005) (Figure 4).  Descriptive statistics 

of the TS pain scores obtained in the two fMRI sessions are summarized in Table 2. 

Table 2. Descriptive statistics of pain50 temperatures used to deliver the TS and the CS, and 

the TS pain ratings from the Control and CPM conditions obtained in the fMRI runs. 

 

2.3.3 GLM results 

GLM analysis conducted on fMRI data from the Control and CPM conditions 

reveals BOLD signal changes in brainstem and spinal cord regions that significantly match 

the stimulation paradigms (p < 0.001) (Figure 5).  In the Control condition, the BOLD 

signal change observed is in response to the TS paradigm, while the BOLD signal in the 

CPM condition is the response to both the TS and the CS paradigms.  Results revealed 

active voxels in the vicinity of the PAG, Drt, RVM (NRM and NGc), and in the right DH 

of the C6 segment during both Control and CPM conditions, and in the left DH during the 

CPM condition only.  

Contrast analyses comparing the BOLD activity in the two conditions were 

calculated by subtracting the time-course data on a voxel-by-voxel basis between the two 

conditions, to determine regions of the brainstem and cervical spinal cord that respond 
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significantly different (i.e. more and/or less) during the CPM condition than during the 

Control condition.   

 

Figure 5. BOLD signal changes that significantly match the stimulation paradigms, 

observed at different levels of the brainstem and spinal cord, during each experimental 

condition.  The location of the selected slices are illustrated in the left reference template.  

Regions of interest in each slice are marked in red and include the periaqueductal grey 

(PAG), rostral ventromedial medulla (RVM) which encompasses the nucleus raphe 

magnus (NRM) and the nucleus gigantocellularis (NGc), dorsal reticular nucleus (DRt), 

and the C6 spinal cord sections indicating the left and right dorsal horns (DH). The Control 

condition represents BOLD responses to the TS paradigm, and the BOLD response 

observed in the CPM condition represents activity to both the TS and the CS paradigms. 

The BOLD activity observed represents group results that are consistent across all 

participants. The functional activity is overlaid on anatomical scans of the selected levels 

of the brainstem and spinal cord.  Cool colors indicate decreased BOLD signal activity 

from baseline, and warm colors show an increase in BOLD signal activity from baseline.  

The threshold for statistical significance is at p < 0.001. 
 

Results reveal that the PAG, RVM (NRM and NGc), and the left and right dorsal 

horn at the C6 segment were more responsive, while the DRt was less responsive in the 

CPM condition compared to the Control condition (Figure 6).   
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Figure 6. BOLD signal changes that that are significantly different between the CPM and 

the Control conditions.  The functional activity in the PAG, RVM, DRt, and the dorsal horn 

of the spinal cord is overlaid on anatomical templates. Cool colors represent negative 

difference in activity between two conditions, and warm colors indicate positive difference 

in activity between two conditions.  The threshold for statistical significance is at p < 0.001. 

2.3.4 SEM results 

SEM analysis revealed a network of significant connections within the brainstem 

and the right dorsal horn of the C6 segment, and included connections that were common 

across the conditions, and connections that were unique to each condition (Figure 7).  The 

common connections exhibited in both conditions were bidirectional between the DRt and 

the C6 dorsal horn, and between the RVM and the C6 dorsal horn (indicated by the black 

lines).  Results also revealed several connection connections that were unique to the CPM 

condition, including between the thalamusPAG, PAGRVM, PAGDRt, and 

hypothalamusRVM.   
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Figure 7. Map illustrating network connections in the Control and the CPM conditions.  

Red lines represent connections that are unique to the Control condition, blue lines 

represent connections that are unique to the CPM condition, and black lines illustrate 

connections that are common to both Control and CPM conditions.  Arrows indicate the 

direction of input, solid lines represent positive connections and dashed lines represent 

negative connections. The line thickness indicates the strength of the connection. The RVM 

consists of the NRM and the NGc, outlined in yellow. All path coefficients have a 

significance of |T| > 2.   

 

2.4 Discussion 

The objective of this study was to characterize the neural correlates of CPM in the 

human brainstem and spinal cord by means of functional MRI.  The behavioral data 

demonstrate a significant reduction in the TS pain ratings when the CS was applied 

simultaneously, confirming the CPM effect.   Furthermore, we observe changes in BOLD 

activity corresponding to the CPM effect in regions of the brainstem such as the PAG, 

RVM, and the DRt, which are known to be involved in the descending modulation of 

pain42,149,150.  Our connectivity data parallel these results and demonstrate effective 
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connectivity between ThalPAG, PAGRVM, PAG DRt which are present only 

during the CPM condition and absent during the Control condition.  Altogether, these 

results indicate that the neural correlates of CPM involve the activation of brainstem 

regions that coordinate descending inhibition of the spinal cord which subsequently reduce 

pain perception. 

We found BOLD responses in the PAG, RVM, DRt, and the right dorsal horn of 

the C6 segment that are similar during both conditions (Figure 5).  These results are further 

supported by our SEM analysis which indicate significant connections between the RVM 

and the right dorsal horn of the C6 segment that are bidirectional and common to both the 

CPM and the Control conditions (Figure 7).   As both conditions involved a heat pain 

stimulus applied to the right hand, it is expected that similar areas would be engaged in 

both conditions, however the magnitudes and extent of these responses is expected to 

change with the addition of the cold stimulus in the CPM condition.  The areas that 

responded to the heat stimulus are also consistent with previous findings which have shown 

increased BOLD responses in these areas upon noxious heat stimulation113,132.  The PAG 

and the RVM are well known to be implicated in descending pain modulation and thus the 

activity in these regions is believed to arise from incoming nociceptive inputs that trigger 

descending inhibitory controls to the dorsal horn151,152.  Likewise, the DRt is mainly 

activated by noxious stimulation and it is also an important structure involved in pain 

processing and descending modulation 70.  Retrograde tracing has established that the DRt 

receives bilateral connections from the spinal cord67,69,153,154.  Our GLM results parallel 

these findings as the fMRI data suggests an increase in BOLD activity in the DRt in 

response to noxious input ascending from the stimulated region of the spinal cord.    The 
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relationship between the DRt and the dorsal horn of the spinal cord is further illustrated in 

our connectivity analysis which indicates significant connections between these two 

regions during both conditions.  The GLM results together with the SEM results thus 

provide evidence that ascending nociceptive inputs from the dorsal horn activate the 

descending modulation network involving the PAG, RVM, and the DRt, which 

subsequently alter the dorsal horn neuronal activity.  

To date, this is the first imaging study conducted in humans that reveals changes in 

brainstem and spinal cord BOLD activity in response to the CPM effect.  The results of our 

contrast analysis show more BOLD activity in the PAG, RVM, and in the left and right 

dorsal horn, in response to CPM (Figure 6).  The addition of the conditioning stimulus 

results in greater input into these structures and/or greater local processing which suggests 

activation of the descending inhibitory network.  In agreement with these results, 

connectivity analysis also demonstrates the existence of significant connections between 

the PAG and the RVM that are unique to the CPM condition.  Sprenger et al. (2011) 

reported a similar increase in connectivity within the PAG-RVM system when a cold 

pressor test was administered on the right leg against a phasic test heat delivered to the left 

forearm.  The PAG is known to mediate descending inhibition indirectly to the spinal cord 

by stimulating the RVM which projects to the cord and modulates the transmission of 

nociceptive signals49-51.  This network is illustrated in our connectivity results, where the 

BOLD signals from the PAGRVMC6 right dorsal horn co-vary in response to CPM 

(Figure 7).  Because the intensity and the duration of the test stimulus delivered to the right 

hand did not change between the two conditions, the increase in BOLD activity in the right 

dorsal horn observed in response to the CPM effect likely reflects increased descending 
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inhibition from the PAG and the RVM as suggested above.  Descending inhibition leads to 

a reduction in spinal neuron activity and ultimately to less noxious transmission to cortical 

regions involved in pain processing46,152,155.    This assumption agrees with the behavioral 

results which indicate that the pain ratings to the test stimulus are lower during the CPM 

condition compared to the Control condition due to an increase in descending inhibition in 

response to CPM.  Conversely, we cannot draw the same conclusion regarding the BOLD 

response in the left dorsal horn seen in our contrast data.  This is because the CPM condition 

includes the additional input of the conditioning stimulus which is not present in the 

Control condition. Therefore, the difference in BOLD activity in the left dorsal horn may 

be attributed largely to the incoming noxious stimulation from the conditioning stimulus.  

Based on animal studies, the DRt is suggested to be the primary brainstem region 

known to mediate DNIC71,72,156,157.  Currently, there are no studies in humans that have 

looked at the participation of the DRt in CPM, presumably due to its small size and the 

acknowledged difficulty of imaging in this region126.  With recent advancements in 

functional imaging in the spinal cord and brainstem, this is the first study to investigate the 

activity of the DRt during CPM in humans.  Our fMRI results reveal that the DRt responds 

less in the CPM condition than in the Control condition (Figure 6).  In animals, it was 

suggested that the DRt plays a role in exerting excitatory descending connections on the 

dorsal horn neurons that receive noxious inputs153.  Therefore, a reduction of the DRt 

activity, as shown in our imaging results, reflects a reduction in its facilitatory action which 

may contribute to a decrease in perceived pain during CPM.  Additionally, our connectivity 

results show that the BOLD responses in the DRt co-vary with the BOLD responses in the 

PAG during CPM but not during the Control condition.  This indicates that the DRt 
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receives additional inputs from brainstem regions during CPM which may modulate its 

activity and reduce evoked excitation in the dorsal horn neurons that are receiving the 

noxious input. 

 Although our results provide valuable insight into the neural correlates of the CPM 

effect, it is important to note that fMRI results must be interpreted with caution.  The BOLD 

signal corresponds to changes in local field potentials, which are the electric potentials in 

the extracellular space generated by the summed current from multiple nearby neurons103.  

Based on the fMRI data, we cannot differentiate between facilitatory or inhibitory circuits 

because a change in BOLD activity can arise from either or both.  For instance, the RVM 

is known to be an important relay site whose descending influences have a dual role in pain 

control158.  This structure can inhibit and facilitate nociceptive input, depending on the 

input it receives from other surrounding regions.  In the case where the descending 

facilitatory and inhibitory influences are engaged simultaneously, the resultant BOLD 

signal changes can only provide information regarding the overall input to that region.  

 There are also several study limitations that may restrict the generalizability of our 

current findings.  Firstly, this study was limited to female participants to avoid gender 

differences that have previously been reported136-138.  Obtaining data from male subjects 

may provide valuable information that could facilitate our understanding of the behavioral 

differences in the CPM effect observed between genders.  Secondly, including a greater 

sample size may have yielded more generalizable results.  Lastly, this study included only 

participants demonstrating the behavioral CPM effect for the purpose of investigating the 

neural correlates of the analgesic effect evoked by CPM.  Collecting data from subjects 
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demonstrating an altered behavioral effect to the CPM paradigm would expand our 

understanding of the neural processes underlying CPM.   

 

2.5 Conclusion 

This is the first study that demonstrates the neural correlates of CPM in the 

brainstem and spinal cord in humans.  The results show increased BOLD activity in the 

PAG and in the RVM contributing to descending pain modulation during CPM.  

Connectivity results also reveal significant connections in the CPM condition between the 

PAG and the RVM that are not observed during the Control condition.  We have also 

demonstrated decreased BOLD responses during CPM in the DRt region of the brainstem 

known to underlie the mechanism behind DNIC in animals72.  Collectively, the action of 

each of these brainstem regions induced the analgesic effect that characterizes CPM.  This 

study helps understand the CPM response in humans and can be used as a tool to determine 

how altered CPM induces changes in descending modulation in chronic pain populations.  
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Chapter 3 

Differences in pain perception and in the brainstem and spinal cord 

neural responses to the conditioned pain modulation (CPM) paradigm 

in healthy controls: an fMRI study 

 

3.1 Introduction 

Conditioned pain modulation (CPM) is a frequently employed laboratory method 

used to measure the ability of a conditioning noxious stimulus to reduce the pain of a 

noxious test stimulus, when applied simultaneously on distant regions of the body92.  CPM 

has been shown to induce pain inhibition in healthy controls5 and also pain facilitation in 

several chronic pain syndromes as in irritable-bowel syndrome6, fibromyalgia7,8, and 

temporomandibular disorder159.  Although healthy pain-free individuals often demonstrate 

efficient CPM resulting in pain inhibition, several studies have also indicated variability in 

responses, with some healthy individuals demonstrating less efficient CPM with pain 

facilitation117,125,126.  Furthermore, pain-free patients demonstrating less efficient CPM 

prior to thoracotomy were found to have a higher risk of developing chronic pain post-

surgery9. Given the behavioral evidence suggesting the association of altered CPM 

responses with the development of chronic pain, investigating the neural correlates that 

reflect these altered behavioral responses to the CPM paradigm may deepen our 

understanding of the changes in the descending inhibitory controls that underlie chronic 

pain conditions.  
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In humans, only a limited number of studies have investigated the neural 

components involved in mediating the analgesic effect of CPM.  Functional MRI studies 

reveal increased activity in the prefrontal cortex (PFC), thalamus, insula, and in the anterior 

cingulate cortex (ACC) associated with efficient CPM117,121,125,126.  Activation in these 

cortical regions has also been suggested to reflect increased descending modulation to 

brainstem structures such as the periaqueductal gray (PAG), the rostral ventral medulla 

(RVM), and the dorsal reticular nucleus (DRt), which are known to influence pain 

processing and perception126,129,130 and have been suggested to underlie the diffuse noxious 

inhibitory controls (DNIC) equivalent of CPM in animals46,72,83,85,86,156,160,161.  Given the 

importance of these brainstem regions to modulate the transmission of noxious inputs 

during DNIC, the aim of this study was to use functional MRI to investigate brainstem and 

spinal cord responses to the CPM paradigm in separate groups of healthy participants who 

demonstrate efficient CPM, and less efficient CPM.  The purpose of this study is to further 

our understanding of pain processing and the differences in descending pain networks that 

contribute to altered behavioral responses to the CPM paradigm.  We hypothesize that 

efficient CPM responders will demonstrate greater BOLD changes (% change) in the PAG, 

the RVM, the DRt, and in the right DH of the spinal cord corresponding to pain inhibition 

during CPM, compared to participants demonstrating less efficient CPM.  Furthermore, we 

also hypothesize that during CPM the connectivity between the regions outlined above will 

also differ between responders. 

 

3.2 Methods 

The methods of this study are similar to those described in the previous chapter. 
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3.2.1 Participants 

Twenty-five right handed healthy females (mean 27.6 ± 7.82) with no history of 

chronic pain, psychiatric conditions, or neurological disease, were recruited from the local 

community to participate in the study.  All subjects provided written consent, and were free 

to withdraw from the study which included three study visits (one training session, and two 

imaging sessions), at any time.  Two participants completed only the training and the first 

imaging sessions, and were thus excluded from the behavioral analysis. Only women were 

enrolled in the study to avoid gender confounds and sex differences in the CPM response 

as discussed in other studies94,136,138. 

3.2.2 Questionnaires 

At the training session, a set of four questionnaires were administered to all 

participants.  These included the Beck Depression Inventory-II  (BDI-II)139, the State/Trait 

Anxiety Questionnaire140, the Social Desirability Scale141, and the Pain Catastrophizing 

Scale142.  The BDI-II evaluates one’s experience with depressive symptoms using 21 items.  

Each item ranges in score from 0 to 3, for a total possible score of 0 to 63 (0-10 = normal 

ups/downs in mood, 11-16 = mild mood disturbances, 17-20 = borderline clinical 

depression, 21-30 = moderate depression, 31-40 = severe depression, and 40-63 = extreme 

depression).  The State/Trait Anxiety Questionnaire evaluates the transient state anxiety 

and the long standing trait anxiety using two surveys, each consisting of 20 items.  Items 

are rated based on a 1 to 4 Likert scale (1 = not at all, 2 = somewhat, 3 = moderately so, 4 

= very much so), for a possible total score ranging from 20 to 80 (20-39 = low anxiety, 40-

50 = moderate anxiety, and 60-80 = high anxiety).  The Social Desirability Scale assesses 

whether responders are truthful or misinterpreting their self-presentation.  The scale 
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consists of 33 items that are scored based on a True/False response format, for possible 

scores ranging from 0 to 33 (0-8 = low, 9-19 = average, and 20-33 = high).  Lastly, the 

Pain Catastrophizing Scale evaluates the responder’s level of rumination, magnification, 

and helplessness, based on 13 items ranging from 0 (not at all) to 4 (all the time) on a Likert 

scale.  The total score ranges from 0 to 52, where a score higher than 30 is considered 

clinical relevant catastrophizing.  

3.2.3 Pain rating scales 

Participants used a heat and a cold pain scale to rate their sensations to the test 

stimulus (TS) and to the conditioning stimulus (CS) respectively (Figure 1.).  Both pain 

rating scales range in pain intensity from 0 to 100 in increments of 10 (0 = No sensation, 

10 = Warm sensation/Cool sensation, 20 = 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, 100 = Intolerable pain).  Participants were 

instructed to give numerical values to rate their pain.  A rating of 20 on both pain scales 

indicates the pain threshold for heat and cold pain, and a rating of 50, was the target rating 

used to calibrate the temperatures applied for each participant. 

3.2.4 Training session 

All participants underwent an initial training session in a mock fMRI environment 

to become familiar with the heat and cold sensations, the pain rating scales, and the 

scanning environment.  Once the pain rating scales were explained, participants were 

exposed to heat and cold sensations to test their pain thresholds via a Medoc TSA-II 

thermal sensory analyzer (Medoc Ltd, Ramat Yishai, Israel).  The thermode delivering the 

heat sensations (TS) was always applied to the right thenar eminence and the thermode that 
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delivered the cold sensation (CS) was always applied to the left thenar eminence (Figure 

2.).  Heat and cold pain thresholds were both determined using a computer mouse, where 

the participants pressed buttons to either decrease or increase the temperature of the 

heat/cold pain until they reached a pain rating of 20 on the pain rating scales.  Afterwards, 

sensory discrimination was assessed and participants rated their pain when the thermode 

was applied to three locations on the right forearm at three different temperatures (45 °C, 

46 °C, and 47 °C).  Participants were then positioned supine on the bed inside the mock 

MRI and underwent temperature calibrations and the CPM protocol as it would be 

presented in subsequent MRI sessions.  They viewed a rear-projected screen (via a mirror) 

which enabled them to see the pain rating scales.  While lying in the mock MRI, the heat 

pain was calibrated first, followed by the cold pain, to reach a pain rating of 50 with each.  

During the heat pain calibrations, the cold thermode remained at baseline (32 ºC), and while 

the cold pain was calibrated, the heat thermode also maintained the baseline temperature.  

The calibration step followed a block design where the thermode started at 32 °C for 5 

seconds, then ramped up (for the heat pain calibrations) or ramped down (for the cold pain 

calibrations) to a new temperature which was maintained for 33 seconds (for the TS) or 43 

seconds (for the CS).  The participants were asked at the beginning, at the middle, and at 

the end of the stimulation period to rate their pain to the TS and/or to the CS, to give an 

indication of how their sensation progressed during the stimulation period.  A 2 minute 

break was given between each run to prevent sensitization of the nociceptive afferents and 

a total of 6 runs were employed.  If the participants’ ratings were below or above 50, the 

temperatures were adjusted (increased or decreased) accordingly, and additional trials were 

run until the ratings during the stimulation period averaged to 50. Temperatures for the TS 
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and the CS that elicited ratings of 50 were used in the experimental runs for the remainder 

of the study. 

3.2.5 Test Stimulus (TS) 

This study used a noxious thermal heat stimulus as the test stimulus (TS), applied 

to the skin overlaying the thenar eminence (corresponding to the C6 dermatome).  The 

stimulation paradigm was administered in a block design, where the test stimulus was 

flanked by two baseline periods set at an innocuous temperature of 32 °C.  The test stimulus 

began at the baseline for 51 seconds, and then increased to a predefined temperature 

calibrated at moderate pain for 33 seconds, followed by a decrease in temperature to the 

baseline which was maintained for 64 seconds.  The entire run lasted 155 seconds (Figure 

3.).  Between each run, a 2 minute break was given to prevent sensitization of nociceptive 

afferents and to let the participants’ sensation return to baseline prior to the next stimulation 

run143. 

3.2.6 Conditioning Stimulus (CS) 

The conditioning stimulus (CS) was a noxious thermal cold stimulus applied to the 

thenar eminence of the left hand.  The CS was delivered simultaneously with the TS in 

order to generate the CPM effect however, the stimulation period started 5 seconds earlier 

and lasted 5 seconds longer than that of the TS (totaling to 43 seconds) to enable us to 

distinguish between the BOLD responses corresponding to the CS paradigm and those 

corresponding to the TS paradigm in the imaging data.  As with the TS, the CS stimulation 

block was preceded by a baseline period of 41 seconds and followed by a second baseline 

period of 56 seconds.  The CS change in temperature rates were longer than those used to 
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deliver the TS because of hardware limitations in the rate of temperature change.  The 

entire run lasted 155 seconds (Figure 3.).   

3.2.7 Experimental design 

There were 2 experimental conditions that were tested in the study: 1) Control, and 

2) CPM.  In the Control condition, only the TS was delivered and the thermode inducing 

the CS remained at the baseline temperature (32 °C) during the entire run.  In the CPM 

condition, both CS and the TS were employed to produce the pain modulation effect.  In 

each experimental run, the participants viewed a set of instructions at the beginning of the 

run which indicated which pain (TS on the right hand or CS on the left hand) should be the 

focus of their attention, followed by the appropriate rating scale. The participants were 

blinded to which sensation they would rate until after the stimulation period, when a set of 

instructions prompted the participants to rate their pain to either the TS or the CS. The 

study included runs in which participants rated the cold CS to further blind the participant 

to the study design and to prevent the participants from guessing which sensation to rate.  

Each condition was repeated three times during a study visit, for a total of six runs of each 

condition in the full study per participant.  Out of the six runs in the CPM condition, two 

run involved rating the CS.  Only the ratings for the TS from all conditions were included 

in the behavioral analysis.  The MRI study sessions were conducted on separate days in 

order to avoid participant fatigue and nociceptor over-sensitization over the course of the 

three visits.  

3.2.8 Functional MRI (fMRI) session 

3.2.8.1 Set-up 
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At the start of each imaging session, the pain rating scales, the instructions, and the 

experimental design were once again explained to the participants.  Participants were then 

positioned supine on the MRI bed and were given ear plugs as hearing protection from the 

scanner noise.  The thermodes were then secured to the participants’ left and right hands.  

Once inside the scanner, two practice runs (without image acquisition) with the TS alone 

and then the CS alone were conducted to confirm that the target temperatures used in the 

training session still induced a moderate pain in the fMRI sessions. If the previously 

determined target temperatures for the two stimuli evoked different ratings than those 

obtained during the training session, the participants were recalibrated by adjusting the 

temperature until a pain rating of 50 was reached, as detailed in the Training session above.  

3.2.8.2 Data acquisition 

A 3 Tesla whole-body MRI system (Siemens Magnetom Trio; Siemens, Erlangen, 

Germany) was used to acquire all fMRI data.  The system included a spine-array coil to 

receive the MR signal, and a body coil to deliver the radio-frequency (RF) pulses.  To avoid 

spatial distortions in the images caused by field inhomogeneities while providing blood 

oxygenation-level dependent (BOLD) contrast to acquire the functional data, a T2-

weighted half-Fourier single-shot fast spin-echo (HASTE) imaging sequence was used.  

All images were obtained in the sagittal orientation encompassing the region between the 

top of the corpus callosum and the T1/T2 intervertebral discs.  The repetition time (TR) 

and the echo time (TE) used to produce optimal T2-weighted BOLD contrast in the spinal 

cord was 4.77 seconds and 76 msec respectively.  Nine slices were acquired per run and 

each run consisted of 32 volumes repeated over a total of 6 functional runs per condition.  

A complete fMRI data thus set consisted of 192 volumes.  The field of view was and the 
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matrix size were set at 280 x 140 mm2 and 192 x 96 respectively, yielding an image 

resolution of 1.5 mm x 1.5 mm with a slice thickness of 2 mm.  A spatial suppression pulse 

was applied anterior to the cord to reduce motion artifacts evoked by breathing, 

swallowing, and heart beating.  Lastly, the first volume of each run was discarded to reduce 

the effects of variable T1-weighting across the time-series data. 

3.2.9 Data analysis 

3.2.9.1 Behavioral data 

The CPM effect was calculated by taking the difference in TS pain ratings between 

the CPM condition and the Control condition.  Participants who reported a positive 

difference in TS pain ratings were identified as efficient CPM responders.  Conversely, 

those who reported a negative difference in TS pain ratings were identified as the less 

efficient CPM responders.  A two factor repeated-measures ANOVA was conducted to test 

for significant differences in pain ratings between the two imaging sessions, and between 

the two conditions, for both groups of CPM responders.  Significant differences were 

followed up by 2-tailed paired Student t-tests. The descriptive statistics which include the 

mean, standard deviation (SD), and median were calculated at the group level to provide 

quantitative information regarding the TS pain ratings for each condition, for the efficient 

CPM responders and the less efficient CPM responders.   

3.2.9.2 Questionnaires 

All questionnaires were scored and descriptive statistics were calculated for each 

group of CPM responders.  To test for differences in the questionnaire scores between the 

two groups of responders, we conducted 2-tailed paired Student’s t-tests.  Pearson 
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Correlation analysis was conducted to test for significant correlations between the 

questionnaire scores and the CPM effect. 

3.2.9.3 Functional MRI data: Data preprocessing 

Analysis of all fMRI data was performed using custom-made software written in 

MatLab (The MathWorks Inc., Natick, MA).  The brainstem and spinal cord data were 

converted from DICOM format to NIFTI format prior to preprocessing.  The data was then 

corrected for bulk movement by means of a non-rigid 3 dimensional registration tool 

(MIRT toolbox) which applied a non-linear 3 dimensional adjustment to co-register each 

volume of a time-series to the third volume of a set144,145.  The fMRI data was also spatially 

normalized to match a predefined target template.  This process automatically calculated 

the parameters needed to convert the raw image data into a size and shape that matched the 

template, in two steps.  The first step generated a set of rough image parameters as a close 

match to the template, and the second step fine-tuned the rough image parameters to 

enhance the match to the target template.  The resulting data set consists of 1 mm cubic 

voxels. 

3.2.9.4 Functional MRI data: General Linear Model (GLM) analysis 

Once the preprocessing steps were completed, the brainstem and spinal cord 

functional data was analyzed using the general linear model (GLM) analysis method.  The 

image data was spatially smoothed using a 3 mm x 3 mm x 5 mm boxcar kernel104,146 (R/L 

x A/P x S/I), followed by an averaging of all individual runs to create on large time-series.  

Averaging the data allows for the reduction in physiological noise arising from body 

movement that is uncorrelated across the runs, and strengthens the functional signal that is 

consistent across runs and individuals.  The model includes a set of basis functions 
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consisting of the TS pain paradigm, and the CS pain paradigm, both convolved with the 

BOLD hemodynamic response function104, the first two principal components of the time-

series data from all voxels representing the global signal variance within the data, and a 

constant function.  The threshold for significance of the BOLD signal change observed is 

inferred at p < 0.001. 

3.2.9.5 Functional MRI data: Structural Equation Modeling (SEM) or “Path analysis” 

This study uses Structural Equation Modelling (SEM) to test the plausibility of 

hypothetical connections between regions of the thalamus, brainstem and spinal cord.  

SEM calculates connectivity between regions based on the principle that multiple regions 

contribute to the signaling input to one region.  BOLD signal changes are most closely 

related to input signaling and thus the BOLD time-series response is modelled as a 

weighted sum of BOLD responses in other regions.  The functional data is fitted to a pre-

defined relational model of possible network connections described by Millan42, and the 

weighting factors are calculated as the best fit to the measured data.  

 SEM analysis was conducted using custom made software written in MatLab based 

on the analyses described by Craggs et al., and by McArdle and McDonald147,148.  The 

regions in the normalized data identified by the model were extracted from all individual 

runs, and concatenated into one large time-series of responses for each voxel.  The 

normalized data was sub-divided into sub-regions based on the time-series properties of 

the data using k-means clustering.  This step groups voxels of activity that correspond to 

significant BOLD responses separately from those that are non-responding or whose 

activity corresponds to motion artifacts arising at the CSF/cord boundary.  Analysis was 

further conducted on all of the sub-regions to test for the combination of regions that best 
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fit the network model.  Linear weighting factors for 35 different connections were 

calculated and considered significant at T > 2 (corresponds roughly to p < 0.05) as 

determined by a one-sample t-test comparing the magnitude of the weighting factor to its 

standard error.  

 

3.3 Results 

3.3.1 Behavioral results 

Figure 8 shows the distribution of the observed CPM effect across all participants. 

Twelve subjects demonstrated efficient CPM, one subject showed no change in pain ratings 

between experimental conditions, and twelve subjects demonstrated less efficient CPM.  A 

two factor repeated-measures ANOVA was conducted to compare the TS pain rating scores 

between the two fMRI sessions and between the conditions (CPM and Control) for each of 

the two groups of CPM responders.  The results indicate that there was no significant 

difference between the TS pain ratings obtained during the first and second imaging 

sessions for the efficient CPM group (F(1,11) = 1.04, p = .33), or the less efficient CPM 

group (F(1,11) = 1.05, p = .33).  There was however, a significant difference in the TS pain 

ratings between the Control and the CPM conditions in both the efficient CPM responders 

(F(1,11) = 12, p < .01), and in the less efficient CPM responders (F(1,11) = 16.25, p < .01).  

Paired-sample t tests were conducted to test the difference in the perceived pain ratings 

between the two experimental conditions in each group of CPM responders, and between 

the CPM responder groups within each condition.  We found that the efficient CPM 

responders reported significantly lower TS pain ratings in the CPM condition compared to 

the Control condition (t(10) = 2.23, p < .01), while the less efficient CPM responders 
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demonstrated higher pain ratings in the CPM condition compared to the Control condition 

(t(10) = 2.23, p < .01) (Figure 9.).   

 

Figure 8. Distribution of the CPM effect across participants.  The CPM effect was 

calculated by subtracting the averaged pain ratings during the CPM condition from the pain 

ratings obtained during the Control condition.  Negative values indicate pain inhibition or 

efficient CPM, and positive values indicate pain facilitation or less efficient CPM.  Twelve 

participants demonstrate efficient CPM, twelve participants demonstrate less efficient 

CPM, and one participant had no change in perceived pain. 
 

There was no significant difference in the TS pain ratings during the Control condition 

between the two groups of responders however, the pain ratings differed significantly 

during the CPM condition between the efficient CPM group and the less efficient CPM 

group (t(10) = 2.23, p < .05) (Figure 9.).  The descriptive statistics of the TS pain scores 

obtained from the two groups of CPM responders are summarized in Table 3.  
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Figure 9. Reported TS pain ratings, for each condition, obtained during the two fMRI 

sessions.  The ratings are averaged TS pain ratings with standard error bars.  The asterisk 

(*) indicates significance of p < .05, and the double asterisk (**) indicates significance of 

p < .01. 
 

Table 3. Descriptive statistics of pain50 temperatures used to deliver the TS and the CS, and 

the TS pain ratings from the Control and CPM conditions obtained in the fMRI runs, from 

the efficient CPM responders and the less efficient CPM responders. 

 

3.3.2 Questionnaires 
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Descriptive statistics of the questionnaire scores from the efficient CPM responders 

and the less efficient CPM responders are summarized in Table 4.  Based on normative 

data, all questionnaire scores fall within the normal ranges139-142.  

Table 4. Descriptive statistics of demographic information and questionnaire scores from 

the efficient CPM responders and the less efficient CPM responders. 

 

We conducted 2-tailed paired Student’s t-tests to test for differences between the 

questionnaire scores from the participants in the two study groups.  Results reveal that the 

State Anxiety scores were significantly higher in the participants demonstrating less 

efficient CPM compared to the participants expressing efficient CPM (t(10) = 2.23, p < 

.05).   

 Correlation analyses were conducted to test for significant trends between the 

questionnaire scores and the CPM effect.  We found that both the state anxiety scores and 

the depression scores positively correlated with the CPM effect in participants 

demonstrating less efficient CPM however, the correlations did not reach significance (r = 

0.53, p = 0.074; and r = 0.53, p = 0.079, respectively).  When combining the data from all 

participants, the analysis revealed that state anxiety scores and the depression scores were 

positively correlated with the CPM effect (r = 0.56, p < .01; r = 0.42, p < .05) (Figure 10.). 
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Figure 10. Correlation plots between questionnaire scores and the CPM effect.  The 

questionnaire scores from all 25 participants were included in the analysis. (A) State 

Anxiety scores correlate positively with the CPM effect (p = 0.005, r = 0.555). (B) 

Depression scores correlate positively with the CPM effect (p = 0.042, r = 0.418). 
 

3.3.3 GLM results 

The BOLD response to the CPM effect was calculated by subtracting the time 

course data on a voxel-by-voxel basis between the two conditions.  Imaging results reveal 
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greater responses during the CPM condition compared to the Control condition in the 

vicinity of the PAG, RVM, and the left and right DH of the C6 segment in both groups of 

CPM responders (Figures 11.).   

 

Figure 11. BOLD signal changes that that are significantly different between the CPM and 

the Control conditions in the efficient CPM responders and in the less efficient CPM 

responders, observed at different levels of the brainstem and spinal cord.  The location of 

the selected slices are illustrated in the left reference template.  Regions of interest in each 

slice are marked in red and include the periaqueductal grey (PAG), rostral ventromedial 

medulla (RVM) which encompasses the nucleus raphe magnus (NRM) and the nucleus 

gigantocellularis (NGc), dorsal reticular nucleus (DRt), and the C6 spinal cord sections 

indicating the left and right dorsal horns (DH).  The functional activity in the PAG, RVM, 

DRt, and the dorsal horn of the spinal cord is overlaid on anatomical templates.  Cool colors 

represent negative difference in activity between two conditions, and warm colors indicate 

positive difference in activity between two conditions.  The threshold for statistical 

significance is at p < 0.001. 
 

Conversely, the region in the expected location of the DRt is less responsive during the 

CPM condition than in the Control condition in the efficient CPM responders, while in the 

participants demonstrating less efficient CPM, results show no difference in 

responsiveness between the two conditions at the level of the DRt (Figure 11.).   We 

also found that the PAG, RVM, and the DRt were less responsive in the efficient CPM 
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responders compared to the less efficient CPM responders, during the CPM condition 

(Figure 12.).  Conversely, the DH of the C6 spinal segment showed greater BOLD activity 

in the efficient CPM responders than in the less efficient CPM group, in response to the 

CPM condition (Figure 12.). 

 

Figure 12. BOLD signal changes that that are significantly different between the efficient 

CPM responders and the less efficient CPM responders, during the CPM condition.  

Transverse slices are displayed at selected levels of the PAG, RVM, DRt, and the DH of 

the C6 segment.  Functional activity is overlaid on anatomical scans.  The activity observed 

represents GLM results that are consistent across all participants.  Cool colors represent 

negative difference in activity, and warm colors indicate positive difference in activity 

between the two groups of CPM responders.  Significance is inferred at p < 0.001. 

3.3.4 SEM results 

Connectivity analyses revealed few connections that are common across all 

participants, while the majority of connections are unique to the types of CPM responders 

(Figure 13.).  Common connections across participants include the PBNRVM, and 

reciprocally between the RVM and the right DH of C6.  We observed significant 

connections between the PAGRVM, PAGDRt, and bidirectionally between the DRt 

and the C6 DH of the cord, which are unique to the efficient CPM responders.  Conversely, 
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results reveal significant connections between the PAGPBN, and bidirectionally 

between the hypothalamus and the NTS, and between the PBN and the NTS, that are 

present only in the less efficient CPM group.   

 

Figure 13. Network connections detected during the CPM condition in both efficient and 

less efficient CPM responders.  Red lines represent connections that are unique to the 

efficient CPM responders, blue lines represent connections that are unique to the less 

efficient CPM responders, and black lines illustrate connections that are common to both 

types of responders.  Arrows indicate the direction of input, solid lines represent positive 

connections and dashed lines represent negative connections. The line thickness indicates 

the strength of the connection. The RVM consists of the NRM and the NGc, outlined in 

yellow.  The asterisk (*) indicates a change in sign for path coefficients.  A significance of 

|T| > 2 is inferred for all path coefficients.   
 

3.4 Discussion 

The purpose of this study was to identify the differences in BOLD responses in the 

brainstem and spinal cord between healthy participants demonstrating efficient CPM and 

those demonstrating less efficient CPM.  Behavioral results confirmed that the TS pain 
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ratings during the CPM condition were significantly lower in the efficient CPM responders, 

and significantly higher in the less efficient CPM responders, when compared to the ratings 

obtained from the Control condition.  Correlation analyses further indicate that state 

anxiety and depression scores were positively correlated with the CPM efficiency.  Imaging 

data revealed greater BOLD responses in the PAG, RVM, and the right and left DH of the 

C6 segment in both groups of CPM responders, in the CPM condition compared to the 

Control condition.  Results also showed differences in BOLD activity at the DRt, where 

negative BOLD signal changes observed in the efficient CPM responders were absent in 

the less efficient CPM responders.  Lastly, our connectivity data revealed that the majority 

of connections were unique to the responder types, and few common connections were 

shared among all participants, such as PBNRVM, and RVM  DH of C6.  Altogether, 

these results demonstrate for the first time differences in the neural correlates of CPM in 

the brainstem and spinal cord that reflect differences in pain perception in response to the 

CPM paradigm.  

 In the present study we observed individual differences in pain ratings during CPM, 

ranging from efficient CPM to less efficient CPM.  In our population sample, 48% of 

participants responded efficiently to CPM, demonstrating significant test pain inhibition 

when the conditioning stimulus was applied.  Conversely, 48% of the remaining population 

sample demonstrated less efficient CPM, indicating that the application of a conditioning 

stimulus induced a facilitatory pain response.  Lastly, the remaining 4% of our subjects (1 

participant) showed no change in perceived test pain during CPM.  As with our sample of 

healthy participants, other studies have also reported varied responses to CPM117,125,126.  

For instance, Bogdanov et. al (2015) indicated that only 29% of their population sample 
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expressed efficient CPM, while 29% experienced no change in pain perception, and 42% 

indicated increased test pain during CPM.  Furthermore, in a study by Piché et al. (2009), 

only 4 out of the 12 participants (33%) reported decreased sural nerve (RIII) reflex 

amplitude during CPM, and the rest of the sample group showed unchanged or increased 

reflex responses to CPM.  Based on these findings, it is evident that differences in the CPM 

responses exist among healthy controls.   

Potential sources of individual variability in the CPM effect may be attributed to 

psychobehavioral factors that can contribute to differences in the way pain is perceived.  It 

is well known that a range of emotions such as depression and anxiety can influence and 

modulate pain perception39,100,162.   Previous findings suggest that depressed individuals 

experience pain differently163, while anxiety can enhance the experience of pain164.  Using 

several questionnaires, we tested for preexisting states of anxiety, depression, and for 

factors such as pain catastrophizing, and social desirability.  In the efficient CPM group we 

found no correlations between the CPM effect and the questionnaire scores. Conversely, 

the CPM effect correlated positively with the state anxiety and the depression scores in 

participants demonstrating less efficient CPM, however, the correlations were just below 

the significance threshold.  When combining the data from all participants, the depression 

and the state anxiety scores were found to positively correlate with the CPM effect.  These 

results indicate that with an increase in depression and state anxiety, the CPM effect is not 

only diminished but the pain perception is enhanced.  This is consistent with previous 

findings by Cormer et al. (2013), where depressive symptoms were found to significantly 

correlate with the CPM effect, indicating that weaker or reversed CPM was related to 

higher depressive scores165.  Similarly, the trait anxiety scores also correlated with the CPM 
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evoked pain, suggesting that higher pain-related anxiety contributed to the reduction in the 

CPM efficiency.  Furthermore, Bogdanov et al. (2015) found that high anxiety was 

associated with greater test stimulus-induced pain during CPM.  Therefore, altered states 

of anxiety and depression could have contributed to the individual differences in the CPM 

effect, as observed in our study. 

To date, this is the first study that demonstrates differences in BOLD responses in 

the brainstem and spinal cord between pain-free efficient CPM responders and less 

efficient CPM responders.  Results reveal greater BOLD responses in the PAG, RVM, and 

in the left and right DH of the cord in both groups of CPM responders, during the CPM 

condition compared to the Control condition.  This data is consistent with our SEM results 

which demonstrate significant connections involving the PAG, RVM, and the right DH of 

the C6 segment across all participants.  The PAG and the RVM are known to be highly 

involved in regulating nociceptive inputs by activating descending controls that reach and 

modulate spinal neuron activity42,47,161.   Our data therefore indicate that during CPM, 

ascending nociceptive inputs activate the PAG and the RVM, either directly or via other 

brainstem or cortical regions, which subsequently transmit descending controls to alter the 

dorsal horn activity and thus modulate the overall subjective experience of pain.  

A recent imaging study also reported increased activity in the PAG-RVM network 

when the conditioning stimulus was delivered during the CPM condition117.  However, 

when treated with naloxone to eliminate the pain inhibitory effect of CPM, the PAG and 

the RVM activity was reduced but the subjective pain experience remained unchanged.  

Furthermore, a similar study also revealed activation in the PAG during CPM, however the 

reported inhibitory CPM effect was not related to the PAG activity126.  Our findings suggest 
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that participants demonstrating pain facilitation in response to CPM showed greater PAG 

and RVM BOLD responses than participants expressing pain inhibition to the CPM 

paradigm. In line with these findings, Weich et al. (2009) also found that the PAG shows 

increased activity in response to increased pain perception33. Several authors suggest that 

the activation of the PAG-RVM network during CPM may reflect the simultaneous 

activation of other pain control mechanisms that are not directly involved in CPM and 

difficult to control for during lab induced pain166.  One postulated pain modulating network 

that activates the PAG, RVM, and PBN during pain delivery paradigms is the anxiety-

induced hyperalgesia network117,167.  The PAG is known to be highly implicated in 

emotional processing during pain anticipation158, and thus increased PAG activity during 

lab induced pain paradigms may reflect higher states of anxiety which can contribute to the 

enhanced pain perception167.  Similarly, our correlation analyses suggest that CPM 

efficiency is reduced when anxiety is enhanced.  Because greater PAG and RVM responses 

were observed in the less efficient CPM responders who also reported higher state anxiety 

scores, it is thus highly likely that the PAG-RVM top-down modulating network is highly 

influenced by altered psychological states that can be activated simultaneously during 

CPM.   

The DRt is known to have direct connections to the dorsal horn of the spinal cord67 

and based on animal studies, it is thought to be the primary region to sustain DNIC72.  

Ablation of the DRt eliminated pain inhibition via DNIC72 while stimulation of the DRt 

region facilitated acute nociception in rats153.  In humans, we found results that parallel 

findings from animal studies, evidencing the importance of the DRt in modulating the 

transmission of noxious inputs to the cord during CPM.  In the participants demonstrating 
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pain inhibition to the CPM paradigm, our findings reveal that the DRt is less responsive 

during the CPM condition compared to the Control condition.  Additionally, we also found 

effective connectivity between the PAGDRt and reciprocally between the DRt and the 

cord during the CPM condition, which is not demonstrated in the participants responding 

less efficiently to the CPM paradigm.  The absence of such connections in the participants 

showing pain facilitation in response to CPM, further parallel the fMRI results, which 

reveal no difference in the BOLD signal change between the CPM condition and the 

Control condition at the level of the DRt.  Furthermore, we found that the DRt is less 

responsive in the efficient CPM responders compared to participants reporting less efficient 

CPM, during the CPM condition.  Altogether, these results indicate that a reduction in DRt 

activity contributes to decreased perceived pain during CPM, while an absence of 

inhibition in the DRt activity may reinforce pain facilitation, resulting in hyperalgesia in 

response to the CPM paradigm.   Therefore, the activity of the DRt during CPM plays an 

essential role in determining the ability to modulate the overall perception of pain.  

This study also has several limitations that may affect the generalization of these 

findings.  Firstly, our study cohort included only females to avoid effects due to sex 

differences in pain perception.  Previous studies have suggested that men demonstrate more 

efficient endogenous pain inhibition during CPM118,168,169, and therefore the distribution of 

the CPM effect found in our study may not reflect the true proportions of individuals 

demonstrating efficient CPM in a larger sample size that includes both genders and just 

men.  Secondly, we found that the depression and the state anxiety scores correlated 

positively with the CPM effect in the less efficient CPM responders, however the 

relationship was just below significance.  Obtaining a larger sample size in the group 
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demonstrating less efficient CPM would have allowed us to determine if high scores in 

these psychobehavioral measures are possible markers of reduced ability to express the 

analgesic CPM effect.  It has been previously suggested that individuals with chronic pain 

also experience depressive symptoms34,170,171, thus investigating the neural correlates of 

CPM in individuals with chronic pain and depression compared against our findings from 

healthy individuals demonstrating less efficient CPM, may provide a crucial insight into 

understanding the development of chronic pain.    

3.5 Conclusion 

In summary, this is the first study that demonstrates differences in BOLD responses 

at the levels of the brainstem and spinal cord, in response to the CPM paradigm in healthy 

pain-free females.  We found large differences in the behavioral correlates of CPM ranging 

from pain inhibition illustrated by efficient CPM to pain facilitation as indicated by less 

efficient CPM.  State anxiety and depression were found to positively correlate with the 

CPM effect, where greater anxiety and depression scores were indicative of less efficient 

CPM.  Greater BOLD responses in the PAG and RVM were shown in the participants 

demonstrating less efficient CPM compared to those reporting efficient CPM, suggesting 

that these regions of the brainstem play a more indirect role in the descending modulation 

network that underlies CPM.  We also found differences in the DRt activity between the 

responder types during CPM, which thus provide evidence that this structure is highly 

involved in mediating the analgesic effect of CPM, as it has been previously demonstrated 

to play an essential role in DNIC72.  Altogether, these findings expand our understanding 

regarding the individual differences in the behavioral and neural correlates of CPM among 
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healthy pain-free individuals, and further our prior knowledge of how altered descending 

pain networks can reflect the ability to modulate perceived pain. 
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Chapter 4 

Discussion 

4.1 Research objectives 

Evaluating one’s ability to modulate pain in an experimental setting is a valuable 

technique that aids in characterizing one’s pain profile and determining an individuals’ 

susceptibility of developing future chronic pain.  One experimental paradigm that probes 

the efficiency of the descending pain inhibition system is conditioned pain modulation 

(CPM).  CPM is a “bottom-up” process that engages the descending inhibitory controls 

which modulates pain processing pathways, resulting in an overall decrease in the 

subjective pain experience.  Current studies focus largely on the behavioral effect of CPM, 

suggesting that healthy populations demonstrate the analgesic CPM effect, while chronic 

pain populations show a lack of pain inhibition and most demonstrate pain facilitation to 

the CPM paradigm172.    

The mechanism behind CPM is largely based on animal studies, where a similar 

phenomenon labeled “diffuse noxious inhibitory controls” or DNIC demonstrates an 

inhibition in the spinal neuron response from one location of the body when another 

noxious stimulus is applied on remote location of the body76.  In rats, DNIC is thought to 

be mediated via a spinal-brainstem-spinal loop77,82,83,127, while in humans, few studies have 

used non-invasive tools such as functional MRI to probe the CPM paradigm in healthy 

controls, and the majority of the findings focus on cortical structures117,121,126,130.  

Therefore, the next step in understanding how CPM functions in humans is to investigate 

the brainstem and spinal cord activity during CPM.  The goal of this research was to 
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provide insight into the neural processes occurring at the various levels of the brainstem 

and at the cervical spinal cord that underlie CPM in healthy adults by using functional MRI. 

 Prior to delving into data collection and analysis, we first had to develop a study 

design that would yield reliable and comparable results with other human fMRI studies on 

CPM.  There is great variability in the experimental methods used to evoke the CPM effect 

in humans making it difficult to generalize findings across studies.  Currently, there is no 

accepted standard for evoking and measuring the CPM effect and many studies vary with 

respect to the spatial design (i.e. contralateral vs. ipilateral regions of the body), duration 

and intensity of the stimuli, temporal characteristics (i.e. sequential or simultaneous 

stimulation), and evaluations (i.e. evoked potentials, RIII reflex amplitude, behavioral pain 

ratings).  The reason for our choice in study design is largely based around the scope of our 

research and the limitations of having to induce experimental pain in an MRI environment.  

We chose to deliver the test stimulus on the thenar eminence of the right hand to be able to 

use the analysis software currently available in the lab and to be able to compare our results 

to previous findings from the lab.  There is no agreed modality of delivering the test 

stimulus and so given the extensive research on the brainstem and spinal cord activity 

related to thermal pain, we chose thermal heat as our test stimulus.  Conversely, the choice 

in delivering the conditioning stimulus to the contralateral hand stemmed from research 

indicating that the greatest behavioral CPM effect is observed when the two stimuli are 

delivered to contralateral body regions173.  The most commonly used paradigm to simulate 

the conditioning stimulus is the use of noxious cold via the cold pressor test (CPT) which 

involves the immersion of an extremity (i.e. foot or hand) in controlled cold water.  This 

equipment is not MRI compatible, and the immersion of an entire extremity in cold water 
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increases the surface area stimulated which can produce attentional bias further leading to 

a skewed CPM effect size.  Therefore, to control for these effects, we chose to use a second 

thermode to deliver controlled noxious cold stimulation.  Lastly, we chose tonic stimulation 

for our paradigm since it has been suggested to better reflect clinical pain174, and we 

measured the behavioral effect of CPM via subjective pain ratings.   

 To test the efficiency of our study design in evoking the behavioral effect of CPM, 

we recruited several participants to take part in a pilot study that took place in the mock 

scanner.  Analysis of these preliminary behavioral data suggested that not only were our 

methods evoking the analgesic response of CPM we were looking for to study, but the 

results were also comparable with previous studies.  With that in mind, we resumed data 

collection from a larger sample of participants and introduced brainstem and spinal cord 

fMRI sessions with the goal of investigating the neural correlates of CPM in healthy 

individuals.  This work became the Chapter 2 of my thesis.    

 Results from our pilot study also revealed that that roughly a third of our pilot 

sample (35%) reported a pain facilitatory response to CPM, which has been previously 

reported in chronic pain populations172.  Several fMRI studies have also reported this 

enhanced pain effect in healthy individuals125,126 ranging from 42% to 66% of the 

population samples however, this data was not further analyzed in these studies as it 

surpassed the intended research goals.  Given that there is a lack of research investigating 

altered CPM effects in healthy participants, we decided to continue obtaining these data 

with the purpose of understanding how is this group of healthy individuals differed in their 

behavioral and neural responses to CPM against individuals demonstrating efficient CPM.  

This work would provide a crucial link in understanding the CPM mechanism in humans 
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and aid in contributing to our understanding of chronic pain development.  Therefore, this 

became the purpose of the second part of this research, discussed in Chapter 3 of my thesis. 

 

4.2 Principal findings 

Findings from both studies revealed that CPM evokes neural changes at various 

levels of the brainstem and at the cervical the spinal cord which are reflected by the changes 

in the overall experience of pain.  Behaviorally, we found individual differences in pain 

perception during the CPM condition compared to the pain ratings obtained during the 

Control condition.  Participants ranged in responses from evoked pain inhibition indicative 

of efficient CPM, to pain facilitation or less efficient CPM.  The state anxiety scores were 

significantly higher in the less efficient CPM group compared to the scores reported by the 

efficient CPM responders.  Furthermore, the CPM effect was positively correlated with 

state anxiety and depression scores, suggesting that psychological factors may play an 

important role in modulating pain perception during CPM.   

 The imaging data also revealed significant findings that reflect the differences in 

the CPM response observed in the behavioral data.  In the efficient CPM responders, we 

found active voxels in the vicinity of the PAG, RVM, DRt, and in the right DH of the C6 

spinal segment corresponding to the test stimulus, in both the Control and the CPM 

conditions.  Results further revealed that the PAG, RVM, and the right and left DH were 

more responsive, while the DRt was less responsive during the CPM condition compared 

to the Control condition.   In the less efficient CPM responders, we found similar BOLD 

signal changes in the PAG, RVM, and in the left and right DH of the C6 segment as in the 

less efficient CPM responders when the two conditions were contrasted.  On the other hand, 
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differences between the two groups of responders emerge at the level of the DRt, where 

the less efficient CPM responders show no difference in BOLD signal change between the 

CPM and the Control conditions, while the efficient CPM group demonstrates a negative 

difference in BOLD signal change between the experimental conditions.  Furthermore, 

when the CPM fMRI data from the two groups of responders were contrasted, results reveal 

that the PAG, RVM, and the DRt are less responsive, while the right DH is more responsive 

in the efficient CPM group compared to the less efficient CPM group.  

The results from the SEM analysis parallel these findings, illustrating significant 

differences and similarities in the connections within the brainstem and the right dorsal 

horn of the C6 segment, between conditions and between CPM responders.  In the efficient 

CPM group, the bidirectional connections between the DRt and the C6 right DH were 

common to both the Control and the CPM conditions.  Furthermore, we also observed 

similar connections between the RVM to the right dorsal horn of the C6 segment in both 

experimental conditions.  We found additional connections between the thalamusPAG, 

PAGRVM, PAGDRt, and hypothalamusRVM that are unique to the CPM condition 

and to the efficient CPM responders.   Common connections across all participants during 

CPM include PBNRVM, and reciprocally between the RVM and the right DH of C6, 

indicating strong covariance between these regions in both groups of CPM responders.  

Unlike in the efficient CPM group, we find connections between the PAGPBN, and 

reciprocally between the hypothalamus and the NTS, and between the PBN and the NTS 

that are unique among the less efficient CPM responders. 

 Altogether, these findings provide the basis for several discussion topics which I 

have attempted to delve into by combining the behavioral and the fMRI results, and by 
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considering findings and interpretations from previous studies investigating the CPM and 

the DNIC phenomena.  

 

4.3 Interpretation 

Pain perception is a complex process and a highly subjective experience.  It is thus 

not surprising to observe a large variability in the CPM effect given that CPM probes the 

inhibitory mechanism involved in modulating one’s overall pain experience. Some 

participants demonstrate strong pain inhibition in response to CPM, which is indicative of 

an efficient pain inhibitory system while others, exhibit a bias towards pain facilitation 

during CPM, suggesting potential alterations in the inhibitory pain network that reduce 

one’s ability to suppress pain.  Given that all participants were healthy, pain-free, and 

subjected to the same paradigm, this raises the question regarding what factors may have 

contributed to the variability in the pain experience during CPM.  To address this question, 

several psychobehavioral factors such as depression, anxiety, pain catastrophizing, and 

social desirability were briefly examined to test for differences in these states that could 

shed light on the differences observed in the CPM effect.  Interestingly, higher states of 

anxiety were reported by the less efficient CPM responders, while the efficient CPM 

responders were found to have lower states of anxiety.  Furthermore, correlation analysis 

revealed that higher states of anxiety reflect lower CPM efficiency, suggesting that altering 

one’s state of anxiety can alter their ability to modulate pain.  Another major contributor 

to the variation in the CPM effect is the state of depression, as indicated by the reported 

positive correlation between depression scores and the CPM efficiency.  Low depression 

scores reflected lower pain scores during CPM, which was indicative of efficient CPM.  As 
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the depression scores increased, so did the perception of pain, resulting in less efficient 

pain inhibition via CPM.  These findings reinforce and support current literature that 

suggests the influence of psychological factors on the ability to modulate pain.  Moreover, 

these findings indicate that although the CPM mechanism is suggested to be confined to 

the subcortical structures, top-down modulation from cortical regions involved in 

processing of psychological states can alter the CPM mechanism and reduce its efficiency.   

 The results from the correlations found between the psychological states discussed 

above and the CPM efficiency, also shed light on the potential of applying these results in 

the context of chronic pain treatment.  Often, individuals with chronic depression 

experience enhanced pain perception compared to healthy controls163,164.  Conversely, 

studies indicate that patients with chronic pain conditions such as migraine headache and 

fibromyalgia also experience high levels of depression175,176.  In our study, higher scores 

of depression were reported by participants who experienced more pain in response to the 

CPM paradigm, which under typical circumstances healthy individuals would elicit a pain 

inhibitory response.  Although our group of participants was healthy and pain-free, the 

results parallel those obtained from populations afflicted with chronic pain and depression, 

revealing an important relationship between depression and enhanced pain perception.  

Moreover, our results also suggest that alleviating high states of depression may reflect 

more efficient CPM, thus a greater ability to suppress and manage pain.  Therefore, these 

results reinforce the necessity of addressing comorbidities like depression when developing 

a treatment plan for alleviating chronic pain, as it may have the potential of increasing the 

efficiency of the pain-relief treatment. 
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The findings from our study may also have important implications in our 

understanding of the development of chronic pain.  We observed that while a proportion 

of healthy participants respond favorably to CPM, others report less efficient CPM.  

Several studies have shown that less efficient CPM was also observed in chronic pain 

populations such as in patients afflicted with fibromyalgia7,8 and irritable bowel syndrome6, 

with results comparable to those obtained in our study.  Furthermore, a recent study found 

that patients demonstrating less efficient CPM prior to thoracotomy, were round to have a 

higher risk of developing chronic pain post-surgery.  While our study subjects were not 

followed-up to determine their risk of developing future chronic pain, the similarities in 

the CPM responses between the fibromyalgia group and the less efficient CPM responders 

from our study support the hypothesis that CPM efficiency can be an important predictor 

in the development of chronic pain. 

In addition to obtaining behavioral data, we obtained imaging data that evidences 

the variability in the CPM effect observed in the behavioral data and expands on the neural 

correlates of the CPM phenomenon in healthy pain-free adults.  Results revealed more 

PAG, RVM, and right DH activity during the CPM condition than during the Control 

condition, in participants demonstrating reduced pain in response to CPM.  Furthermore, 

the connectivity results revealed significant connections between the PAGRVM which 

were only observed during the CPM condition.  The PAG and the RVM are brainstem 

structures known to be highly involved in descending modulatory controls42.  Electrical 

stimulation of the PAG was shown to induce generalized analgesia in rats46 and in 

humans47 through the RVM, which has direct inhibitory projections to the spinal cord, 

modulating the transmission of nociceptive inputs161.  Based on data obtained from 
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participants demonstrating efficient CPM, we found that the CPM phenomenon may share 

a common mechanism with the descending inhibitory controls that originate in the PAG 

and are mediated via the RVM, given the increased connectivity between these regions and 

the greater BOLD responses demonstrated in response to CPM. 

Similar to the results obtained from participants demonstrating pain inhibition 

during CPM, participants exhibiting pain facilitation also show greater BOLD responses 

in the PAG, RVM and in the right DH of the spinal cord in response to CPM compared to 

the Control condition.  However, unlike the efficient CPM responders, the connectivity 

results revealed an absence of a direct PAGRVM connection, and rather demonstrate an 

indirect connection thought the PBN (i.e. PAGPBNRVM).  In humans, the PAG is 

also found to be implicated in processing the affective component of pain during pain 

anticipation158, suggesting that the intensity of the emotion associated with pain may reflect 

increased PAG activity.  Another structure involved in emotional processing of pain is the 

PBN177, which based on our connectivity analysis, is shown to receive significant inputs 

from the PAG in the less efficient CPM responders.  Interestingly, a correlation analysis 

also revealed a strong but not significant trend between the depression scores and the CPM 

effect in the less efficient CPM responders, which became significant when all participants 

were included in the analysis.  Research findings revealed that the emotional processing of 

pain is different in individuals with depression compared to control groups178.  When in a 

negative mood state participants demonstrated increased activation in the areas of the “pain 

neuromatrix” which include the insula, thalamus, hippocampus, dorsolateral PFC, OFC, 

and the ACC179.  These cortical regions have descending projections to the brainstem and 

specifically to the PAG, which is an essential component of the descending inhibitory pain 
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pathway166.  Thus, given these findings, it is possible that the affective elements of pain 

processing may be sensitive to altered mood states resulting in enhanced pain being 

perceived.  Ultimately, less efficient CPM reflects differences not only behaviorally but 

also at the neural level, by activating a descending modulation network to target the DH 

spinal activity that is highly susceptible to altered psychological states.  Amplifying the 

emotional components of pain by altering mood states therefore translates into an overall 

increase in pain perceived. 

Although a greater BOLD response in the PAG and the RVM was noted in both the 

efficient CPM responders and those demonstrating less efficient CPM, the contrast 

between the two groups of participants reveal more BOLD activity in the less efficient 

CPM responders during CPM compared to those exhibiting efficient CPM.  This suggests 

that the role of the PAG in modulating pain through descending inhibitory controls is not 

be a critical region involved in mediating CPM.  Several studies have also reported 

increased BOLD responses in the vicinity of the PAG during a CPM related paradigm, 

however treatment with naloxone reduced the PAG BOLD activity but it had no effect on 

the subjective pain experience117.  Additionally, Piché et al. (2009) found that the reduction 

in pain ratings was not related to the PAG activity during CPM.  In animals, focal lesions 

to the PAG and to the RVM have been shown to have no effect on DNIC85,86,128, suggesting 

that these structures are not directly involved in the mechanism mediating DNIC in 

animals.  Several authors have suggested that the activation of the PAG-RVM network 

during CPM may reflect the simultaneous activation of other pain networks that are not 

directly involved in the mechanism underlying CPM but are difficult to control for during 

lab induced pain166.   One such mechanism is the anxiety-induced-hyperalgesia, which was 
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shown to activate among other cortical regions, the PAG, RVM, and the PBN in humans180.  

Therefore, higher states of anxiety were shown to increase the sensitivity in brainstem 

regions such as the PAG, RVM and the PBN which evaluate and process the emotional 

components of pain.  Based on these findings, it is not surprising that we find greater BOLD 

activity in the PAG and the RVM in the less efficient CPM responders which reported to 

have significantly higher state-anxiety scores compared to the efficient CPM responders.  

Thus, our results further support the hypothesis that the increased activation in the PAG-

RVM network during CPM reflects the simultaneous recruitment of other descending 

mechanisms that are highly susceptible to changes in psychological states and can function 

to modulate other aspects of pain processing, but are likely not directly involved in the 

mechanism underlying CPM. 

The results discussed in the two middle chapters of this thesis are the first to show 

BOLD signal changes in the DRt during CPM.  The DRt is known to be activated by 

noxious stimulation and is thought to play a facilitatory role in pain perception153,154.  In 

animals, lesioning the DRt abolished the DNIC effect, suggesting that this region of the 

brainstem plays a crucial role in maintaining DNIC in animals72,157.  Our results also reveal 

BOLD signal changes at the level of the DRt that are different between the two groups of 

CPM responders.  In the efficient CPM responders, we found negative DRt BOLD signal 

changes in response to the CPM effect, which are absent in the less efficient CPM 

responders.  The negative BOLD responses observed in the efficient CPM responders 

reflects a decrease in the DRt pain facilitatory activity which ultimately leads to a reduction 

in the perceived pain, as demonstrated in our behavioral data.  Conversely, the lack of 

activity in the less efficient CPM responders suggests that there is no significant difference 
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between the BOLD responses during the Control condition compared to the CPM 

condition.  Since the DRt responds to noxious stimuli by facilitating the transmission of 

these inputs to DH regions, a lack of inhibition by CPM allows for the transmission of 

facilitatory pain signals to the cord.  These results are reflected by the hyperalgesic 

responses to the CPM paradigm in the less efficient CPM responders.  Lastly, when 

contrasting the CPM BOLD responses between the two groups of responders, we found 

that the efficient CPM group demonstrates less DRt activity compared to the less efficient 

CPM group of participants.  Connectivity data also illustrates the significant bidirectional 

connections between the DRt and the right DH in the efficient CPM responders, which are 

absent in the participant reporting hyperalgesia in response to CPM.  Given that less DRt 

activity may translate into less pain facilitation, our imaging results together with our 

behavioral data obtained, parallels findings from animal studies and suggest that the DRt 

plays a crucial role in evoking the analgesic effect of CPM in humans.    

 

4.4 Limitations 

There are several limitations to this work that temper the interpretation of these 

data.  First, since gender differences to the CPM effect have been reported100,138, we only 

recruited healthy females for participation in this study.  With that in mind, the results 

obtained in this study cannot be generalized over large populations since the gender is 

restricted to females.  Secondly, we did not control for the use of oral contraceptives which 

have been reported to reduce the efficiency of the endogenous pain modulation system and 

to inhibit the CPM effect181,182.  Lastly, a lager sample size would have provided 

advantages to the behavioral and the imaging results.  For instance, in regards to the 



 

93 

 

behavioral data, larger sample groups would have allowed for determining potential 

differences between the questionnaire scores from the different CPM responders.  

Furthermore, given that the state anxiety scores and the depression scores showed a 

positive trend with the CPM effect in the less efficient CPM group that was close to 

reaching significance, a larger group size would have provided for a more definite 

conclusion about the influence of psychological factors on the CPM effect in the 

hyperalgesia group.  Additionally, studying more participants would have provided greater 

statistical power in the imaging and connectivity results.   

In humans, anticipatory effects have been found to strongly modulate the overall 

perceived pain.  For instance, increased anticipation of pain led to higher pain being 

perceived compared to when the stimulus was not anticipated180.  Furthermore, 

expectations of a hyperalgesic response to CPM were found to block the endogenous 

analgesic effect of CPM183, suggesting that the effect of expectation influences the 

brainstem networks involved in descending pain inhibition.  Our study did not measure the 

effect of expectation and thus we are limited in determining other possible factors that may 

have induced pain facilitation in response to the CPM paradigm.   

 Although the results from our two human studies reflect the findings from animal 

studies, the comparison between human and animal models must be interpreted with 

caution.  Firstly, DNIC describes a specific lower brainstem mediated inhibitory 

mechanism while during CPM the specific mechanism cannot be discerned due to the 

limited non-invasive techniques that can be used to study the specific mechanism 

underlying CPM.  As previous authors have suggested, BOLD related signal changes may 

reflect activation of other descending controls that are not directly involved in CPM but 
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can be activated in parallel with CPM and have the potential to influence pain processing 

during CPM.  Secondly, animal studies often involve electrical recording from spinal 

neurons and invasive lesions for determining the exact structures mediating DNIC.  During 

these procedures animals are anesthetized, paralyzed, and artificially ventilated and 

therefore, descending cortical controls which may have an effect on DNIC, are altered or 

even absent due to the invasiveness of the procedures.  Conversely, human studies are often 

conducted in fully conscious participants using non-invasive techniques and therefore 

descending pain controls from cortical regions are intact.  As alluded to previously, it is 

probable that emotional factors as well as expectations for instance, can influence the 

perception of pain, the CPM effect size, and the regions activated during CPM, and these 

effects may not be characterized in animal models. 

A major limitation to interpreting functional MRI data is that the BOLD activity 

observed is a combination of facilitatory and inhibitory signals and the overall change in 

activity is reflective of the prominent local field potentials.  Therefore, we cannot determine 

just by observing the imaging data if the activity is inhibitory or facilitatory in nature, since 

the descending controls from brainstem regions may be a combination of both states.  We 

are thus limited to draw conclusions regarding which pathways, whether inhibitory or 

facilitatory, are activated during CPM. 

 Lastly, it is also important to acknowledge the limitations of spinal fMRI as an 

imaging method itself.  Physiological motion arising from heart beating, breathing, and 

cerebral spinal fluid (CSF) pulsations are difficult to control for and can reduce the quality 

of the MR signal by introducing confounds. Furthermore, spinal fMRI offers limited spatial 

resolution and given the small cross-sectional dimensions and location of the spinal cord 
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within bony vertebral canal, this region can induce image distortions and lower the image 

quality if the appropriate imaging method is not employed.  However, work done by the 

Stroman lab has successfully addressed many of these challenges by improving spinal 

fMRI acquisition methods and optimizing data analysis methods that greatly advance the 

field of spinal cord fMRI101,104. 

 

4.5 Future directions 

These studies are the first to provide insight on the neural processes occurring in 

the brainstem and the spinal cord in response to CPM, in healthy pain-free females.  These 

studies also provide novel evidence of altered subcortical neural responses that reflect less 

efficient descending inhibition via CPM.  These findings provide essential data to 

characterize one’s inhibitory pain profile, in addition to aiding our understanding of how 

altered inhibitory pain networks lead to the development of future chronic pain.  

 Although there are several studies that have investigated cortical activity in the 

brain in response to CPM in healthy controls, there are no studies that have looked at the 

brain activity of healthy participants expressing less efficient CPM, or participants with 

chronic pain that have also been shown to have impaired CPM94,184.  Coupling the activity 

observed in the brainstem and the spinal cord with the activity of that in the brain would 

improve our understanding of the functional connectivity at the different levels of the pain 

modulation pathway during CPM.  Moreover, it would allow us to determine how 

alterations in cortical regions affect brainstem and spinal cord activity during CPM.   

 Our findings that high states of anxiety and depression correlate with less efficient 

CPM support the role of psychological modulators.  Current studies indicate that negative 
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mood reduces the inhibitory effect of pain modulation, leading to an enhanced pain 

experience179.  Conversely, anxiety induced hyperalgesia has been recorded in animal185-

187 and in humans180.  To better understand the effects of depression and anxiety on CPM 

efficiency, future studies should incorporate treatments for individuals with chronic 

depression and high states of anxiety to investigate how the CPM effect is altered by top-

down influences.   

 

4.6 Conclusion 

Findings from these studies revealed that probing the pain inhibitory system with 

the CPM paradigm resulted in variable behavioral and neural responses in healthy pain-

free female adults.  At one end of the spectrum some individuals reported analgesia in 

response to CPM, while others did not benefit from CPM but rather experienced facilitated 

pain.  The imaging results indicate that there are numerous brainstem regions that function 

collectively to induce the CPM effect.  Several of these regions include the PAG, RVM, 

and the DRt, which are directly or indirectly involved in mediating the analgesic effect of 

CPM.  Although efficient CPM seemed to engage the PAG-RVM network of descending 

controls to the spinal cord, altered CPM revealed that activation of these regions may 

suggest the simultaneous recruitment of other pain modulating networks such as those 

induced by changes in psychological mood states.  On the other hand, reduced DRt activity 

reflects the evoked CPM effect, while an absence of BOLD signal changes at the DRt 

reflects a reduction in the CPM effect.  These findings provide the first evidence in humans 

that parallels the direct recruitment of the DRt in the mechanism underlying CPM.  By 

understanding the CPM mechanism, we gain an important insight into how pain is 
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processed and mitigated by the descending inhibitory networks.  In this way, CPM has 

substantial applications to clinical populations as it can also reveal important findings 

regarding altered pain processing which are valuable in understanding the development of 

future chronic pain.  
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