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Abstract
Objectively measuring pain has proven challenging, largely due to the subjective and multidimensional
nature of pain. There is a pressing need to identify valid outcome measures to evaluate treatment modalities
for individuals suffering from pain. Current treatment and diagnosis of pain conditions, are dependent on
self-report measures. A critical limitation is the lack of mechanistic information from this measure. The
objective of this thesis was to examine potential biochemical biomarkers that account for the variability of
pain perception among healthy individuals. Specifically, to examine changes in excitatory neurotransmitter
concentrations (glutamate and Glx: glutamate+glutamine) in the anterior cingulate cortex (ACC) using
functional single voxel magnetic resonance spectroscopy during an in-scanner noxious intervention.
Excitatory neurotransmitter values were quantified every 2 minutes, simultaneously, the rating of perceived
pain intensity was recorded (using a 0-10 numeric rating scale) to examine the relationship of glutamate
levels and pain perception. Results show individuals with higher baseline glutamate values report higher
pain ratings, however when tracked dynamically no relationship is seen between glutamate (or Glx) levels
and ratings of perceived pain intensity with the current methodology. While further research is needed,
baseline glutamate values may prove useful in pre-treatment identification. For example, in clinical trials
classifying high and low pain responders based on glutamate baseline values may provide insight into the
variability of treatment responders.
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Lay Summary

Imagine an emergency-room triage nurse faced with two patients who say they are experiencing a lot of
pain. Who gets in first? Who is in more pain?
Pain-management is an emerging health crisis, and the perception of pain varies greatly between
individuals. There is no objective test for evaluating the degree of pain someone experiences, thus diagnosis
and pain-management strategies rely on a subjective self-report 0-10 numeric rating scale. This research
examines levels of chemicals in the brain and their relationship to pain ratings. Glutamate is a
neurotransmitter that communicates between brain cells. These levels were monitored as volunteers
experienced pain while undergoing a magnetic resonance spectroscopy scan. This non-invasive scan
revealed glutamate values do not track with pain perception dynamically, yet individuals with higher
baseline glutamate have higher pain ratings. These results suggest baseline glutamate values provide a
neural correlate of pain, and may show promise in assessing pain-management strategies.
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Preface
The protocols used in these studies were reviewed by The University of British Columbia Clinical Research
Ethics Board (UBC CREB# H17-00289). All participants provided written informed consent prior to
participation in the study. Efforts have been made to ensure that the subjects identity are not revealed in
this thesis, by assigning a numeric code and not linking to personal characteristics.

I was the lead investigator on the project, responsible for concept development, data collection, analysis
and document composition. Dr. Erin MacMillan was responsible for implementing data acquisition
protocols and analysis pipeline. Dr. John Kramer was the supervisory author on the project and was
involved in the concept formation and thesis revisions. Dr. Piotr Kozlowski, Dr. Jean-Sébastien Blouin, and
Dr. Erin Macmillan were involved in protocol changes after the thesis was proposed. The experiments
contained in this thesis have been presented (ISMRM: International society for magnetic resonance in
medicine) and submitted (IASP: International association of the study of pain) for conference poster
presentations. Sections of chapter 1 have been published as a review article in the journal of
neurophysiology(Archibald, Warner, Ortiz, Todd, & Jutzeler, 2018). Table 1.1 is the outcome of a
systematic review of studies using magnetic resonance spectroscopy to examine experimental pain, which
will be prepared for publication. Experiment 2 is currently being prepared for publication.
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Introduction
The complex biological and psychological responses to pain are not fully understood in health or
disease, and continue to be a subject of ongoing research. Currently the one-dimensional 0 to 10 numeric
rating scale (where 0 represents no pain and 10 the worst pain possible [NRS-11]) represents the clinical
gold standard for the evaluation of pain. Yet, there is a general agreement suggesting pain requires a more
comprehensive assessment than a single domain measure can provide. The self-report (NRS-11) measure
assesses how a patient feels and functions, yet provides no mechanistic information of processing noxious
(harmful/unpleasant) stimuli. Such a self-report measure (NRS-11) makes detection of subtle changes in
pain fluctuations, or physiological responses to interventions, extremely challenging.
Scientists have utilized advanced cellular, molecular, and genetic techniques to provide new
insights into the generation, conduction, and processing of noxious stimuli primarily in animal models( a I.
Basbaum & Woolf, 1999; A. I. Basbaum, Bautista, Scherrer, & Julius, 2009). To translate this knowledge
to

humans,

researchers

have

applied

several

non-invasive

neuroimaging

techniques

(i.e.,

electroencephalography [EEG], functional magnetic resonance imaging [fMRI], and Proton-magnetic
resonance spectroscopy [H-MRS]). Results from these investigations show potential in identifying
physiological measures/patterns of noxious stimulation that may complement self-reported pain ratings.
Practically, these developments hold promise in providing biological markers to more effectively evaluate
treatment efficacy of current and novel pain management strategies, which present a challenge in the
healthcare system.
My research aims to address the lack of a physiological measure of pain which could provide
important mechanistic information. Specifically, to evaluate changes in the brain at the neurotransmitter
level in response to noxious stimulation, which becomes feasible with H-MRS. Previous research suggests
neurochemical dysfunction may be responsible for altered pain processing(Zhao, Xu, Jorgenson, & Kong,
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2017). The main objective was to determine relative changes of cerebral neurotransmitters and their
relationship to perceived pain intensity in responses to prolonged noxious stimulation.
In the first chapter, relevant literature regarding pain, neuroimaging techniques, theories regarding
biochemical pathways in relation to pain-processing, and the experimental pain model are discussed in
detail. In chapter 2, the two experiments conducted in this study are presented: the first focused on protocol
development and feasibility, and the second on biochemical changes in relation to an in-scanner noxious
intervention. Chapter 3 focuses on the overall interpretation of the findings, limitations and this thesis
concludes with future directions in regards to the quest for a biological indicator of pain.
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Chapter 1- Pain and Neuroimaging
1.1 Pain: Peripheral and central components
The relationship between tissue damage and pain perception is not always directly related.
Nociception, refers to neural responses of encoding and processing noxious stimuli from damaging levels
of heat, cold, pressure or chemicals(Julius, 2001), and the sensitivity (activation of thresholds) of these
nociceptor fibers is modifiable(Wiech, 2016). Pain on the other hand, is a complex experience that involves
not only the transduction of noxious environmental stimuli, but also cognitive processing by the
brain(Julius, 2001). The nociceptive signals travel to the brain where the information is interpreted giving
rise to complex interactions in parts of the brain involving emotion(Lamé, Peters, Vlaeyen, Kleef, & Patijn,
2005), memory(Tabor, Thacker, Moseley, & Körding, 2017), attention and reward(Wiech, 2016). All these
components influence how one experiences pain. Pain firstly serves as an essential physiological protective
mechanism, notifying the body of danger( a I. Basbaum & Woolf, 1999). However, if damage occurs, pain
is a promoter of tissue repair by creating a region of hypersensitivity, thereby encouraging protection around
the injured area for healing to occur and to reduce further damage. In this state, cytokines, growth factors,
and inflammatory mediators are produced and released, causing the transduction threshold to decrease. This
means an increase in membrane excitability and synaptic efficacy, resulting in increased generation of
action potentials from the same level of stimuli (known as peripheral sensitization). Once the initial stimuli
is removed, and healing occurs peripheral sensitization disappears( a I. Basbaum & Woolf, 1999). In other
words, peripheral sensitization is coupled to the initial stimuli. Somewhat paradoxically, repeated noxious
stimulation can produce an increase (sensitization) or a decrease (habituation) pain perception(Wager et al.,
2013). There seems to be individual variation for whether habituation or sensitization occurs. Several
studies have reported a decrease in experienced pain (habituation) over the course of widely spaced noxious
stimuli (e.g., separated by 10–80 seconds)(Condes-Lara, Calvo, & Fernandez-Guardiola, 1981; Hollins,
Harper, & Maixner, 2011). While increases in pain over time have also been reported(Kenneth L. Casey,
Morrow, Lorenz, & Minoshima, 2001). Although the actual mechanism of habituation remains under
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investigation, a lack of habituation is linked to many disorders including clinical pain.
Sensitivity in an area where pain is present further enhances the body’s protective function. The
heightened response of the nociceptor system is adaptive as it makes the system hypervigilant when the
risk of further damage is high. However, when sensitization remains in the absence of threat or injury, it
can be considered pathological. Prolonged peripheral sensitization can also lead to increased action
potentials to the central nervous system( a I. Basbaum & Woolf, 1999) which can lead to central
sensitization. In this transition a dissociation between the initial stimulus and pain occurs, this dissociation
occurs in chronic pain conditions but can also be observed in healthy participants during experimental
noxious stimulation(Nickel et al., 2017). This provides an opportunity to examine the phenomenon in
healthy participants using a prolonged experimental pain model to mimic a temporary sensitized state.

1.2 Pain evaluating methods
The subjective experience of pain is also multi-facetted in that it is often linked to emotional
responses such as depression, anxiety and other physical responses including: insomnia and physical
disability. In an effort to incorporate these other aspects of pain, which affect quality of life multidimensional measures of pain have been developed to capture and characterize changes related to these
domains, such as: the McGill Pain Questionnaire to specify subjective pain experience(Melzack, 1975),
and the Pain Catastrophizing Scale(Sullivan, Bishop, & Pivik, 1995). Although many of these scales are
valid and easy to apply in a clinical setting, they still rely on patients’ self-report of a subjective experience
of pain. In a controlled laboratory setting pain perception and sensitivity show high variability(Pavlaković
& Petzke, 2010) to identical noxious stimulation. Examining physiological differences across these subjects
is of interest, to gain knowledge on specific targets that may be driving this variability. Further, the selfreport rating scales are not necessarily linearly related with the amount of damage, making the tracking of
subtle changes in pain extremely challenging. These challenges highlight the limitations in current
methodology of self-report measures of pain. Yet, as pain includes a physiological and emotional response
it is likely that the self-reported numeric rating scale will always be the standard by which we determine
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whether someone is in pain. Thus, a physiological measure would not aim to replace or be considered an
equivalent measure of self-report, but rather provide mechanistic information relevant for treatment efficacy
research. Further, in some special conditions, such as non-communicative populations, neuroimaging
techniques may prove helpful to evaluate anatomical, functional, or metabolic aspects of correlates of pain
perception.
For these reasons, a reliable objective marker for pain to complement self-report pain scales would
be beneficial and crucial for the development of effective pain management strategies. In response,
researchers have focused on new attempts to objectively measure pain (i.e., biomarkers) focusing on neural
correlates of pain including: EEG, fMRI and H-MRS.

1.2.1 Electroencephalography (EEG): Gamma band oscillations
At more than 150 years-old, EEG (a non-invasive electrophysiological technique) represents one
of the most extensively applied methods of assessing areas of the brain suspected to be involved with pain.
Through source estimation of electrical activity, this method can pinpoint active brain regions during pain
processing. Recent and novel lines of investigations related to pain have largely focused on gamma band
oscillations (GBO). Based on the physics of oscillatory phenomena, low- and high- frequency neural
oscillations can be linked to neural mechanisms occurring at distinct temporal and spatial scales(Fardo,
Vinding, Allen, Jensen, & Finnerup, 2017). Low-frequency brain oscillations (i.e., delta, theta, and alpha)
reflect long-range communication between brain areas and are crucial in functional integration. Contrasting,
high-frequency brain oscillations (i.e., gamma) are more rapid and focal(Fardo et al., 2017). Notable for
their application of a long duration noxious thermal stimuli (tonic heat), Nickel and colleagues reported
higher pain intensity ratings (using the NRS-11) corresponding with stronger GBO in the medial prefrontal
cortex (mPC) for both right/left hand stimulation. In contrast to pain intensity, stimulus intensity was
associated with a decrease of alpha and beta oscillations in the sensorimotor cortex contralateral to the
stimulated hand. These observations are ground-breaking as they suggest a distinction between the cortical
representation of pain, which is spatially independent (as cortical representation is the same for right/left
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hand stimulation), and stimuli intensity, which is spatially dependent (cortical representation is contralateral
to the stimulated hand). These results display cortical representation for a key symptom of chronic pain
conditions (i.e., dissociation between perceived pain and presented pain)(Nickel et al., 2017). Pain
perception from shorter bouts of noxious themal impulses (4s) has further been shown to be associated with
an increase in GBO in the mPFC(Misra, Wang, Archer, Roy, & Coombes, 2017). Adopting a novel machine
learning approach, these authors revealed that differences in gamma and theta power in the mPFC and
decreases in beta oscillations in the contralateral sensorimotor cortex were a key EEG feature distinguishing
low and high pain responders (~90% accuracy for classification).
Importantly, the fact that engagement of a brain area is associated with the perception of pain does
not imply that the observed cortical activity is exclusively involved in the perception of pain and not other
sensory processes. A notable limitation of both studies is the lack of a control condition, whereby changes
in gamma power are examined in response to non-noxious stimuli, yet still salient. The notion that certain
neural responses are attributed to stimulation per se rather than specific to the unique qualities of pain
cannot be ruled out(Davis et al., 2017). The importance of confirming pain specificity was recently
highlighted by an EEG study investigating the effects of pain on motor preparation in the brain. Pain was
associated with reduced brain activity related to movement preparation. However, the application of a nonpainful task revealed that painful and non-painful stimuli could similarly influence motor preparation in the
human brain(Postorino, May, Nickel, Tiemann, & Ploner, 2017).
Others have examined GBO in responses to brief pulses (50 ms) of noxious laser stimuli. In a recent
and seminal example of such a study, GBO were recorded from intracerebral electrodes implanted in
patients with intractable epilepsy(Liberati et al., 2017). Compared to surface electrodes, intracerebral
recording provides an unusual opportunity to measure local field potentials in neurons immediately adjacent
to the electrode with high temporal resolution. In addition, the implanted electrodes overcome the common
limitation of spatial resolution present when using surface electrodes. In response to laser stimulation, the
analysis revealed enhanced GBO in the insular cortex. This increase was markedly greater when compared
to non-nociceptive, yet equally intense stimuli (i.e., vibrotactile, auditory and visual) suggesting that GBO

6

in the human insula reflect cortical activity that is preferentially involved in nociception. The comparison
with innocuous stimuli is important as it aims to assess the specificity of the physiological response.
Nevertheless, it remains unknown whether GBO are specific to painful experiences or simply the thermal
information. To address this, Fardo and colleagues examined central processing of cold thermo-sensation,
employing a non-noxious cold stimulus while recording magnetoencephalography (MEG) and EEG. A
main finding of the study was that innocuous cold-related activity is associated with increased GBO in
bilateral operculo-insular regions(Fardo et al., 2017). This may suggest that GBO play a key role in
mediation of local sensory and attentional processing of cold related signals - challenging the specificity of
GBO in the insular cortex in relation to pain perception exclusively.
The term ‘pain matrix’ has been coined(Harris et al., 2008; T V Salomons, Iannetti, Liang, & Wood,
2017) to describe brain regions known to be involved during pain experiences. As such, this term implies
that the activity in these brain regions is related to the reporting of pain and does not occur in the absence
of pain. However, the involvement of these areas in non-painful stimuli processing has been demonstrated
and thus, the term pain matrix is no longer current. Although numerous correlates of pain have been
proposed, none have proven to be specific and sensitive enough to be used in treatment efficacy evaluation,
and/or as biomarkers for clinical trials. A recent placebo-controlled clinical trial tested the effects of
analgesics during cold-tonic pain. Relying on the self-report rating, the results found a 65% and 55%
decrease in pain with Oxycodone (opioid), and Venlafaxine (serotonin and norepinephrine reuptake
inhibitor [SNRI]), respectively, as opposed to a 20% decrease with placebo (Lelic, Hansen, Mark, Olesen,
& Drewes, 2017). In healthy subjects treated with Oxycodone, time-frequency EEG analysis revealed
decreases in delta and theta frequency activation in several brain structures (i.e., insula, inferior/middle
frontal-gyrus, and superior temporal-gyrus). Venlafaxine treatment was found to be associated with alpha
activity in the same brain areas (Lelic et al., 2017). Based on their findings, the authors state that ‘a coadministration of an opioid and an SNRI in the clinic to treat pain could be justifiable’. Considering that
this was the first time these localized frequency bands (and changes therein) were linked to pain and its
relief, their validity as an objective neural marker is yet to be determined. Are these changes specific to
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pain-relief or an overall change in perception? Are these changes also observed in chronic pain patients?
Identification of brain-based markers (i.e. localized frequency bands as a marker) for pain require
technological advancements, large-scale data acquisition across diverse groups and strict application of
standard evidence(Davis et al., 2017).

1.2.2 functional MRI (fMRI): From pain centres to pain networks
The non-invasive functional MRI technique takes advantage of the fact that brain activation (i.e.,
increased neural activity) leads to elevation in blood flow and oxyhemoglobin, which in turn results in
increased signal intensity on MRI (BOLD; blood oxygen level dependent). According to previous
investigations, stimuli intensity and perceptions of pain have a meaningful positive correlation with the
BOLD activation in cortical and subcortical brain areas. Specifically, Brascher and colleagues used phasic
contact heat stimuli and warm non-noxious stimuli in two conditions: controllable pain where participants
were instructed to maintain their pain perception constant and had full instrumental control of the
temperature, and uncontrollable pain where the temperature profiles of the previous controllable trials were
replayed unbeknownst to the subject. This was performed to investigate activation in pain-processing brain
regions. A positive correlation was evident between increased pain intensity ratings and activity of the
anterior cingulate cortex (ACC), insula, and thalamus. For both conditions, painful stimulation was
associated with significantly more activation in pain-processing brain regions than warm stimulation.
Furthermore, the connectivity between the anterior insula and mPFC was increased in subjects with higher
pain ratings(Brascher, Becker, Hoeppli, & Schweinhardt, 2016).
The reciprocal assumption that an experience of pain can be solely inferred by observing activity
in a set of brain regions is debated. Nevertheless, this assumption has served as a building block for the
development of machine learning techniques to identify dynamic patterns of activity, rather than increased
activation in a single area. In the recent years, these techniques have been implemented to analyze wholebrain or regional fMRI data aiming to identify complex patterns of BOLD signal changes that underlie pain
in experimental settings. Combining fMRI and machine learning approaches, Wagner et al. identified a
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pattern of fMRI activity across brain regions that consistently responded to experimental nociceptive pain.
A set of structures (i.e., thalamus, insula, somatosensory cortex, ACC; Figure 1.1) have been related to
acute pain intensity perception within and between individuals (Wager et al., 2013). This pattern of
activation (so-called neurological signature of pain, NSP) was found to be highly predictive (accuracy
93%)(Wager et al., 2013) and responsive to changes in the stimulus intensity(Woo, Roy, Buhle, & Wager,
2015). Based on these findings, this study was considered as a significant step towards a neural marker of
pain. Thus far, studies investigating NSP have done so mainly in healthy brains in response to experimental
pain and the activation has been related to perceived pain intensity.
Brascher and colleagues tested the correspondence of painful stimulation with the NSP. Their study
revealed that the NSP response increased significantly for painful compared with warm stimulation
intensities(Brascher et al., 2016). Intriguingly, Salomons and colleagues challenged this relationship by
demonstrating intact NSP responses (i.e., comparable to healthy controls) in individuals congenitally unable
to experience pain (i.e., genetic mutation resulting in pain insensitivity through an impaired peripheral drive
that leaves tactile percepts fully intact)(T V Salomons et al., 2017). Further, Woo and colleagues provided
evidence that distinct brain networks mediate the subjective changes in pain that result from nociceptive
input and individual cognitive modulation (Woo et al., 2015). Changes in the noxious stimulus intensity
have been found to be moderated by the NSP (Woo et al., 2015). In contrast, individual cognitive
modulation effects on pain perception were mediated through functional connections between the nucleus
accumbens and ventromedial prefrontal cortex – a pathway known to be involved in emotions associated
with pain. Conclusively, these observations reinforce the need for caution in using the NSP as a universal
indicator of pain.
As previously discussed, the notion that certain neural responses are attributed to general
stimulation rather than qualities unique to pain cannot be ruled out. As Kucyi and Davis suggested, acute
and chronic pain often engage resting state networks (i.e. the default-mode, salience and somatosensory
networks) that are involved in attentional, cognitive, emotional, and sensory function. As painful stimuli
are inherently salient, the response to noxious stimulation cannot be completely dissociated from salient
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stimulation. Although there is no defined boundary of these networks, they overlap with regions typically
included in the NSP. The combination of these resting state networks and the top-down control systems
that are engaged when experiencing pain has been termed the “dynamic pain connectome”(Kucyi & Davis,
2015). The concept of a dynamic pain connectome suggests that it is necessary to record the cellular activity
underlying interactions between groups of neurons and the cerebral cortex. The speed of these interactions
is normally regulated by a delicate balance of excitatory (glutamate) and inhibitory (gamma-Aminobutyric
acid [GABA]) neurotransmitters. Previous research examining the BOLD response can demonstrate
cerebral blood flow alterations which are interpreted as activation, but are not able to provide access to
mechanisms on the neurotransmitter level which may provide more specific information.

1.2.3 Proton-MRS: Moving towards biochemical responses
H-MRS is a static non-invasive technique that enables researchers to explore biochemical
information (i.e., neurotransmitter release) of the brain in many clinical conditions. Brain metabolites such
as: N-acetyl aspartate (NAA) glutamate (Glu), glutamine (Gln), glutamine/glutamate (Glx), myo- inositol
(mI), choline (Cho), (GABA) and creatine (Cr) can all be examined (Figure 1.2). There is currently a small
yet growing number of research groups developing a new approach termed: functional magnetic resonance
spectroscopy (fMRS)(Mullins, 2018), which detects multiple spectra over time, allowing researchers to
examine biochemical changes resulting from functional activation. Hence, this represents an intriguing tool
to investigate pain mechanisms. Previous animal work has highlighted the contribution of glutamate (major
excitatory neurotransmitter) in regards to noxious stimulation. Hu and colleagues reported increased
excitability of neurons (linked to sensitization) after activating certain glutamate receptors(Hu, Alter,
Carrasquillo, Qiu, & Gereau, 2007). Further, Neugebauer et.al demonstrated reduced excitability when
blocking these receptors(Neugebauer et al., 2000).
Several human fMRS and pain studies have a common goal, which involve the assessment of
neurotransmitter changes associated with pain as an objective evaluation of perceived pain intensity.
However, to conclude such activity is an indicator of pain the relationship between rating of perceived
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intensity and excitatory neurotransmitter levels must be examined simultaneously, prior to reaching
conclusions. Due to the lack of standardization in MRS acquisition and quantification protocols it is difficult
to accurately compare results across studies. Table 1.1 shows previous studies examining the relationship
between pain-processing and neurotransmitter levels in pain-processing brain regions. Two of these studies
report absolute concentrations (mmol), one study reports institutional units and others report metabolites in
relation to creatine, the difference in units makes direct comparison difficult. Absolute concentrations use
water as a reference which has much higher signal compared to the metabolites, while creatine ratios are
inherently less specific to biochemical changes and can hide the true direction of change as creatine values
may also be fluctuating.
Previous research using MRS as a tool to examine pain responses reported differences in
metabolites in key brain regions associated with pain processing(Chiappelli et al., 2017; Cleve, Gussew, &
Reichenbach, 2014; Gussew, Rzanny, Erdtel, et al., 2010; Gussew, Rzanny, Güllmar, Scholle, &
Reichenbach, 2010; A. Gutzeit et al., 2011; Andreas Gutzeit et al., 2013; Kupers, Danielsen, Kehlet,
Christensen, & Thomsen, 2009; Mullins, Rowland, Jung, & Sibbitt, 2005). Many researchers have focused
on the ACC(Cleve et al., 2014; Gussew, Rzanny, Güllmar, et al., 2010; Kupers et al., 2009; Mullins et al.,
2005; Zunhammer et al., 2016) as this area has not only been shown to be active during pain stimulation,
but also in a multitude of pain-relief interventions including: opioids(K L Casey et al., 2000; Petrovic,
Kalso, Petersson, & Ingvar, 2002) placebo(Petrovic et al., 2002), brain stimulation-induced
analgesia(Maarrawi et al., 2007) and cognitive modulation of pain(deCharms et al., 2005). This suggests
that the ACC plays a role in pain modulation. Furthermore, the ACC has been linked to the
affective/emotional component of pain as research has shown a lack in the affective component of pain in
patients with lesions in the ACC(Ballantine, Cassidy, Flanagan, & Marino, 1967; LaGraize, Borzan, Peng,
& Fuchs, 2006). All together the ACC represents an intriguing area when examining relationships between
perceived pain and ultimately pain-relief. Three of the reviewed studies (Table 1.1) reported increases in
glutamate (mmol) using different pain modalities in the ACC(Gussew, Rzanny, Erdtel, et al., 2010; A.
Gutzeit et al., 2011; Mullins et al., 2005), in addition decreases in glutamate during and after prolonged
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pain stimulation are also reported(Chiappelli et al., 2017; Gussew, Rzanny, Erdtel, et al., 2010). However,
one study reported no change in excitatory neurotransmitters in the ACC after noxious stimulation(Kupers
et al., 2009). These findings highlight the ambiguity of metabolic changes in relation to noxious stimulus
in healthy participants.

1.2.3.1 H-MRS: Predictive Biomarkers
Illustrating a clinically relevant approach, Zunhammer et al. reported that the levels of Glx, are
associated with individual pain sensitivity in the human brain (specifically, the ACC, thalamus and dorsallateral prefrontal cortex)(Zunhammer et al., 2016). Many studies have analyzed metabolites as predictive
biomarkers by examining the relationship between baseline concentrations of excitatory neurotransmitters
and self-report pain ratings. Although there are mixed reports, the common trend indicates higher glutamate
and Glx concentrations are positively correlated with pain ratings in during experimental and clinical
pain(Feraco et al., 2011; Harris et al., 2008; Mullins et al., 2005; Zunhammer et al., 2016). Objective
measures of pain sensitivity may help understand factors underlying interindividual variations in pain
sensitivity. Further, such a measure could prove useful in predicting treatment responses. For example, in
a clinical trial setting, compounds are often given to many patients only benefit a few; identifying those
who would benefit from treatment would be beneficial. Pretreatment identification has recently been named
an area of improvement needed in pain management(Harris et al., 2013).

1.2.3.2 H-MRS: Biochemical considerations
From a biochemical perspective interpreting metabolic changes in glutamate for example, is
challenging. Firstly, observed metabolic changes cannot be assigned to extracellular, synaptic cleft, or
intracellular compartments(Mullins, 2018), as MRS is not selective enough to measure metabolites in
separate compartments. Thus, detected metabolites are assumed to come from all cellular compartments
within the voxel(Mullins, 2018). Under this rationale the only way any metabolite could increase or
decrease would be through metabolic processes(Mullins, 2018). For example, in the astrocytes glutamate
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can be converted into glutamine, its precursor, as well as the precursor of GABA (inhibitory
neurotransmitter) illustrating one mechanism of change (Figure 1.3).
Although still developing, fMRS constitutes a promising tool for pain research that may help to
further clarify the neurochemical basis of inter-individual differences in pain perception. Nevertheless,
further studies are warranted to interpret results which are currently being reported, delineate the diagnostic
and/or predictive power of this method as well as to determine a causal relationship between rating of
perceived pain intensity and excitatory neurotransmitter levels. Additionally, examining biochemical
responses using an experimental pain model which more closely resembles clinical pain is crucial for the
transition into answering clinically-oriented questions. This could create the potential to provide new targets
for the development of new therapies that may replace the first line of treatments namely, non-steroidal
anti-inflammatory drugs, opiates and local anesthetics( a I. Basbaum & Woolf, 1999), which are proving
to be limited in their effectiveness.

Figure 1. 1- Simplified anatomical illustration of frequently mentioned brain structures.
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Figure 1. 2-Example of metabolite spectra with the contribution of each metabolite. Glutamate is
highlighted in red. Note: spectra from fitted data for illustrative purposes only.
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Figure 1. 3 – Simplified biochemical illustration of neurotransmitters detected by MRS. Glutamate and
glutamine’s relationship is not stoichiometric, but rather an open pathway. Further metabolites bound to
receptors are not detected by MRS.
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Table 1. 1 Summary of methods and results from previous MRS studies which have reported metabolic changes in response to
experimental pain in healthy subjects
Study

Mullins et al.,
2005

Kupers et al.,
2009

Gussew et al.,
2009

Gutzeit et al.,
2011

Medication

NA

NA

NA

NA

Metabolites

Field

MRS

units

Strength

sequence

4T Varian

STEAM

Institutional
units

Ratios
between
conditions

Absolute
Quantification

Creatine ratios

3T
Simmens

3T
Simmens

3T
Philips

NOT

ROI

bilateral
AC

rostral
ACC

TR

TE

Noxious

(ms)

(ms)

stimulus

2000

20

3000

20

STATED

PRESS

PRESS

Anterior
insular
cortex

Left
insula

5000

2000

30

30

Cold pressor
(0-4 oC 10
min)
Heat (4min
stimulation
mean=46oC)

Phasic heat
stimulation
rising from
35oC to
individual
painful
stimulus (held
for 1s).
Dental
electrical pain
stimulation
(3min-prepain, 9min
pain, 9min
post-pain)

Primary observations

éGlu during painful stimulus
Glx levels positively correlated
with pain ratings (r = 0.58)
éGABA compared to baseline
(35 oC)
No correlation to pain ratings
No changes in glu/GLX in the
pain stimulation
éGlu compared to rest
condition
Glu revealed a ê trend after the
pain stimulation

é Glx pain vs pre-pain
é Gln pain vs pre-pain
êmI pain vs pre-pain
no significant changes in
controls
Significant negative correlation
between GLX, GLN, Glu, NAA
levels and pain ratings
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Study

Gutzeit et al.,
2013

Cleve et al.,
2015

Zunhammer et
al., 2016

Medication

NA

NA

Excluded if
analgesic
medications
were taken

Metabolites

Field

MRS

units

Strength

sequence

Absolute
3T
quantification Philips

Creatine
ratios

Creatine
ratiosreported in zscores

3T
Simmens

3T
Philips

PRESS

MEGA
PRESS

PRESS
MEGA
PRESS

ROI

Right/left
insula

ACC
OCC
(different
days)

ACC
r. Insula
DLPFC
MCC

TR

TE

Noxious

(ms)

(ms)

stimulus

2000 30

3000 68

2000 30
2000 68

Dental
electrical
pain
(Baseline,
stimulation,
poststimulation)
8 runs total

Phasic heat
stimulation
(overall 44
stimuli)

Experimental
heat, cold,
mechanical
pain
summarized
into a
measure of
pain

Primary observations

ê Creatine, mI stimulation
vs baseline
é Glx, Glu, Gln increase
during stimulation vs
baseline
mI showed a positive
correlation with pain ratings
in the right insula
é Glx, in ACC and OCC
compared to baseline
ê GABA of 12.7% in the
OCC
No association between pain
ratings and metabolic
Positive correlation between
Glx and pain sensitivity
(pooled ROI’s metabolite
levels)
é GABA and Glx
metabolites in men
compared to females
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1.3 The Pain Model: Capsaicin/heat
Experimental pain (thermal, chemical, mechanical or electrical noxious stimulation applied to
healthy participants) might be considered a simplistic model to study clinical pain, however due to added
complexities in clinical pain populations (i.e. co-morbidities, medications, etc.) experimental pain
represents a feasible alternative to study nociceptive mechanisms. However, as a transitional step, a safe
noxious model which more closely mimics clinical pain is needed. This is highlighted by a study which
examined pain patients and measured experimental pain ratings as well as clinical pain ratings. After a
pharmacological intervention, results indicated a decrease in pain ratings (NRS) during experimentally
induced pain only but not in regards to their clinical pain (often described as: burning, electrifying, shooting,
etc.)(Harris et al., 2013). To date, most studies have investigated short, acute experimental pain stimuli
thus, to examine treatment efficacy accurately, a model which physiologically resembles clinical pain
conditions more closely (i.e., prolonged stimulation which leads to sensitization) would be beneficial.
Capsaicin is the active component of chili peppers and activates transient receptor potential cation
channel subfamily V member 1 (TRPV-1) receptors in the skin, causing fluctuating itching and burning
sensations. Activation of cutaneous nociceptors (a sensory receptor for noxious stimuli) of sufficient
intensity sensitize the central nervous system nociceptive transmission neurons, a proposed mechanism of
chronic pain. This sensitization can lead to hyperalgesia, which can be considered a quantified measure of
pain (Kucyi, Salomons, & Davis, 2016). Hyperalgesia is the increased perception of pain, and is categorized
into two zones; the primary zone comprises the stimulated area (i.e., where capsaicin is applied) and the
secondary area is the surrounding zone, (where no stimulation is performed) characterized by lowered pain
thresholds and enhanced response to mechanical stimulation(Petersen & Rowbotham, 1999).
Neurophysiological studies have demonstrated that primary area of hyperalgesia is the result of a
combination of sensitization of peripheral nociceptors and central pain transmitting neurons(Dirks,
Petersen, Rowbotham, Dahl, & Ph, 2001). Yet, the secondary area is thought to be caused primarily by
central sensitization and requires continuous input from the primary zone for its maintenance(Treede,
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Meyer, Raja, & Campbell, 1992). Central sensitization is the expression of an increase in excitability of
neurons in the spinal cord. This manifests at a single cell level as a decrease in activation thresholds, leading
to increased responsiveness(Woolf, 2012), thus increased sensitivity comes with decreased provocation. At
resting membrane potentials, the N-methyl-D aspartic acid (NMDA) receptor for excitatory
neurotransmitters has a Mg2+ ion blocking the inward flow of Na+ and Ca2+. Thus, when glutamate binds to
the receptor no current flow occurs(Woolf, 1996). However, in a sensitized state, the amount of current
required to reach an action potential is decreased (increased depolarization), and there is a progressive
increase in action potential discharge. This previously mentioned Mg2+ block is voltage dependent and as
the membrane depolarizes the Mg2+ block is ejected and ions (Na+ and Ca2+) can flow into the cell, leading
to the removal of Mg2+ from additional NMDA channels. This now means at resting membrane potential,
glutamate binding in the NMDA receptor will generate inward current. The increase in glutamate
sensitivity, explains the electrophysiology change that occurs in central sensitization(Woolf, 1996).
Secondary hyperalgesia has been used as a proxy to study central sensitization(Tim V. Salomons, Moayedi,
Erpelding, & Davis, 2014).
Thermal stimulation can also lead to pain and sensory changes such as, hyperalgesia, however, the
optimal delivered temperature must be able to produce sensory changes, but not cause tissue damage.
Previous research shows stimulation of 45oC for 3 minutes produces hyperalgesia lasting no more than a
few minutes after the heat stimulus is removed; while stimulation at 47oC for 7 minutes produces a longlasting and stable hyperalgesia, but definite skin injury occurs(Dirks et al., 2001). Models using capsaicin
also produce pain and hyperalgesia depending on the concentration(Petersen & Rowbotham, 1999).
Sensory changes after 0.1% capsaicin concentration are minimal(Petersen & Rowbotham, 1999), and higher
concentrations of 1% can cause slightly higher sensory changes, although still brief. Thus, by combining
heat (thermal) and capsaicin (chemical) stimuli below injury thresholds the sensory changes will be
substantial while mimicking clinical pain more closely (i.e., burning, tingling, prickly sensations)(Petersen
& Rowbotham, 1999). The model will combine two below threshold stimuli (i.e., not causing tissue
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damage), both activating the TRPV-1 receptors on the skin to achieve an optimal synergistic effect of
thermal and chemical stimuli. A further advantage from this model, is regarding the inter-subject variability
of pain responses. Previous investigations often tailor the pain stimulus to each participant’s predetermined
threshold, thus all subjects to respond at a similar level in the numeric rating scale. This is done to ensure
the stimuli is tolerated for all participants. However, this leads to a decrease in variability of pain responses
and does not allow for the investigation of correlates of pain.

1.4 Objectives
Objective 1: To determine relative changes of neurotransmitters in the ACC and their
relationship to perceived pain intensity (NRS-11) in response to noxious stimuli
The present research investigates the relationship between excitatory neurotransmitters and the
rating of perceived intensity of pain. This is achieved by creating a prolonged dynamic pain model and
simultaneously recording metabolite concentrations specifically excitatory neurotransmitters (glutamate
and Glx) and perceived pain ratings over time.

Objective 2: To examine if baseline levels of excitatory neurotransmitters are
associated with pain intensity perception values (subjective measure)
Here, the relationship between baseline glutamate values and rating of perceived intensity were
examined. To establish whether excitatory neurotransmitters can act as predictive biomarkers of perceived
pain intensity.

Objective 3: To examine if increased secondary hyperalgesia surface area is
associated with metabolic changes in response to noxious stimulation
Lastly, this research investigates whether a quantified measure of pain (secondary hyperalgesia
area) is associated with changes in excitatory neurotransmitters, as secondary hyperalgesia is thought to be
maintained primarily a central sensitization, and glutamate sensitivity is thought to play a role in central
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sensitization. Immediately after the noxious intervention, the secondary hyperalgesia surface area will be
mapped (see section 2.2.2) and correlated with glutamate concentrations.
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Chapter 2: Experiments, analyses, and results
Protocol development: Tracking changes in glutamate in response to
prolonged noxious stimulation
2.1 Introduction
A neurophysiological marker of pain has the potential to influence treatment development and
evaluation for clinical pain conditions. Rather than solely relying on perfusion alterations (i.e., BOLD
effect), neuroimaging research is moving towards evaluating changes at the neurotransmitter level.
Functional magnetic resonance spectroscopy (fMRS) is a powerful tool to investigate the metabolic change
in response to physiological stimulation over time. Yet, excitatory neurotransmitters (such as glutamate and
Glx) have nearly overlapping spectrums and the feasibility to accurately record these metabolites
functionally at a 3 Tesla scanner needs to be established.
Recently, an increasing number of H-MRS and fMRS studies have been used as tools to investigate
biochemical changes in response to experimental pain. However, these studies have focused on examining
brief impulses of noxious stimulation, primarily utilizing static imaging protocols (i.e., Pain vs. Rest).
Examining the metabolic changes over time in response to prolonged noxious stimulation may provide an
understanding of biochemical changes in relation to pain perception. Further, short phasic pain responses
may differ in comparison to persistent perception of pain. By applying a prolonged safely administered pain
protocol in the scanner and quantifying minute to minute changes in glutamate levels, important
mechanistic information regarding pain processing may be revealed.
The aim of the study was to determine the feasibility of functionally measuring glutamate in the
anterior cingulate cortex (ACC) using a 20-minute in-scanner noxious intervention while participants
remain in the MRI scanner.

The ACC is known to be involved in pain processing and pain

modulation(Cleve et al., 2014; Gussew, Rzanny, Güllmar, et al., 2010; Kupers et al., 2009; Mullins et al.,
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2005; Zunhammer et al., 2016). Different pre-processing procedures were applied to determine the optimal
protocol to accurately detect changes in glutamate concentrations. If measuring glutamate functionally is
viable, the primary hypothesis involves examining if changes in glutamate levels in the ACC are seen in
relation to noxious stimulation. Secondly, these changes are related to rating of perceived intensity (NRS11). Further, subjective (NRS-11) and quantified measures of pain (secondary hyperalgesia) will be
associated with glutamate values in the ACC.

2.2 Methods
Study participants
Six healthy participants (4F/2M, mean age=24, range:21-29yrs) with no known clinically
diagnosed pain condition were included. The experimental protocol was explained to each participant. All
participants completed the consent and health questionnaire forms, under the presence of the experimenter.
All procedures conformed to the Declaration of Helsinki and were approved by the research ethics board
of the University of British Columbia. Participants satisfied the requirements of the inclusion criteria: 1)
Age between 19-45 and 2) fluent English speakers. Exclusion criteria included:
1. Pregnant/ breastfeeding women
2. Clinically diagnosed pain condition
3. Inability to provide informed consent
4. Not suitable to undergo MRI (i.e., contraindications, including pacemaker and implanted pump)
5. Use of alcohol, recreational drugs, or pain analgesics within 24 hours of testing period
6. Allergies or sensitivities to capsaicin
7. Neurologic conditions (neuropathies, neurodegenerative diseases)

2.2.1 Familiarization (day 0)
To account for novelty effects as well as to determine if any participants found the stimuli
intolerable prior to being the in-scanner, the pain model (described in chapter 1) was applied to each
participant on a separate day. Hyperalgesia mapping was described in detail to the participants and was
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performed on this day, for familiarization. All procedures have undergone ample testing and were formally
piloted prior to testing the first participant. Further, a standardized script with detailed instructions
(Appendix A) was written thus, specifying what the participant is exposed to, accounting for loose protocol
effects, which can result in different behavior.

2.2.2 In-scanner pain intervention (day 1)
The intervention begun following the collection of baseline MR data, where topical capsaicincream (0.075%) was placed on the inner part of the right forearm (8x5cm) and left for 10-minutes to allow
absorption. During this absorption period, a 10-minute functional MRS scan was collected (Functional1:
PRE-HEAT). After the PRE-HEAT period an activated heat-pack (44.9 ± 0.22°C) was placed on the inner
forearm for 2 minutes, further activating the capsaicin-cream (at this time no scanning was performed).
Once the heat pack was removed, another 10-minute dynamic scan (Functional2: POST-HEAT) was
performed. The participants remained in the bore of the magnet and provided verbal pain ratings (NRS-11)
intermittently (Figure 2.2). Immediately after the scanning protocol hyperalgesia mapping was performed.
Secondary hyperalgesia was mapped on day 0 after the pain model, and again after the scan session
on day 1. The mapping was performed using a von Frey microfilament of 20.9 g. to stimulate along vertical
and horizontal paths towards the affected area, along 8 tracks all separated by 45 degree angles, to
accurately mark the bordering area(Jürgens, Sawatzki, Henrich, Magerl, & May, 2014) (Figure 2.1). The
stimulation started well outside the marked area and moved in 5mm increments until the subject reported a
definite change in sensation (‘burning’, ‘tenderness’, ‘more intense prickling’, etc.), and this border was
marked with a felt pen. The marked borders were transferred to a plastic sheet and scanned, allowing the
areas of primary and secondary hyperalgesia to be quantified using a computer-based program (Adobe
Acrobat 9 Pro). Here the area tool was used to determine the surface area of the stimulation site primary
hyperalgesia) and the area inside the marked border where a change in sensation was perceived by the
participant (secondary hyperalgesia). The secondary hyperalgesia was calculated by subtracting the primary
hyperalgesia surface area.
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Stimulation Site
Measurement trajectory
Secondary hyperalgesia

Figure 2. 1-Example of zone of secondary hyperalgesia surface area. Delineated along 8 orthogonal
measurement trajectories.

2.2.3 MR Experiments
Participants were positioned in the 3-T(Philips Achieva, Best, Netherlands) and data were collected
with a Transmit-Receive (T/R) head coil including: 3DT1 for voxel placement and tissue segmentation
(MPRAGE, sequence 1mm³ isotropic resolution, TE/TR= 3.5/7.7ms, shot interval=1800ms, inversion
time=808ms, FOV (ap/rl/fh)= 256/200/150mm³), 1H-MRS (PRESS, TE/TR/NSA= 22/4000/32, ACC voxel
dimensions= 30/25/15mm3 =11.2mL, second order shimming, 16-step phase cycle, Figure 2.3A; non-water
suppressed spectra also collected for monitoring water signal development and absolute quantification of
the metabolites4,5,6,7,8), and T2-weighted images (TE/TR= 90/2000ms FOV(ap/rl/fh)= 250/189/36 mm³,
reconstructed voxel size= 0.98x0.97x3.00 mm3) were acquired immediately prior to each MRS scan to
confirm voxel placement.

24

Figure 2. 2-Sequence of MR data acquisition and pain intervention. Each step was completed without the
subjects being moved out of the bore of the magnet. T2-weighted images were acquired prior to each step in this
figure to update voxel location.
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Arbitraty Units

B

Chemical Shift PPM

Figure 2. 3- Glutamate levels in the anterior cingulate cortex (ACC). A) Location of MRS voxel in the ACC.
B) Example spectrum with the contribution of glutamate determined by LCModel (shown in red).
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2.2.4 Data Processing and Analysis
The raw data (352 individual shots) were pre-processed in MATLAB_R2016b and underwent the following
corrections:
•

Frequency alignment was performed in all scans (baseline, functional 1 and 2) to assure the
peaks of each metabolite were aligned across scans in order to improve the ability of the
fitting software to adequately fit the metabolites and allow for accurate comparison between
scans (i.e., baseline, functional 1 and 2).

•

Eddy current correction was performed prior to averaging shots together before processing
the data in LCModel to account for the variation in the magnetic field.

•

Quality assurance was incorporated into the pre-processing script, when a shift greater than
10Hz was detected, the individual shot was rejected.

As this was the protocol development study, different averages of shots were examined: 16 shots (1
spectra per minute), 32 shots (1 spectra per 2 minutes) and 80 shots (1 spectra per 5 minutes) to establish
optimal quality of the metabolites determined by LCModel. As a final step, metabolite quantification was
performed to calculate the concentration of each metabolite in millimolar (mM) relative to each participants’
varying brain tissue volumes. In this calculation, the voxel location was mapped and the individual tissue
volume fractions (white matter, cerebral spinal fluid, and gray matter) were considered for each subject.
From here, the absolute concentrations are determined (de Graad, 2007; Laule et al., 2007; Liang et al., 2012;
MacMillan et al., 2016). Metabolite fitting was determined using the fully automated and user-independent
spectral evaluation tool LCModel (v6.3), a post-processing tool that is well suited to quantify complex
signals(Kupers et al., 2009). LCModel estimates metabolite concentrations by fitting a basis set to the
measured data. The basis set includes the peak structure of each metabolite (Figure 2.4). This software
determined the contribution of glutamate in each 2-minute time block (Figure 2.3B)
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A Pearson correlation was calculated to examine the relationship between baseline glutamate and
NRS-11 of perceived intensity during noxious stimulation (capsaicin + heat [Figure 2.8]). Similarly, a
Pearson correlation was used to assess the relationship between the surface area of secondary hyperalgesia
and the mean of post-heat glutamate values (Figure 2.9).

Figure 2. 4-Example of basis set used in LCModel throughout the analysis.

2.3 Results
One subject found the stimuli intolerable at baseline testing and did not participate further. One
subject was unable to complete the scan (claustrophobia) and one subject’s data were rejected due to poor
quality (motion artifacts). For the remaining 3 subjects, the spectra quality after processing three different
averages (1, 2 and 5 minutes) were examined (Figures 3.1-3.3). Based on spectra quality measures 1(results
are presented in Appendix B), 32 shots were averaged together for each 2-minute block, yielding a total of
11 spectra (1 Baseline, 5 PRE-HEAT, 5 POST-HEAT). The spectra from the remaining participants had
good signal to noise ratio (SNR) (mean 17.71 (95% (CI 14.4-21.01)), low linewidth (mean 3.48Hz (CI 2.804.16)) and low mean error estimate on the glutamate fit (4%, (CI 3.99-4.00)), demonstrating that glutamate

1

There is no consensus among experts on concepts or detailed criteria of quality assessment for MR spectra.
Yet signal-to-noise ratio(SNR), line width (LW) and fitting error estimates are common measures when
discussing spectral quality, these are discussed in Appendix B.
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could be detected by this experimental set-up. Rejection thresholds for the signal to noise ratio and linewidth
(Hz) of metabolites were all placed at 10.
To ensure procedures had the desired effects, verification methods were applied. Firstly, to assure
the heat packs were consistent, ample preliminary temperature testing in the scan room environment was
performed. The heat packs were activated for 1 minute prior to being placed on the skin. The mean
temperature reached during application of heat was 44.9°C (± 0.22) (Figure 2.5). Secondly, to ensure the
heat-pack was in contact with only the 8x5cm area of the skin where topical capsaicin cream is applied, a
brace made of flexible and non-heat conducting material was applied to the participants’ forearm, leaving
only the desired area of the skin uncovered for the heat-pack to contact the skin. This also ensured the area
of primary hyperalgesia was not further expanded by the heat-pack.

2.3.1 – Glutamate concentrations
No overall trend of glutamate was observed over time in relation to the painful-intervention
(Figure2.6). Individual subject fluctuations in glutamate levels (Figure2.6) were present; subject P2 showed
a 7.3% increase in glutamate immediately after capsaicin application, P5 had an 12.9% increase after heat
application, and P3 showed no increases. The relation between secondary hyperalgesia surface area and
post-heat glutamate values was examined (r=0.84, p-value = 0.35, n=3) (Figure 2.9).

2.3.2 – Rating of perceived pain intensity
Individual subject fluctuations in pain scores (Figure 2.7) were present. The self-reported rating of
perceived intensity scores (NRS-11) increased with increasing baseline levels of glutamate (r=0.93,
p=0.23, n=3 Figure 2.8).

28

50

Temperature C

45

o

40
35

Mean

30
25
20
0

1

Time (min)

5

Figure 2. 5-Temperature curve of heat packs in scan room. Illustrates the initial temperature, after 1 minute
of activation, and after 5 minutes of being in the scan room. Average temperature of 44.9°C (± 0.22) at 3 minutes
(when heat is removed).
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Figure 2. 7-Rating of perceived intensity inscanner noxious intervention. NRS-11 scores
were collected intermittently in the scanner for each
individual subject (n=3, gray lines) during the pain
intervention.
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Figure 2. 6-Glutamate concentration in
millimolar(mM) in the ACC during noxious
stimulation. Individual subject’s concentrations,
using LCModel outputs of 2 minute averages in
relation to time (n=3).
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Figure 2. 8-Glutamate concentrations at baseline
and rating of perceived intensity. A Pearson
correlation revealed a positive relationship between
higher baseline glutamate concentrations and higher
NRS-11 (r=0.93, p-value = 0.23, n=3).

Figure 2. 9-Mean glutamate concentration postheat and secondary hyperalgesia surface area. A
Pearson correlation revealed a positive relationship
between higher glutamate concentrations and higher
glutamate levels (r=0.84, p-value = 0.35, n=3)
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2.4 Discussion
Functionally measuring glutamate levels during an in-scanner painful intervention is feasible, per
SNR values, low line-width, and low mean error estimate glutamate fit. The relation between increases in
self-report pain scores during noxious stimuli with increasing glutamate concentrations at baseline was in
line with previous reports3. Similarly, a trend may be present with glutamate concentrations and secondary
hyperalgesia surface area. These relationships will continue to be examined as more participants are
recruited. No general trend of changes in glutamate in relation to the painful intervention was seen in the
three participants, although variation in individual responses were observed.

2.4.1 Changes based on committee’s recommendations
To measure functional changes in glutamate in relation to rating of perceived intensity, it would be
beneficial to acquire metabolic data during the heat delivery, as well as real time pain ratings throughout
the experiment. These changes will be incorporated into the following experiment. Additionally, for
correlations involving pain ratings a Spearman correlation will be used, as the pain ratings (NRS-11) are
not a continuous variable. Further, when examining the association of secondary hyperalgesia surface area
and glutamate values, the final glutamate concentration will be used, for consistency of data points (i.e. not
the mean of post-heat values).
Lastly, the method of Cramer Rao estimation of lower bounds (CRLB) has become the standard
measure to determine the minimum error associated with an MRS spectrum(Kreis, 2016). Often relative
CRLB are reported as a percent, yet, spectroscopy specialists highlight, the absolute error in mmol is more
appropriate than relative percentages being used to make decisions about quality of the data, if the question
is if the measured values are statistically different from baseline(Kreis, 2016). Therefore, these values will
also be reported in absolute concentrations.
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Experiment 2: Tracking changes in glutamate in response to prolonged
noxious stimulation
2.5 Introduction
To date, a specific physiological measure of pain is lacking. The quest for a biological indicator of
acute pain, namely one that could provide insights into neurophysiological responses, is desirable to
objectively evaluate pain management strategies. However, to conclude that a neurophysiological response
is an indicator or pain it must relate to the reporting of pain by the patient. Recent, H-MRS studies claim
metabolic changes associated with pain may allow for an objective evaluation of the perceived intensity of
pain(Cleve et al., 2014) .Yet, research evaluating dynamic and simultaneous recording of these two
measures (i.e., pain ratings and neurochemical responses) are currently lacking.
Previous literature has examined metabolic changes in relation to experimental pain(Gussew,
Rzanny, Erdtel, et al., 2010; A. Gutzeit et al., 2011; Andreas Gutzeit et al., 2013; Kupers et al., 2009;
Mullins et al., 2005). Of these a few studies have utilized fMRS as a tool to investigates the brain’s response
to pain. Mullins et al. demonstrated a functional increase in glutamate from baseline in the ACC when
comparing averaged MRS spectra during rest vs. a 10-minute cold painful stimulus(Mullins et al., 2005).
Gussew et al. used time-resolved H-MRS to estimate functional changes in the anterior insular cortex by
synchronizing the data acquisition to the acute heat painful stimulations, and found significant increases in
glutamate during the painful conditions(Gussew, Rzanny, Erdtel, et al., 2010). Another time-resolved fMRS
study has since demonstrated significant increases in Glx in the ACC. However, there are also reports of
no change (Kupers et al., 2009) and reductions of glutamate in the ACC during pain(Chiappelli et al., 2017)
and post-stimulation(Gussew, Rzanny, Erdtel, et al., 2010).
In the present study, functional brain metabolic changes were examined in relation to an in-scanner
noxious stimulus and ratings of perceived pain intensity was assessed to examine their relationship to
metabolic changes. This will focus on a prolonged noxious stimulation, which leads to sensitization of the
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nervous system, in attempt to model clinical pain vs. short-phasic noxious stimuli. The combination of
tracking excitatory neurotransmitter changes functionally and administering a model which more closely
mimics the sensitized nervous system seen in clinical pain patients may provide mechanistic information
regarding glutamate’s role in the pain processing pathway. It is hypothesized:
•

Changes of glutamate levels in the ACC in relation to noxious stimulation.

•

These changes will be related to rating of perceived intensity (NRS-11).

•

Subjective (NRS-11) and quantified measures of pain (secondary hyperalgesia) will be associated
with glutamate baseline values in the ACC.

2.6 Methods:
Fourteen healthy participants (7 F/ 7M mean age=27.2, range:21-36yrs) were recruited using
convenience sampling within the UBC community. To avoid novelty effects, subjects first underwent the
pain model 1 week prior to being in the scanner. Identical inclusion/exclusion criteria and consent
procedures described in the previous study were performed. The experimental protocol was explained to
each participant. All participants completed the consent and health questionnaire forms, under the presence
of the experimenter. All procedures conformed to the Declaration of Helsinki and were approved by the
research ethics board of the University of British Columbia.

2.6.1 Baseline testing
At baseline, all participants completed the consent, health questionnaire and MRI screening forms,
under the presence of the experimenter. Participants underwent the pain model prior to being in the scanner,
which involved the application of capsaicin cream (0.075%) and heat. As it was not feasible to transport
the MRI compatible heating system used in the scanner, a heat-pack was applied on the inner forearm to
mimic the sensation. As the heat-packs reached a higher temperature, (compared to the thermo-pad in scan
room conditions – see section 2.5.2) the heat-pack was left on the skin for 2 minutes (pilot testing was
performed to assure a this elicited a similar sensation as in the scanner). Lastly, hyperalgesia mapping was
performed for familiarization.
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Figure 2. 10- Baseline procedures performed at day 0 for each participant. For all participants, these
measurements were conducted within 1 week prior to being in the scanner.

2.6.3 – MRI compatible heating device
As mentioned in the previous experiment, it was desirable to capture metabolic changes during the
delivery of heat as the ratings of perceived pain intensity (NRS-11) were highest at this time. Therefore,
an MRI compatible heating circulator water bath was used. The machine was kept outside the MRI room
and plastic tubing (attached to a thermo-pad) was conveyed through the penetration panel and secured on
the right inner forearm of each participant in the scanner. In order to assure the thermo-pad was only in
contact with the previously marked area where capsaicin was applied (8x5cm), a flexible brace was used to
fasten the position. Reliability of the water bath temperature was assessed at room temperature (Figure
2.11) to establish its consistency. However, as the scan room conditions differ, and due to the distance
(480cm) the water must travel to reach the thermo-pad, the temperature was slightly lower reaching a peak
temperature of (41 ± 0.28°C) in the scan room. Figure 2.12 illustrates the average temperature of the thermo-
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pad during 4.4 minutes of activation in scan room conditions. Importantly, there is a slow temperature rampdown for the remainder of the protocol as the cooling process is passive.

41 ± 0.28°C
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Figure 2. 11- Temperature in Celsius of the water
bath over time. Illustrates the consistency of the
temperature at room temperature.

2

4

6

8

10

12

14

Time (min)
Figure 2. 12- Temperature in Celsius measured
at the thermo-pad in scan-room conditions over
time. The temperature is illustrated during the heat
protocol; activation occurs for 4.4 minutes (n=3).

2.6.4 – MRI compatible pain rating device
Tracking changes in pain perception during the in-scanner noxious stimulation was performed to
examine the relationship of pain perception and metabolic levels. Further, by not allowing the subjects to
report pain ratings verbally, there is decreased potential for head motion. An MRI compatible clicker was
used and participants were instructed to press different buttons (illustrated below) to indicate an increase,
decrease, or no change in pain perception. Simultaneously, they were provided with instant visual feedback
of their pain ratings (NRS-11) using the Presentation software (www. neurobs.com/presentation).
Participants were prompted for a pain rating every 2 minutes for the 20-minute duration of the protocol,
when not being prompted, the word “waiting” appeared on the projector (Figure 2.13).
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Figure 2. 13- MRI compatible clicker used to track rating of perceived intensity. Participants rated their
pain intensity using the NRS-11 every 2 minutes, visual feedback (via the projector) displayed their most recent
position on the NRS-11. One click was equivalent to one increase/decrease in the NRS-11.

2.6.5 - Experimental protocol
After baseline MR data collection, the topical capsaicin cream was placed on the inner part of the
right forearm, along with an inactive thermo-pad. During this period, a 20-minute functional MRS scan
begun. After 8 minutes, the thermo-pad was activated (for 4.4 min) without entering the scan room. The
functional scan continued for the remaining 8 minutes. The participants were not moved from the magnet
and provided pain ratings (NRS-11) every 2 minutes. Following the scan, the secondary area of hyperalgesia
was mapped (Figure 2.14).
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Figure 2. 14- Sequence of MR data acquisition and noxious intervention. The functional scan was
uninterrupted for 20 minutes. T2-weighted images were acquired before and after each scan to confirm voxel
location.

2.6.6 - Data Acquisition
To prevent uncontrolled movements, the head was fixed with plastic foam wedge between the head
and the coil. Using the 3T(Philips Achieva, Best, Netherlands) scanner, data were collected with a
Transmit-Receive (T/R) head coil including: 3DT1 for voxel placement and tissue segmentation
(MPRAGE, sequence 1mm³ isotropic resolution, TE/TR= 3.5/7.7ms, shot interval=1800ms, inversion
time=808ms, FOV (ap/rl/fh)= 256/200/150mm³), 1H-MRS (PRESS, TE/TR/NSA= 22/4000/32, ACC voxel
dimensions= 30/25/15mm3 =11.2mL, second order shimming, 16-step phase cycle (Table 2.1- illustrates
MR sequence parameters); non-water suppressed spectra also collected for monitoring water signal
development and absolute quantification of the metabolites4,5,6,7,8), and T2-weighted images (TE/TR=
90/2000ms FOV(ap/rl/fh)= 250/189/36 mm³, reconstructed voxel size= 0.98x0.97x3.00 mm3) were
acquired immediately prior to each MRS scan to confirm voxel placement.
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Table 2. 1- MR sequence parameters
Parameter

T1

TR

7.7 ms

TE
Voxel size

3.5 ms
---

NSA
Acquisition
total time (min)

1
5.47

MR Spectroscopy
4000 ms
22 ms
30/25/15 mm3
32
3.12

Functional
MR
Spectroscopy
4000 ms
22 ms
30/25/15 mm3
16
22.40

2.6.7 - Data processing and statistical analysis
Individual shots were saved and were pre-processed (eddy current correction, frequency alignment)
in MATLAB_R2016b, prior to averaging 32 shots together for each 2-minute block, yielding a total of 11
spectra (1 baseline, 4 PRE-HEAT, 2 HEAT, and 4 POST-HEAT). LCModel (v6.3) determined the
contribution of glutamate in each 2-minute time block (See section 2.3.3 for details).
As the residuals of these data are not normally distributed, non-parametric statistics were performed
(Version 1.1.442 – © 2009-2018 RStudio, Inc.). As a first step, a Friedman’s ANOVA test was performed
to evaluate whether metabolite concentrations changed significantly over the 20-minute functional inscanner noxious intervention. If the overall effect was significant, post-hoc tests for Friedman’s ANOVA
were performed revealing the significant time points. Lastly, a Wilcoxon signed-rank test (the nonparametric equivalent of a paired-t-test) was used to compare metabolite changes in relation to the first
value (no pain perception), results were not corrected for multiple comparisons due to small sample size.
As reporting the p-value only to support the significance difference between groups is insufficient(Tomczak
& Tomczak, 2014), a standardized measure of the size of the effect observed (r) is reported. The method to
calculate the effect size is particular for non-parametric data(Tomczak & Tomczak, 2014), as the mean
difference (i.e. Cohen’s d) would represent a poor reflection of the differences between groups. This
measure of effect size can be interpreted similarly to Cohen’s d (i.e. <0.3small, < 0.5 medium, <0.7 large).
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To examine the relationship between changes in excitatory neurotransmitters (glutamate/Glx), and
rating of perceived pain intensity for all subjects, a linear mixed effect analysis with individual’s glutamate
and Glx levels as the outcome was performed, using the R (R Core Team, 2012) package and lme4 (Bates,
Maechler & Bolker, 2012). Perceived pain intensity (NRS-11) was included as a fixed effect, and the
random effects included: the intercepts for subjects (illustrated below), the latter tells the model that there
are multiple responses per subject (i.e. accounts for non-independence). P-values below 0.05 were
considered significant.
!"#$%&%$'~)'*+',-'. 0%,1 ,1$'12,$3 + 5 6#78'+$ + 9
Lastly, a Spearman correlation examined the relationship between baseline glutamate and pain
intensity scores (NRS-11) during the acutely painful stimuli at baseline (day 0) and pain intensity scores
(NRS-11) in the scanner (day 1). Likewise, a Pearson correlation was used to examine the surface area of
secondary hyperalgesia in relation to the final glutamate value recorded.

2.7 Results
One subject was unable to be scanned due to MRI incompatibilities. For the remaining thirteen
subjects, good SNR (Mean 19.54 95% CI 18.24 - 20.84), low linewidth (Mean 3.80 Hz 95%CI 3.20 - 4.42),
low mean error estimate of glutamate fit (4% 95%CI 3.99 - 4.00) and the absolute CRLB (for glutamate
0.43 ± 0.034 95%CI 0.39-0.46) were seen. Only one data point for one subject had to be excluded due to
excessive head motion (confirmed by a spectroscopy expert). Similarly, one subject was unable to complete
the secondary hyperalgesia mapping after the scan due to time constraints. All metabolites which can be
accurately detected at 3T are illustrated in Table 2.2. Table 2.3 represents SNR parameters for the 3 different
conditions within the functional scan to illustrate the spectra quality remained the same throughout the
conditions.2

2

The results may be posed with the question whether a possible BOLD response or minor movements
during the noxious stimulation could lead to changes in parameters that in the worst case would alter the
spectral fitting procedures. However, the SNR and line width stayed constant during the functional scan
(within ±1%).

40

Table 2. 2- MRS functional metabolite values in the ACC (±CRLB mmol).
Mean
Metabolite
(mmol)

BSL

1

2

3

4

5

6

7

8

9

10

PCr

8.00 ±
0.16

8.24±
0.16

7.73±
0.15

7.91±
0.16

7.72±
0.15

7.56±
0.15

7.66±
0.15

7.41±
0.14

7.67±
0.15

7.40±
0.14

7.67±
0.15

Glu

10.49±
0.43
14.76±
0.55

10.47±
0.46
15.67±
0.59

9.58±
0.45
13.67±
0.52

10.09±
0.46
14.68±
0.58

9.82±
0.43
14.14±
0.57

10.00±
0.42
14.16±
0.55

9.78±
0.43
13.98±
0.54

9.49±
0.42
13.85±
0.53

9.76±
0.41
14.12±
0.53

9.46±
0.40
13.68±
0.53

9.83±
0.41
13.96±
0.55

Ins

5.38±
0.20

5.59±
0.21

5.24±
0.20

5.30±
0.20

5.12±
0.20

5.26±
0.19

5.19±
0.19

5.07±
0.18

5.12±
0.19

5.02±
0.17

5.11±
0.18

NAA

9.80±
0.28

10.26±
0.29

9.55±
0.26

9.76±
0.27

9.73±
0.25

9.50±
0.26

9.52±
0.26

9.21±
0.25

9.51±
0.25

9.28±
0.24

9.55±
0.26

Glx

Table 2. 3- MRS spectra quality results categorized based on conditions during functional scan.
Scan

Mean SNR

CI95%

Mean
LW (Hz)

CI95%

BSL

18.64

17.54 - 19.74

3.61

3.02-4.21

Pre-Heat

18.98

17.08 – 20.88

3.82

3.20-4.45

Heat

18.72

16.22– 21.22

3.77

3.17-4.30

Post-Heat

19.03

16.73 – 21.33

3.82

3.26-4.420
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2.7.1 Glutamate and Glx functional changes in relation to noxious stimulation
Levels of glutamate detected by MRS differ significantly over the 20-minute functional paradigm X2(9)
= 50.14, p < 0.001. Although post hoc tests used do not reveal significant differences between time points.
Glx significantly changed over the 20-minute functional paradigm X2(9) = 28.96, p < 0.001. Post hoc tests
revealed significant changes at time points 2-4, 2-8, 2-14, 2-16, and 2-18 min. In all cases, the critical
difference was 50.33. Glx levels where significantly lower during minute 4 (Mdn=13.01) p=0.003, r= 0.81; during minute 8 (Mdn=13.89) p=0.021 r= -0.64; minute 14 (Mdn=13.45) p= 0.013, r= -0.69; minute
16 (Mdn=13.68) p=0.017, r= -0.66 and minute 18 (Mdn=13.17) p= 0.006 r= -0.76 in comparison to minute
2 (Mdn=14.88).

Figure 2. 15- Functional values of Glx(mmol) and rating of perceived intensity (NRS) scores during the
20 minute in-scanner intervention. A) The Wilcoxon test revealed a significant difference(p<0.05) between
minutes 2-4 (r=-0.81), 2-8 (r=-0.64), 2-14 (r=-0.69), 2-16 (r=-0.66) and 2-18 (r=-0.76) but not during the
application of heat n=13. B) The largest increase in pain perception occurs during heat stimulation (n=13).

2.7.2 Secondary Analysis: Glx values in relation to pain perception
As illustrated above, the greatest relative change in Glx levels occurred in reference to the firsttime point. However, as three participants reported pain perception at this time (Figure 2.15B) a secondary
analysis involved excluding these 3 participants, to assure changes in metabolic levels were in reference to
a time point when there is no pain perception. Within this sub-group results revealed Glx differs
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significantly over the 20-minute dynamic paradigm X2(9) = 25.57, p < 0.00. Post-hoc tests revealed
significant changes still occur in relation to the first-time point (Figure 2.16).

Figure 2. 16- Functional quantified Glx levels during the 20-minute noxious intervention.
A Wilcoxon test revealed a significant difference between minutes 2-4, 2-8, 2-10, 2-14 and 2-16 (n=10).

2.7.3 Individual subject analysis: relation between rating of perceived pain
intensity and excitatory neurotransmitters
To determine the relative changes in Glx and glutamate in relation to rating of perceived intensity, the
individual pain ratings and metabolite values throughout the functional protocol were examined (Figure
2.17). The linear mixed effect analysis revealed overall the NRS-11 did not significantly affect glutamate
values (X2(1) =0.0045, p= 0.94), when rating of perceived intensity increased by one point glutamate
decreased by 0.005 mmol on average. Likewise, NRS-11 did not significantly affect Glx values (X2(1)
=0.67, p= 0.41), when rating of perceived intensity decreased by one point Glx decreased by 0.06 mmol on
average.
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Figure 2. 17- Examining the relationship between excitatory neurotransmitters and rating of perceived intensity. Individual subject’s glutamate and
Glx values in relation to NRS-11are displayed n=13.
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2.7.3 Baseline measurements
When examining baseline glutamate values in relation to pain perception (NRS-11) a positive
relationship is seen (Figure 2.19) (rs=0.53 p-value= 0.03, n=15) when compared to the mean pain rating
during the application of heat and capsaicin at baseline testing (day 0). A similar relationship is present for
baseline glutamate concentrations in relation to pain perception in the scanner (Figure 2.20), although
significance was not reached (rs=.49, p-value=0.08, n=12). Lastly, no relationship was seen when
examining the relation between secondary hyperalgesia surface area (day 1) and the final glutamate
concentration (r=0.10, p-value= 0.74, n=12) (Figure 2.21).
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= 0.08 n=12).

Figure 2. 19- Baseline glutamate concentrations
(day 1) in relation to pain rating during heat and
capsaicin (day 0). A positive relationship is
observed between higher baseline glutamate
concentrations and higher NRS-11 (rs=0.53, p-value
= 0.03 n=15).
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surface area (r=0.10, p-value= 0.74, n=12).
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2.8 Discussion
2.8.1 Glutamate and Glx functional changes in relation to noxious stimulation
Most of our metabolic knowledge regarding central pain processing comes from animal studies(Hu et
al., 2007; Neugebauer et al., 2000). This leaves the metabolic changes in response to experimental pain in
humans open for investigation. In the present study, no changes were seen in glutamate or Glx in relation
to the application of heat and increased pain perception. This may be explained by homeostatic effects,
which may result in difficulty detecting rapid glutamatergic dynamic responses in longer blocks (i.e. 2min). Studies that have used event-related fMRS to detect glutamate changes upon brain activation suggest
that changes occur reasonably rapidly (increasing within 3–6 s)(Apšvalka, Gadie, Clemence, & Mullins,
2015; Cleve et al., 2014; Gussew, Rzanny, Erdtel, et al., 2010) and that levels may also decrease as quickly
(3–9 s) when the stimulus is no longer present(Apšvalka et al., 2015). Thus, it may be that increases in
glutamate and Glx are occurring faster than we can record them with the current paradigm3.
Furthermore, all significant changes in Glx occur in reference to the first time-point (minute 2). Most
subjects show a consistent drop in Glx levels between minute 2 and 4 (Figure 2.16). Although this was not
the aim of the study, these results may suggest Glx levels in the ACC are signaling increased attention or
anxiety. When placed in an MR scanner, many volunteers experience uneasiness. A recent MRS study
showed healthy participants who experience increased anxiety in the scanner had higher Glx/Cre levels in
the ACC(Modi, Rana, Kaur, Rani, & Khushu, 2014). As participants start out with higher functional
Glutamate and Glx levels compared to the rest of the functional values a speculative hypothesis involves
the notion that the first increase in glutamate and Glx is capturing increased attention/anxiety of having a
noxious stimulus applied and first being positioned in the scanner. Supporting this rationale, a review study

3

These results are debated among spectroscopy experts as the ability to detect such rapid changes in
glutamate, is at the cost of MRS data quality. As there is no current standardized method of data acquisition
and analysis these findings should be interpreted with caution.
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suggests when applying neuroimaging techniques, attention allows salient subsets of data to gain
preeminence in the competitive processing of neural networks at the expense of other subsets of
data(Garland, 2012). Thus, attended stimuli receive preferential information processing; for instance,
attentional distraction reduces pain-related activations in the somatosensory cortex, the thalamus, and
insula(Tracey & Mantyh, 2007). This has not been demonstrated in MRS, and remains a speculative
hypothesis.

2.8.2 Individual subject analysis: relation between rating of perceived pain
intensity and excitatory neurotransmitters
Previous H-MRS studies have suggested metabolic changes in the human brain may represent a
physiological indicator for an objective evaluation of the perceived pain intensity(Cleve et al., 2014). To
my knowledge, this is the first study to simultaneously record perceived pain perception and metabolic
changes in response to pain. Results revealed that increases in pain perception were not directly linked to
changes in excitatory neurotransmitters (glutamate/Glx) with the current methodological design.

2.8.3 Baseline measurements
Perhaps illustrating the most clinically relevant use of metabolic concentrations, studies have
analyzed baseline values of excitatory neurotransmitters as predictive biomarkers, which could be easily
applied in clinical trials. Previous research has shown Glx values to be positively correlated with pain
ratings(Mullins et al., 2005; Zunhammer et al., 2016). Here, baseline glutamate values are positively related
to increases in pain ratings, in-line with previous work in clinical pain patients(Feraco et al., 2011). This
marker may show value in predicting individuals who are higher pain responders yet further research is
needed to assess the variability of baseline glutamate values over time.
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Chapter 3 – Overall interpretation, limitations and future directions.
3.1 Significance and Implications
The objective of this study was to improve our physiological understanding of why healthy
individuals exhibit extreme variation in how they perceive pain measured by reporting protocols, and
whether this variability could be explained by differences in excitatory neurotransmitters. Functional levels
of glutamate and Glx did not show any changes within a 2-minute block in response to noxious stimulation.
Baseline glutamate values show a positive relationship with increasing pain ratings; this finding is in line
with previous reports(Feraco et al., 2011). Furthermore, the pain model developed for this experiment
overcomes limitations of acute pain models and will potentially serve as a bridge when trying to answer
clinically-oriented questions. Since this is the first study to examine metabolic changes in response to
capsaicin and heat stimulation, it strengthens the relationship as this correlation has now been shown to
hold between different pain modalities. While further research is needed to determine the reliability of this
marker, it opens the road for more targeted approaches for pharmacological and non-pharmacological
treatment evaluations to relieve pain.
While it is unlikely, that glutamate and/or Glx levels will show specificity in relation to all types
of pain, the glutamatergic response and recovery process likely vary depending on the type of noxious
intervention (i.e., type and length of stimulation). An essential step involves, characterizing this response
much like the work done to characterize the hemodynamic response in fMRI(Mullins, 2018). If other
interacting metabolites such as glutamine, and GABA can be recorded, the pattern may show specificity to
brief and prolonged noxious stimulation thus leading to deeper understanding of metabolic processes in
relation to pain.
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3.1.1 Functional-MRS: Interpreting metabolic changes and comparing to
previous research
Despite increasing applications of fMRS, there remains an ongoing debate over the exact size and
interpretation of neurochemical changes measured mean. As mentioned, past research evaluating metabolic
responses to experimental pain have led to seemingly contradicting findings(Chiappelli et al., 2017; Kupers
et al., 2009; Mullins et al., 2005). Many of the studies report metabolic changes in relation to creatine (Cleve
et al., 2014; A. Gutzeit et al., 2011; Zunhammer et al., 2016) under the assumption that the levels of creatine
are the least affected in any disorder. Examining metabolites in relation to creatine, in the place of water,
may lead to interpretation of imprecise changes, as creatine’s concentration can also fluctuate. For example,
Gutzeit et al, found changes in creatine during noxious stimulation and thus reported absolute
concentrations (Andreas Gutzeit et al., 2013). In addition, a study showed that creatine undergoes
magnetization exchange with water in the human brain, meaning that different water suppression techniques
will affect the creatine signal differently, giving rise to different denominators for creatine
ratios(Kruiskkamp, de Graaf, van der Grond, Lamerichs, & Nicolay, 2001). This highlights some of the
challenges of directly comparing MRS results when technical protocols vary greatly. Furthermore, different
fitting software’s (i.e. LCModel, AMARES, jMRUI) may lead to differences in the results even when
reporting absolute concentrations. Finally, not all studies corrected for varying brain tissue fraction prior to
reporting metabolite concentrations. As there are higher levels of neurotransmitters in gray matter, vs white
matter, tissue segmentation is a critical factor to take into consideration prior to reporting and comparing
metabolic changes.
Along with procedural differences in regards to MRS protocols, analysis and quantification procedures,
a central question remains: what are we actually measuring?. Given that the relative amount of metabolites
involved in each process is still not clear, and likely varies with location and compartments (intracellular,
intra-synaptic or extra-synaptic), interpreting measured changes in glutamate and Glx concentrations is not
straight forward. Given that MRS cannot differentiate between compartments, the metabolites detected are
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assumed to come from all cellular compartments within the voxel(Mullins, 2018). Consequently, an
increase larger than 5% may seem highly unlikely, yet Mullins highlights how different MR parameters can
affect the amount of metabolites detected. Metabolites can become more or less “visible” for MRS;
metabolites that are freely floating in solution have longer T2 relaxation times- the rate at which MRS signal
decays, and thus the signal can be detected(Mullins, 2018). Yet tightly packed metabolites in the presynaptic vesicle or metabolites bound to any receptors will have a shorter T2 relaxation time and may
become “invisible” to MRS, illustrating another means of change in metabolite concentrations(Kauppinen,
Pirttilä, Auriola, & Williams, 1994) measured by MRS. Interestingly, MR parameters (such as echo time
and repetition time) influence the visibility of the metabolites, explaining larger increases as well as,
emphasizing a need for standardized protocols to accurately compare across studies. A meta-analysis of
fMRS reveals that study design was shown to have a large impact on the size of the changes seen. Increases
of 4.74% (±1.45%) are seen in block studies compared to an increase of 13.429% (±3.59) in studies using
event related paradigms(Mullins, 2018). Thus, emphasizing the importance of implementing protocol
standardization, and evaluating study designs prior to comparing results and making conclusions regarding
specificty of metabolic changes or patterns in response to painful stimulation.

3.2 Limitations
Due the co-morbidities often seen in chronic pain patients, where the case of pain may be a disease
in itself or is associated with a long-term medical condition(States, 1998), it is difficult to isolate responses
that are specific to pain perception. Thus, this study examines acute pain (the normal, physiological
response to an adverse stimulus(States, 1998)) and further research is needed for results to be generalized
to a patient population. Given that the experience of pain has diverse influences form nociception to
emotional responses, it is very unlikely that a single biomarker will be found to reflect all aspects of pain
in all contexts. Therefore, the theory of a pain network rather than a single pain center is prominent in the
field. This study however, uses single voxel spectroscopy (i.e., only looking in one area) due to multi-voxel
spectroscopy limitations.
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There is currently not a standardized method to process, quantify and report MRS results, which
makes it difficult to compare to previous literature, although standardization studies are underway. Further,
while it may be tempting to interpret changes in metabolites as a modification of the amount of glutamate
released into the synapse, this technique does not yet allow for compartmentalization detection. Thus,
detected metabolites are assumed to come from all cellular compartments within the voxel(Mullins, 2018)
lacking specificity.
A major limitation in this study includes the lack of a control condition in order to establish if the
changes seen are specific to nociceptive input or occur regardless of the capsaicin and heat paradigm.
Therefore, a control condition is needed to verify that changes are not due to visual stimulation (i.e.
projector) or motor tasks (i.e., the MRI compatible pain rating device). To address this a non-noxious yet
salient stimuli would need to be examined with an identical protocol and MR experiments. However, as a
first step, this work focused on determining if changes in excitatory neurotransmitters are tracking with
changes in rating of perceived intensity.
Lastly, this study has a small sample size which makes it difficult to make overall interpretations.
Spectroscopy experts have suggested the individual variability of metabolites is too high to reach
conclusions based on single-subjects, yet group level results show potential to differentiate between to
different groups (i.e. patients’ vs healthy controls, treated vs. untreated). This suggests that fMRS may be
useful in clinical trials to evaluate group differences yet not at a single subject level.

3.3 Broader considerations and future directions
The experiments in this thesis were designed to (i) measure changes in excitatory neurotransmitters in
relation to noxious stimulation and (ii) determine whether a relationship between perceived pain intensity
and these neurotransmitter concentrations existed. However, interpretation of changes and analytic methods
proved to be more complex than initially anticipated. Upon reflection, future experiments and research
questions have been posed.
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3.3.1 Homeostatic effects
Glutamate and GABA are neurotransmitters which are of special interest in regards to investigating the
brain’s response to a painful stimulus. These metabolites play an integral role in the balance between
excitatory and inhibitory responses in the central nervous system. With the current paradigm one can only
speculate on changes with respect to homeostatic effects. Yet, being able to accurately detect GABA in
future studies will be beneficial in interpreting metabolic changes. For example, a decrease in glutamate
and an increase in GABA could be illustrative of increased metabolic turnover of converting glutamine to
GABA as an inhibitory response to the stimulus. However, measuring GABA comes with technical
challenges which would require technical expertise, specialized sequences and feasibility studies.
Furthermore, based on event-related fMRS research suggesting metabolic changes occur rapidly (3-9s)
future studies, may need to employ specific event-related paradigms rather than block designs.

3.3.2 BOLD response
With the current paradigm, it is possible to extract the BOLD signal as, one non-water-suppressed
spectrum was collected for every 16 shots of water-suppressed spectra (total 20). The BOLD signal is
related to neuronal activity through a complex interaction of metabolic and vascular parameters(Bednařík
et al., 2015). The BOLD signal is thought to represent a delayed response of increased neuronal activity, as
it measures the resulting increase in vascular activity. Investigating the relationship between excitatory
neurotransmitters and the BOLD signal is of interest, to determine the temporal timeframe of these changes.
Both measures are both indicative of neuronal activity(Bednařík et al., 2015) and this would provide a
secondary measure to establish if the ACC is responding to the noxious intervention.

3.3.3 Exploratory analysis
The aim of this research was to examine changes in glutamate in relation to rating of perceived
pain intensity. Therefore, the levels of glutamate and Glx were compared within the functional scan.
Arguably, the possibility that the capsaicin cream causes changes in these metabolites cannot be ruled out
until compared to the baseline scan (where no intervention occurs). This comparison requires extra
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processing steps but will be evaluated in future studies. Although comparison between MRS studies is
problematic, most studies have examined static metabolic changes rather than functional changes in
response to pain. The present data can be re-analyzed into averages (i.e., BSL- Pre-Heat and Post-Heat) to
evaluate if the results are closely related to previous work.
The a priori hypothesis involved examining excitatory neurotransmitters due to the link between
glutamate and increased hypersensitivity findings in animal studies. However, taking an exploratory
approach other metabolites were also examined. When examining all other metabolites, no significant
difference was seen over the 20-minute functional paradigm in relation to the noxious intervention.

3.3.5 Voxel location
Not surprisingly, most animal studies investigating the role of glutamate and hypersensitivity have
done so at the spinal cord, therefore, examining neurotransmitter levels within the human spinal cord in
response to noxious stimulation is of interest. Yet, imaging the human spinal cord brings many challenges
(i.e., motion, magnetic field in homogeneities, pulsatile flow from cerebral spinal fluid, small voxel size
etc.), although, with increasing technological developments of acquisition protocols, it is becoming feasible
to overcome some of the limitations and attempt to examine metabolic changes in the spinal cord(Henning,
Schar, Kollias, Boesiger, & Dydak, 2008; Hock et al., 2013). When proven feasible, assessing
neurotransmitter responses at the level of the spinal cord may provide mechanistic information regarding
the nociceptive pathway, and could be compared to neurotransmitter patterns at the level of the brain,
providing detailed knowledge between this elaborate interaction.

As fMRS is still a developing technique there are a wide number of areas to consider for future
work. Alongside this, there is further work needed to understand the temporal dynamics of glutamate’s
response and recovery processes, resulting from different noxious paradigms.
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Conclusion
Neuroimaging techniques can help us understand the neural underpinnings of pain in the brain.
fMRS can specifically open new avenues of research by examining metabolic processes involved in pain.
Although neuroimaging techniques have potential for diagnosis, they are still not a measurement device of
the inner workings of the brain. Currently we have imperfect indicators of the brain in pain, however as
standardization, validation and clinical usefulness studies are performed, these techniques may help in
development of therapeutic agents, evaluation of pain-relief interventions, or predicting treatment
outcomes. This study found that individuals with higher baseline glutamate levels tend to show increased
pain ratings, while further research is needed, baseline glutamate values may prove useful in pre-treatment
identification and in evaluating different pain management strategies. When tracking glutamate changes
dynamically no change was seen in relation to the noxious intervention or ratings of perceived pain intensity
with the current methodology. To my knowledge only 3 other studies have used fMRS to study the brain’s
response to pain, and this study is important as it is the first study to use fMRS with simultaneous recording
of pain ratings. This addresses one of the limitations of previous study designs as, to conclude such activity
is an indicator of pain the activity must relate to the reporting of pain.
The results of this thesis represent a step towards the ongoing search to try to explain the
neurochemical responses of the brain in pain. This requires an understanding at every level of the nervous
system as well as the continuous and intricate interaction between them. My future work aims to continue
to understand metabolic responses in relation to pain and to facilitate interpretation of such responses.
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Appendix A
Script and Standardized Experimental Instructions
Purpose: The purpose of this investigation is two-fold. Primarily, we want to provide insight into why there
is enormous variability in pain perception by identifying a biomarker to illustrate this variability, which
will be sensitive and specific to physical pain. Secondly, we aim to develop an ideal experimental pain
model which is reliable, non-invasive and closely mimics clinical pain. To bridge the gap between acute
experimental pain research and clinical trials. This document outlines the basics of the protocol as well as
the steps required of the investigators to complete the experiment.
Scope and Applicability: The following protocol can be used for the study of pain in heathy volunteers.
Introduction: Pain constitutes a major public health problem that poses significant challenges to health
professionals involved in its treatment. Although biomarkers for many medical conditions are increasingly
being discovered, an objective assessment for pain has yet to be identified. Current pain assessments rely
on self-report measures attempting to quantify the qualities of pain, overall there is no widely accepted
standard for clinical pain assessment. In this study, we will deliver a heat/capsaicin (the active ingredient
in chilli peppers) model which mimics clinical pain and we will assess the concentration of glutamate an
excitatory neurotransmitter in the anterior cingulate cortex, by using magnetic resonance spectroscopy
(MRS). Glutamate concentration will be examined as a potential reliable biomarker for pain which, will
create a means to assess the therapeutic efficacy of interventions without solely relying on self-report. The
procedure below outlines a reliable method for delivering a mild to moderate pain perception using a
synergistic combination of thermal and chemical stimulation at lower intensities to avoid tissue damage,
yet mimicking clinical pain. References: For information on Capsaicin, and MRS see:
Mullins, P. G., Rowland, L. M., Jung, R. E., & Sibbitt, W. L. (2005). A novel technique to study the brain’s
response

to

pain:

Proton

magnetic

resonance

spectroscopy.

NeuroImage,

26(2),

642–646.

https://doi.org/10.1016/j.neuroimage.2005.02.001
Petersen, K. L., & Rowbotham, M. C. (1999). A new human experimental pain model: the heat/capsaicin
sensitization model. Neuroreport, 10(7), 1511–1516.

Materials and Supplies: Hänseler Capsaicin Creme KA (0.075%)- Hänseler Swiss Pharma, Toasterz
Reusable Heater pack, Von frey filament (20.9g 204mN), felt pen, timer with setting for sound stimulus,
health and pain questionnaires.
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Cautions: While answering questions regarding personal health, some subjects may become distressed.
While this is unlikely due to the non-invasive nature of the questions, if distressed, subjects are not required
to answer all questions and can remove themselves from participating in the study at any time point.
Capsaicin application causes irritation, burning, and stinging. The sensations are usually well tolerated by
participants. If subjects are uncomfortable, capsaicin must be immediately removed. The burning sensation
will slowly fade over the next 3-4 hours if capsaicin is simply removed. An alcohol rub greatly expedites
the removal process, and will reduce the amount of time capsaicin is reported as unpleasant/painful.
Nevertheless, the area where capsaicin is applied may be sensitive for up to 24 hours.
Subjects will develop skin redness and flare. The flare lasts approximately 2 hours and redness may persist
to up to 12 hours. But beyond that no skin changes should be present.

Other sensory testing methods may cause subtle skin irritation. None of the tests should penetrate the skin,
however this is a potential risk. The investigators must take all necessary precautions to minimize this risk.
A first aid kit must be available in the lab. Stimulation with heat may cause additional redness and
sensitivity. If any of the stimulations are too painful or unpleasant, they will be immediately stopped.
No subject is expected to withstand a stimulation they find intolerable during any period of the study.

There is very little risk with undergoing an MRI scan. A small number of people may encounter
claustrophobia (a fear of enclosed spaces) when placed in the MRI scanner. If this occurs, the study will be
terminated. If subjects may have metal fragments in eyes, an MRI can cause damage. If there is a concern
about possible metal fragments in the eye (e.g. working as a welder), this must be informed to the
investigators before any MRI scan. Iron pigments in tattoos or tattooed eyeliner can cause skin or eye
irritation as well.
Personnel Qualifications: After reading this protocol researchers should have the knowledge needed to
conduct the full experiment. However, it is recommended that anyone performing this procedure practices
the protocol prior to testing subjects to gain familiarity.

Protocol- Prior, subjects have received information about the study and given consent forms 24 hours
before the study given them plenty of time to consider their participation.
DAY 0 à Quantitative Sensory Testing (1 hours max.)
Participants will be asked to fill out questionnaires.
- Sign consent form/Health questionnaire/MRI screening form.
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•

Subjects will be asked to rate the pain intensity throughout the study, which will be recorded by the
researcher. Thus, the rating must be explained to each participant, 0 being no pain intensity to 10
being the most pain intensity imaginable.

•

Subjects will receive a familiarization period with the Von frey filament sensation. The researcher
will stimulate up and down the arm and inform the participant: “This is the normal sensation of the
filament, now imagine this was being done on an area of the skin where you have a sunburn, this
is what it may feel like after sensitization”

•

The subject will undergo a heat paradigm using the Pathway Pain and Sensory Evaluation System
(Medoc Advanced Medical Systems®). The thermode is secured on the left forearm and the
subjects must hold the clicker in their right hand to control the temperature (left click=temperature
increase, right click=temperature decrease). The temperature will raise to 45o, at this time the
experimenter will ask for a pain rating (NRS-11) and the temperature will remain constant for 2
minutes. Subjects are instructed to maintain the same rating of pain perception, and were told the
temperature may fluctuate (although it remains constant).

•

Subjects must be sitting comfortably, with their dominant arm extended and supported in a
supinated position. An 8x5 cm square will be drawn on the inner part of the subjects’ right forearm.
The square will be marked with a felt pen using the mid-point between the wrist and the elbow.

•

The researcher must put on latex gloves, and apply 2mL of capsaicin cream with a cotton swab in
the marked 8x5cm square on the subjects’ inner arm. Covering the whole area evenly, while not
leaving thick areas on the edges of the marked square to avoid diffusion outside the area. And a
flexible non-heat conducting brace to isolate the 8x5 marked area will be applied to the subject’s
arm.

•

Every minute for the next 10 minutes the subjects will be primed by a sound to provide a rating for
pain intensity and unpleasantness (in this order) using the same rating scale. The researcher must
record ratings.

•

After 7 minutes the researcher will crack the metal snap of a heat pack and will knead the gel-like
pack for 1 minute and apply the pack horizontally on the subjects’ arm to cover the entire marked
area. The pack will be left on for 2 minutes (i.e., removed my minute 10). Participants will continue
to rate pain intensity (primed with a sound).

•

2o hyperalgesia mapping: the researcher will use the Von frey filament of 20.9 gr to stimulate along
a vertical and horizontal path towards the affected area. Mapped along 8 tracks all separated by 45o
degree angles to accurately mark the area. The researcher must apply the head of the filament on
the skin and apply slight force until the microfilament bends on the skin. The stimulation will start
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well outside the marked area (approximately 5 cm away) and will move in 5 mm increments until
the subject reports a definite change in sensation (‘burning’, ‘tenderness’ ‘more intense prickling’
etc.) and this border will be marked with a felt pen. The researcher must not stimulate the same
area twice, and when approaching the border can go back and forth a few times to accurately define
it. Subjects will not be looking at the arm during the stimulation.
•

A plastic foil will then be applied to the subject’s arm to register accurate dimensions of all the
areas marked, for later analysis and calculations of the surface area of 2o hyperalgesia.

•

The of 2o hyperalgesia area is calculated by total area- 1o hyperalgesia; which is by definition the
injured area (marked by flare not necessarily the area of cream/heat application this is due to
diffusion).

•

Finally, the whole area will be wiped with an alcohol rub to cut the action of capsaicin.

•

Subjects will have time to ask any questions regarding the in-scanner procedure

DAY 1 à MRS Scanning (1 hours max.)
•

The subject will come to the scanner (with previous approval) 25 minutes prior to their start time
to get prepared for the session.

•

The experimenter must arrive 1 hour prior to start heating the MRI compatible water device.

•

While the participant gets ready to enter the scanner, the experimenter must set up the MRI
projector, set-up the Presentation software. and pass the tubbing from the heating device through
the penetration panel.

•

The experimenter must mark the subjects right forearm (8x5cm) and apply a flexible brace which
will be used to fasten the position of the thermo-pad in the scanner.

•

MRI technologists will set-up the subject for the scan.

•

Once the subject is comfortably placed in the bore of the magnet, the experiment must hand them
the MRI-compatible clicking device to track rating of perceived intensity.

•

The subject will be placed in the scanner for the following scan protocol:
1. 3D-T1 weighted scan (1mm³ isotropic resolution, TE/TR = 3.5/7.7 ms,
FOV(ap/rl/fh) = 256/200/150 mm³)
2. Quick-T2 (Anatomical control scan to detect motion)
3. Baseline MRS (Single Voxel PRESS with TE/TR/NSA = 22/4000/32, Voxel
dimensions = 30/25/15 mm³ in the ACC + additional 16 water reference
acquisitions)
4. Quick-T2 (c.f. #2)
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5. Dynamic MRS (Identical geometry as #3., N dynamic blocks, each with 1 water
reference and 16 metabolite spectra)
6. Quick-T2 (c.f. #2)
•

Following the MRS baseline scan, the intervention will begin. The researcher will enter the scan
room, with the following materials: capsaicin cream, gloves, and the thermo-pad.
The researcher will apply capsaicin in the marked area and place the de-activated thermo-pad under
the brace. The participant will be instructed to lay very still.

•

Now the 20 minute a dynamic MRS scan will begin. The subject is laying with eyes open following
instructions on the projector. This includes rating pain perception every 2 minutes. After 8 minutes
the thermo-pad is heat activated for 4.4 minutes, after two pain ratings with heat are recorded the
experimenter must immediately de-activate the thermo-pad. For the reminder of the scan (8
minutes) subjects continue to rate their pain perception.

•

This will mark the end of our scan time. The participant will be removed from the scan room.

•

2o Hyperalgesia mapping will be performed following the same procedure as described for day 0.
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Appendix B
Spectral quality concepts:
Signal-to-noise-ratio (SNR) is commonly described as the ratio of the strength of a signal to that of
interference/noise. In this study, SNR is calculated in the frequency domain LCModel calculates the height
of the largest peak and divides it by the root mean squared (rms) of the residuals. However, using the SNR
alone as a rejection criteria can be misleading as it depends on acquisition parameters(Kreis, 2004). The
uncertainty for estimating a single metabolite is reflected in Cramer-Rao minimum lower bounds CRMLB.
In general, the confidence interval narrows for increased SNR, and CRMLB decrease in proportion with
the rms noise level(Kreis, 2004). Thus, as SNR is reflected in CRMLB this criterion is useful to judge
spectral quality when peak fitting is performed(Kreis, 2016). Linewidth (LW) is the full-width at halfmaximum peak height (FWHM) in the frequency domain, and is a critical value for model fitting. LW
influences CRMLB calculations, thus experts in the field conclude CRMLB is a superior parameter to judge
the quality of quantified data as it incorporates SNR and LW(Kreis, 2004).

SNR= 15
FWHM Conversion
LW=3.45Hz

Figure 3. 1-Illustrates spectra quality of 16 shots averaged and processed by LCModel.
When examining the metabolite contribution of one spectra per minute he signal-to-noise ratio was 15,
and the full-width at half maximum (FWHM) was used to calculate the line-width (LW) of 3.45 Hz
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SNR= 21
FWHM Conversion
LW=2.94Hz

Figure 3. 2- Illustrates spectra quality of 32 shots averaged and processed by LCModel.
When examining the metabolite contribution of two spectra per minute he signal-to-noise ratio
was 21, and the full-width at half maximum (FWHM) was used to calculate the line-width (LW)
of 2.94 Hz.

SNR= 26
FWHM Conversion
LW=2.94Hz

Figure 3. 3- Illustrates spectra quality of 80 shots averaged and processed by LCModel.
When examining the metabolite contribution of five spectra per minute he signal-to-noise ratio

was 26, and the full-width at half maximum (FWHM) was used to calculate the line-width (LW)
of 2.94 Hz
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