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Introduction: Many clinical musculoskeletal pain conditions are characterized by chronic inflammation that sensitizes nociceptors.
An unresolved issue is whether inflammation affects all nociceptors in a similar manner. Exercise-induced muscle damage (EIMD) has
been proposed as a model for simulating clinical inflammatory pain in healthy samples. We sought to test the effect of EIMD on
various painful stimuli (pressure and thermal), central pain processing (via the nociceptive flexion reflex) and endogenous pain
modulation via conditioned pain modulation and exercise-induced hypoalgesia.

Methods: Eighteen participants (9F, age: 24.6 + 3.3) were recruited for repeated measures testing and each completed pain sensitivity
testing prior to and 48 hours after an eccentric exercise protocol. The participants performed a minimum of 6 rounds of 10 eccentric
knee extension exercises to induce muscle damage and localized inflammation in the right quadriceps. Force decrements, knee range-
of-motion, and delayed onset muscle soreness (DOMS) were used to quantify EIMD.

Results: There was a significant main effect of time for pressure pain (%diff; —58.9 + 23.1; p = 0.02, np2 = 0.28) but no significant
main effect was observed for limb (%diff; —15.5 + 23.9; p = 0.53, np2 = 0.02). In contrast, there was a significant interaction between
time and limb (p < 0.001, np2 = 0.47) whereby participants had lower pressure pain sensitivity in the right leg only after the damage
protocol (%diff; —105.9 + 29.2; p = 0.002).

Discussion: Individuals with chronic inflammatory pain usually have an increased sensitivity to pressure, thermal, and electrical
stimuli, however, our sample, following muscle damage to induce acute inflammation only had sensitivity to mechanical pain. Exercise
induced inflammation may reflect a peripheral sensitivity localized to the damaged muscle rather than a global sensitivity like those
with chronic pain display.
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Introduction

Many clinical musculoskeletal pain conditions are characterized by chronic inflammation'

with pro-inflammatory
cytokines activating or sensitizing nociceptors, termed central sensitization, leading to hyperalgesia or increased pain
sensitivity.” Understanding how, and the time-course by which inflammation affects distinct populations of nociceptors
as well as how it affects central pain processing is important for developing targeted interventions. Examining this
question in clinical pain populations is challenging. Patients may have a similar diagnosis, but experience heterogeneous
symptoms.® Additionally, assessments of pain sensitivity have been shown lead to a worsening of symptoms’ in certain
patient population, further complicating testing in these populations. Therefore, an alternative approach is needed.
Exercise-induced muscle damage (EIMD) has been proposed as an ecologically valid model of clinical inflammatory pain.®’
It induces localized inflammation concomitant with heightened pain sensitivity,” strength deficits leading to impairment of
activities of daily living,'® and increased self-care behaviors."" Using the EIMD model, Taguchi et al,'* demonstrated that
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localized inflammation increased peripheral sensitivity to mechanical, but not thermal or biochemical stimuli. Multiple studies
have confirmed this finding of selective sensitization to mechanical stimuli in animal models of EIMD.'>"'* In humans, EIMD
has also been shown to lead to increased mechanical sensitivity, but not sensitivity to injection of warm water or capsaicin.'*
Together these findings suggest EIMD and the inflammation consequent to it, likely affects thermal sensitive C-fibers, polymodal
C-fibers and pressure sensitive A-delta fibers in skeletal muscle differently.'>'*!3

Chronic inflammatory pain also impairs endogenous pain inhibition when assessed via conditioned pain modulation (CPM)
and exercise induced hypoalgesia (EIH).'®'” Both conditioned pain modulation (CPM) and exercise-induced hypoalgesia (EIH)
have been consistently demonstrated in young, healthy, pain-free populations.'® >° However, CPM is reduced in inflammatory
conditions such as fibromyalgia,”' osteoarthritis,”? pancreatitis,”> and COVID-19.** Additionally, EIH is also impaired in chronic
pain conditions including fibromyalgia,* chronic whiplash disorder*® and Gulf War syndrome.?’ Little is known about the time-
course of progression from normal to impaired endogenous pain inhibition in those with chronic inflammation. A previous study
found acute inflammation from EIMD did not impair EIH*® in healthy young adults—indicating a few days of localized
inflammation was likely not sufficient to alter EIH. However, no data exist on CPM.

The nociceptive flexion reflex (NFR) represents a measure of spinal nociceptive excitability.®® It is assessed as the
threshold nociceptive input required to elicit/trigger reflexive motor activation. NFR has been shown to occur at a lower
threshold in those with chronic pain and may serve as a maker of central nervous system sensitization.*’ To our knowledge it
has not been assessed following EIMD. Combining localized assessment of pressure and thermal thresholds with NFR, CPM,
and EIH could provide a more complete picture of the potential peripheral and central changes in pain sensitivity that
accompany EIMD. As such, the purpose of this study was three-fold. We sought to determine the effects of acute, localized
inflammation from EIMD on 1) sensitivity to painful pressure and thermal stimuli, 2) the NFR as a marker of spinal
sensitization, and 3) endogenous pain inhibition assessed via CPM and EIH. It was hypothesized that localized inflammation
from EIMD would heighten sensitivity to mechanical, thermal, and electrical stimuli in the damaged limb, but not in the
undamaged limb, and that CPM and EIH would be reduced in the days following eccentric exercise.

Materials and Methods

Sample

Eighteen individuals participated [24.6 + 3.3 years and 50% female (N=9/18)] (Table 1). This was sufficient to detect
a moderate effect (Cohen’s d = 0.5 SD) using repeated measures 2 limb (damaged vs control) x 2 time point (pre vs post
EIMD) completely within ANOVA assuming an alpha of 0.05, a power of 0.8, and a correlation between repeated
measurements of 0.9.%° Participants self-reported being free of musculoskeletal injuries and chronic pain conditions, and
other diseases known to affect sensory processing. Females were tested during the luteal phase of their menstrual
cycle. Participants refrained from resistance training, consumption of non-steroidal anti-inflammatory drugs (NSAIDS)
and other pain medications, and the use of therapeutic modalities over the duration of the study.

Experimental Procedure

The repeated measures procedures were approved by the University of Oklahoma Institutional Review Board (IRB number
9972) and complied with the Declaration of Helsinki. Participants completed three visits over the course of five days in the
Sensory Muscle Function Laboratory located in the Department of Health and Exercise Science at the University of
Oklahoma. During the first visit, consent was obtained, and participants were familiarized with the exercise and pain testing
protocols, and completed a host of questionnaires covering physical activity readiness (PAR-Q), menstrual history, drug
history, a current pain location questionnaire, physical activity (International Physical Activity Questionnaire; IPAQ),*' pain
catastrophizing (PCS),** pain attitudes (PAQ),> Profile of Mood States (POMS)** and a 100mm visual analog scale (VAS) to
assess movement evoked muscle pain/soreness. Anthropometric data were collected using a stadiometer (Secamodel 242,
Chino, CA) and electronic scale (Tanita Model WB-627A, Tokyo Japan). Baseline knee joint range-of-motion (ROM) was
then assessed with a goniometer. Participants were familiarized with the assessment of pressure pain threshold (PPT), heat
pain threshold (HPT), and the nociceptive flexion reflex (NFR) to improve their reliability.>> Finally, participants were
familiarized with the maximal voluntary contraction (MVC) protocol that was used to assess knee extensor strength.
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Table | Participant Characteristics

Variable Women Men P-value
Age 234 + 2.1 257 £ 4.0 0.16
Height 165.0 £ 7.0 176.9 £ 9.7% 0.009
Weight 69.8 + 19.6 782 = 10.7 0.28
IPAQ Total 5169.2 + 2818.2 2968.8 + 2518.4 0.10
IPAQ Walking 1751.8 £ 1747.6 1072.2 £ 13145 0.36
IPAQ Moderate 1543.3 £ 1470.9 1031.7 £ 1315.9 0.45
IPAQ Vigorous 1874.0 £ 1321.2 860.0 + 629.3 0.054
POMS Tension 63+ 44 33+50 0.20
POMS Anger 34+£32 12+ 1.1 0.07
POMS Fatigue 76 %42 6.7 £ 6.0 0.72
POMS Confusion 3.0+33 1.6 24 0.31
POMS Depression 43 +46 1.8+23 0.16
POMS Vigor 86 27 87 +33 0.94
POMS Total Mood Disturbance 16.1 £ 17.4 59+ 104 0.15
Pain Catastrophizing 16.1 = 6.1 169 + 129 0.87
PAQ Stoic Fortitude 159 + 3.4 164 + 4.3 0.77
PAQ Stoic Concealment 123 +3.2 13.1 £ 3.1 0.60
PAQ Stoic Superiority 129 + 2.8 13.7 £ 3.8 0.63
PAQ Cautious Self Doubt 16.6 + 4.0 184 +5.8 0.43
PAQ Cautious Reluctance 142 + 3.8 144 + 4.3 091
PAQ Total 719 + 128 76.1 £ 17.8 0.57

Note: *Indicates a significant difference (t—test) between men and women.
Abbreviations: IPAQ, International Physical Activity Questionnaire; POMS, Profile of mood states; PAQ,
Pain attitudes questionnaire.

During visit two, participants completed a pain location questionnaire and rated their muscle pain/soreness. CPM was
then assessed as was ROM. Next PPT, HPT, and NFR were assessed on both legs with a washout period of 15-min of
quiet in order to minimize carryover. MVC was then determined and EIH was assessed. Participants then performed
eccentric exercise to induce muscle damage. Following the EIMD protocol, participants’ MVC and soreness were
reassessed. During visit 3, which occurred 48 + 2 hours after the EIMD protocol, all procedures from visit 2 were
repeated except for the eccentric exercise protocol (Figure 1).

Assessment of Pressure Pain Thresholds (PPT)

A handheld digital pressure algometer (Algomed, Medoc, Ramat Yishai, Israel) was used to assess PPT’s in the right and
left vastus lateralis. A constant rate of pressure (30 kPa/second) was applied with the participant ending each trial by
pressing a button to indicate when they deemed the applied pressure first “hurt.” The mean of three trials was calculated
for each testing site and used as the criterion measure of PPT.>>3¢

Assessment of Heat Pain Thresholds (HPT)

A Medoc TSA-IT (Ramat Yishai, Israel) was used to deliver heat stimuli to the vastus lateralis. A randomized staircase
protocol was employed with a baseline thermode temperature of 32 °C and temperature increased and decreased at
5°C-s ! intervals.’” Once the target temperature has been reached, it was applied for 5 seconds. After each stimulus, the
participant indicated if the temperature was “painful” or “not painful”. Once a temperature was rated as “painful”,
subsequent stimuli were presented in a randomized fashion in decreasing temperature increments until the threshold
temperature was established.
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Figure | Schematic timeline of experimental visits 2 and 3. %diff — percent difference between pre and post pressure pain thresholds. CPM — Conditioned pain modulation.
EIH — Exercise induced hypoalgesia. PPT — Pressure pain thresholds. HPT — Heat pain thresholds. NFR — Nociceptive Flexion Reflex. MVC — Maximal voluntary contraction.

Nociceptive Flexion Reflex (NFR)

Participants were placed in a prone position. The skin under the stimulation and EMG electrodes was abraded and wiped
isopropyl alcohol. Pairs of circular (1.25inch) stimulating electrodes (PALS Platinum; Axelgaard; Fallbrook, CA, USA) were
placed over the sural nerve inferior to the lateral malleolus. EMG electrodes were placed over the long head of the biceps
femoris, 10cm superior to the popliteal fossa and a ground electrode was placed on the lateral epicondyle of the femur.
A constant current stimulator (model DS7AH; Digitimer, Hertfordshire, England) controlled by a custom-written program in
Biopac Acknowledge software was used to deliver square wave pulses (5 x 1msec pulses at 300 Hz). Stimulation began at
2mA, and was progressively increased in 3mA increments every l0Osec to avoid temporal summation and progressive
augmentation.*® This was done until the investigator observed the reflex within the EMG signal. Participant informed the
investigator if the stimulus “hurt” after each application and to rate it on a 0—10 scale. If pain reached a 5/10 prior to the reflex
being evoked, testing stopped. A BioNomadix dual channel wireless EMG system was used (Biopac, Goleta, CA, USA) at
a sampling rate of 2000 Hz, amplified, and band-pass filtered (10 and 500 Hz). Recordings were collected and analyzed using
Biopac AcKnowledge software (version 4.3). The amplitude of the reflex was recorded based upon the first appearance of the
R3 segment of the reflex which has a latency of approximately 100—125ms.*®

Conditioned Pain Modulation

PPT (previously described) was assessed on both legs as the test stimulus. Participants then submerged their foot into
a cold-water bath as the conditioning stimulus that was maintained between 2°C and 4°C. After 60 seconds, participants
removed their foot and PPT were reassessed. If participants withdrew their foot early, PPT was assessed immediately
upon withdrawal. CPM was calculated as the percent change between PPT before immersion and PPT after immersion.

Perceived pain during immersion was rated on a 10-point scale.
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Exercise Induced Hypoalgesia and MVC

PPT (previously described) was assessed in both legs. Participants were then placed in an upright seated position on an
isometric dynamometer (KinCom; Biopac, Goleta, CA, USA) with their dominant knee extended to 110 degrees (full leg
extension being 180 degrees). The ankle of was secured against to an immobile lever arm. The force signal was
digitalized using Biopac and displayed. Three MVC’s with three minutes rest between each attempt were performed
by kicking against the lever arm as forcefully as possible for 3 seconds. The highest value was taken as their MVC.
Participants were then instructed to hold 25% of their MVC until task failure (defined as force falling by 10% for 3
seconds). Visual feedback of target force and verbal encouragement were provided. PPTs were again measured
immediately following exercise. EIH was calculated as the percent change in PPTs before and after exercise.

Muscle Soreness
A visual analog scale (VAS) was used to gather information regarding the participant’s ratings of perceived muscle soreness.>**°
A 100mm line with the words “no pain at all” and “worst imaginable pain” on opposite sides of the scale was used. Participants

drew a line perpendicular to the printed line representing their perceived soreness during a body weight squat.

Knee Range of Motion

A goniometer was used to measure extended and flexed knee joint angles. Participants actively extended and flexed the
knee joint while lying in prone position. Measurements were taken twice for each joint angle on left and right sides, and
the mean value of the two measurements was used to calculate the total ROM of the joint.

EIMD Protocol

The participants were placed in an upright seated position on an isometric dynamometer (KinCom; Biopac, Goleta, CA,
USA) with their dominant ankle secured to an immobile lever arm. They then performed six bouts of ten maximum
voluntary eccentric knee extensions through a 100° ROM (170° to 70° of knee extension) at a speed of 20°-s™". The
dynamometer passively returned the knee to 170° after each eccentric action. One minute of rest was provided between
sets. MVC was determined at completion of 6 sets. If MVC had declined by >20% then exercise ceased. If it had not, two
additional sets of 10 eccentric contractions were performed.

Statistical Analysis

Statistical analyses were performed using SPSS 23 (IBM Armonk, New York, NY, USA). Descriptive characteristics are
reported as means £ SD. Independent-measures ¢—tests were used to compare values for all descriptive variables age,
height, weight, BMI, POMS scales, PCS, PAQ, and IPAQ domains between male and female participants. Normality was
assessed using a Shapiro—Wilk test. Pre and 48-hr post EIMD MVC were compared using a paired sample #test. ROM
and all pain assessments (PPT, HPT, NFR, CPM, and EIH) were compared using a mixed model ANOVA with repeated
factors for time (pre vs post EIMD) x and leg (damaged-leg vs control leg) and sex (male vs female) as a between factor.
Pairwise comparisons of simple effects were performed using a Bonferroni correction for multiple comparisons. The
significance level for all tests was set at p < 0.05.

Results

Participant Physical and Psychological Characteristics
Participant characteristics are shown in Table 1. Men were taller than women, but otherwise no differences were
observed in physical activity, mood states, pain catastrophizing, or pain attitudes (P > 0.05).

Assessment of Muscle Damage

Immediately following the eccentric exercise protocol, MVC declined —32.0 + 14.8% across all participants. Forty-eight
hours later, MVC remained reduced (—17.7 = 20.3%). Active knee ROM declined 9.1 = 8.0° in the eccentrically
exercised leg compared to the unexercised limb 1.2 £ 5.3 (0.9%; p < 0.001) and VAS assessed soreness increased
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from 2.9 £3.5 to 24.4 + 23.8 mm in the EIMD leg. These findings are indicative that EIMD occurred in the eccentrically
exercised leg, as intended.

Pain Sensitivity Following EIMD

Pressure: The time x leg x sex interaction for PPT was not significant (P = 0.90), nor was the leg x sex (P = 0.19) and
time x sex (P = 0.12) interaction, or the main effect for sex (P = 0.12) so data from men and women were collapsed and
to increase sample size. There was a significant time X leg interaction (P = 0.002). Post-hoc testing using a Bonferroni
correction demonstrated a higher PPT values at Pre in the damaged leg compared to the control leg (P = 0.02; Figure 2A).
Additionally, a decline in PPT (—=13%; P = 0.002) from pre to post EIMD in the damaged leg and no change (2.2%; P =
0.60) in the control leg.

Thermal: No changes were observed in the thermal pain threshold. The time % leg X sex interaction for HPT was not
significant (P = 0.67; Figure 2B), nor was the time x leg (P = 0.25), leg % sex (P = 0.28) and time x sex (P = 0.90)
interactions, nor the main effects for leg (P = 0.14), time (P = 0.42) or sex (P = 0.61).

Flexion Reflex: No changes were observed in the NFR. The time % leg x sex interaction for NFR was not significant
(P =0.30; Figure 2C), nor was the time x leg (P = 0.39), leg x sex (P = 0.42) and time X sex (P = 0.99) interactions, nor
the main effects for leg (P = 0.71), time (P = 0.53) or sex (P = 0.056).

Pain Modulation Following EIMD
EIH: The time x leg % sex interaction for EIH was not significant (P = 0.28; Figure 3A), nor was the time x leg (P = 0.48), leg x
sex (P =0.86) and time X sex (P =0.051) interactions, nor the main effects for time (P = 0.43) and sex (P = 0.57). A significant
main effect for leg was found (P = 0.04) with the EIH response being consistently larger in the exercised leg (17.3% vs 25.8%).
CPM: The time x leg x sex interaction for CPM was not significant (P = 0.20; Figure 3B), nor was the leg x sex (P = 0.40)
and time x sex (P = 0.14) interaction, or the main effect for sex (P = 0.97). There was a significant time x leg interaction
(P = 0.016) so data from men and women were collapsed. Post-hoc testing using a Bonferroni correction demonstrated
a difference between the control and damaged leg in the Pre damage condition (P = 0.002) with larger values observed in the
control leg. This difference was no longer present in the Post damage condition (P = 0.72). EIMD had no effect on the
magnitude of CPM in the damaged leg (Pre vs Post; P = 0.66), but in the control leg, CPM declined (P = 0.008)
approximately 60%.

Discussion
Our primary findings were as follows: 1) EIMD resulted in mechanical, but not thermal hypersensitivity, 2) EIMD did
not alter the NFR threshold, and 3) EIMD did not alter endogenous pain inhibition assessed by either CPM or EIH.
A secondary finding was that there were no sex differences in the EIMD, NFR, EIH, or CMP response. This provided
further evidence that localized inflammation from EIMD sensitizes thermal sensitive and polymodal C-fibers, as well as
A-delta fiber differently in human models of pain. A lack of effect of EIMD on the NFR threshold as well as the EIH or
CPM response provides evidence that acute, short-term inflammation is not sufficient to induce measurable central
sensitization in the spinal cord and does not alter endogenous pain inhibition in a manner similar to that observed in
chronic pain conditions.

It is accepted that mechanical hyperalgesia underlies the development of DOMS following EIMD. Inflammation
consequent to EIMD leads to the activation and/or sensitization of a host of afferent nerves receptors such as transient

receptor potential vanilloid (TPRV) 1 and 4*'*** and acid sensing-ion channels (ASIC)***

which are implicated in
mechanical hypersensitivity. Therefore, our findings of reduced PPTs and the presences of DOMS in the damaged leg
was expected and agrees with observations from a range of previous studies.'® 12142841743 A potentially more interesting
finding was that EIMD did not alter thermal (heat) pain thresholds in the damaged muscle. This has been observed in
animal models of EIMD'*'* when heated Krebs solution was applied to muscle thin-fibers and in human when warm
saline was injected into damaged muscle. C-fibers and their neurons expressing TRPV1 play a role in heat

12,14,15

hyperalgesia,'® but EIMD does not appear sufficient to activate this pathway. Several studies suggest sensitization

of polymodal C-fibers (fibers sensitive to both heat and mechanical stimuli), which express TRPV1, drives mechanical
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hypersensitivity following EIMD. A mechanistic answer to this question is beyond the scope of the current study.
Therefore, further study is clearly needed to elucidate the divergent responses of these fibers to heat and mechanical
stimuli following EIMD.

A novel finding of this study was that EIMD of the quadriceps did not alter the NFR. A recent meta-analysis** found
lower NFR threshold in a host of chronic pain conditions such as fibromyalgia, whiplash, headache, spinal pain, joint
pain, and chronic widespread pain—providing clear evidence of central sensitization in those with chronic pain.
Experiments have identified a host of factors that can modify the NFR threshold by increasing or decreasing tonic
supraspinal inhibition.*** Tt was of interest to us to determine if short term (1-2 days), localized inflammation from
EIMD might be able to induce spinal sensitization as chronic inflammation is a hallmark of many pain conditions. The
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lack of change in NFR in the present study provides the first human evidence that alterations in spinal excitability do not
underly the development of DOMS.

Our findings that EIMD did not alter EIH agrees with the single previous study on this topic*® and to our knowledge
our finding that EIMD did not alter CPM is the first of its kind. Endogenous pain modulation is often reduced in chronic
inflammatory pain conditions such as fibromyalgia, knee osteoarthritis, and shoulder myalgia. EIH tends to be larger in

47749 as was found in the present study, suggesting a role for both peripheral

the exercising limb (local) than at distal sites,
and central factors. Our findings indicate localized inflammation in the exercising limb did not alter the peripheral or
central components of EIH which agrees with a previous report from our lab.?® Similar to EIH, EIMD did not alter CPM
in the damaged leg further indicating a lack of modification in the spinal and supraspinal components that contribute to
CPM. CPM in the undamaged, control leg decreased after EIMD. This finding is difficult to interpret as prior to the
induction of muscle damage, the magnitude of CPM was larger in the undamaged leg and the reduction following EIMD
made CPM similar between legs (see Figure 3B). It is possible CPM was erroneously high in the “Pre” condition in the
undamaged leg or it may have been a consequence of placing both feet in the ice bath. Given that it occurred in the
undamaged leg, and that PPT, TPT, and NFR were not altered in that limb it seems unlikely that the reduced CPM was
due to EIMD or DOMS in the contralateral limb. Some evidence using fMRI and EEG observed that the brain functional
network had changed post EIMD, despite different locations of pain induced.’®>' Thus, the brain functional network may
also change after EIMD in present study, however further investigation using these methods is warranted.

This study has several experimental considerations. First, there was a lack of diversity among participants
(primarily Caucasian males and females) and this reduces generalizability of results to other populations. As
mentioned above, we did not measure a true distal site (such as the trapezius muscle) in the CPM assessment which
might have demonstrated different affect. Another consideration to the study is that the NFR was measured in the
hamstring, but EIMD was induced in quadriceps. This was done in order to evoke a larger amount of acute
inflammation given the quadriceps is a larger muscle than the hamstring and to allow for comparison to previous
studies. However, our results might have differed if the stimulation site (sural nerve) or assessment site were in areas
or muscles that had been directly damaged. Another limitation to this study is that there was a lack of a chronic pain
group which may have helped to determine if pressure pain sensitivity, thermal sensitivity, conditioned pain modula-
tion, and exercise induced hypoalgesia are any different from what would be expected in those without musculoske-

letal injury or chronic pain conditions.

Conclusion

Our main finding was that pressure pain sensitivity, but not thermal pain sensitivity was reduced following eccentric
exercise and EIMD, similar to a growing body of animal data. EIMD and its associated localized inflammation did result
in central sensitization as no changes were observed in pain sensitivity, to pressure or heat, in the undamaged leg nor was
the NFR threshold altered. Finally, EIMD did not alter CPM or EIH in the damaged leg. Taken together the findings of
the present study suggest localized inflammation following eccentric exercise selectively sensitize mechanosensitive
nociceptors, but do not alter central pain processing or endogenous pain modulation. Studies invoking a longer period of
inflammation are necessary to explore the time-course of the transition to impaired central sensitization and modulatory
function observed in many chronic pain population. Additionally, studies comparing experimentally induced muscle pain
and those with chronic pain are warranted.
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