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Standard analgesic treatments aim to achieve states of no pain or minimal pain 

variability. These agents often display marginal success in relieving chronic pain and 

may result in maladaptive neurophysiological changes. Evidence suggests that 

repeated exposure to painful stimuli results in increased pain modulation via 

engagement of anti-nociceptive brain regions. It was hypothesized that repeated 

exposure to clinically-relevant pain stimuli [delayed onset muscle soreness (DOMS)] 

would result in increased pain resilience via decreased pain sensitivity and functional 

neuroplasticity underlying greater pain modulatory capacity (PMC). A mixed between- 

within-subjects design was used to identify neuroplasticity following repeated DOMS of 

the biceps muscles. 23 healthy subjects (mean age=32.52, SD=17.11; 17 female) 

completed baseline and follow up resting-state fMRI and quantitative sensory testing 

(QST) visits 40 days apart. Subjects were randomized to two groups: A Repeated 

DOMS Group (RD Group) that received four, weekly DOMS inductions and a Control 

Group that received one induction at baseline. Daily pain ratings were collected for 

seven days post-induction, and quantitative sensory testing (QST) metrics were 
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collected at baseline and follow up. fMRI data were preprocessed with SPM12. Using 

the CONN toolbox, regional functional connectivity (FC) was estimated among areas 

involved pain modulation including the nucleus accumbens (NAc) and medial prefrontal 

cortex (mPFC). Seed-to-whole-brain FC was estimated among areas involved in anti-

nociception and sensory processing, the subgenual anterior cingulate cortex (sgACC) 

and sensorimotor network (SMN), respectively. Changes in FC were compared between 

groups. The RD Group displayed significant reductions in post-DOMS pain ratings and 

significant changes were observed in thermal QST measures. Significant group-by-time 

interactions were observed in NAc-mPFC functional connectivity (p = 0.03), and in SMN 

connectivity with the dorsomedial, ventromedial, and rostromedial prefrontal cortices 

(pheight<0.001 uncorrected, pcluster<0.05 FDR), suggestive of greater neural adaptation in 

the RD Group. Changes in SMN-PFC connectivity correlated with reductions in post-

DOMS depression, anger, anxiety, and fear. Results suggest that repeated exposure to 

clinically-relevant pain stimuli results in substantial functional, neural adaptations among 

brain regions involved in pain modulation. Repeated exposure to clinically-relevant pain 

may serve as a mechanism to increase PMC via inhibition of emotional valuation of 

painful stimuli. 
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CHAPTER 1 

INTRODUCTION 

Chronic pain is a significant public health concern in the U.S., affecting 100 

million Americans and resulting in annual expenditures of over $600 billion per year 

from lost productivity and healthcare costs [38]. Standard analgesic treatments result in 

avoidance of the experience of pain via inhibition of inflammatory factors or modulation 

of opioid-dependent signaling. That is, the assumed goal of many existing treatments is 

to achieve a state of no pain or minimal pain fluctuation. While existing analgesic agents 

are successful in certain cases (e.g. acute pain), these agents typically display limited 

utility and success rates of only 30-40% [19] in chronic pain, or pain that persists for 

greater than three to six months [95]. Significant evidence to suggests that both short- 

and long-term exposure to exogenous opioids may impair endogenous pain modulatory 

functioning [73] and that these impairments may persist following opioid discontinuation. 

For example, exogenous opioids are known to produce a progressive lack of response 

to opioid agents, hypersensitivity to painful stimuli [51], and both peripheral and central 

nervous system inflammation [73]. Exposure to exogenous opioids may produce long-

term pro-nociceptive activation, leading to a state of “latent pain sensitization,” and 

greater potential for pain chronicity [73]. This evidence suggests that attempts to 

achieve a pain-free state through exogenous agents paradoxically increases pain 

vulnerability. In light of this, it is proposed that attempts to eliminate pain experiences or 

reduce pain variability contribute to diminished endogenous capacity to modulate pain 

by limiting opportunities for natural pain modulatory adaptation. Efforts to increase 

endogenous pain modulatory capacity (PMC), thereby fostering resilience to 

subsequent pain episodes, may provide insights for novel intervention development. 
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Resilience and Pain 

The study of resilience offers important concepts in understanding adaptation to 

pain episodes. Resilience encompasses phenomenological qualities displayed by 

resilient individuals, the processes involved in achieving adaptive outcomes, and 

motivational factors related to the pursuit of meaning or purpose [71]. As such, a 

distinction exists between resilience resources, trait-like personality factors that promote 

resilient coping, and resilience mechanisms, cognitive, affective or behavioral processes 

that mediate outcomes after stress [91]. The outcomes achieved by resilience process 

are contextually dependent and may include recovery and return to equilibrium, 

maintenance of meaningful or valued pursuits despite stressor presence, reintegration 

or growth following stressor cessation, or capacity to respond with greater efficiency or 

effectiveness to future stressors [91]. Physiologically, resilience has been linked to 

allostasis: the physiological processes, alterations, and temporary dysfunctions 

necessary to regulate and maintain organism functioning during stress [e.g. efficient 

mobilization and termination of stress responses [76]. Conversely, vulnerability has 

been described as as an as over-generalization of stress related fear responses, which 

may be linked to avoidance behaviors, stability of trauma-related memories [33], and 

physical and emotional dysfunction [27]. Though resilience and vulnerability do interact, 

they do not exist on a continuum but rather operate as two unique factors influencing 

context-specific outcomes [21]. As such, although numerous psychological and 

physiological processes underlie resilience.  Motivational, cognitive and affective factors 

are particularly salient to pain resilience.  

Within the context of pain, resilience refers to factors that facilitate adaptive 

responses that may mitigate pain-related distress and or facilitate meaningful outcomes 
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in the face of pain [1]. It is notable that, depending on the degree or type of injury, only 

10-50% of individuals develop persistent pain [27]. This suggests that resilience to pain 

is the norm in ecological settings. Experimentally, many studies suggest there is a link 

between resilience processes and adaptive pain outcomes. For example, individuals 

scoring high on measures of general resilience demonstrate higher pain tolerance and 

greater habituation to painful stimuli [36,84,86]. According to the Broaden and Build 

Theory [69], the emotional complexity experienced during pain has direct implications 

on one’s ability to identify effective and efficient coping resources. As such, individuals 

who are able to maintain accurate appraisals of hedonic tone, and as a result, 

experience both positive and negative emotions during pain pain, tend to utilize more 

effective coping strategies. Additionally, catastrophizing, a cognitive process 

characterized by pain-related rumination and magnification, results in cognitive 

narrowing, which may prevent individuals from engaging in novel coping behaviors and 

may promote the maintenance of ineffective control or avoidance coping strategies 

[90,91]. Additionally, individuals who display greater levels of catastrophizing exhibit 

decreased habituation to painful stimuli [87], diminished activity in pain modulatory 

regions of the brain, and increased activity in regions of the brain involved in attention 

[81]. Conversely, positive emotion and self-efficacy may promote individuals to explore 

alternate coping strategies, seek additional resources or social support in managing 

pain. Ong, et al (2010) proposed that resilient individuals display less pain 

catastrophizing and that this relationship is mediated by the experience of positive 

emotions. Therefore, resilience to pain is related to both the range and variability of 

cognitive and affective pain-related experiences.  
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Resilience and Pain Modulatory Adaptation in the Central Nervous System 

Although numerous systems are involved in resilience processes, the 

mesocorticolimbic system may be particularly involved in adaptive pain responses [97]. 

This system, which includes regions such as the medial prefrontal cortex (mPFC), 

amygdala, nucleus accumbens (NAc), hippocampus, and ventral tegmental area (VTA), 

is involved in assigning value to the environment, encoding prediction errors for 

aversive and appetitive stimuli, and the regulation of learning and motivated behavior. 

The mPFC may be particularly involved in regulating emotional responding to pain and 

stressful events. The ventral aspect of the mPFC (vmPFC) inhibition of amygdala-

mediated fear responses may promote adaptive behavior such as identification of 

appropriate coping mechanisms [33], efficiency in responding to changing stimulus 

qualities (e.g. from innocuous to threatening [49,50], while connectivity among these 

regions may predict stress and fear responses. Alterations in vmPFC functional 

connectivity and vmPFC degeneration have been implicated in poor outcomes in 

chronic pain patients [31]. Connectivity among the NAc and mPFC may be particularly 

salient for pain modulation. The NAc, rich in opioidergic and dopaminergic pathways, is 

involved in assigning hedonic value and anticipating stimulus valence. In a study of 

thermal pain modulation, subjects were asked imagine thermal stimuli as more or less 

pain (i.e., up regulate or down regulate). The degree subjects were able to successfully 

regulate pain perceptions was mediated by connectivity among the mPFC and NAc 

[108]. In clinical settings, decreased NAc-mPFC functional connectivity was predictive of 

successful recovery following an episode of subacute back pain [10].  Animal models 

suggest that pain modulation achieved by prefrontal activation is mediated by the NAc, 

which projects to the periaqueductal gray (PAG) and brainstem, and indirectly to the 
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thalamus via the palladium and substantia nigra [52]. Therefore, interactions among 

medial cortical and limbic structures are salient to pain modulation and resilience to 

acute pain episodes. 

Given these findings and the processes subsumed in the mesocorticolimbic 

system, Vachon-Presseau, et al. (2016) conceptualized adaptive responding to pain in 

the in terms of cortical inhibition of emotional over-valuation of pain stimuli. The authors 

suggested that the near constant, normal flow of nociceptive information from the 

periphery is rarely brought to awareness due to cortical gating [97]. Injury or acutely 

painful events may surpass the threshold of normal gating and result in one of two 

primary responses: cortical suppression of pain-related limbic system activity to 

decrease emotional valuation of pain, or increased emotional valuation of pain and 

subsequent reorganization of gating circuitry. Lack of inhibitory, cognitive control results 

in emotional over-valuation of nociceptive information, such that overtime the brain 

responds to painful stimuli as an increasingly emotional experience. This is consistent 

with previous accounts of pain chronicity as a state of continuous learning with minimal 

forgetting of the emotional or motivational value of pain stimuli [5]. Resilience then 

refers to appropriate mobilization of cortical inhibition to prevent emotional over-

valuation of pain stimuli. 

Fostering Resilience and Capacity to Modulate Pain 

Challenges may be necessary to “toughen” individuals or physiological systems 

to develop resilience to future stressors [77,79].  Specifically, stress inoculation theories 

posit that previous, moderate levels of exposure to stressors promotes adaptive and 

resilient responding to future stressors [77]. In the context of pain, healthy individuals 

who experienced a moderate number of adverse life events reported lower levels of 
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catastrophizing, pain intensity, and negative affect following an experimental pain task 

[80]. Additionally, chronic pain patients who report moderate levels of previous adverse 

events experience better outcomes in terms of disability, healthcare utilization, and 

disability status [78].  Perceived control has been proposed to underlie this 

phenomenon, and differences in perceived control or pain-related self-efficacy may 

distinguish those who may or may not become sensitized to pain [92]. As such, 

interventions designed to increase resilience via graded exposure to and recovery from 

painful stimuli may be a possible vector for the development of new treatments. 

Research suggests that short-term, repeated exposure to painful stimuli results in 

increased involvement of anti-nociceptive brain regions during pain processing. In an 

investigation of pain habituation-related brain processes, Bingel and colleagues (2007) 

found and replicated (2008) that eight, daily exposures to a 20-minute thermal pain 

paradigm resulted in substantial decreases in pain ratings at follow up compared to 

baseline (i.e., successful habituation). Functional magnetic resonance imaging (fMRI) 

results displayed decreased activation in the thalamus, insula, and secondary 

somatosensory cortex (SII), regions involved in pain processing, and increased 

activation in the subgenual anterior cingulate cortex (sgACC), a region involved in 

endogenous pain modulation through opioid and other pathways. This finding suggests 

successful adaptation of the pain modulatory system to promote resilient outcomes (e.g. 

decreased disruption of normal functioning due to a painful stimulus).  In a subsequent 

study [70], habituation was not significantly diminished after opioid antagonist, 

naloxone, induction, which suggests that habituation-related pain modulation is not 

directly mediated by endogenous opioids though indirect opioid involvement is possible. 
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Individual differences in sgACC functional connectivity at rest may also be associated 

with differences in pain modulatory capacity [100]. 

Prior research confirms that habituation-related neural adaptations are evident at 

rest. Riedl, et al. (2011) assessed neural adaptation of intrinsic connectivity networks 

(ICNs) at rest following 11 days of consecutive thermal pain exposure. ICNs map 

temporally coherent, low-frequency (>0.1 Hz) signal fluctuations among functionally 

and, or anatomically connected regions of the brain at rest [22,109]. Following repeated 

pain exposure, the authors found evidence of vmPFC recruitment into the sensorimotor 

ICN (SMN), a network comprised of regions involved in the processing of sensory 

stimuli. The degree of vmPFC-SMN coherence obtained was also predictive of the 

magnitude of habituation. The authors postulated that following through habituation-

related learning, the vmPFC served an anticipatory function to modify the valuation of 

incoming pain stimuli. These studies suggest that habituation is associated with 

increased involvement of pain modulatory brain regions in pain processing. These 

results also indicate that through repeated exposure to painful stimuli, it is possible to 

increase PMC. 

Given the potential to train increased PMC in experimental settings, exposure to 

and recovery from clinically-relevant pain stimuli will likely produce more ecologically 

valid adaptation. Among chronic pain patients, musculoskeletal pain is one of the most 

common complaints [56,89], and it is one of the most common causes of activity 

limitation and medication consumption [7]. Our group has successfully developed and 

validated acute, exercise-induced, pre-clinical pain models using delayed onset muscle 

soreness (DOMS) [17,18,25,26,40]. This model induces clinically meaningful pain 
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intensity levels, self-reported, disability, and interference in most subjects. Additionally, 

with these models the mechanism and site of injury can be controlled, resulting in 

sample homogeneity that cannot be obtained with clinical populations. In this protocol, 

damage is caused to muscle fibers through the performance of eccentric (lengthening) 

actions in muscles unaccustomed to such forces, causing mechanical disruption of 

protein filaments and a secondary inflammatory response [37]. Pain, hyperalgesia, 

allodynia, weakness, and edema can result secondary to sensitization of muscle 

nociceptors following exposure to mediators of the inflammatory process [6,42]. 

Symptoms resolve naturally within several days to two weeks [23,30]. Notably, it is well-

established that in subsequent bouts of DOMS, there is a significant reduction in 

subsequent pain intensity and sensitization. Although the mechanisms for these 

changes are currently unclear [47], similar neural processes may underlie theses and 

habituation-related adaptation. Additional research is needed to determine whether 

central pain modulatory systems play a role in adaptation following repeated exposure 

to clinically-relevant pain such as DOMS. 

There is compelling evidence that treatments aimed at achieving a pain-free 

state may hamper endogenous pain modulatory mechanisms [73]. Additionally, 

individuals who have greater pain-related self-efficacy, which can be developed through 

previous instances of successful recovery from pain, display greater resilience to 

subsequent pain episodes. Experimentally, repeated exposure to painful stimuli results 

in perceptions of decreased pain intensity, potentially through functional or structural 

adaptations pain-related neural networks [15,72,94]. Therefore, repeated exposure to 

clinically-relevant pain may result in increased PMC, as evidenced by functional neural 
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adaptation and decreased pain sensitivity at sites proximal and distal to the initial injury. 

The present study sought to examine the neural correlates of adaptation following 

exposure to and recovery from multiple bouts of DOMS with the following three aims: 1) 

Assess the role of the nucleus accumbens-medial prefrontal cortex pathway in pain 

adaptation, 2) Evaluate the effects of repeated exposure to musculoskeletal pain on the 

coherence among specific pain-related brain regions and networks, and 3) Evaluate 

how negative and positive psychosocial factors influence neural adaptability after 

repeated exposure to musculoskeletal pain. It was hypothesized that following repeated 

bouts of DOMS 1) Subjects would display decreased NAc-mPFC functional 

connectivity, suggestive of increased PMC, and that individuals with less NAc-mPFC 

coherence at baseline would demonstrate greater adaptation in QST metrics, 2) 

Subjects would exhibit greater coherence among the sgACC and pain-related brain 

regions [PAG, rostroventral medulla (RVM), insula, primary somatosensory cortex (SI), 

and SII], and greater coherence among the vmPFC and SMN, and that these changes 

would correspond with changes in pain sensitivity, and 3) Individuals exhibiting greater 

self-reported resilience at baseline would exhibit greater changes in v/mPFC 

connectivity, and individuals exhibiting greater catastrophizing at baseline would exhibit 

lesser changes in sgACC functional connectivity. 
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CHAPTER 2 
METHODS 

A mixed between- within-subjects design was used to test the adaptation of 

functional brain connectivity during resting-state fMRI following repeated exposure to 

musculoskeletal pain. The present study assessed the correspondence of changes in 

resting-state connectivity with changes in measures of experimental and clinically-

relevant pain. The influence of psychosocial variables on these changes was also 

assessed.  

Participants  

Healthy subjects aged 18 and older were recruited. Potential subjects were 

excluded if they met any of the following criteria: 1) Previous participation in a 

conditioning program specific to the biceps in the past 6 months, 2) Any report of 

wrist/hand, elbow, or shoulder pain in the last 3 months, 3) Any chronic medical 

conditions that may affect pain perception (e.g., diabetes, high blood pressure, 

fibromyalgia, headaches), kidney dysfunction, muscle damage, or major psychiatric 

disorder, 4) Consumption of any drugs (e.g., alcohol, theophylline, tranquilizers, 

antidepressants) that may affect pain perception or hydration status 24 hours before 

participation in the final testing session, 5) Use of caffeine 4 or less hours before testing 

session, 6) Use of any intervention (including but not limited to medication, massage, 

and stretching) for symptoms induced by pain training for the duration of the study, 7) 

Recent illness, 8) Positive result on pre-MRI metal screening or pregnancy test because 

of contraindication for the MRI environment, and 9) Any participant with metal in the 

head, neck, or abdominal cavity. 



 

23 

Procedure 

Participants were randomized to one of two groups: 1) repeated DOMS + 

quantitative sensory testing (QST) + MRI scanning or 2) single-DOMS + QST + MRI 

scanning. Study procedures were specified for each group as follows below: 

Group 1: Participants in group 1 (Repeated DOMS; RD group) participants 

completed a total of five sessions. At the first session, participants underwent 

anatomical and functional MRI scanning, completed self-report measures, biceps 

palpation and girth measurement, quantitative sensory testing (QST), maximum 

voluntary contraction (MVC) assessment, and the DOMS-inducing protocol at their 

randomly assigned elbow flexor muscles (dominant or non-dominant). Specific 

procedures for each are outlined below. Every 7-14 days for the next 30 days, 

participants repeated the DOMS protocol on the elbow flexor muscles opposite to those 

that were exercised at the previous session for a total of four DOMS inductions. For 

example, if a participant was randomized to receive DOMS at the dominant elbow flexor 

muscles at Session 1, they then received DOMS at their non-dominant elbow flexor 

muscles at Session 2, DOMS at the dominant elbow flexor muscles at Session 3, and 

DOMS at the non-dominant elbow flexor muscles at Session 4. Therefore, both the 

dominant and non-dominant elbow flexors muscles were exercised twice during the 

course of the study. Additionally, during Session 5, participants underwent follow up 

anatomical and functional MRI scanning, and QST and MVC assessment. Participants 

completed daily pain measures that documented pain intensity and quality in the week 

following each DOMS induction. Daily measurements were acquired through the 

University of Florida (UF) Research Electronic Data Capture (REDCap) system. See 

Figure 2-1 for study design schematic. 
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Group 2: Group 2 participants (Control Group) completed a total of two sessions. 

At Session 1, participants underwent anatomical and functional MRI scanning, 

completed self-report measures, biceps palpation and girth measurement, quantitative 

sensory testing (QST), maximum voluntary contraction (MVC) assessment, and the 

DOMS-inducing protocol at their randomly assigned dominant or non-dominant elbow 

flexor muscles. During Session 2, they completed follow up assessments of anatomical 

and functional MRI, and QST and MVC assessment 40 days after the initial testing 

session (Figure 2-1). 

Isometric Strength and DOMS-Inducing Exercise Protocol 

Maximum voluntary contraction (MVC) of elbow flexion strength was tested using 

a Biodex System Isokinetic Dynamometer (Biodex Medical Systems, Shirley, NY). The 

subject was seated within the testing apparatus (Figure 2-2) with a stabilizing strap 

attached proximal to the elbow joint. The subject moved through their available range of 

motion in elbow flexion and extension. The device was then locked into place and the 

subject was instructed to build up force while holding onto the grip handle of the 

machine. Once peak effort was achieved, the subject was instructed to relax, the device 

was released and the subject returned to a neutral position. A research assistant who 

was trained in the use of the Biodex exercise equipment conducted this test and 

subsequent exercise protocol.  

To perform the dynamic fatiguing exercise bout, the subject was seated in the 

Biodex machine in order to isolate the dominant biceps muscle. The subject then 

performed the isometric strength test (described above). Following 60 seconds of rest 

after the isometric test, the subject completed through an exercise protocol consisting of 
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eccentric (elbow straightening/biceps lengthening) exercises intended to induce DOMS 

at the biceps. The Subject performed three sets of 15 repetitions at a speed of 60/60°/s. 

Isometric strength was then reassessed. RD Group participants completed this protocol 

at Sessions 1-4. Control Group participants completed this protocol only at Session 1. 

Structural and Functional MRI Scanning 

Anatomical and functional (fMRI) data were collected from each participant 

during baseline (Session 1) and follow up (RD Group Session 5 and Control Group 

Session 2). Sequentially, one high-resolution 3D anatomical MRI scan and one resting-

state fMRI scan were performed.  

Functional and structural MRI data were acquired with a research-dedicated 

whole-body Philips Achieva 3.0T scanner using a standard head 32-channel 

radiofrequency coil. High-resolution 3D anatomical images were collected using a T1-

weighted magnetization prepared rapid gradient echo (MP-RAGE) protocol (170 1mm 

axial slices; repetition time = 8.1ms, echo time = 3.7ms, flip angle = 8°, matrix = 240 × 

240mm, field of view = 240mm), and functional images were collected using a T2-

gradient echo planar imaging sequence capturing 33 contiguous axial slices of the 

whole brain parallel to the anterior commissure–posterior commissure plane (repetition 

time = 2000ms; echo time = 30ms; flip angle = 80°; 80 × 80 matrix; field of view = 240 × 

240mm; 3mm3 isotropic voxels with 0mm slice gap). 

Assessment Measures 

Self-Report Questionnaires  

All participants completed the following measures during Session 1. Measures of 

resilience- and vulnerability-related psychosocial variables were collected to determine 

the influence of these qualities on pain adaptation following repeated DOMS. 
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Demographic and Historical Information: Study participants completed a standard 

intake information form.  Demographic data collected at initial evaluation included 

gender, age, employment status, marital status, educational level, and medical history.  

The Pain Catastrophizing Scale (PCS) is a 13-item, 5-point Likert scale with 

higher scores indicating elevated levels of catastrophizing [93]. 

The Brief Resilience Scale (BRS) is a 6-item, 5-point Likert scale that assesses 

one’s ability to recover from stressful or difficult life events [85,106]. 

Clinical and Experimental Measures 

Palpation  

Palpation of the to-be exercised biceps brachii occurred in both groups prior to 

the start of QST, and occurred in the RD Group during Sessions 2-4 before the initiation 

of DOMS to confirm no lingering pain from the previous DOMS induction. 

Thermal and mechanical QST 

Thermal pain testing: Study participants completed standard psychophysical 

pain testing using a contact thermode to deliver evoked, thermal pain stimuli (Medoc 

Thermal Sensory Analyzer, TSA-2001, Ramat Yishai, Israel). The range of stimulus 

intensities to be used (40-51°C) were presented beforehand in ascending one-degree 

steps to each subject. This procedure familiarizes subjects with the stimulus range, 

tends to obviate range effects in psychophysical scaling, and helps alleviate subject 

anxiety about the upper limit of stimulus intensities. In order to standardize the scaling 

instructions and to clarify the distinction between the sensory intensity and affective 

dimensions of pain, a standardized instructional set was used for all subjects. First 

pulse response (primarily A-delta fiber mediated function) and second pain (primarily C-

fiber mediated function) were assessed. A Numerical Pain Rating Scale (NRS) was 
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used to record responses to each stimulus. The NRS consisted of a scale whose 

endpoints are designated as '0 - no pain sensation' and '100 - the most intense pain 

sensation imaginable.’  In order to standardize the scaling instructions, standard 

instructions were used for all subjects.   

Thermal pain threshold and tolerance: A continuous heat stimulus was 

delivered to the subject’s dominant and non-dominant volar forearms.  The stimulus 

started at 35°C and was increased at a rate of 0.5°C per second with subjects 

terminating the stimulus when the temperature reaches pain threshold (“When the 

sensation first transitions from heat to pain”) and tolerance (“When the sensation 

becomes so strong you want to remove it from your skin”).  The Participant rated the 

intensity of the stimulus at pain threshold and tolerance using the NRS. These 

procedures were repeated two times, and averages for threshold and tolerance were 

calculated.  

Ramp and hold: Supra-threshold responses are believed to be representative of 

A-delta fiber mediated pain sensitivity and these responses were assessed at the dorsal 

calf via a ramp and hold protocol. The ramp and hold protocol consisted of four heat 

pulses each lasting five seconds and delivered five seconds from the end of the 

preceding pulse. Baseline temperature for each heat pulse was 35° C and increased at 

a rate of 10°C per second to a randomly determined end point of 45°C, 47°C, 49°C, or 

51°C. The protocol was repeated twice and NRS ratings were recorded in response to 

these four temperatures. Average NRS ratings at each temperature were calculated. 

Temporal summation of second pain: To assess temporal summation of 

second pain (TSSP), a train of six heat pulses was applied to the glabrous skin of the 
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dominant foot.  An inter-stimulus interval of 2.5 seconds was used and the temperature 

of each heat pulse fluctuated from a baseline of 35°C to 48°C during each stimulus. 

Magnitude of TSSP was calculated as the difference between the last minus the first 

pulse. 

After-sensations: To examine thermal heat after-sensations, participants were 

asked to rate the magnitude of their pain sensation following the train of six TSSP heat 

pulses. The participant was cued to rate his or her pain every 15 seconds after the last 

stimulus in the series of pulses. Ratings were obtained for 60s. These response ratings 

are known to be primarily C-fiber mediated and associated with endogenous pain 

modulation [65,67]. Magnitude of after-sensation was calculated as the difference 

between the first minus the last pulse. 

Mechanical pressure testing: Pressure pain threshold was collected using 

mechanical pressure applied with a Wagner Digital Algometer (Wagner Instruments, 

Greenwich, CT). The tip of the dolorimeter was equipped with a rubber footplate of 1cm 

diameter. During pressure testing, force was slowly increased until the subject indicated 

that the sensation changed from pressure to pain (i.e. pain threshold). The subjects 

were asked to rate any pain with the same NRS as was described above. Pressure 

testing occurred at the previously exercised biceps muscle belly, to-be-exercised-that-

session biceps muscle belly, bilateral hands (1st dorsal interosseous muscle) and 

between the first and second toe on the dorsal aspect of bilateral feet. Thresholds and 

ratings collected from the hand and feet were entered into statistical analyses. 

Daily pain measures 

RD Group participants were asked to complete the following daily pain ratings 

beginning the day after Session 1 and continue until their participation in the study is 
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complete (Session 5). These daily pain measures were used to: 1) Evaluate the pain 

associated with DOMS following the exercise protocol, and 2) Evaluate the rate of 

recovery (pain relief) following each session of DOMS. The participant provided these 

ratings once a day at the same time, prior to bed. The following daily pain measures 

were collected electronically: 

1. Pain Experience:  Pain experience visual analog scale (PEVAS) is a series of 
seven 10cm lines. Each line was used to rate a different component DOMS pain 
experience including depression, anxiety, frustration, fear, anger, 
unpleasantness, and pain intensity. Each line is anchored at one end with ‘None’ 
or ‘Not bad at all’ and at the other with ‘Worst imaginable.’ The subject was 
asked to rate each component by placing a mark along the 10cm line [68].  

2. Pain with Movement: The participants also rated pain during elbow extension and 
elbow flexion using the same scale VAS scale.  
 
These ratings provided measures of both spontaneous pain and pain with 

movement. The peak value for each week post-DOMS on each rated variable was 

extracted and entered into subsequent analyses.  

Statistical Analyses 

Behavioral Ratings  

To assess the effects of multiple bouts of DOMS on psychophysical variables, 

separate 2 x 2 ANOVAs were conducted for each pressure and thermal sensory 

measure to evaluate changes in pain sensitivity (Estimates were averaged for those 

collected at the right and left side of the body, e.g., right and left thermal pain threshold 

temperature were averaged). Session (Baseline vs. follow up) served as the within-

subjects factor and Group (RD Group vs. Control Group) served as the between-

subjects factor. For ramp and hold data, an additional within-subjects factor, 

temperature (45°C, 47°C, 49°C, and 51°C), was included for a 2 x 2 x 4 ANOVA. 
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Difference scores were calculated (Follow up minus baseline) for use in subsequent 

correlational analyses (See below). Measures assessed are listed in Table 2-1.  

In the RD Group, paired samples t-tests were conducted to assess changes from 

baseline to follow up in peak post-DOMS daily ratings. Variables assessed included 

pain intensity, pain unpleasantness, pain with elbow extension, and pain with elbow 

flexion, anxiety, depression, anger, fear, and frustration. Difference scores were 

calculated for each measure (Follow up minus baseline) and entered subsequent 

correlational analyses (See below). 

Image Processing and Analyses 

fMRI data processing  

SPM12 (Wellcome Trust Centre for Neuroimaging, London, UK) was used to 

preprocess fMRI data. Steps of preprocessing included slice-time correction, 

realignment, coregistration of the structural image to the mean functional image, 

normalization to the standard Montreal Neurological Institute (2mm3) template, and 

spatial smoothing at 8mm3 full width at half maximum (FWHM). The Artifact Detection 

Tool (ART) toolbox (http://www.nitrc.org/projects/artifact_detect) was used to detect 

motion and signal artifacts. Time points in which the global signal exceeded +/-3 

standard deviations from the mean of the previous image, or translation exceeded 0.5 

mm, or rotation exceeded 0.02 radians from the previous image were identified as 

outliers. Outliers and rigid-body motion parameters calculated in the realignment step 

were included in denoising (See below). 

Additional processing was completed with the CONN toolbox [103], which 

performs component-based noise correction for physiological and other noise source 

reduction. Temporal filtering is commonly used to remove effects of low and high 

http://www.nitrc.org/projects/artifact_detect)
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frequency oscillations (e.g. scanner drift, head motion, heart rate, respiration rate). 

Within pain neuroimaging, several studies explored infraslow oscillations, as low as 

0.005 Hz [2,8], and identified unique aspects of pain processing. One such study 

identified regional signal variability and connectivity related to resilient pain modulatory 

system adaptation [74]. Therefore, a temporal (band-pass) filter was applied to the 

functional data, and set between 0.005 and 0.05 Hz. Removal of nonspecific variance 

was also performed with regression. Nuisance variables included: 1) The average signal 

over the lateral ventricles, 2) The average signal over the deep cerebral white matter, 3) 

The 6 parameters of translation and rotation and their first order derivative, and 4) the 

outlier data points identified with the ART toolbox. 

Functional connectivity analyses 

Connectivity analyses were performed using the CONN toolbox [103]. To further 

control for the effects of motion and signal confounds in resting-state data [63,64], 

second-level covariates of-no-interest were included to remove the effects of total 

number of outlier scans across visits, and the average value across all time points and 

dimensions of head motion and outlier parameters. Connectivity estimates were 

extracted controlling for these factors in correlational analyses. 

ROI-ROI functional connectivity: For each subject, first-level ROI-to-ROI 

analyses were performed to assess BOLD signal correlation with respect to time among 

the NAc and mPFC at baseline and follow up.  ROIs were generated as 10mm spheres 

around coordinates previously specified in studies of pain adaptation and modulation, 

NAc: 10, 12, -8; mPFC: 2, 52 [10,108]. The resulting correlation coefficients were 

converted to Z-scores using Fisher’s r-to-Z transformation for subsequent second-level 

comparisons.  
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A second-level 2x2 mixed between-within-subjects ANOVA (Between-subjects 

factors: RD group and Control Group; within-subjects factors: baseline and follow up) 

was used to identify group differences in coherence changes from baseline to follow up. 

Analyses were performed to identify a group-by-time interaction: (Between-subjects 

contrast: RD Group, Control Group [1 -1]; within-subjects contrast: Follow Up, Baseline 

[1 -1]; between source contrast: mPFC [1]; Target: NAc). It was hypothesized that a 

significant group-by-time interaction would be discovered such the RD Group would 

display significantly greater reductions in NAc-mPFC connectivity than the Control 

Group. 

Sensorimotor network group independent components analysis: Group-

level independent component analysis (ICA) was performed to assess SMN connectivity 

at baseline and follow. ICA is a data-driven statistical analysis technique that yields 

components, or distinct sources of variance that are orthogonal in time course between 

components and correlated with spontaneous fluctuations in regions within each 

component. ICA involved the following steps in accordance with the method described 

by Calhoun, et al. (2001): 1) Temporal concatenation of functional volumes across 

subject and condition, 2) Group-level dimensionality reduction via principle components 

analysis 3) Identification of spatial-independent components via the fastICA algorithm, 

and 4) Backprojection of these components to individual subjects by dual regression 

(univariate spatial regression and multivariate temporal regression). This procedure 

results in maps of regression coefficients that represent functional connectivity between 

the IC network and every whole-brain voxel. 20 unique components were identified. 
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 To assess SMN functional connectivity, the IC that best correlated with an SMN 

template across combined groups and sessions was identified. This IC was used in 

subsequent comparisons. The template of the SMN as documented by Riedl, et al. 

(2011) was used. A mask was defined using WFU PickAtlas [55], and it comprised of 

the SI, SII, and the supplementary motor area [24,88] from the AAL Atlas [96]. Subject-

level SMN ICs were entered into a second-level general linear model (GLM) to compare 

the spatial extent and coherence of the SMN between baseline and follow up across 

groups (Between-subjects contrast: RD Group, Control Group [1 -1]; within-subjects 

contrast: Follow Up, Baseline [1 -1]; between source contrast: SMN IC [1]). Analyses 

were initially restricted to a mask of the vmPFC, defined as a 10mm sphere around MNI 

coordinates 0, 42, -18 (p < 0.001, uncorrected). This region was shown to display 

greater connectivity with the SMN following repeated exposure to painful stimuli [72]. 

Whole-brain analyses were then conducted to identify additional significant clusters 

(pheight < 0.001, uncorrected; pcluster <0.05, FDR; [107]. Mean values from significant 

clusters were then extracted for subsequent correlational analyses. 

sgACC seed-to-voxel functional connectivity: First-level analyses were 

performed to assess connectivity among the sgACC and voxels of the whole brain. 

sgACC sub-regions identified in previous studies of habituation and pain modulation 

[12,15] were used, and specified as 10mm spheres around MNI coordinates 3, 36, -12, 

and -6, 30, -9. GLM was used to examine significant BOLD signal correlation with 

respect to time between ROIs and the whole brain. The resulting correlation coefficients 

were converted to Z-scores using Fisher’s r-to-Z transformation. Subject-level maps 

then were entered into a second-level GLM to compare sgACC-whole brain connectivity 
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between groups and across sessions (Between-subjects contrast: RD Group, Control 

Group [1 -1]; within-subjects contrast: Follow Up, Baseline [1 -1]; between source 

contrast (for each ROI): sgACC ROI [1]). Analyses were initially restricted to areas in 

one of two masks. The first mask consisted of areas involved in ascending pain 

processing including the thalamus, insula, SI/SII, and the anterior cingulate cortex 

(ACC). Regions identified with the Harvard-Oxford Atlas [28,35,41,54,74]. The second 

mask consisted of areas involved in anti-nociception including the PAG (6mm sphere 

around 0, -32, -10) and rostroventral medulla (RVM; 2mm sphere around 0, -34, -50; 

Rogachov et al., 2016).  Finally, whole-brain analyses conducted to identify additional 

significant clusters (pheight < 0.001, uncorrected; pcluster <0.05, FDR [107]). Mean values 

from significant clusters were then extracted for subsequent correlational analyses. 

Association among Neural And Psychophysical Adaptation 

Metrics of pain adaptation were calculated as the difference score of pressure 

and thermal QST metrics at baseline and follow up. For ramp and hold pain ratings, the 

difference in slope and intercept for each subject across stimuli temperatures (45°C, 

47°C, 49°C, and 51°C) across sessions was calculated. Change from baseline to follow 

up in RD Group, peak post-DOMS VAS ratings (e.g. maximum rating in the week 

following each DOMS induction) was calculated. Differences scores in estimates of 

NAc-mPFC connectivity, and mean values from clusters displaying significant changes 

in SMN and sgACC connectivity were calculated. Bivariate correlations between change 

in psychophysical and neural adaptation were performed (p = 0.05). It was hypothesized 

that individuals who display greater neural adaptation would also display greater 

adaptation in QST metrics. 
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Influence of Psychosocial Factors on Neural Adaptability 

Separate multiple linear regressions were conducted with BRS and PCS scores 

taken at Session 1 as predictors of each difference score from baseline to follow up for 

NAc-mPFC, and SMN and sgACC functional connectivity estimates. It was 

hypothesized that BRS scores would significantly predict change in NAc-mPFC and 

SMN connectivities, while PCS scores would significantly predict change in sgACC 

connectivity.  



 

36 

 

Session 2
• Palpation and girth 

measurement

• DOMs: Previous 
session’s non-

exercised elbow 
flexors

Session 3
• Palpation and girth 

measurement

• DOMs: Previous 
session’s non-

exercised elbow 
flexors

Session 4
• Palpation and girth 

measurement

• DOMs: Previous 
session’s non-

exercised elbow 
flexors

Session 5
• MRI Scanning
• Palpation and girth 

measurement
• QST

• MVC Assessment

Session 1
• MRI Scanning
• Self-Report 

Measures
• Palpation and girth 

measurement
• QST
• MVC Assessment

• DOMS: Dominant or 
non-dominant elbow-

flexors

RD Group

Control Group

Session 1
• MRI Scanning
• Self-Report 

Measures
• Palpation and girth 

measurement
• QST
• MVC Assessment

• DOMS: Dominant or 
non-dominant elbow-

flexors

Session 2
• MRI Scanning
• Palpation and girth 

measurement
• QST

• MVC Assessment

 
Figure 2-1. Study Design. Subjects were randomized into one of two groups (RD Group 

or Control Group) in which they completed a total of either five or two 
sessions. 
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Figure 2-2. Biodex setup for isometric strength and DOMS. 
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Table 2-1. QST Measures Assessed at Baseline and Follow Up 

Modality Measure Site of Body 

Thermal  Temperature at Threshold Volar Forearm 

 
Rating at Threshold Volar Forearm 

 
Temperature at Tolerance Volar Forearm 

 
Rating at Tolerance Volar Forearm 

 
Ramp and Hold Dorsal Calf 

 
Temporal Summation of Second Pain Foot 

 
After Sensations Foot 

Mechanical Pressure at Threshold Hand 

 
Rating at Threshold Hand 

 
Pressure at Threshold Foot 

  Rating at Threshold Foot 
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CHAPTER 3 
RESULTS 

Participant Characteristics 

23 subjects (17 female) completed the study (RD Group N = 12). The mean age 

of the sample was 32.52 (SD = 17.11). There were no significant differences in age or 

sex between groups. 17 participants identified as White/Caucasian, four as Asian, one 

as Black/African American, and one as Other Race/Multiple Races. Two identified as 

Hispanic or Latino. 

Quantitative Sensory Testing, Behavioral Ratings and Psychosocial Variables   

Descriptive statistics for QST variables are listed by group and session in Table 

3-1. Peak-post DOMS daily rating descriptive statistics are listed in Table 3-2. Separate 

2-by-2 ANOVAs were performed for each QST measure to assess changes in pain 

processing across time and between groups.  

QST Adaptation 

For rating at thermal pain threshold, results revealed a significant group-by-time 

interaction (F1,21 = 4.27, p = 0.05, 2
p = 0.17, Figure 3-1), in which the RD Group 

displayed a greater decrease in ratings at thermal pain threshold from baseline to follow 

up than that of the Control Group. For temperature at thermal pain threshold, results 

approached a significant group-by-time interaction (F1,21 = 3.94, p = 0.06, 2
p = 0.16, 

Figure 3-2), suggesting that the RD Group displayed a greater increase in the 

temperature needed to achieve thermal pain threshold than that of the Control Group. 

Analyses performed for thermal pain temperature at tolerance displayed a significant 
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effect of time (F1,21 = 5.91, p = 0.02, 2
p = 0.22). In both groups, there was a significant 

increase in temperature needed to achieve thermal pain tolerance. 

Ramp and hold data for one Control Group subject was lost to collection error. As 

a result, the following analyses were completed with data for the 22 remaining subjects. 

Analyses identified a significant main effect for time (F1,20 = 18.95, p = 0.000, 2
p = 

0.49), which indicated a significant decrease in ratings from baseline to follow up. A 

significant main effect of temperature (F3,18 = 79.71, p = 0.000, 2
p = 0.80) was also 

identified, which showed an increase in ratings to higher temperatures . These main 

effects were modified by a temperature-by-time interaction (F3,18 = 6.62, p = 0.001, 2
p = 

0.25), which indicated that greater decreases in pain ratings over time were observed 

for lower ramp and hold stimulus temperatures (Figure 3-3). The effects of group, 

group-by-time, group x temperature, and the three-way interaction did not reach 

statistical significance.  

Among the additional QST measures collected, there were no significant effects 

or group, time, or group-by-time interactions. 

Post-DOMS Daily Ratings 

Within-subjects t-tests were performed to assess changes in peak, post-DOMS 

daily ratings following the first and final DOMS inductions. Across time points, there 

were significant decreases in ratings of pain intensity (mean difference = 7.33, T11 = 

3.35, p = 0.006, d = 2.02), pain unpleasantness (mean difference = 7.50, T11 = 3.00, p = 

0.012, d = 1.81), pain with elbow flexion (mean difference = 7.42, T11 = 2.59, p = 0.025), 

and pain with elbow extension (mean difference = 14.00, T11 = 3.68, p = 0.004, d = 

1.56). No significant differences across time were found for the other daily ratings 
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collected; however, the mean differences for depression (mean difference = 5.98, T11 = 

1.88, p = 0.086, d = 1.13), anxiety (mean difference = 11.42 T11 = 2.14, p = 0.056, d = 

1.29), and fear (mean difference = 3.58 T11 = 2.07, p = 0.063, d = 1.25) approached 

statistical significance. 

For all QST and behavioral ratings, differences scores from baseline to follow up 

were extracted and entered into subsequent correlational analyses to identify 

associations with neural adaptation.  

Functional Connectivity Analyses 

NAc-mPFC Connectivity 

Region of interest (ROI)-to-ROI analyses were performed to identify differences 

in connectivity among the mPFC and NAc from baseline to follow up between groups 

(Figure 3-4). Regional time-series correlations were transformed to Z scores via the 

Fisher transformation prior to comparisons. Results revealed a significant group-by-time 

interaction (F1,19 = 5.19, p = 0.03, 2
p= 0.22), in which the RD group displayed a greater 

reduction than the Control Group in NAc-mPFC connectivity from baseline to follow up 

(Figure 3-5). Only the RD Group displayed significant adaptation among these regions.  

Sensorimotor Network Independent Components Analysis 

The component that provided the closest spatial match to the SMN template 

(Figure 3-6) was compared between time points and across groups. As discussed 

above, analyses were initially restricted to an a priori mask of the vmPFC identified by 

Riedl, et al. (2011), and then followed by whole-brain analyses to identify additional 

significant clusters. When restricted to the vmPFC mask, one voxel survived threshold. 

In subsequent, planned whole-brain analyses, this voxel was found to be part of a 

unique cluster within the vmPFC and was interpreted as part of that cluster.  
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Whole-brain results revealed significant group-by-time interactions in three 

prefrontal regions (Figure 3-7). The RD group displayed greater increases connectivity 

among the SMN and two clusters, the left dorsomedial prefrontal cortex (dmPFC; -22, 

24, 46, k = 70, F1,19 = 47.36, p = 0.000, 2
 = 0.714, Figure 3-8) and the right 

ventromedial prefrontal/medial orbitofrontal cortex (vmPFC; 6, 54, 26, k = 50, F1,19 = 

65.73, p = 0.000, 2
p = 0.77, Figure 3-9). The RD group displayed a significantly greater 

decrease in connectivity than the Control group in one cluster of the rostromedial 

prefrontal cortex (rmPFC; 6, 58, 32; k = 39, F1,19 = 39.28, p = 0.000, 2
p = 0.67, Figure 

3-10). Overall, participants who experienced repeated bouts of DOMS displayed greater 

connectivity among the SMN and the dmPFC and vmPFC, and lesser connectivity 

among the SMN and rmPFC, suggestive of novel, neural adaptation.  

sgACC Seed-to-Voxel Connectivity 

Functional connectivity was assessed among two sgACC regions of interest and 

the whole brain in both groups at baseline and follow up. Maps of sgACC connectivity 

were compared between time points and across groups to determine the effect of 

repeated bouts of DOMS. Analyses were initially restricted to two masks, one of regions 

involved in ascending pain processing [SI, SII, bilateral insula, thalamus, ACC and mid-

cingulate cortex (MCC)] and another of regions involved in anti-nociception including 

(PAG and RVM). Whole-brain analyses were then performed to identify additional 

significant clusters. Across masked and whole-brain analyses no statistically significant 

clusters were identified. 
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Association among Neural Adaptation and Quantitative Sensory Testing  

Bivariate correlations were performed to assess associations among neural and 

psychophysical adaptation.  Given that some metrics displayed significant effect across 

groups (ramp and hold, and temperature at thermal pain tolerance) and others 

displayed significant group-x-time interactions (rating at thermal pain threshold, and 

connectivity estimates), correlational analyses were performed separately for each 

group (Tables 3-3 and 3-4). As literature suggests baseline NAc-mPFC connectivity 

may be predictive of adaptation to pain episodes [10], baseline NAc-mPFC connectivity 

was also included in these analyses along with differences scores for NAc-mPFC, 

dmPFC-SMN, vmPFC-SMN, and rmPFC-SMN connectivity. 

Results revealed significant associations among baseline NAc-mPFC 

connectivity and change in rating at foot pressure pain threshold (r = -0.62, p = 0.03) in 

the RD Group, and change in thermal pain tolerance temperature (r = -0.73, p = 0.01), 

and ramp and hold slope (r = -0.76, p = 0.01) and intercept (r = -0.78, p = 0.008) in the 

Control Group. These findings indicate that individuals in the RD Group who displayed 

greater connectivity NAc-mPFC connectivity at baseline exhibited greater decreases in 

foot pressure pain threshold ratings, while individuals in the Control Group who had 

lower connectivity values at baseline exhibited greater increases in ramp and hold slope 

and intercept. In the Control Group, the only significant association among change in 

neural adaptation and QST metrics was observed among change in rmPFC-SMN 

connectivity and thermal pain tolerance temperature (r = 0.60, p = 0.05), suggesting that 

greater increases in rmPFC-SMN connectivity were associated with increases in 

temperature at thermal pain tolerance.  
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In the RD Group, a number of associations among neural and QST adaptation 

were observed. Individuals who displayed greater increases in dmPFC-SMN 

connectivity showed greater increases in temperature at thermal pain threshold (r = 

0.58, p = 0.05). Across sessions, greater increases in vmPFC-SMN connectivity were 

also associated with increases in thermal pain threshold temperature (r = 0.61, p = 0.04) 

and rating (r = 0.70, p = 0.01). The association among change in NAc-mPFC 

connectivity and change in ramp and hold slope approached statistical significance (r = -

0.57, p = 0.055), suggesting that individuals who displayed greater decreases in NAc-

mPFC connectivity displayed greater increases in ramp and hold slope.  

Association among Neural Adaptation and Post-DOMS Ratings 

Associations among changes in functional connectivity and changes peak post-

DOMS daily ratings were assessed. Bivariate correlations were performed among RD 

Group functional connectivity difference scores (i.e. NAc-mPFC, dmPFC-SMN, vmPFC-

SMN, and rmPFC-SMN) and peak post-DOMS daily rating difference scores from 

baseline to follow up (Table 3-5). Results indicated that there were negative 

associations among changes in dmPFC-SMN connectivity and peak depression (r = -

0.59, p = 0.05), frustration (r = -0.60, p = 0.04), and anger (r = -0.59, p = 0.04), 

suggesting that those who exhibited greater alterations in dmPFC-SMN connectivity 

exhibited greater reductions in peak depression, frustration, and anger. Change in 

vmPFC-SMN connectivity corresponded with change in peak anxiety (r = -0.64, p = 

0.02), indicating that greater increases in vmPFC-SMN connectivity were associated 

with greater decreases in anxiety. Finally, there were positive associations among 

change in rmPFC-SMN connectivity and change in peak depression (r = 0.61, p = 0.03), 

frustration (r = 0.59, p = 0.04), and anger (r = 0.65 p = 0.02). Given the significant 
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decrease in RD Group rmPFC-SMN connectivity, these results likely indicate that 

individuals who displayed greater reductions in rmPFC-SMN connectivity also displayed 

greater reductions in depression, frustration, and anger. No significant associations 

among changes in functional connectivity and changes in peak post-DOMS pain ratings 

(intensity, unpleasantness, extension, and flexion) were observed. 

Association between Psychosocial Factors and Neural Adaptation 

To assess the influence of baseline psychosocial variables on subsequent neural 

adaptation in the RD Group, separate multiple regressions were performed with BRS, a 

measure of general resilience, and PCS, a measure of pain-related catastrophic 

thinking, scores as predictors of the change separately for NAc-mPFC, dmPFC-SMN, 

vmPFC-SMN, and rmPFC-SMN connectivity. BRS and PCS scores were predictive of a 

significant portion of variance of change in rmPFC-SMN connectivity (R2 = 0.50, 

R2
adjusted = 0.39, F2,11 = 4.55, p = 0.04). BRS scores were the only predictor with a 

regression coefficient significantly different from zero (BRS: b = -0.79,  = -0.73, t11 = -

2.60, p = 0.03; PCS: b = -0.05,  = -0.03, t11 = -0.12, p = 0.91). No other statistically 

significant regression models were found. 
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Figure 3-1. Means for rating at thermal pain threshold for each group and across 

sessions. Results displayed a group-by-time interaction (F1,21 = 4.27, p = 

0.05, 2
partial = 0.17), in which the RD Group displayed a greater decrease in 

ratings than did the Control Group. Error bars represent one standard 
deviation and, to improve clarity, are depicted uni-directionally when error 
bars from both lines intersect. 
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Figure 3-2. Means for temperature at thermal pain threshold for each group and across 

sessions. Results displayed a group-by-time interaction that approached 

statistical significance (F1,21 = 3.94, p = 0.06, 2
partial = 0.16). Error bars 

represent one standard deviation and, to improve clarity, are depicted uni-
directionally when error bars from both lines intersect. 
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Figure 3-3. Means for ratings across ramp and hold temperatures at baseline and follow 

up. Results displayed a temperature x time interaction (F3,18 = 6.62, p = 0.001, 

2
partial = 0.25) in which there was a greater decrease in ratings at lower 

temperatures across sessions. Error bars represent one standard deviation 
and, to improve clarity, are depicted uni-directionally when error bars from 
both lines intersect. 
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Figure 3-4. mPFC and NAc ROI locations are depicted in right medial view.  
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Figure 3-5. Mean NAc-mPFC connectivity values for each group and across sessions. 

Results displayed a group-by-time interaction in which the RD Group 
displayed a greater decrease in connectivity than the Control Group (F1,19 = 

5.19, p = 0.03, 2partial = 0.22). Error bars represent one standard deviation 
and, to improve clarity, are depicted uni-directionally when error bars from 
both lines intersect.  
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Figure 3-6. Superior view of the independent component that provided the highest 

spatial match to the sensorimotor network template. 
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Figure 3-7. Anterior view clusters that are functionally connected to the SMN in which a 

significant group-by-time interaction was found. Results indicated that the RD 
Group displayed greater increases in functional connectivity with the SMN 
than the Control Group in the right dmPFC and left vmPFC, and displayed 
greater decreases than the Control Group among the left rmPFC and SMN. 
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Figure 3-8. Mean dmPFC-SMN connectivity values for each group and across sessions. 

Results displayed a group-by-time interaction in which the RD Group 
displayed a greater increase in connectivity than did the Control Group (F1,19 

= 47.36, p = 0.000, 2partial = 0.714). Error bars represent one standard 
deviation and, to improve clarity, are depicted uni-directionally when error 
bars from both lines intersect. 
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Figure 3-9. Mean vmPFC-SMN connectivity values for each group and across sessions. 

Results displayed a group-by-time interaction in which the RD Group 
displayed a greater increase in connectivity than did the Control Group (F1,19 

= 65.73, p = 0.000, 2
partial = 0.77). Error bars represent one standard 

deviation and, to improve clarity, are depicted uni-directionally when error 
bars from both lines intersect. 
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Figure 3-10. Mean rmPFC-SMN connectivity values for each group and across 

sessions. Results displayed a group-by-time interaction in which the RD 
Group displayed a greater decrease in connectivity than did the Control 

Group (F1,19 = 39.28, p = 0.000, 2
partial = 0.67). Error bars represent one 

standard deviation and, to improve clarity are depicted uni-directionally when 
error bars from both lines intersect. 
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Table 3-1. Quantitative Sensory Testing Descriptive Statistics 

    

RD Group Control Group 

Modality Measure Site Session Mean SD Mean SD 

Thermal Threshold Temp. Forearm Baseline 44.21 2.64 45.03 2.70 

   

Follow Up 45.26 2.14 44.37 1.88 

 
Threshold Rating 

 
Baseline 31.04 17.50 28.18 21.52 

   

Follow Up 21.83 16.19 33.27 20.39 

 
Tolerance Temp. 

 
Baseline 47.67 1.70 47.73 2.10 

   

Follow Up 48.21 1.38 48.30 1.47 

 
Tolerance Rating 

 
Baseline 76.54 15.86 64.05 23.58 

   

Follow Up 83.50 10.20 71.25 22.23 

 
R&H 45°C Calf Baseline 48.33 24.67 39.77 34.43 

   

Follow Up 25.00 19.77 35.85 32.50 

 
R&H 47°C 

 
Baseline 64.50 26.39 53.55 33.58 

   

Follow Up 37.96 26.31 41.10 34.76 

 
R&H 49°C 

 
Baseline 79.38 21.80 68.41 33.25 

   

Follow Up 61.75 25.19 69.65 30.06 

 
R&H 51°C 

 
Baseline 89.58 16.47 79.55 27.01 

   

Follow Up 85.33 19.87 81.00 25.34 

 
TSSP  Foot Baseline 5.92 19.71 -2.45 19.35 

   

Follow Up 12.00 22.55 -1.70 19.94 

 
After Sensation 

 
Baseline 13.00 13.43 6.82 11.02 

   

Follow Up 6.50 7.78 7.40 11.11 

Mechanical Threshold Pressure Hand Baseline 3.43 1.37 3.49 1.38 

   

Follow Up 4.08 1.69 3.50 1.32 

 
Threshold Rating 

 
Baseline 25.65 16.61 28.39 17.16 

   

Follow Up 23.02 16.33 33.59 21.22 

 
Threshold Pressure Foot Baseline 3.76 1.76 3.18 1.38 

   

Follow Up 3.92 1.21 3.14 1.15 

 
Threshold Rating 

 
Baseline 24.67 18.64 28.32 17.84 

      Follow Up 22.63 15.88 33.25 22.20 

Abbreviations: TSSP, temporal summation of second pain; SD, 
standard deviation; R&H, ramp and hold; Temp. temperature. 
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Table 3-2. Peak Post-DOMS Daily Rating Descriptive Statistics 

Rating Post-DOMS Induction Mean SD 

Depression 1 16.00 16.93 

 
4 6.42 7.22 

Anxiety 1 20.00 17.85 

 
4 8.58 7.72 

Frustration 1 18.25 18.67 

 
4 10.75 10.58 

Fear 1 10.50 9.73 

 
4 6.92 8.58 

Anger 1 15.17 19.64 

 
4 6.50 6.26 

Pain Intensity 1 18.42 17.00 

 
4 11.00 11.32 

Pain Unpleasantness 1 16.83 13.56 

 
4 9.42 10.94 

Pain with Flexion 1 19.67 16.68 

 
4 12.25 18.99 

Pain with Extension 1 26.83 19.21 

  4 13.00 19.12 

Note: Daily ratings were assessed in the week following each 
DOMS induction. Peak rating descriptive statistics for each measure 
following the first and final DOMS induction are displayed. 
Abbreviations: DOMS, delayed onset muscle soreness; SD, 
standard deviation. 
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Table 3-3. RD Group Correlations among Neural and QST Adaptation      

    1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

1 NAc-mPFC                               

2 dmPFC-SMN 0.05 
              3 vmPFC-SMN 0.17 0.50 

             4 rmPFC-SMN -0.06 -0.25 -0.15 
            5 Thermal Thresh. Temp. 0.01 0.58* 0.61* -0.16 

           
6 Thermal Thresh. Rating 0.21 0.21 0.70* -0.08 0.31 

          7 Thermal Tol. Temp. -0.23 0.43 0.10 0.16 0.43 0.18 
         8 Thermal Tol. Rating -0.04 -0.24 -0.25 -0.13 -0.16 0.29 0.17 

        
9 Mech. Thresh. Hand 0.13 0.06 0.21 0.01 -0.08 -0.18 -0.21 -0.45 

       10 Mech. Thresh. Hand Rating -0.13 0.10 0.21 0.52 0.00 -0.06 0.39 -0.37 0.00 
      11 Mech. Thresh. Foot -0.14 -0.03 0.30 0.35 0.15 -0.11 -0.19 -0.39 .74** 0.18 

     12 Mech. Thresh. Foot Rating 0.11 -0.09 -0.04 0.49 0.22 -0.05 0.17 0.32 -0.23 0.26 0.04 
    13 TSSP 0.39 0.24 -0.24 -0.15 -0.05 0.02 0.27 0.14 -0.30 0.05 -0.42 -0.14 

   14 After Sensation -0.20 -0.17 0.05 0.23 -0.37 0.06 -0.56 -0.21 0.18 -0.07 0.48 -0.39 -0.16 
  15 R&H Slope -0.57 -0.47 -0.41 0.17 -0.51 -0.15 0.18 0.29 0.17 -0.02 0.09 -0.24 -0.35 0.13 

 
16 R&H Intercept 0.34 0.52 0.23 -0.25 0.34 0.12 -0.22 -0.07 -0.37 -0.11 -0.27 0.19 0.38 0.03 -.88** 

Notes: Bivariate correlations were performed to identify associations among change in functional connectivity and QST estimates across sessions. 
*. Correlation is significant at the 0.05 level (2-tailed). **. Correlation is significant at the 0.01 level (2-tailed). 
Abbreviations: Thresh., threshold; Temp., temperature; Tol., tolerance; R&H, ramp and hold; TSSP, temporal summation of second pain; Mech., mechanical NAc, 
nucleus accumbens; mPFC, medial prefrontal cortex; dmPFC, dorsomedial prefrontal cortex; vmPFC, ventromedial prefrontal cortex; rmPFC, rostromedial  
prefrontal cortex; SMN, sensorimotor network. 
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Table 3-4. Control Group Correlations among Neural and QST Adaptation               

  
 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

1 NAc-mPFC 
               

2 dmPFC-SMN 0.09               

3 vmPFC-SMN -0.68* 0.10              

4 rmPFC-SMN 0.30 -0.04 -0.51             

5 Thermal Thresh. Temp. 0.29 0.19 -0.18 0.55            

6 Thermal Thresh. Rating -0.09 -0.43 0.32 -0.39 -0.20           

7 Thermal Tol. Temp. 0.51 -0.24 -0.52 0.60* 0.56 0.04          

8 Thermal Tol. Rating -0.14 -0.37 0.22 -0.38 -.65* 0.74** -0.24         

9 Mech. Thresh. Hand 0.17 0.17 0.17 0.27 0.17 0.04 0.19 0.27        

10 
Mech. Thresh. Hand 
Rating -0.02 -0.41 0.33 -0.46 -0.38 0.96** -0.07 0.82** 0.07       

11 Mech. Thresh. Foot 0.01 0.27 0.36 0.22 0.09 0.23 0.08 0.38 .89** 0.26      

12 
Mech. Thresh. Foot 
Rating -0.17 -0.35 0.50 -0.42 -0.37 0.84** -0.36 0.77** 0.09 0.90** 0.30     

13 TSSP 0.52 0.06 -0.01 0.25 0.82** 0.76* 0.42 0.09 0.32 0.79** 0.41 0.73*    

14 After Sensation -0.04 0.24 -0.35 -0.28 -0.85** -0.51 -0.42 0.38 -0.24 -0.40 -0.30 -0.45 -0.72*   

15 R&H Slope 0.09 -0.51 0.08 0.48 -0.01 -0.07 0.44 -0.20 0.14 0.07 0.14 0.02 -0.02 -0.37  

16 R&H Intercept -0.07 0.44 -0.08 -0.51 0.03 0.08 -0.43 0.19 -0.15 -0.05 -0.19 0.01 0.00 0.39 -0.99** 

Notes: Bivariate correlations were performed to identify associations among change in functional connectivity and QST estimates across sessions.  
*. Correlation is significant at the 0.05 level (2-tailed). **. Correlation is significant at the 0.01 level (2-tailed). 
Abbreviations: Thresh, threshold; Temp, temperature; Tol., tolerance; R&H, ramp and hold; TSSP, temporal summation of second pain; Mech, mechanical; NAc,  
Nucleus accumbens; mPFC, medial prefrontal cortex; dmPFC, dorsomedial prefrontal cortex; vmPFC, ventromedial prefrontal cortex; rmPFC, rostromedial  
prefrontal cortex; SMN, sensorimotor network. 
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Table 3-5. Correlations among Neural and Peak Post-DOMS Daily Rating Adaptation         

    1 2 3 4 5 6 7 8 9 10 11 12 
 

1 NAc-mPFC 
             2 dmPFC-SMN 0.05 

            3 vmPFC-SMN 0.18 0.47 
           4 rmPFC-SMN -0.06 -0.25 -0.15 

          5 Depression -0.01 -0.59* -0.48 0.61* 
         6 Anxiety 0.03 -0.28 -0.64* 0.00 0.26 

        7 Frustration 0.04 -0.60* -0.24 0.59* 0.77** -0.12 
       8 Fear 0.38 -0.03 -0.33 0.30 0.12 0.62* 0.03 

      9 Anger 0.05 -.059* -0.31 0.65* 0.93** 0.14 0.79** 0.03 
     

10 Pain Intensity -0.30 0.15 -0.29 -0.09 0.09 0.59* -0.33 0.16 0.09 
    11 Pain Unpleasantness -0.11 -0.23 -0.28 0.12 0.34 0.68* -0.05 0.29 0.40 0.85** 

   12 Pain with Flexion -0.10 0.08 0.31 0.15 0.02 -0.45 0.31 -0.18 0.26 0.16 0.15 
  

13 Pain with Extension -0.43 0.28 0.07 -0.18 -0.33 -0.38 0.04 -0.29 -0.25 0.12 -0.24 0.63*   
Notes: Bivariate correlations were performed to assess the association among change in functional connectivity and change in peak post-
DOMS daily ratings from baseline to follow up. *. Correlation is significant at the 0.05 level (2-tailed). **. Correlation is significant at the 0.01 
level (2-tailed). Abbreviations: NAc, nucleus accumbens; mPFC, medial prefrontal cortex; dmPFC, dorsomedial prefrontal cortex; vmPFC, 
ventromedial prefrontal cortex; rmPFC, rostromedial prefrontal cortex; SMN, sensorimotor network. 
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CHAPTER 4 
DISCUSSION 

Standard analgesic agents employed in the management of chronic pain often 

aim to achieve a pain state or one of minimal pain variability. Such treatments, however, 

displayed limited effectiveness in achieving long-term relief, and in the case of opioid 

analgesics, may induce maladaptive neurophysiological changes. Considerable 

evidence suggests that individuals who have previously successfully recovered from 

pain episodes are more resilient to future episodes and suggests that repeated 

exposure to experimental pain may induce pain modulatory neural adaptation. The 

present study sought to investigate whether repeated exposure to clinically-relevant 

pain results in pain modulatory neural and behavioral adaptations. Results suggest that, 

compared to individuals who experienced one bout of DOMS, individuals that 

experienced repeated bouts exhibited alterations in resting state functional connectivity 

and substantial decreases in DOMS-related pain. Notably, the RD Group displayed 

significant decreases in NAc-mPFC and rmPFC-SMN functional connectivity, and 

significant increases in dmPFC-SMN and vmPFC-SMN functional connectivity. 

Importantly, these changes were associated with greater decreases in negative, pain-

related psychological symptoms such as depression, anxiety, frustration, and anger in 

the weeks following DOMS induction. 

Behavioral Ratings and Quantitative Sensory Testing 

Participants who experienced repeated bouts of DOMS displayed significant 

reductions in peak pain intensity and unpleasantness, and pain related to movement at 

the site of DOMS induction. Although statistical significance was not achieved, 

considerable reductions in peak DOMS-related fear, depression, and anxiety were 
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observed (d = 1.25, 1.13, and 1.29, respectively). Given that throughout the course of 

the study the DOMS-inducing stimulus remained stable, results are consistent with 

previous documentation of the effects of multiple bouts of DOMS [47] and are 

suggestive of increased PMC from baseline to follow up,.  

QST was also used to assess changes in pain sensitivity at proximal and distal 

sites to assess generalization of repeated DOMS-related modulatory adaptation in 

aspects of the central and peripheral nervous system. Repeated DOMS, compared to 

single DOMS, inductions resulted in a decrease in ratings and an increases in 

temperature at thermal pain threshold (d = 0.84 and 0.76, respectively). Additionally, 

participants in both groups displayed significant decreases in temperature at thermal 

pain tolerance. Across groups, ratings in response to ramp and hold stimuli significantly 

decreased across the study, and lower temperature stimuli showed greater rating 

decreases than higher temperature stimuli. As ramp and hold stimuli were applied to the 

calf, these results suggest adaptation extended sites distal from the point of injury. 

Because both groups exhibited beneficial changes in QST, it is possible that exposure 

to and recovery from one bout of DOMS is sufficient to result in pain modulatory 

adaptation. Future investigations are necessary to clarify theses effects and to 

systematically vary DOMS parameters.  

Similar C and Aδ nociceptive fibers are involved in both thermal and mechanical 

nociception [29]. As such, it was not predicted that participants would only display 

adaptation in response to thermal stimuli. However, different nociceptive fiber 

populations may be activated depending on specific stimulus properties. For example, 

DOMS exposure may have resulted in adaptation in Aδ receptors  that respond to lower 
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temperature ramp and hold stimuli, potentially A-mechanoheat receptors II (A-MH II), 

but not those that respond to other stimulus properties including certain aspects of 

mechanical pain (e.g. A-MH I or A-M [29]). Further investigation is necessary to clarify 

this dissociation.  

Functional Connectivity Adaptation  

Data suggest that following repeated exposure to DOMS, subjects exhibited a 

number of functional neural adaptations among regions related to pain modulation and 

resilience.  

NAc-mPFC Regional Coherence 

Subjects in the RD Group displayed significantly greater decreases in 

connectivity among the NAc and mPFC than did the Control Group. Individuals with 

lower baseline connectivity among these regions displayed greater adaptations in ramp 

and hold stimulus response. This pathway’s role in pain chronicity has received 

significant attention. For example, chronic pain patients displayed higher coupling 

among these regions than healthy controls [9], and individuals with lower connectivity 

values among these structures were less likely to transition to chronicity following 

subacute back pain [4,10]. In light of these investigations, it appears that following 

repeated exposure to clinically-relevant pain, subjects displayed greater resemblance to 

individuals who successfully recovery from subacute back pain and lesser resemblance 

to individuals who transition to chronicity, suggesting a potentially protective effect of 

repeated DOMS inductions.  

Additionally, there is considerable evidence documenting the role of these 

regions in pain modulation. Following noxious stimulus termination NAc dopamine 

release occurs, and nucleotide-gated channels in the mPFC and dorsal root ganglia are 
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actively involved in nociceptive transmission. D2 binding in basal ganglia structures is 

associated with pain modulation [44,45], and following noxious stimulus termination NAc 

dopamine release occurs [57]. These effects may be due to direct supraspinal 

mechanisms or indirect spinal mechanisms via NAc pathways to brainstem structures 

[44,45]. Furthermore, application of dopamine blockade to the NAc limits the 

effectiveness of exogenous opioids [3]. Additional neuroimaging studies have 

highlighted the role of this circuitry in cognitive self-regulation of pain [108] via 

numerous opioid, dopamine, and neurokinin pathways [39,58].  Nucleotide-gated 

channels common to the mPFC and dorsal root ganglia may also be involved [57].  

Processes that subsume this involvement include: encoding prediction errors for 

aversive stimuli, hedonic valuation, regulation of learning and motivated behavior, 

assigning meaning to nociceptive stimuli, and inhibition of limbic responsive to 

nociceptive stimuli (Apkarian et al., 2011; Vachon-Presseau et al., 2016).  

Although significant correlations among changes in this pathway and changes in 

ramp and hold slope were found, it is somewhat inconsistent with previous literature 

[108] that RD Group changes in NAc-mPFC connectivity were not associated with 

additional changes in QST or post-DOMS peak daily ratings. However, the processes 

this pathway is most involved in were not measured directly in the present study. For 

example, Baliki et al. (2010) found that NAc activation was associated with stimulus 

salience and predicted reward. Additionally, previous associations between NAc-mPFC 

connectivity and perceived stimulus ratings were not assessed at rest [108]. It is novel 

that the present study identified connectivity changes in this pathway at rest, which 

potentially signals greater generalization of these functional changes. Future studies are 
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recommended to assess aspects of pain processing more closely linked to NAc-mPFC 

functions (e.g. predicted pain relief) or to assess the connectivity among these regions 

during painful stimuli in order to more accurately identify associations among this 

pathway and increased PMC.  

Sensorimotor Intrinsic Network Connectivity 

ICA was also used to assess changes across sessions and between groups in 

the spatial extent and magnitude of SMN functional connectivity. Results show that the 

RD Group displayed significant changes in SMN connectivity with three subregions of 

the PFC including positive connectivity among the right vmPFC and left dmPFC, and 

negative connectivity among the right rmPFC. Interestingly, the Control Group, following 

one induction of DOMS, appeared to display an opposite pattern of change among 

these clusters, and also displayed reductions in pain ratings to certain thermal stimuli. 

Additionally, in the RD Group individuals who displayed greater increases in dmPFC-

SMN connectivity and those who displayed greater decreases in rmPFC-SMN 

connectivity displayed greater reductions in post-DOMS peak depression, frustration, 

and anger. Greater increases in vmPFC-SMN connectivity were also associated with 

greater decreases in peak anxiety. Changes in connectivity among these regions and 

the SMN were also associated with changes in thermal pain threshold temperature (dm- 

and vmPFC) and rating (vmPFC) in the RD Group. These three PFC subregions display 

anatomical connectivity with the PAG, a region vital in mediating anti- and pro-

nociception [43,46], which suggests that they may directly influence pain modulation. 

The dmPFC was previously linked to processes of theory of mind, empathy, and 

moral judgment [32], which require evaluation of self-referential and emotional stimuli 

[59]. The dmPFC displays functional connection with the amygdala and insula, and is 
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likely also involved in threat appraisal, and in facilitating or inhibiting maladaptive 

processes such as catastrophizing via connections to additional limbic system regions 

[48]. In the present study, recruitment of the dmPFC into the SMN may have functioned 

to inhibit pain-related psychological distress given that individuals who displayed greater 

recruitment of the dmPFC into the SMN exhibited greater decreases depression, anger, 

and frustration.  

The vmPFC appears to be involved in pain modulation by mediating affective 

appraisals and valuation of pain stimuli. vmPFC functional neuroplasticity was 

associated with adaptive coping and resilience in response to stress stress [83]. Riedl, 

et al (2011) additionally found that, following habituation, pre-stimulus vmPFC 

connectivity anticipated pain perception. This region has also been linked to valuation of 

pain stimuli and reward-related pain inhibition [11], and in assessing the value of pain 

avoidance [105]. The connectivity between the vmPFC and PAG was demonstrated to 

be sensitivity to changes in the contextual, hedonic value of pain stimuli such that 

greater vmPFC-PAG connectivity was related to decreased pain intensity ratings [53]. 

Pain inhibition through these processes may be achieved by either supraspinal 

mechanisms [11] or descending inhibitory mechanisms [34]. These theories are 

congruent with the present finding of correlation between greater vmPFC-SMN 

recruitment and decreased peak post-DOMS anxiety. Following repeated exposure to 

DOMS the individual may learn that anticipated the pain is less threatening, and pain-

related anxiety decreases as affective valuation of pain is inhibited.  

The rmPFC has received relatively little attention in with regard to pain 

modulation and it is rarely identified in neuroimaging studies of pain processing. 
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However, its role in the regulation, monitoring and evaluation of emotion is well 

documented. Ochsner and colleagues (2004) found increased rmPFC activation, 

potentially related to its role in retrieval of emotional knowledge, when subjects 

attempted to up-regulate (increased) their experience of negative emotion. In line with 

these findings, the region is thought to be involved in the making and the elaboration of 

emotional meaning [75,101,102]. The decreased connectivity among this region and the 

SMN found in the present study, along with the association of greater decreases in 

connectivity with greater decreases in depression, anger, and frustration may be 

suggestive of decreased assignment of emotional meaning to painful stimuli or down-

regulation of DOMS pain-evoked negative emotions following repeated inductions. 

Individuals who self-reported greater levels of average resilience also displayed greater 

rmPFC-SMN adaptation. Given the role of the rmPFC in emotion regulation and the 

associations between rmPFC-SMN adaptation and decreases in negative pain-related 

affect, it is possible that resilience to pain may be achieved through greater regulation of 

negative emotional valuation of pain perceptions rather than directly through greater 

anti-nociception. It is notable that this was the only neural adaptation associated with 

self-reported resilience or pain catastrophizing. Although previous studies found 

associations between resilience, catastrophizing, and pain modulation, it appears that 

regardless of one’s baseline levels of pain catastrophizing or resilience, significant 

neural adaptation following repeated exposure to pain stimuli is still possible. 

Vachon-Presseau, et al (2016) proposed that healthy pain modulatory system 

function depends on cortical inhibition of baseline nociceptive signals and also cortical 

inhibition of limbic system-mediated emotional learning in response to acute pain 
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episodes. Thus, chronicity occurs when pain sensations are overly represented in 

emotional, motivational regions of the brain. Given the association with the observed 

SMN-PFC connectivity changes and changes in depression, anxiety, anger, and 

frustration, it appears that adaptation following repeated exposure to DOMS may be 

linked to cortical inhibition of limbic circuits responsible for attaching emotional meaning 

to painful stimuli. Greater recruitment of these regions into the SMN, which is primarily 

responsible for sensory processing, is suggestive of greater cortical and perhaps 

inhibitory control in the processing of noxious, sensory information. This postulate is 

also consistent with data suggestive of the functioning of these individual prefrontal 

regions as described above. 

Post-hoc tests also revealed that significant baseline differences existed in these 

three clusters between groups. Given that these groups were presumably of the same 

population, displayed no significant differences on demographic or QST variables at 

baseline, it is difficult to predict the cause of these differences. However, when 

controlling for baseline differences in SMN functional connectivity, both the dmPFC and 

rmPFC clusters displayed significant between-groups differences at follow up, providing 

further support for the effect of repeated DOMS exposure on neural adaptation. 

Furthermore, whole-brain, corrected SMN ICA comparisons between groups did not 

reveal significant differences among these clusters at baseline.  

sgACC Adaptation 

The present study did not identify significant changes in sgACC connectivity 

across sessions and between groups. This finding is not consistent with the existing 

literature that documents the sgACC’s role in pain modulation [13,66,82,104] and 

previous evidence of sgACC adaptation underlying habituation [15]. An important factor 
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in this finding may be methodological differences. Although Wang, et al. (2014) 

suggested differences in pain modulatory capacity may be observed in sgACC resting-

state connectivity, previous investigations of sgACC and rostral ACC (rACC) 

involvement in pain modulation [14,62,98,99] were identified in task-based studies. As 

such, this region may respond specifically during active pain processing, and adaptation 

following repeated DOMS may not have been identifiable by the present study, which 

only assessed connectivity at rest. Future studies are encouraged to investigate 

changes in pain processing during experimental pain tasks to further clarify present 

findings.  

Limitations and Future Directions 

The present study represents an important step in identifying a method to 

increase endogenous PMC and is a vital step in identifying neural correlates of 

increased PMC in healthy individuals. In addition to these innovations, the present study 

exhibited some limitations that could be addressed in future research. Although 

significant and large effects were identified in neural and behavioral measures, the 

study’s relatively small sample size may have prevented the identification of nuanced 

effects. This also signals the necessity of replication of the present results. Likewise, 

although the RD Group and Control Group did not significantly differ in sex, the study’s 

sample was predominantly female and future studies are encouraged to assess larger, 

more balanced samples to determine the generalizability of these results and 

investigate potential sex or gender differences in adaptation. The present included two 

groups, one that experienced a single bout of DOMS and another that experienced 

repeated bouts of DOMS. Results suggested that significant adaptations occurred in 

both groups. Without an additional control group that did not experience exercise-
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induced pain, it is unclear whether these effects were achieved following a single bout 

of DOMS and it is difficult to disambiguate the contribution of regression to the mean. 

Future research is needed to address a number of different factors including the stability 

of these effects over time, the effectiveness of these adaptations in preventing pain 

persistence, the translation of these processes in chronic pain patient populations, and 

the optimization of the pain induction for maximal benefit. 

Conclusion 

Significant advances have been made in understanding vulnerability factors in 

chronic pain. However, a paradigm shift is necessary to develop effective and safe 

interventions aimed at decreasing chronic pain severity and reducing risk of chronicity. 

Innovative approaches and conceptualizations of pain modulation aimed at increasing 

resilience may achieve this goal, and may result in novel and potentially preventative 

interventions. Results of the present study indicate that repeated exposure to and 

recovery from pre-clinical pain results in significant pain modulatory neural adaptation 

and significant reductions in pain reports. Importantly, this neural adaptation was such 

that, following multiple pain inductions, functional connectivity more closely resembled 

that of individuals who successfully recovered from subacute pain than that of 

individuals who transitioned to pain persistence [10]. Further investigations of 

interventions aimed at increasing PMC rather than eliminating pain may pave the way to 

vital innovations in pain management.  
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