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Abstract

Cross-section studies suggest that measures of pain sensitivity, derived from quantitative sensory 

testing (QST), are elevated in persons with chronic pain conditions. However, little is known about 

whether development of chronic pain is preceded by elevated pain sensitivity or pain sensitivity 

increases as a result of prolonged experience of pain. Here we used QST to test static (single 

suprathreshold stimuli) and dynamic (temporal sensory summation) pain processing of thermal 

stimuli. Muscle pain was induced using high-intensity exercise (DOMS). Multi-level modeling 

approaches determined the daily covariation among static and dynamic QST measures and pain 

intensity. Variation in responses to static pain sensitivity was not associated with pain intensity 

from DOMS while, in contrast, variation in dynamic pain sensitivity was positively associated 

with variation in pain intensity from DOMS. This finding supports the use of TSS as a marker of 

the central pain state and potentially as an appropriate measure for treatment monitoring.
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1. Introduction

Individuals with chronic musculoskeletal pain conditions demonstrate elevated pain 

sensitivity in response to experimental pain testing. This finding is consistent across 

conditions and experimental testing modalities. For example, individuals with fibromyalgia 

consistently report higher pain intensity than pain free individuals when tested using 

standard stimuli. This is the case whether static or dynamic measures of pain sensitivity are 

assessed. Similar findings are reported for individuals with chronic back or neck pain, 

osteoarthritis, and orofacial pain conditions. The limitation to these findings is that the 

studies that show these differences between individuals with and without chronic pain are 
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cross-sectional. Consequently what remains unknown is whether individuals with chronic 

musculoskeletal pain conditions had elevated pain sensitivity prior to the painful episode 

precipitating the chronic pain condition.

Recent clinical trials of body-based interventions for these chronic musculoskeletal pain 

conditions show effectiveness in patients with spine pain, carpal tunnel syndrome and other 

peripheral monoarticular pain conditions such as osteoarthritis of the knee or hand [8,9]. 

Body-based interventions are a class of complementary and alternative medicine 

interventions in which movement is caused in joints, muscles or nerves and includes 

techniques such as joint manipulation and massage. Laboratory and clinical studies indicate 

hypoalgesia to mechanical [11–13,25], thermal [4,5,14] and electrical [23] stimuli occur in 

response to these interventions. In our studies of healthy participants and patients with pain 

we have identified immediate reductions in temporal sensory summation of thermal pain 

(TSS) after both interventions that target joints [4,5,14] and interventions that target the 

neurovascular bundle [3]. These are relevant findings as TSS is thought to represent a 

dynamic behavioral measure of activity dependent modulation of neurons at the dorsal horn 

observed in animal studies in response to similar stimulation parameters [21]. Additionally, 

the magnitude of TSS influences the effect of fear on the relationship between pain and 

disability. The observed reductions in TSS after body-based interventions are therefore 

hypothesized to indicate changes that would be favorable for clinical outcome. Recent work 

supporting this theory indicates available plasticity within the nervous system (reductions in 

TSS after an intervention) to be prognostic of recovery from shoulder pain [24].

Combined, the findings of elevated pain sensitivity in chronic pain conditions and 

responsiveness of pain sensitivity measures to intervention suggest experimental pain 

sensitivity to thermal stimuli to be important markers of pain states and useful for treatment 

monitoring. For both these reasons, the purpose of this analysis was to determine the extent 

to which measures of thermal pain sensitivity vary with pain intensity over time.

We enrolled fifty-two pain-free participants (36 women; average age 22.4 years; average 

BMI 24.1). All participants read and signed an informed consent form approved by the 

University Institutional Review Board. Participants were excluded if they met any of the 

following criteria: previous participation in a conditioning program specific to trunk 

extensors in the past 3 months, any current back pain, any chronic medical conditions that 

may affect pain perception, kidney dysfunction, major psychiatric disorder, history of 

previous injury including surgery to the lumbar spine, cardiac conditions, osteoporosis, or 

liver dysfunction, or performance of any intervention for symptoms induced by exercise 

before the termination of their participation in the protocol.

2. Measures

2.1. Pain intensity

Exercise induced pain intensity was measured with a visual analog scale (VAS) consisting of 

a 100 mm line anchored at one end with “none” and at the other with “‘worst imaginable” 

[20]. Participants rated “worst pain in the back or legs today” by placing a mark along the 

100 mm line.
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2.2. Pain sensitivity

We used thermal quantitative sensory testing to assess pain sensitivity over lumbar 

innervated areas of the lower extremity using a computer-controlled Medoc Neurosensory 

Analyzer (TSA-2001, Ramat Yishai, Israel) through a 900 mm2 Peltier thermode. All 

participants underwent a practice session prior to the first testing session. During this 

practice subjects experienced the range of temperatures to which they were to be exposed. 

Participants practiced using the rating scale to rate the intensity of the first pain experienced 

in response to each stimulus. In order to standardize the scaling instructions and to clarify 

the distinction between the sensory intensity and affective dimensions, a standardized 

instructional set was used for all subjects during every exposure to the thermal stimuli. The 

scale instructions were repeated for every set of ratings within each session [22].

First, we measured responses to single suprathreshold stimuli. Participants rated single 

thermal stimuli of 47 °C and 49 °C, presented in a random order. Single stimuli have been 

described as basal or state measures of pain sensitivity [1] and thought to be predominantly 

A-delta fiber mediated [19].

Next, we used a train of 10 thermal pulses to the posterior calf of the non-dominant leg to 

induce TSS. Each stimulus started at a baseline temperature of 39 °C, peaked at 51 °C, then 

returned to baseline with a rise and decline rate of 10 °C/s (stimulus frequency = 0.33 Hz). 

Subjects were instructed to attend to the delayed pain sensation felt after each heat pulse 

(second pain), and verbally rate the intensity of this sensation using a numerical scale from 0 

(no pain sensation) to 100 (most intense pain imaginable). TSS was calculated by 

subtracting the rating of the 1st pulse from that of the 5th pulse. Before the test, participants 

underwent training to acclimate them to the range of thermal stimuli and rating of ‘second’ 

pain. TSS represents a dynamic aspect of pain processing [1] and is predominantly c-fiber 

mediated [19].

2.3. Induction of muscle pain

We induced pain in the low back using our previously reported delayed-onset muscle 

soreness protocol [6]. Briefly, participants’ isometric trunk extensor torque was measured 

using a Medx Lumbar Exercise machine. Participants then performed a trunk extension 

exercise at 80% of his or her maximum torque until fatigue (indicated by a reduction to 50% 

of the pre-exercise torque). Details of this model and subsequent disability and impairment 

in motor performance are summarized elsewhere [6].

Daily associations between the ratings of the thermal stimuli and muscle pain intensity over 

1-week were tested using multilevel modeling techniques. In these models pain intensity was 

the dependent variable and we were primarily interested in the fixed effects of the single 

stimulus and dynamic stimulus (TSS). Fixed effects represent ‘average effects,’ or effects 

that hold for all members of the group. We also performed random effects tests. A 

significant random variance term would indicate that the magnitude of the within-person 

relationship between pain intensity and pain sensitivity may differ substantially across 

individuals. Assuming that each value for each measure would be correlated with the 

previous value of that measure, we chose to use an autoregressive covariance structure 
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(AR1). AR1 rho was found to be significantly different from zero and this parameter model 

was chosen for the analysis.

Peak pain intensity reported by participants ranged from 0 to 68 on the VAS. Pain peaked 

between 24 and 48 h after exercise and resolved over the subsequent week of testing. The 

daily ranges of responses to quantitative sensory testing recorded from participants are 

shown in Table 1, indicating considerable individual variability in pain. Ratings at both 47 

and 49 °C varied from 0 to 80 in the pain free baseline testing session.

The analysis of the association between responses to 47 °C stimuli and pain intensity 

indicated no fixed effect of responses to the Bexperimental stimuli (F1,203.4 = 0.015, p = 

0.904) nor were effects noted at 49 °C (F1,201.1 = 0.663, p = 0.882). In contrast, TSS was a 

significant predictor of daily muscle pain intensity (F1,208.9 = 7.253, p = 0.008). The daily 

association between pain intensity and TSS is graphical displayed in Fig. 1. No significant 

random effects were identified.

The estimate for the fixed effect of TSS on daily pain intensity was 0.13 (see Table 2).

For TSS, we noted that 15% of the participants had a negative slope of TSS at the baseline 

testing; that is, these participants reported less pain during the train of stimuli rather than 

more. This percentage was consistent across sessions. Consequently we made a post hoc 

decision to perform an additional analysis to examine the daily variation of this group of 

participants in a separate model. In that analysis, there were no effects for single stimuli, 

consistent with the analysis for the entire group of participants. However, the effect for TSS 

was also non-significant (F1,16.9 = 0.207, p = 0.655) in this model.

3. Discussion

The data from the current analysis in participants with acutely exercise induced low back 

pain indicate that TSS covaries with pain intensity, at least for those individuals who 

demonstrate TSS. TSS is considered a dynamic measure of pain processing affected by a 

variety of factors including the frequency and intensity of the peripheral input as well as the 

sensitivity of the peripheral receptors and the neurons of the dorsal horn and cortex [1]. Our 

model uses exercise to induce delayed onset muscle soreness. Based on our work and that of 

others, muscle damage occurs during exercise driving the changes that generate muscle 

soreness and pain that mimics low level clinical pain conditions [2,7,18]. One might argue 

that changes in TSS in our study were related to peripheral sensitivity after muscle damage. 

Increases in pain sensitivity occur due to activation and sensitization of receptors, such as 

transient receptor potential vanilloid receptor-1 (TRPV1), through intracellular [10] and 

extra-cellular [27] kinase signaling pathways or increases in circulating inflammatory 

cytokines [17].

However, if this were the case, changes in the responses to static stimuli would also be 

expected. As this was not observed, modulation of spinal cord or cortex responses must have 

accounted for the changes in TSS. After the inflammation associated with the acute post-

injury phase, there is also an increase in brain-derived neurotrophic factor (BDNF)[15] and 
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substance P [16] which both modulate central drive [26]. While we did not directly measure 

this, it is a logical conclusion supported by our data.

Approximately 15% of our participants did not have TSS. This was expected based on our 

prior studies of pain free individuals and analyses suggesting pain sensitivity ‘phenotypes’. 

However, what we had not expected was that individuals who did not experience TSS at 

baseline showed no statistical covariation in TSS with pain intensity. In prior studies of 

patients with chronic pain conditions, such as fibromyalgia, there have been no reports of 

participants who do not have TSS. In fact just the opposite is repeatedly reported; that is, 

individuals with fibromyalgia have elevated sensitivity and enhanced TSS. This combination 

of findings is potentially quite significant. We speculate that individuals without TSS may 

have less likelihood of progressing to chronic pain states. Similarly we speculate that 

interventions that reduce TSS in those individuals with positive TSS may prevent 

progression to chronic pain.

The strongest evidence for this latter hypothesis comes from work studying patients 

undergoing surgical intervention for shoulder pain. In that study, patients who showed 

reductions in TSS after surgery experienced clinically meaningful improvements in shoulder 

pain at three months post-intervention. In contrast those patients in whom there was no 

change in TSS after surgery continued to report pain and interference in daily activity at 

three months [24].

Other evidence for this speculation comes from intervention studies that show reductions in 

TSS. Several prior studies by our group indicate changes in TSS after conservative 

rehabilitation interventions across several musculoskeletal models of pain (e.g. low back 

pain [5] and carpal tunnel syndrome [3]). Consequently, that interventions affect TSS may 

indicate that these interventions can have broader effects on other aspects of central 

sensitization potentially reducing maintenance of musculoskeletal pain conditions.

In summary, the primary finding from this current study was that in general TSS covaries 

with pain intensity, while responses to single suprathreshold stimuli do not. This finding 

supports the use of TSS as a marker of the central pain state and potentially as an 

appropriate measure for treatment monitoring.
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HIGHLIGHTS

• Temporal sensory summation (TSS) is elevated in persons with chronic 

pain conditions.

• Little is known about longitudinal changes in TSS during the pain 

experience.

• These findings indicate that TSS varies positively with pain intensity.
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Fig. 1. 
Daily variation in temporal sensory summation and muscle pain intensity at rest. Baseline is 

the first day of testing and the day that muscle pain was induced.
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Table 2

Fixed effects model with all participants included.

Source Estimate F Sig.

Intercept 6.131 14.269 0.000

47 °C 0.006 0.015 0.904

49 °C −0.007 0.022 0.883

Temporal sensory summation 0.130 7.253 0.008
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