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Abstract 

 

 

Globally, one in five people will experience some form of chronic pain in their life. 

In the United States, an estimated 50 million people manage chronic pain daily, nearly 

20 million of which are categorized as high-impact chronic pain. Unfortunately, our 

understanding of the basic physiological aspects of pain is limited yet necessary to 

advance our understanding of pain processes as well as develop effective therapeutic 

interventions. Previous neuroimaging research has identified a network of interrelated 

brain regions that seem to be implicated in the processing and experience of pain. 

Among these, the anterior cingulate cortex (ACC) plays an important role in the affective 

experience of pain signals. The current study leveraged functional magnetic resonance 

spectroscopy (fMRS), a robust and sensitive measurement of neurometabolites, to 

investigate the underlying dynamic shifts in the neurometabolic signature of the human 

ACC at rest and during acute pain. Results provide support for increased glutamate 

levels following acute pain administration. Specifically, a 4.6% increase in glutamate 

was observed during moderate pressure pain compared to baseline. These data 

contribute toward the characterization of neurometabolic shifts which lend insight to the 

role of the ACC in the pain network. Further research in this area with larger sample 

sizes could contribute to the development of novel therapeutics or other advances in 

pain-related outcomes.  
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Introduction 

20% of the world’s population will experience a form of chronic pain at some 

point in their lives. An estimated 50 million people in the United States suffer from 

chronic pain on a daily basis, 20 million of whom are classified as high-impact chronic 

pain (Dahlhamer, 2018). The prevalence of chronic pain in the United States has 

created a substantial economic burden. A variety of pain-related expenses, including 

things such as healthcare costs, medication use/misuse, and lost wages, cost an 

estimated $560 billion to $635 billion annually in the United States alone (Henschke et 

al., 2015). Moreover, the impacts of pain are not exclusively monetary; mood, sleep, 

cardiovascular health, and brain function have all been shown to be negatively affected 

by chronic pain (Fine, 2011). While a comprehensive understanding of pain at its most 

basic level remains elusive to both research and medical fields alike, chronic pain 

continues to have an enormous impact on those affected.  

Pain serves as a key survival mechanism fundamental to the human experience 

(Diatchenko et al., 2007). While infrequent occurrences of acute pain may be an 

adaptive trait, frequent occurrences of pain sustained over long periods become 

problematic. Indeed, the importance of identifying and characterizing a functional pain 

network cannot be overstated, and yet we still do not have a complete understanding of 

the underlying physiological mechanisms subserving pain within the human nervous 

system, and specifically within the brain. Here, we aimed to contribute to the knowledge 

of normative pain processing by examining the neurometabolic underpinnings of acutely 

administered pain.  
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Pain Network 

Previous research has sought to identify a ‘pain cortex’ within the brain, similar to 

the cortices seen in primary visual and auditory areas (Mano & Seymour, 2015). Efforts 

to find this putative pain cortex, like those by Penfield and Jasper (1954), have not 

reliably revealed a primary processing center for pain. Failures to find a single pain 

cortex, and an increased understanding of neurofunctional circuitry, have led 

contemporary researchers to explain pain processing as a widespread network within 

the brain. Meta-analytic data indicate that this network encompasses brain structures 

such as the anterior cingulate cortex (ACC), the primary and supplementary 

somatosensory cortices (SI & SII), and subcortical structures within the basal ganglia 

and thalamus (Coghill et al., 1999) (see also Hutchison et al., 1999; Jones et al., 1991; 

Vierck et al., 2013). While many of the neural nodes identified within this pain network, 

such as the ACC, have been studied extensively, questions still remain regarding the 

neurochemical underpinnings of these structures.  

Anterior Cingulate Cortex 

The anterior cingulate cortex (ACC) consists of the rostral portion of the cingulate 

cortex which surrounds the rostrum and genu of corpus callosum. Previous research 

has implicated the ACC in a variety of processes such as response selection, affective 

cognition, and pain (Devinsky et al., 1995a). With regard to response selection, 

functional magnetic resonance imaging (fMRI) data have highlighted the role of the ACC 

in high-level error monitoring and reward prediction processes. In one fMRI study by 

Marsh et al. (2007), participants were trained to associate unique reward values with 

visual stimuli. Later, when given the choice between several of these stimuli, 
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participants were asked to select the stimulus associated with the greatest respective 

reward amount. Blood-oxygen-level-dependent (BOLD) activation in the dorsal ACC 

(dACC) was positively associated with increases in reward choice options. Additionally, 

BOLD activation in the rostral ACC (rACC) was positively associated with increases in 

reward potential. As part of the limbic system, it is unsurprising that ACC activation was 

associated with these response selection processes, given the limbic system’s role in 

reward processing (Rajmohan & Mohandas, 2007). Additional fMRI results published by 

Taylor et al. (2006) corroborate rACC function in error monitoring. In this study, Taylor 

and colleagues used a modified Eriksen flanker task to measure BOLD responses 

following selection errors. Researchers randomized these selection errors such that 

some were tied to monetary penalties, while others were not. FMRI data indicated that 

rACC hemodynamic activity was significantly higher in response to errors that resulted 

in monetary loss. This study further supports the ACC’s role in error monitoring and 

response selection.  Taken together, these results implicate the ACC in various aspects 

of reward-based decision making.  

Meta-analytic data implicate the rACC is involved in processing the salience of 

emotional information as well as regulating emotional responses (Bush et al., 2000a). 

This subdivision of the ACC has direct connections to the amygdala, hypothalamus, and 

insula (Devinsky et al., 1995a). In light of the contributions made by these structures to 

emotional processing (Maren, 1999; Phan et al., 2002; Swanson, 2000), these 

connections support the ACC’s involvement in this system. Fourie et al. (2014) found 

evidence substantiating the ACC’s affective function specific to negative emotional 

processing. Researchers used fMRI to examine activation in emotion-specific brain 
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regions in response to a social prejudice task. While being scanned, 22 low-prejudice 

individuals completed a social prejudice questionnaire. The task induced guilt by using 

preprogrammed feedback to suggest their responses to the questionnaire items were 

indicative of extreme prejudice. Resultant neuroimaging data indicated activity 

increases in both the ACC and anterior insula following the preprogrammed feedback. 

Interestingly, considerable personality changes have been observed across several 

species following lesions to the ACC including apathy and emotional instability 

(Kennard, 1955; Tow & Whitty, 1953). Kennard (1955) observed increased aggression 

in cats following surgical ablation of the bilateral cingulate gyrus. Researchers noted 

that following surgery, the cats displayed excessively aggressive behavior in response 

to caretaker interaction that had not been observed previously. Tow & Whitty (1953) 

observed distinct personality changes following cingulotomy in a small sample of men 

and women. Researchers noted that following the procedures, patients displayed 

noticeable decreases in depth and variety of general interests, as well as a marked lack 

of energy with regard to those interests, both of which appear symptomatic of increased 

apathy. Indeed, the convergent data produced by this collection of studies has 

elucidated the ACC’s role in multiple aspects of affective processing. 

With regard to pain, evidence from studies across domains suggest that the ACC 

is involved in the affective experience of pain. More specifically, the ACC has been 

implicated in pain aversiveness (Cottam et al., 2016a; Navratilova, Xie, et al., 2015; 

Navratilova, Atcherley, et al., 2015b; Navratilova & Porreca, 2014). These findings are 

unsurprising given the above evidence concerning the affective processing associated 

with the ACC. The use of high-field fMRI has been particularly useful in uncovering the 
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pain-specific functions of the ACC. In one such fMRI study, Cottam and colleagues 

(2016) sought to map the neurocorrelates of osteoarthritis (OA) -related knee pain. The 

study recruited 26 patients with painful knee OA. Researchers observed a positive 

correlation between pain severity and cerebral blood flow in several key nodes within 

the pain network such as the ACC, insula, and brainstem, indicating that these regions 

are likely involved in the processing of aversive pain signals. While these results bear 

particular clinical significance, it should be noted that ACC activation has been observed 

in response to experimental pain as well. This was demonstrated by Christmann et al. 

(2007) with electrical pain stimulation. Researchers attached an electrode to 

participants’ right thumb while undergoing both electroencephalogram (EEG) and fMRI 

recording. The resultant data revealed significant ACC activation in response to this 

form of experimental pain. Here again, increasing activation was positively correlated 

with increasing nociceptive intensity. Moreover, Yanes et al. (2020) demonstrated a 

similar effect using a pressure-pain design. In this study, participants experienced 

pressure-based pain between the first and second knuckles on the nondominant hand 

during scanning. Neuroimaging data implicated dACC activity in response to yet another 

pain paradigm. This study is particularly relevant in that both BOLD responses and 

neurometabolite levels were recorded. Indeed, researchers observed changes in 

glutamate concentration across pain conditions within the dACC. Perhaps due, in part, 

to the sustained pain design, the effect of glutamate concentration diminished over time. 

This finding presents an opportunity to investigate pain-related dACC glutamate using 

alternative designs. Given the abundance of supporting evidence, the ACC, specifically 
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the dACC, appears to be a candidate for further investigation into the underlying 

neurocorrelates of pain processing.   

Functional Magnetic Resonance Spectroscopy 

Here, we used functional magnetic resonance spectroscopy (fMRS) to 

characterize the neurometabolic changes in the dACC during rest and acute pain 

administration. Traditional static MRS, a common neuroimaging technique, 

characterizes metabolites within the brain. This method involves collecting a single 

spectrum while the subject is at rest in the scanner (i.e., a no-task condition). In 

contrast, fMRS capitalizes on neurometabolite level changes in both task and rest 

conditions to collect multiple spectra over time (Duarte et al., 2012). In this way, 

researchers can compare averages of neurochemical changes in different conditions 

within the same participant allowing for characterization of dynamic shifts from baseline 

to task-related conditions. FMRS is a robust and reliable application of spectroscopy-

based imaging (Prichard et al., 1991) and represents an important contribution to our 

understanding of neurometabolite shifts during task engagement.  

In the past, sensitivity has been a key challenge facing MRS and fMRS research. 

Lack of imaging sensitivity needed to collect reliable spectra in subcortical regions 

limited the applications of this imaging technique (Stanley & Raz, 2018). Subsequent 

improvements in imaging technology and accessibility, however, have afforded 

advancements in MRS and fMRS methodologies. Utilization of 3 Tesla (3T) and, more 

recently, 7 Tesla (7T) magnetic resonance imaging (MRI) machines have propelled the 

neuroimaging community as a whole, but have been particularly transformative for the 

spectroscopy field. Compared to lower field strengths (generally defined as ≤ 4.5T), the 
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increased field strength of 7T spectroscopy offers improved signal-to-noise ratio and 

spectral resolution (Reid et al., 2019). The bolstered imaging sensitivity afforded by 

these key benefits of 7T allow for better and more reliable quantification of 

neurometabolites (Oeltzschner et al., 2019; Pradhan et al., 2015). Applying fMRS at 

ultra-high field strength, thus leveraging the increased sensitivity, to a critical brain 

region within the pain network (e.g., the dACC) represents a unique opportunity to 

characterize neurometabolic changes during acute pain administration. Such data could 

lead to advancements in the field of pain research.   

Glutamate 

The current study leveraged the aforementioned strengths of 7T fMRS to 

measure glutamate levels in the dACC during the acute administration of pain. 

Glutamate is abundant in the vertebrate nervous system (Meldrum, 2000), can be 

detected reliably via MRS (Graaf, 2019), and has been implicated in pain research 

(Archibald, MacMillan, Graf, et al., 2020). Increases in glutamate levels within multiple 

brain regions have been noted during experimental pain. For example, previous 

research has implicated glutamate release in the periaqueductal gray in the reduction of 

nociceptive effects in rats and mice (Rossi et al., 1994; Samineni et al., 2017). Similar 

research studies focusing on other brain regions (e.g., occipital cortex and brainstem 

nuclear complex) have reported comparable glutamate concentration changes in 

response to pain stimulation (Cleve et al., 2015; de Matos et al., 2017). With regard to 

the ACC, several studies have supported pain related changes in glutamate 

concentration. Mullins et al. 2005) observed a substantial increase (9.3% from baseline) 

in ACC glutamate concentration in response to cold pressor pain. Archibald et al. (2020) 
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further demonstrated increases in glutamate concentration in response to pain. In their 

study, Archibald and colleagues (2020) utilized a thermal pain devise to administer 

sustained experimental pain over several minutes. FMRS data collected at 3T from this 

study revealed an increase in ACC glutamate during pain administration relative to 

baseline. Of particular relevance to the present study, Jelen et al. (2021) observed 

significant increases in Glx (the combined signal of glutamate + glutamine) in the dACC 

in response to acute, pressure-based pain at 3T. Taken together, these data support 

the role of glutamate in nociceptive processes in both the ACC as well as other pain 

network nodes as well. Additionally, these studies demonstrate the efficacy with which 

fMRS can be used to study these phenomena in vivo. For these reasons, glutamate 

served as the primary neurometabolite of interest in the present study.  

Present Study 

This project sought to fill several gaps in current neuroimaging and pain 

literature. First, this project contributes to the dearth of literature in pain fMRS. Relative 

to fMRI, fMRS as a technique, is underrepresented in the literature, even more so with 

regard to fMRS studies that examine pain processing. Furthermore, the use of 7T fMRS 

is particularly novel given the increased sensitivity to detect neurometabolites. Second, 

this research applied ultra-high field fMRS to the dACC, a critical node within the pain 

network. Due to the relative scarcity of fMRS studies focusing on the pain network, 

many questions remain regarding the neurometabolic function of pain network nodes. 

Previous research has reliably demonstrated changes in dACC glutamate 

concentrations in response to painful stimulation (Archibald, MacMillan, Graf, et al., 

2020); however, to my knowledge, no study to date has documented these underlying 
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neurochemical processes using an on/off stimulation design at 7T. We used fMRS to 

investigate acute pain-related changes in ACC glutamate levels among female 

participants. Specifically, we used a pressure-based pain device to administer pain in 

three conditions (i.e., baseline, low, and moderate pain). Each pain trial was 

accompanied by a subjective pain rating (0-10 rating: 0 = ‘no pain’, 10 = ‘most pain 

possible’). Participants’ evaluations of each stimulus allowed for comparisons between 

ACC glutamate levels and perceived pain severity.  

Given the relationship between pain, glutamate, and the dACC, I hypothesized 

that:  

1. dACC glutamate levels would be greater during (1A) low pain versus 

baseline, (1B) moderate pain versus baseline, and (1C) moderate pain 

versus low pain. To test this hypothesis, I conducted a repeated-

measures, within-subjects analysis of variance (ANOVA) with the effect of 

condition (i.e., baseline, low, and moderate pain) as the main independent 

variable, and glutamate level as the dependent variable. 

2. Evaluations of pain stimuli (i.e., subjective pain ratings) would be 

associated with changes in dACC glutamate levels. Specifically, I 

expected that as subjective pain ratings increase, dACC glutamate would 

also increase. To test this hypothesis, I conducted a simple linear 

regression to evaluate the relationship between dACC glutamate levels 

and subjective pain ratings.  
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Methods 

Overview 

Based on the literature reviewed above, I hypothesized that (i) increasing levels 

of acute, pressure-based pain would result in corresponding increases in dACC 

glutamate levels and (ii) participant ratings of the pain stimuli would predict dACC 

glutamate levels. A dual timepoint study was designed to assess these hypothesized 

changes in glutamate. To identify eligible participants, demographic, mental health, and 

substance-use data were collected through online screening materials during Timepoint 

1. Based on similar MR studies conducted at Auburn University (Yanes, 2020), we 

expected to recruit 1,250 participants during Timepoint 1.  We collected fMRS data 

during Timepoint 2 to evaluate neurochemical changes associated with pain processing. 

We aimed to recruit approximately 31 healthy controls based on our power analyses for 

Timepoint 2. A more detailed description of each timepoint is provided below. Before 

data collection, the current study was preregistered through the Open Science 

Framework (OSF; https://osf.io/9vqy4/). OSF is a free, open platform used to preregister 

and share projects, data, and materials. Study procedures were approved by the 

Auburn University Institutional Review Board (IRB), protocol #21-073 MR 2102. All 

participants provided written informed consent.  

Participants 

  Female participants between 19-30 years of age were recruited from the 

university and Auburn-Opelika community (please see Appendix A for recruitment 

materials). An a priori power analysis for a repeated-measures ANOVA with an α = 

0.05, a medium-large effect size based on meta-analytic data on the effects of acute 
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pain administration on glutamate (Cohen’s f = 0.25) (Mullins, 2018), and 85% power 

recommended a sample size of N = 31. However, due to cost restrictions, recruitment 

issues, and the scope of this thesis, a total N of 15 was collected. Only participants who 

met the following criteria were allowed to participate: 1) assigned biologically female at 

birth, 2) were not taking any over-the-counter or prescription medication which may 

cause or increase bleeding (i.e., blood thinners), 3) did not have a history of seizures, 

nor were they taking medication to treat seizures, 4) had not consumed drugs (including 

alcohol) in the 24 hours prior to the research study session, 5) had not consumed pain 

relievers in the 8 hours prior to the research study session, 6) had not consumed food, 

drinks (except water), caffeine, and/or nicotine in the 3 hours prior to the research study 

session, and 7) had not exercised in the 30 minutes prior to the research study session. 

In addition to these inclusion criteria, we also excluded participants with standard MR 

contraindications as determined by the MRI Pre-Entry Screening Form. Examples 

include, but are not limited to: implanted cardiac pacemakers, embedded metal 

objects/fragments, and claustrophobia. Although MR is not associated with harmful 

effects on pregnant women, we excluded pregnant women as a precaution. Participant 

eligibility was also determined from pre-screen questionnaires inquiring about mental 

health and substance use history (please see Appendix B). Additional eligibility criteria 

included 1) no dependence for alcohol and nicotine as determined by the Alcohol 

Dependence Scale (Doyle & Donovan, 2009) and the Nicotine Dependence Scale for 

Adolescents (modified to include vaporizer/e-cigarette use) (Nonnemaker et al., 2004), 

2) must not have had more than three use-episodes across major drug classes in the 

12-month period prior to data collection (i.e., amphetamine, benzodiazepine, cannabis, 
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cocaine, and heroin), and 3) must not exceed established cut-off scores for anxiety (as 

indicated by the Generalized Anxiety Disorder 7, score > 10) (Spitzer et al., 2006), 

depression (as indicated by the Patient Health Questionnaire 9, score > 10, (Kroenke et 

al., 2001), and/or psychosis (Prodromal Questionnaire Brief Version, score > 3) (Loewy 

et al., 2011). Please see Appendix B for a full list of questionnaires and survey materials 

used in Timepoint 1. 

Demographic, mental health, and substance-use data were collected through 

online screening materials during Timepoint 1. Based on similar MR studies conducted 

at Auburn University (Yanes, 2020), we expected to recruit 1,250 participants during 

Timepoint 1. In total, 359 respondents completed the online Timepoint 1 pre-screen 

survey.  We collected fMRS data during Timepoint 2 to evaluate neurochemical 

changes associated with pain processing. We aimed to recruit approximately 31 healthy 

controls based on our power analyses to Timepoint 2. In total, 16 participants were 

recruited and completed Timepoint 2.   

Rationale for Male Exclusion 

 Previous research has identified differences in experimentally induced pain 

tolerance across sexes (Riley et al., 1998). Specifically, meta-analytic data indicate that 

biological females demonstrate lower pain tolerances to experimentally induced pain 

than their male counterparts (Wiesenfeld-Hallin, 2005). These results seem to be 

consistent across acute pain modalities. To reduce sample variability and maximize our 

power, we included only one sex in the current study. Due to greater rates of chronic 

pain among females (Bartley & Fillingim, 2013), as well as an existing female majority 
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represented in Auburn University MR research samples, we chose to include females in 

the present study. 

Menstrual Cycle Variance  

 In addition to cross-sex differences in pain tolerance, meta-analytic data indicate 

that pain-tolerance may fluctuate as a function of the current menstrual phase in female 

participants (Riley et al., 1999). These data suggest that pain tolerance is lowest during 

participants’ follicular, or pre-ovulation, phase. With the previous findings in mind, all 

data in the current study were collected from participants during the luteal phase of their 

cycles, as determined by estimations from self-report data. Given that the luteal phase 

is the least variable menstrual phase by duration across individuals (Reed & Carr, 

2000), data was collected between days 19 and 25 of their cycles (this window is well 

within the luteal phase that is observed in typical cycle length) (Lenton et al., 1984). 

These procedures were implemented to reduce any extraneous influences on pain 

perception not due to the study procedures. Additionally, our within-subject design also 

minimized confounding factors.  

Materials 

Timepoint 1. During Timepoint 1, the following scales and inventories were used to 

characterize participants and determine eligibility (please see Appendix B): 

demographics questionnaire, Warwick-Edinburgh Well-Being Scale (WEMWBS) 

(Tennant et al., 2007), Perceived Stress Scale (PSS) (Lee, 2012), Generalized Anxiety 

Disorder – 7 (GAD7), Patient Health Questionnaire – 9 (PHQ9), Prodromal 

Questionnaire - Brief Version (PQ-B), Graded Chronic Pain Scale (Von Korff et al., 

1992), Neuropathic Pain Scale (Galer & Jensen, 1997), modified versions of the 
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Severity of Dependence Scale (SDS) (Gossop et al., 1995), the Alcohol Dependence 

Scale (Doyle & Donovan, 2009), and the Nicotine Dependence Scale for Adolescents 

(Nonnemaker et al., 2004). These scales cover several major drug classes including 

cannabis, opioids, cocaine, amphetamine, and prescription psychomotor stimulants 

(e.g., Adderall). Additionally, the mental health inventories were used to screen and/or 

characterize participants with regard to a number of disorders including anxiety, 

psychosis, and depression.  Participants who met inclusion criteria at Timepoint 1 were 

invited to complete a neuroimaging data collection session during Timepoint 2.  Below 

are brief descriptions of the inventories that we used during Timepoint 1: 

a. Warwick-Edinburgh Well-Being Scale (WEWBS; Tennant et al., 2007) – This 

scale uses positively-worded items to determine mental well-being. The 

WEMWBS uses items on a 1-5 Likert scale, with a minimum score of 14 and 

a maximum of 70 (scores <42 indicate generally poor mental health). The 

scale was validated in student and general populations, as well as focus 

groups.  

b. Perceived Stress Scale (PSS; Lee, 2012) – This scale includes questions 

regarding how unpredictable or uncontrollable respondents find events in their 

lives to be on a 0-4 Likert scale. With a minimum score of 0 and a maximum 

score of 40, the PSS measures current and past stress levels over the last 30 

days. A score of >20 indicates high levels of stress. 

c. Generalized Anxiety Disorder – 7 (Spitzer et al., 2006) – This scale contains 7 

questions related to symptomology associated with anxiety. GAD7 questions 

use a 0-3 Likert scale to assess feelings of worry, stress, and anxiety. Scoring 
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>15 is indicative of high anxiety. Spitzer and colleagues (2006) validated this 

scale in primary care, community, and acute psychiatric settings.  

d. Patient Health Questionnaire – 9 (PHQ9; Kroenke et al., 2001) – This scale is 

used to gather data about depression levels in respondents. The PHQ9 uses 

9 items of established depression criteria on 0-3 Likert scales. Scoring >15 is 

indicative of depression. Kroenke and colleagues (2001) showed this scale to 

have comparable sensitivity to lengthier depression inventories.  

e. Prodromal Questionnaire - Brief Version (Loewy et al., 2011) – The PQ-B is 

used to identify symptoms and risk of psychosis in respondents. This scale 

uses 21 yes/no questions relating to abnormal perceptual experiences and 

thought processes. If the answer to an original question was “yes,” each 

question has a 5-point Likert scale follow up question to determine the extent 

to which respondents find a particular experience to be frightening. Scores >6 

indicate higher likelihood of psychosis. 

f. Graded Chronic Pain Scale (GCPS; Von Korff et al., 1992) – This scale is 

used to assess the recency and severity of chronic pain in general 

populations as well as primary care settings. There are 6 questions in total, all 

of which focus on the degree to which chronic pain interferes with everyday 

life. All questions are answered on a 0-10 scale (“0” = no 

pain/change/interference, “10” = extreme pain/change/interference). 

Respondents are categorized into one of five pain categories (0-4). 

Placement in any category other than 0 indicates some degree of chronic 

pain. 
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g. Neuropathic Pain Scale (NPS; Galer & Jensen, 1997) – This scale was 

developed to assess pain characteristics distinctly associated with 

neuropathic pain. The NPS asks 5 questions relating to several potential 

characteristics of respondents’ pain including intensity, temperature, and 

sharpness/dullness. These questions are answered on a 0-10 scale (“0” = 

pain is not intense/sharp/dull/hot/cold, “10” = pain is extremely 

intense/sharp/dull/hot/cold). Scores >0 indicate some degree of chronic pain.  

h. Severity of Dependence Scale (SDS; Gossop et al., 1995) – This scale 

provides a short, flexible way of assessing potential dependence across drug 

classes. The questions are written such that any drug class may be 

substituted for another (e.g., “have you consumed ‘x’ drug more than 3 times 

in the last 12 months?”). Given that the current study did not have a 

Certificate of Confidentiality, we only used this scale to determine if 

participants used a particular substance more than 3 times in the last year. 

This yes/no style question afforded us the ability to determine participant 

eligibility without inquiring about specific information regarding illicit substance 

use behavior. This modification of the SDS was approved by the Auburn 

University IRB.  

i. Alcohol Dependence Scale (Doyle & Donovan, 2009) – This 25 question 

scale was used to characterize respondent’s alcohol consumption. The ADS 

assesses signs of alcohol use disorder as well as measures the extent to 

which a respondent is dependent on alcohol. The scale consists of a series of 

yes/no and 3-point Likert scale (1 = “no”, 2 = “sometimes”, 3 = “almost every 
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time I drink”) questions regarding alcohol use behavior. Scores >13 indicate 

intermediate alcohol dependence.  

j. Nicotine Dependence Scale for Adolescents (Nonnemaker et al., 2004) – This 

6-item scale is used to assess the extent to which respondents are dependent 

on nicotine. I modified this scale to include vaporizer/e-cigarette use, as the 

original scale did not include them. The NDSA uses a series of Likert-type 

questions to determine frequency and duration of nicotine use. Scores >6 

indicate moderate nicotine dependence.  

Timepoint 2. Individuals who met inclusion criteria, as determined by their responses to 

Timepoint 1 questionnaires, were invited via email to participate in a neuroimaging 

session (please see Appendix A). Neuroimaging data collection was carried out on the 

Siemens 7T MAGNETOM at the Auburn University MRI Research Center. The scanner 

was outfitted with a 32-channel head coil provided by Nova Medical (Wilmington, MA). 

The fMRS procedure is detailed below. In brief, in-scanner pain testing involved an MR-

compatible pressure-based pain apparatus. Pain ratings were collected via a numeric 

rating scale, and answered via an MR-compatible device. The rating scale ranges from 

0-10, such that 0 indicates “no pain” and 10 indicates “most pain possible.” A post-

experiment questionnaire and a shortened St. Mary’s Hospital Sleep Questionnaire 

(SMHSQ) (Ellis et al., 1981) to assess sleep the previous night was administered, as 

sleep quality has been shown to impact neuroimaging outcomes (Chee & Chuah, 2008; 

Ma et al., 2015). As a quality assurance measure, we performed outlier analysis on 

SMHSQ data to determine if any participants reported poor or no sleep the night prior to 

Timepoint 2. No outliers were identified in the SMHSQ data, thus we determined sleep 
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patterns did not impact our fMRS outcomes. Please see Appendix C for a full list of 

materials used in Timepoint 2.  

Procedure 

Scanner Preparation 

 Upon arrival at the Auburn University MRI Research Center, participants 

completed the MRI Pre-Screen Entry Form and written, informed consent form was 

obtained (Appendix C). Once participants consented to the study procedures, they 

changed into surgical scrubs, were weighed (a common safety practice in MR studies 

related to the Specific Absorption Rate (SAR) of radio frequencies (Baker et al., 2004)), 

and swept for metal using a hand-held metal detector. Participants laid on the scanner 

table and were given earplugs that function as speakers through which verbal task 

instructions were delivered, an MR-compatible mouse which was used to provide 

subjective pain ratings, and a squeeze ball which was used in the event of an 

emergency if the participant needed to talk to the investigator immediately at any point 

during data collection. Once all other scanner preparation steps had been completed, 

the pain device (described below) was fastened to participants’ non-dominant hand at 

which point researchers proceeded with several practice pain trials (described below) to 

determine each participants’ individual pressure levels to be used during the task.  

Pain Stimulation 

During fMRS data acquisition, we asked participants to undergo pain stimulation 

across three conditions (no pain, low pain, and moderate pain) using an MR-compatible, 

pressure-based pain apparatus. This apparatus has been validated and used in other 

Auburn University research (Davis et al., 2016; Yanes, 2020) (Figure 1). The apparatus 
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was fastened to participants’ non-dominant hand as part of the scanner preparation 

procedure prior to entering the scanner. The pressures to be used for each participants’ 

pain conditions were determined via several ‘practice’ trials. Practice trials involved 

delivering increasing pressure to the apparatus until the participant indicated the pain 

was too uncomfortable to continue, at which point the device was deflated immediately. 

This process was performed three times to calculate an average maximum pain 

tolerance. The pressure amount for ‘low’ and ‘moderate’ pain conditions was calculated 

as 33% and 66% of each participant’s maximum pain tolerance, respectively. These 

values are based on previous research using the same apparatus in similar conditions 

(Yanes, 2020). For example, if a participant’s pain tolerance was measured to be 100 

mm/Hg, their low and moderate pain pressure amounts would be 33 mm/Hg and 66 

mm/Hg respectively (note: all participants ‘baseline’ conditions were 0 mm/Hg). At any 

time during the actual fMRS experiment, if participants indicated that the pain had 

become “too uncomfortable to continue” via the squeeze ball, we relieved pressure 

immediately. Additionally, any participant whose pain tolerance exceeded the maximum 

pressure of the device would have been considered an outlier and excluded from fMRS 

data collection. No participant enrolled in the study exceeded this limit or stopped data 

collection early due to discomfort caused by the pain device.  
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Figure 1. Picture of the pain apparatus. The pain apparatus consists of a standard blood pressure cuff 
surrounding a small plastic disc with a small point that fits between participants’ first and second fingers. 

fMRS Data Collection 

To characterize pain-related metabolite levels, we collected fMRS data during 

scanning blocks consisting of pseudo-randomized trials (Figure 2). These trials 

corresponded to three separate pain conditions: ‘no pain’, ‘low pain’, and ‘moderate 

pain.’ There was also a baseline fMRS scan prior to the pain task that consisted of 260 

seconds of data collection at rest with no stimulation. Data from this scan was used for 

participants’ baseline metabolite levels in statistical analysis (i.e., their ‘no pain’ 
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condition). Scanning during the pain task blocks consisted of 15 40-second trials for a 

total duration of approximately ten minutes (600 seconds). Each trial was divided further 

into four 10-second phases (Figure 3). The trials consisted of the following phases:  1) 

the ‘ramp up’ phase (pressure increased to target level), 2) the ‘pain’ phase (pressure 

persisted at target level), 3) the ‘off ramp’ phase (pressure decreased to 0), 4) and the 

‘eval’ phase (participants gave subjective pain ratings). The trial order was 

predetermined such that an equal number of trials of each pain condition were 

interspersed among the total number of trials. Trials proceeded in the following order in 

repetition for all participants: (1) high pain, (2) no pain, and (3) low pain. Inclusion of the 

‘off-ramp’ and ‘eval’ phases, as well as ‘no pain’ trials, allowed participants to recover 

from painful stimulation. During the evaluation (‘eval’) phase, participants completed 

subjective pain ratings (0 = “no pain”; 10 = “most pain possible”) regarding the previous 

trial. We collected fMRS data from one voxel (40 × 25 × 15 mm), centered around the 

dACC, using a standard STEAM sequence (TR/TE = 10000/5 ms) consisting of three 

slice-selective 90° pulses (Zhu & Barker, 2011) (Figure 3).  We also acquired structural 

images to aid in fMRS voxel placement (MPRAGE, TR/TE = 2200/2.96ms, flip angle = 

7°, GRAPPA acceleration factor = 2, FOV = 224 × 224 mm, base/phase resolution = 

384/100%, voxel size = 0.7 mm3 isotropic resolution, slices = 256, sagittal acquisition). 

Following shimming with FASTESTMAP (fast, automatic shim technique using echo-

planar signal readout for mapping along projections) to enhance magnetic field 

homogeneity, we acquired single spectra continuously every 10 seconds across trials.  

Of note, this project also used a similar task design to collect fMRS data in the 

primary somatosensory cortex (SI) for the purposes of an exploratory assessment. This 



  

29 
 

sequence used a 20 × 20 × 20 mm voxel centered around the right SI contralateral to 

the nondominant hand on which the pain apparatus was placed (Figure 4). Precise 

voxel placement was determined via comparison to similar previous research 

(Bhattacharyya et al., 2011) as well as known organization of human sensory and motor 

areas. This task did not include low pain trials, only moderate pain and baseline due to 

the exploratory nature and time constraints. Aside from voxel size and placement, the 

fMRS sequence details were the same as those detailed above for the dACC.  

 

 

Figure 2. FMRS pain trial. Trial structure is the same in low, moderate, and no pain conditions. 
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Figure 3. Anatomically informed dACC fMRS voxel placement and LCModel sample spectrum. 
Participant-level high-resolution structural images were used to guide placement of the 40 × 25 
× 15 mm voxel around the bilateral dACC.   
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Figure 4. Anatomically informed SI fMRS voxel placement and LCModel sample spectrum. 
Participant-level high-resolution structural images were used to guide placement of the 20 × 20 
× 20 mm voxel in the right SI contralateral to participants’ nondominant hands.   
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Analytic Plan 

 Below, I outline the analytic plan for my hypotheses: 

Hypothesis 1 (1A-C): To test whether dACC glutamate levels increased with respect to 

pain levels, I conducted a repeated-measures, within-subjects ANOVA with pain level 

as the within-subjects variable of interest. Including pain condition as a three-level factor 

produced three estimates: (1) mean glutamate level under ‘baseline’ conditions, (2) 

change from ‘baseline’ to ‘low pain’, and (3) change from ‘baseline’ to ‘moderate pain.’ 

Outliers were defined as any data point which fell outside the upper and lower bounds 

created by multiplying the interquartile range (IQR) of the dataset by a step value of 1.5. 

No outliers were identified using this method.  

Hypothesis 2: To test whether subjective pain ratings were predictive of changes in 

dACC glutamate levels, I performed a simple linear regression to evaluate the 

relationship between ratings of pain stimuli (predictor variable) and dACC glutamate 

levels (outcome variable).   

fMRS Data Preprocessing  

FMRS data was processed using LCModel software (version 6.3-1R), a program 

used to quantify proton MR spectra in vivo (Provencher, 2001). LCModel estimates 

observed spectra based on known values, either from simulations or from aqueous 

metabolite solutions (i.e., phantom solutions with known metabolite levels) (Provencher, 

1993). These ‘model’ spectra form basis sets within LCModel. Our study utilized an 

existing basis set from Meredith Reid at the Auburn University MRI Research Center 

related to metabolites detectable via proton 1H MR Spectroscopy (Reid et al., 2022). 
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These metabolites include, but are not limited to, aspartate, creatine, GABA, glucose, 

glutamine, glutamate, lactate, N-acetyl aspartate (NAA), phosphocholine, taurine, and 

glycine. The water-suppressed spectra were eddy current-corrected and quantified 

using the unsuppressed water signal. Cramer-Rao lower bounds (CRLB) were used as 

a measure of fit. All glutamate data fell below CRLB = 20 , a commonly accepted 

threshold for spectral quality (Robinson et al., 2021) (see Table 2 for a full summary of 

MRS quality measures). Prior to metabolite quantitation, spectra were averaged over 

several trials and across conditions such that individual spectra corresponding to each 

participants’ baseline, low, and moderate pain trials were averaged into a single value 

for each condition (i.e., participants had one mean value for baseline, low, and 

moderate pain-related glutamate). Following metabolite quantitation, these data were 

then analyzed via repeated-measures within-subjects ANOVA. Neurometabolite data 

are presented as institutional units (IU). 

Results 

Participants 

 During recruitment (Timepoint 1), 359 respondents completed the online pre-

screen materials. Of those, 17 participants were enrolled in Timepoint 2 of the study. 

One participant did not complete data collection due to discomfort inside the scanner, 

another participant’s data was excluded due to a technical issue related to task timing 

within the experimental software, and one participant’s subjective pain ratings could 

not be recorded due to a technical issue with the MR-friendly computer mouse. Thus, 

the final analyses included 15 healthy participants (mean age = 23.6 ±0.68 (M ± SD); 

15 White (0 Hispanic/Latino)) for the Hypothesis 1 ANOVA and 14 for the Hypothesis 
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2 regression. Challenges associated with the novelty of the exploratory somatosensory 

cortex (SI) voxel resulted in an additional participant’s data being unusable due to poor 

signal-to-noise ratio. Thus, the SI-related analyses represent a sample size of N = 14 

(see Table 1 for a complete demographic summary).   

 

Sample Characteristics Column1 
n 15 

Women (%Women) 15 (100%) 
Age (years) 23.6 ± 0.68 
% Race (A/B/H/I/W) (0/0/0/0/100) 
% Hispanic  0 
% Left Handed 0 
Health  

WEWBS 54.47 ± 5.07 
PSS 13.47 ± 5.11 
GAD-7 4.67 ± 5.18 
PHQ-9 4.67 ± 3.18 
PQB 1.13 ± 1.6 

Pain 54.47 ± 5.12 
GCPS 0 
NPS 0 

Substance Use  
SDS - Amphetamines 0 
SDS - Cannabis 0 
SDS - Cocaine 0 
SDS - Opiods 0 
SDS - Stimulants 0 
ADS 4.53 ± 3.85 
NDSA 0 

Experimental Pain  
Tolerance (mmHg) 192.1 ± 76.98 
Low (mm/Hg) 63.39 ± 25.4 
Moderate (mm/Hg) 126.78 ± 750.8 

Table 1. Demographic information. All data are presented as M ± SD. Race and ethnicity data 
are Native American/Black/Asian/Hispanic or Latino/White. Health scales: Warwick-Edinburgh 
Well-Being Scale, Perceived Stress Scale, Generalized Anxiety Disorder 7, Patient Health 
Questionnaire 9, Prodromal Questionnaire Brief Version. Pain scales: Graded Chronic Pain 
Scale and Neuropathic Pain Scale. Substance use scales are Severity of Dependence Scale, 



  

35 
 

Alcohol Dependence Scale, and Nicotine Dependence Scale for Adolescents. Pain data: 
mmHg, millimeters of mercury.  

MRS Quality Measures   
ACC Variables   

SNR   
Baseline 54.87 ± 10.85 
Low Pain 37.53 ± 9.06 
Moderate Pain 35.4 ± 12.54 

CRLB   
Baseline 1.8 ± 0.41 
Low Pain 2 ± 0.0 
Moderate Pain 2 ± 0.0 

FWHM   
Baseline 0.03 ± 0.006 
Low Pain 0.031 ± 0.008 
Moderate Pain 0.031 ± 0.007 

   
SI Variables   

SNR   
Baseline 20.92 ± 3.82 
Moderate Pain 23.17 ± 4.3 

CRLB   
Baseline 3.58 ± 0.67 
Moderate Pain 3.33 ± 0.49 

FWHM   
Baseline 0.035 ± 0.011 
Moderate Pain 0.034 ± 0.006 

Table 2. MRS quality measures for anterior cingulate and somatosensory cortex voxels. 
Variables are signal-to-noise ratio, Cramer-Rao lower bound, and full-width at half-maximum. 
All data are presented as M ± SD.  
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Glutamate (Hypothesis 1) 

A repeated-measures ANOVA was conducted with glutamate levels at each 

condition as the within-subjects factor. There was a significant effect of condition (F(2, 

28) = 6.53, p = 0.005, partial η2 = 0.318; Glubaseline = 11.06 ± 0.68, Glulow = 11.51 ± 

0.90, and Glumoderate = 11.57 ± 0.89 (all values M ± SD; Figure 5). Post-hoc pairwise 

comparisons with Bonferroni correction for multiple comparisons revealed glutamate 

concentrations to be significantly higher under moderate pain conditions compared to 

baseline (t(14) = 3.06, pBonferroni = 0.026). There was no significant difference between 

baseline and low-pain glutamate (t(14) = 2.23, pBonferroni = 0.128). Additionally, there was 

no significant difference between low- and moderate-pain glutamate (t(14) = 1.17, 

pBonferroni = 0.784). These changes in glutamate represent a 3.6% increase from 

baseline to low pain, a 4.6% increase from baseline to moderate pain, and a 0.9% 

increase from low to moderate pain. 

Subjective Pain Rating Regression (Hypothesis 2) 

 Participants provided subjective pain ratings during the task for each pain 

stimulus at the end of every trial. These pain ratings were measured on a 1-10 scale 

such that 1 = ‘no pain’ and 10 = ‘most pain possible.’ Mean subjective pain ratings 

were Painbaseline = 1.40 ± 0.19, Painlow = 4.15 ± 0.41, and Painmoderate = 6.97 ± 0.45. A 

simple linear regression was run to predict dACC glutamate concentrations based on 

subjective pain ratings, however this was not significant (F(1,40) = 0.179, p = 0.675; R2 

= 0.0045) (Figure 6).  
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Figure 5. Mean dACC glutamate concentrations by pain condition. Error bars represent 
standard error. * = significant at pBonferroni < 0.05. IU = Institutional Units. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 

Figure 6. Subjective pain ratings regressed onto dACC glutamate concentration. F(1,40) = 
0.179, p = 0.675; R2 = 0.0045. 
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Exploratory Analyses 

A two-tailed paired samples t-test was run to assess the impact of acute pain on 

S1 glutamate levels. Statistical analysis did not reveal a significant difference between 

moderate pain glutamate and no pain glutamate levels (t(13) = 1.50, p = 0.158, d = 

0.401) (S1-Glubaseline = 9.90 ± 1.48 and S1-Glumoderate = 10.35 ± 1.47 (Figure 7). This 

represents a 4.3% increase from baseline to moderate pain. 

 Subjective pain ratings were also collected and compared to S1 glutamate 

concentrations following acute pain administration. Descriptive analyses revealed 

mean subjective pain ratings to be S1-Painbaseline = 1.42 ± 0.09 and S1-Painmoderate = 

6.80 ± 0.26. We ran a linear regression to determine if S1 glutamate concentrations 

predicted subjective pain ratings. The regression model did not reach statistical 

significance (F(1,26) = 0.441, p = 0.513) with an R2 = 0.0167 (Figure 8).   
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Figure 7. Mean SI glutamate concentrations by pain condition. Error bars represent standard 
error.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Subjective pain ratings regressed onto SI glutamate concentration. (F(1,26) = 0.179, 
p = 0.675; R2 = 0.0045). 
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Discussion 

To further our understanding of the pain processing systems within the brain, 

the current study used 7T fMRS to characterize the underlying neurometabolite 

systems of the dACC in response to acute pain. Specifically, we designed a pressure-

based pain task to assess the impact of varying intensities of nociceptive stimulation 

on dACC glutamate. Our findings indicate that moderate levels of acute, pressure-

based pain appear to increase glutamate concentration. In support of Hypothesis 1(b), 

a one-way repeated measures ANOVA indicated a strong effect of pain condition on 

subsequent glutamate concentration such that moderate levels of pain resulted in 

significantly higher levels of glutamate compared to baseline. Conversely, we did not 

find evidence that low levels of pain resulted in increased glutamate relative to 

baseline. Further, moderate and low levels of pain were not different in their effects on 

dACC glutamate. Thus, Hypotheses 1(a) and 1(c) were not supported. The current 

study also sought to assess the degree to which subjective pain ratings were predictive 

of changes in dACC glutamate. This was accomplished through a simple linear model 

which regressed glutamate concentration onto subjective pain rating which indicated 

that pain ratings were not predictive of changes in glutamate. Thus, we did not find 

support for Hypothesis 2. 

The Relationship Between Glutamate and Pain 

 Our findings indicate that acute pain can produce meaningful increases in dACC 

glutamate. This is consistent with previous MRS research in neuronal pain processing 

according to a recent systematic review by Archibald (2020). Results from this review 

of fMRS studies suggest that the ACC is one of several brain regions in which acute 
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pain produces elevated glutamate-related metabolites (i.e., glutamate, glutamine, and 

glutamate + glutamine (Glx)) (Archibald, 2020). Relevant to the present study, Mullins 

et al. (2005) and Cleve et al. (2015) observed a 9% increase in dACC glutamate and a 

22% increase in dACC Glx, respectively, when administering thermal pain. Of note, Glx 

represents a combination of the glutamate and glutamine signals detected via 

neurometabolite quantitation. Due to the difficulty of distinguishing between these two 

signals at lower field strengths (Ford & Crewther, 2016), some researchers simply 

report the combined Glx signal. Given that there is modest evidence that glutamate is 

the primary contributor to this signal (Ford & Crewther, 2016), researchers often opt to 

interpret it as glutamate. Interestingly, these researchers demonstrated greater pain-

related glutamate increases than what was observed in our own data. Although the 

methodologies of the current and aforementioned studies were similar, they were not 

identical. Special note should be made of the differences in pain modalities (i.e., 

thermal vs. pressure pain) and administration (i.e., sustained vs transient stimulation), 

as these represent important differences in experimental design. Thus, direct 

comparisons of findings across studies must be made cautiously. Overall, our 

observations are in line with neuronal pain processing literature and demonstrate that 

current models for experimental pain-related modulation of glutamate hold true in 

on/off-style stimulation task designs measured at 7T field strength. 

 The relationship between nociception and glutamate has long been 

documented. Pain-related increases in glutamatergic neurotransmission have been 

reported as early as 1992 (Dougherty et al., 1992). This glutamatergic signaling occurs 

rapidly within the central nervous system’s ascending nociceptive pathway, originating 
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from sensory neurons in the spinal cord and spreading to multiple nodes within the 

CNS including the thalamus and sensory cortices (Bleakman et al., 2006). Results 

from a systematic review suggest strengthened glutamate neurotransmission by both 

ionotropic (iGluRs) and metabotropic (mGluRs) glutamate receptors appears to be the 

driving mechanism behind the glutamatergic response to pain (Pereira & Goudet, 

2019). While iGluRs seem to play a fast and facilitative role in overall 

neurotransmission and are expressed both pre- and postsynaptically, mGluRs, 

primarily subtypes II & III, are involved in the slow neuromodulatory response to 

glutamate and are predominantly expressed on presynaptic terminals (Mazzitelli et al., 

2018). Agonists of these mGluRs subtypes throughout the pain neuraxis have been 

shown to produce analgesic effects (Chiechio & Nicoletti, 2012). In response to acute 

pain, these changes occur transiently (Bleakman et al., 2006). Conversely, these 

changes in relation to chronic pain occur slowly and with greater longevity due to 

upregulation of glutamate receptors in a process called central sensitization (Huang et 

al., 2006). Taken together, these findings explain our observation of acute pain-related 

modulation of dACC glutamate as it has been shown to play an active role in the 

brain’s pain network (Cottam et al., 2016b; Navratilova, Atcherley, et al., 2015a), and is 

therefore likely involved in this elevated glutamatergic neurotransmission within the 

pain neuraxis.  

ACC Task Engagement 

Interestingly, the current study did not detect meaningful changes in dACC 

glutamate among the different pain conditions within the task (i.e., no-, low-, and 

moderate pain. Not to be confused with the baseline data in the statistical analysis of 
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Hypothesis 1). While we cannot be certain of the mechanism(s) that underly this 

observation, previous research on ACC pain processing and general task engagement 

may offer some insight. The current literature on neuronal pain processing suggests 

that the ACC is involved in several aspects of pain. Namely, the dACC appears to be 

heavily involved in affective and cognitive components of pain such as empathy, 

emotion, and aversion (Bush et al., 2000b; Devinsky et al., 1995b; Wiech & Tracey, 

2009). These trends in pain-related ACC research were summarized and supported in 

a recent systematic review by Xiao & Zhang (2018). Among the central conclusions 

made by this review were (i) that the ACC is involved in both noxious and affective pain 

processing and (ii) the ACC is specifically involved in processing pain-related negative 

emotions (Xiao & Zhang, 2018). Thus, the specialized role in higher-order aspects of 

pain highlighted by these studies, coupled with the more generalized role in 

physiological pain processing, suggest an acute pain response behavior that is not 

driven purely by nociception.  

To further this line of reasoning, modulation of ACC neurometabolite systems 

outside the world of pain research may be considered. Although task-based 

modulation of neurometabolites (i.e., fMRS) in this region is seldom reported, there is 

limited evidence of elevated glutamate concentrations in several non-pain related 

paradigms. For instance, (Taylor et al., 2015) observed significantly higher glutamate 

levels during a Stroop task among their healthy control group while investigating 

potential differences in ACC neurometabolites among participants with schizophrenia 

and major depressive disorder. Furthermore, (Kühn et al., 2016) also observed 

increases in glutamate among healthy controls during their own Stroop task, 
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suggesting the ACC is engaged during interference-based cognitive control tasks. 

Additionally, elevated glutamate levels have been reported during working memory 

paradigms. In a recent study to assess neurochemical differences between patients 

with schizophrenia and bipolar affective disorder, Jelen et al. (2019) observed 

significantly elevated glutamate and Glx levels during an N-back task among healthy 

controls. Taken together, these findings indicate that multiple behaviors other than the 

physiological response to pain are driving ACC activity during the task, suggesting an 

overall degree of general task engagement regardless of paradigm. This would 

explain, at least in part, why we observed elevated glutamate concentrations 

throughout the task, not just during pain-on conditions. This also explains the lack of 

support for Hypothesis 2. Despite the clear differences in pain ratings for the varying 

device pressures used throughout the task, these differences lacked explanatory 

power over subsequent glutamate levels, as these levels were consistently elevated 

throughout the task. It should also be noted that our sample size was relatively small. 

Although the within-subject design likely offset some of the power concerns associated 

with similar sized samples in between-subjects designs, additional participants would 

have ideally been recruited. Thus, general task engagement by the ACC and small 

sample size should both be considered when postulating explanations of the findings 

from the current study. 

Exploratory Analyses 

 Our findings indicate that moderate levels of acute pain did not elicit meaningful 

changes in SI glutamate. Interestingly, I was unable to identify any published MRS 

studies which reported changes in SI glutamate in response to acute pain, and only 
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one study that reported glutamate changes in chronic pain (Sharma et al., 2011). On 

the other hand, more research has been published using fMRI to assess SI blood-

oxygen-level-dependent (BOLD) changes in response to acute pain (Burns et al., 

2016). Indeed, several studies have reported increased SI activation in response to 

experimental muscle pain both bilaterally (Nash et al., 2010a, 2010b; Niddam et al., 

2002) and contralaterally (Henderson et al., 2006; Macefield et al., 2007; Takahashi et 

al., 2011). Additionally, and particularly relevant to the current study, Loggia et al. 

(2002) reported an increased contralateral BOLD response to mechanically induced 

acute pain. These findings, in tandem with reports of correlated excitatory-

neurochemical and BOLD responses in SI as well as other cortical areas in non-pain 

research (Ip et al., 2019; Kiemes et al., 2021; Moon et al., 2021) may point toward an 

elevated glutamatergic response in SI following acute pain. If such a relationship does 

exist, it is possible that the current study was underpowered to detect it given the small 

sample size, and the study design which did not include a true baseline scan for the SI 

voxel prior to pain administration. We elected not to include such a baseline scan as 

true baseline conditions could not be achieved given that participants had already 

been exposed to the pain stimulus. Further, inclusion of this true SI baseline scan 

would have created unnecessary complications to the protocol due to the required 

scan order (i.e., (1) dACC baseline, (2) SI baseline, (3) dACC pain task, (4) SI pain 

task). The highlighted methodological differences between the present and 

aforementioned studies mean that any comparisons drawn between the two should be 

considered indirect. Therefore, any resultant interpretations and/or conclusions should 

be made cautiously.  
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Limitations & Future Directions 

Results from the current study should be considered with respect to several 

methodological limitations. First, this study was likely underpowered based on the a 

priori power analysis. Initial estimates suggested that a sample size of N = 31 would be 

ideal to find a medium effect of pain on glutamate, if such an effect existed. While a 

sample size of N = 15 was sufficient to find a meaningful difference between moderate 

pain and baseline, it is possible that it was insufficient to detect extant differences 

between baseline to low pain, and low pain to moderate pain, in support of hypotheses 

1(b) and 1(c) respectively. Future work attempting to replicate the present findings 

should focus on recruiting larger samples. Second, participants in the current study 

represent a convenience sample. Given the overrepresentation of white, secondary 

education students aged 19-27, our sample was not demographically representative of 

the general population. Future work should focus on recruiting more diverse samples 

to bolster generalizability. Third, and related to the previous point, the current sample 

consisted entirely of female participants that reported no biological sex or gender 

transitions. Due to reports from previous research of differences among genders in 

pain perception, a homogenous sample with regard to sex and gender was recruited to 

minimize variability. Future work may consider recruiting a more heterogeneous 

sample to examine sex-based differences and further increase generalizability. This 

would also help mitigate limitation one with regard to small sample size. Fourth, the 

current study employed a ‘clean sample’ recruiting strategy such that all participants 

enrolled in the study fell below threshold scores across mental health status. As this 

severely limited enrollment in the study (only 7.3% enrollment rate of screened female 
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applicants), and was likely a further detriment to generalizability, future work may 

consider allowing for select mental health diagnoses. One final future direction 

proposed by researchers from the current study would be to implement a multimodal 

acute pain design. This would allow for direct and systematic assessment of 

differences between acute pain modalities. 

Conclusions 

These data advance our understanding of the underlying neurobiological 

mechanisms that support normative acute pain processing in the female human brain. 

Specifically, we found support for elevated glutamate levels elicited by acute, pressure-

based pain. Further, this phenomenon was characterized for the first time using a 

transient on/off stimulation design under ultra-high field strength (i.e., 7T). The present 

work adds to a growing corpus of literature utilizing the strengths of MRS and fMRS to 

investigate nociceptive processing in the human brain. By advancing our 

understanding of how neurometabolites respond to acute pain, the data produced by 

this study may contribute to the development of novel therapies for chronic pain, which 

remains a ubiquitous issue around the world.  
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Appendix B – Timepoint 1 Pre-Screen Survey 
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