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Abstract 1 

Objective: Acute exercise can trigger a hypoalgesic response (exercise-induced hypoalgesia, 2 

EIH) in healthy subjects. Despite promising application possibilities of EIH in the clinical 3 

context, its reliability has not been sufficiently examined. This study therefore investigated 4 

between-session and within-subject test-retest reliability of EIH at local and remote body parts 5 

after aerobic cycling at a heart rate-controlled intensity.  6 

Methods: Thirty healthy adults (15 women) performed 15 min of aerobic cycling in two 7 

sessions. Pressure pain thresholds (PPTs) were assessed at the leg (local), the back (semi-local) 8 

and the hand (remote) before, immediately post- and 15 min post-exercise. Intraclass correlation 9 

coefficients (ICCs) were calculated for absolute and percent changes in PPTs from baseline to 10 

immediately post-exercise, and between-session agreement of EIH responders was examined. 11 

Results: PPTs significantly increased at the leg during both sessions (all P’s < .001) and at the 12 

back during session 2 (P < .001), indicating EIH. Fair between-session reliability was shown 13 

for absolute changes at the leg (ICC = .54) and the back (ICC = .40), whereas reliability of 14 

percent changes was poor (ICCs < .33). Reliability at the hand was poor for both absolute and 15 

percent changes (ICCs < .33). Agreement in EIH responders was not significant for EIH at the 16 

leg and the back (all P’s > .05). 17 

Conclusions: Our results suggest fair test-retest reliability of EIH after aerobic cycling for local 18 

and semi-local body parts, but only in men, demonstrating the need for more standardized 19 

methodological approaches to improve EIH as a clinical parameter. 20 

 21 

Key words: exercise, hypoalgesia, pressure pain thresholds, pain sensitivity, reliability 22 

 23 

 24 

 25 



4 
 

Introduction 1 

Exercise-induced hypoalgesia (EIH) is a decrease in pain sensitivity in response to a single bout 2 

of exercise [1] and is suggested to be an indicator of endogenous pain inhibition [2]. In healthy 3 

subjects, isometric, dynamic resistant and aerobic exercises have been shown to trigger EIH, 4 

often demonstrated by an increase in pain thresholds or pain tolerance, or a decrease in pain 5 

intensity ratings [3]. Much of the current literature has reported multisegmental reductions in 6 

pain sensitivity after exercise [3]; however, the hypoalgesic response appears to be smaller and 7 

less consistent in remote (i.e. non-exercising) compared to local (i.e. exercising) body parts [4, 8 

5]. These results have led to the suggestion that central as well as peripheral pain inhibitory 9 

processes are involved in EIH [5]. 10 

In a clinical context, EIH may be relevant in several ways. First, the hypoalgesic response to 11 

exercise has been shown to be reduced or even reversed – i.e. an increase in pain sensitivity – 12 

in subgroups of patients with chronic musculoskeletal pain [3, 6], suggesting diagnostic and/or 13 

discriminative value of EIH for chronic pain development or prognosis. Second, a recent study 14 

revealed a positive correlation between preoperative EIH and the reduction of pain after total 15 

knee replacement, indicating EIH as a biomarker to predict treatment response [7]. Third, 16 

repeated assessments of EIH during the therapeutic process may also be helpful to monitor and 17 

evaluate treatment success. However, implementing EIH in the clinical setting requires 18 

adequate test-retest reliability of the paradigm, and to date, such knowledge is sparse. A first 19 

step is to examine its reliability in healthy subjects, since only paradigms with sufficient 20 

reliability can be used to understand the mechanisms of endogenous pain inhibition and to 21 

identify and control for influencing factors [8]. Adequate reliability of EIH in healthy subjects 22 

is further required to justify validity of the paradigm, e.g. in estimating which amount of EIH 23 

should be considered as normal and thereby providing a reference measure to differentiate 24 

between healthy and clinical populations.  25 



5 
 

Two recent studies demonstrated only fair between-session test-retest reliability of EIH at local 1 

and remote sites after aerobic cycling at the lactate threshold [9], and at an intensity controlled 2 

by subjective ratings of perceived exertion (RPE) [10]. Another study revealed even poorer 3 

reliability of EIH after isometric wall squat exercise [11]. However, within-subject reliability 4 

(i.e. the between-session agreement in EIH responders and non-responders) was only 5 

significant using the protocol at the lactate threshold, suggesting superiority of protocols using 6 

objectively determined compared to subjectively determined work-rates such as RPE [9]. As 7 

the degree of EIH has been shown to vary with the applied exercise protocol [3], further research 8 

is required to assess its reliability with different protocols. Many of the existing studies on EIH 9 

have used protocols at a heart rate-controlled intensity [12–16], for which reliability is currently 10 

unknown. Similar to RPE-controlled protocols, they can be easily transferred into the clinical 11 

setting as they neither require a preceding maximal exercise testing nor lactate diagnostics. It 12 

is, however, possible that protocols controlled via heart rate, an objectively measurable and 13 

physiological parameter, may lead to improved test-retest reliability of EIH. 14 

Thus, the objective of the current study was to investigate between-session test-retest and 15 

within-subject reliability of a heart rate-controlled EIH paradigm in healthy subjects. It was 16 

hypothesized that (1) PPTs would be increased after exercise in comparison to baseline at local 17 

and remote body parts in both sessions and that (2) the exercise-induced changes in PPTs at a 18 

local body part would demonstrate fair to good test-retest reliability. Furthermore, as EIH has 19 

been found to occur more consistently at local compared to remote body parts [10, 15–18], it 20 

was expected that (3) reliability would be lower in body parts with increasing distance to the 21 

exercising body part.  22 

 23 

 24 

 25 
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Methods 1 

Subjects 2 

Thirty healthy adults (15 women) participated in the study. Subjects were recruited by 3 

advertisements and via word-of-mouth on the local university campus. Subjects were included 4 

if they did not meet the following criteria: 1) acute or chronic pain disorders; 2) neurological or 5 

psychiatric diseases (e.g. migraine, acute depression or schizophrenia); 3) cardiovascular 6 

diseases (e.g. hypertension or heart rhythm disorders); 4) infectious diseases (e.g. HIV or 7 

hepatitis); 5) other manifest, serious diseases (e.g. bronchial asthma, thyroid dysfunction); 6) 8 

acute febrile or infectious diseases (e.g. influenza or infections of the upper respiratory tract); 9 

7) high-frequent intake of alcohol; 8) former and acute regular intake of drugs (e.g. 10 

cannabinoids, cocaine, [meth-]amphetamines, opioids, hallucinogens); 9) regular intake of 11 

analgesic medication, or intake of any analgesic medication (over-the-counter or with 12 

prescription, e.g. NSAID, opioids) on the day of testing or the preceding day; or 10) usage of 13 

corticosteroids during the month prior to participation. The data was based on the subjects’ self-14 

report during a standardized telephone screening prior to testing. All subjects were instructed 15 

to refrain from physical exercise, caffeine and tobacco on the day of testing and the preceding 16 

day. If there were any doubts about the subjects’ health status based on the outcome of the 17 

telephone screening, they were asked to seek for a medical examination before participation. 18 

The study was conducted in accordance with the Declaration of Helsinki and approved by the 19 

local ethics committee of the psychological faculty at the Ruhr-University of Bochum 20 

(application #242). All subjects were naïve to the objective and the hypotheses of the study, 21 

and provided written informed consent prior to participation.  22 

 23 

Assessment of pain sensitivity 24 
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As the hypoalgesic response appears to be larger and more consistent for experimental pressure 1 

pain than for other experimental pain modalities, e.g. thermal pain [3, 19], pain sensitivity 2 

before and after exercise was quantified using pressure pain thresholds (PPT). To investigate 3 

differences in EIH and its reliability depending on the distance to the primary exercising body 4 

parts, PPTs were assessed at the middle of the biceps femoris of the non-dominant leg (local 5 

site), the non-dominant side of the lower back approximately 2 cm adjacent to the spine at the 6 

level of the 2nd lumbar vertebra (semi-local site), and the thenar eminence of the non-dominant 7 

hand (remote site). Although it is primarily the leg muscles which are recruited during cycling, 8 

the back muscles are among a group of trunk and arm muscles applying a counterbalancing 9 

force to the legs during pedaling [20–22]. They are especially interesting for investigating EIH 10 

as they help to depict the progression of EIH from very local over more remote or semi-local 11 

towards remote body parts. The chosen muscles have also been tested in previous studies [14, 12 

23], and the assessment of EIH at the back will allow comparability with clinical study samples, 13 

e.g. patients with low back pain. All assessment sites were marked at the beginning of each 14 

session. To identify handedness, subjects completed the Edinburgh Handedness Inventory [24]; 15 

to identify the dominant leg, subjects were destabilized by bilateral forward pushing, and the 16 

leg used to regain balance was determined as the dominant leg. The dominant leg also 17 

determined the dominant side of the back. A handheld algometer (Somedic Algometer type II, 18 

SBMEDIC Electronics, Solna, Sweden) with a probe surface of 1 cm² was used to assess PPTs. 19 

Pressure was constantly increased with an approximate rate of 50 kPa/sec. Subjects were 20 

instructed to say ‘stop’ as soon as the pressure stimulus was perceived as painful. The respective 21 

pressure intensity determined the PPT. Two PPT measurements were conducted at each site, 22 

separated by a 20-second interval, and the mean was used for the statistical analyses [25]. The 23 

order of the assessment sites was counterbalanced and randomized, and was maintained 24 

throughout the whole experiment. PPTs at all sites were assessed with the subject lying in prone 25 

position on a massage bench, which prevented bias caused by the subjects’ rearrangement. After 26 
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each pain assessment, blood pressure was measured at the left upper arm with an automatic cuff 1 

inflation system which was integrated into the ergometer software. Each blood pressure 2 

measurement lasted approx. 1 minute. (Blood pressure was assessed as part of a larger study 3 

and will not be addressed in this paper). All pain and blood pressure assessments were 4 

performed by the same experimentor (SG) who had undergone several hours of supervised 5 

training over two weeks to practice PPT assessment procedures until the pressure increase rate 6 

was kept constant. The experimenter was not blinded to the objectives of the study. 7 

 8 

Aerobic cycling exercise 9 

During both sessions, subjects completed a 15-minute heart rate-controlled cycling exercise on 10 

a stationary ergometer (Corival cpet, Lode BV, Groningen, Netherlands). Subjects sat in an 11 

upright position on the ergometer. Seat height was adjusted so that the subject’s knee flexion 12 

was approx. 5° at the lowest pedal position. All subjects were asked whether this positioning 13 

was comfortable for them to prevent painful or unpleasant sensations, which no subject denied. 14 

The cycling protocol selected for the current study was based on a protocol used by Vaegter et 15 

al. [15, 16] and has been shown to elicit robust EIH. Prior to the first experimental session, the 16 

target heart rate (HR) of 85.9 % of age-related maximum HR was calculated for each subject, 17 

as this HR has been shown to correspond to 75% of maximal oxygen uptake (VO2max) [26]. The 18 

exercise started with a 2-min warm-up period at an intensity of 50 watt (W). The intensity was 19 

then continually increased by the experimenter until the subject had achieved its respective 20 

target HR. This increase interval was intended to last approximately three minutes, although 21 

the actual duration depended on the individual HR response of the subject. Afterwards, subjects 22 

continued cycling at the target HR until the 15 minutes had expired. If necessary, the intensity 23 

was adjusted by the experimenter to keep the target HR. Heart rate was constantly monitored 24 

and recorded with the ergometer software (Lode Ergometry Manager Software, Lode BV, 25 
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Groningen, Netherlands) which was telemetrically connected to a heart rate belt strapped 1 

around the subject’s chest (Polar T31, Polar Electro, Kempele, Finland). Subjects were 2 

instructed to maintain a pedal frequency of approximately 70 rounds per minute (rpm) 3 

throughout the cycling exercise. Fifteen seconds before the exercise was terminated, subjects 4 

were asked to rate their level of perceived exertion (Rating of Perceived Exertion, RPE) on a 5 

Borg scale (ranging from 6, “very, very light”, to 20, “very, very hard”). 6 

 7 

Habitual physical activity 8 

As heart rate seems to be negatively associated with the level of physical fitness [27], the 9 

efficacy of a heart rate-based cycling protocol may be influenced by the subjects’ level of 10 

habitual physical activity. Furthermore, although most studies failed to find a significant 11 

relationship [10, 16, 28], there is some evidence suggesting a positive relationship between EIH 12 

and the amount of physical activity in daily life [29, 30]. Therefore, habitual physical activity 13 

was assessed using the German version [31] of the Baecke Physical Activity Questionnaire 14 

(BPAQ, [32]) to control for potential intervening variables. The BPAQ is a self-report 15 

instrument which comprises three indices of habitual physical activity (work, sport, and leisure 16 

time activity). Good reliability [32] and validity [33] of the BPAQ have been reported in healthy 17 

subjects. 18 

 19 

Procedure 20 

Each subject underwent two experimental sessions, separated by 1 to 3 weeks (Figure 1). To 21 

minimize circadian hormonal fluctuations, all sessions took place between 5:00 pm and 7:00 22 

pm. The first session started with a familiarization period in which subjects were introduced to 23 

the pain and blood pressure assessment procedure. Hereby, after a verbal explanation, a 24 
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complete PPT and blood pressure assessment was performed as described above. A 5-minute 1 

recovery interval was maintained to avoid carry-over effects of the familiarization procedures 2 

on the subsequent testing period, while the subject rested in upright position on a chair. Except 3 

familiarization, both sessions consisted of identical pain and blood pressure assessments prior 4 

to, immediately after and 15 minutes after the aerobic cycling exercise. During the 15-minute 5 

interval between the last two PTT assessments in both sessions, subjects completed the German 6 

version [31] of the Baecke Physical Activity Questionnaire [32] and a battery of psychosocial 7 

questionnaires, as part of a larger study. The first session lasted between 50 and 60 minutes; the 8 

second session lasted between 30 and 40 minutes. 9 

 10 

Statistics 11 

Descriptive statistics are reported as means ± standard deviations (SD), medians and number 12 

(percentage), as appropriate. Possible sex differences in demographic variables (age, Body 13 

Mass Index, level of education) were analyzed by means of the Student’s t-test for continuous 14 

variables, the Mann-Whitney U test for non-normally distributed variables, and the chi²-test for 15 

categorical variables, as appropriate.  16 

Before investigating EIH, possible systematic changes in PPTs during a non-exercising phase 17 

(comparable to quiet rest), and in pre-exercise (baseline) PPTs between session 1 and session 2 18 

were evaluated. Thus, a repeated measures analysis of variance (ANOVA) was conducted, with 19 

site (leg vs. back vs. hand) and time (familiarization vs. baseline session 1 vs. baseline session 20 

2) as within-subjects factors.  21 

To examine if EIH had been elicited by the exercise protocol and to investigate the duration of 22 

the hypoalgesic effect at local and remote assessment sites (hypothesis 1), separate repeated 23 

measuresχ 2 {\displaystyle \chi ^{2}}  a repeated measures ANOVAs were conducted for PPTs 24 
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at the leg, the back and the hand, with session (session 1 vs. session 2) and time (baseline vs. 1 

post-exercise vs. 15 min post-exercise) as within-subjects factors. To further investigate 2 

possible between-site differences in EIH adjusted to baseline sensitivity, a repeated measures 3 

ANOVA was conducted on the relative changes in PPTs between baseline and post-exercise 4 

measurements. Session (session 1 vs. session 2) and site (leg vs. back vs. hand) were included 5 

as within-subjects factors. The relative change score was calculated as [(PPT post-exercise – 6 

PPT baseline)/PPT baseline] * 100. For all ANOVAs, Greenhouse–Geisser correction was 7 

applied if the sphericity assumption was violated. Bonferroni-corrected post-hoc t-tests were 8 

calculated to analyze significant main effects or interactions. Effect sizes for the main effects 9 

and interactions are reported as partial η2 (ηp
2); effect sizes of pairwise comparisons are reported 10 

as Cohen’s d. 11 

As a precondition for investigating test-retest reliability of EIH, we first assessed test-retest 12 

reliability of PPTs within and across sessions for the total sample. Intraclass correlation 13 

coefficients (ICCs) and 95% confidence intervals (CIs) were calculated between PPTs at 14 

familiarization and baseline PPTs in session 1, and between baseline PPTs in session 1 and 15 

session 2 for each assessment site. To assess test-retest reliability of EIH across sessions, ICCs 16 

and CIs for absolute (PPT post-exercise – PPT baseline) and percent changes in PPTs in session 17 

1 and session 2 were calculated for each assessment site (hypothesis 2). Additionally, for 18 

exploratory purposes, ICCs and CIs of absolute and percent PPT change scores were also 19 

calculated separately for women and men. For all ICCs, a two-way, mixed effects model with 20 

terms of absolute agreement, based on single ratings (ICC3,1) was used [34]. Following 21 

established standards for the interpretation of reliability [35], ICCs greater than 0.75 were 22 

interpreted as excellent, between 0.6 and 0.75 as good, between 0.4 and 0.59 as fair, less than 23 

0.4 as poor. Furthermore, standard errors of measurement (SEM) were calculated for both 24 

absolute and percent change scores as the square root of the mean square error term of the 25 
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repeated-measures ANOVA to calculate intra-individual variation of EIH between sessions 1 

[34].  2 

To investigate within-subject test-retest reliability of EIH, subjects were classified as EIH 3 

responders and non-responders in session 1 and session 2, respectively. Subjects were identified 4 

as EIH responders if they had shown an increase in PPTs that was larger than the usual intra-5 

individual variation in PPT. To obtain a measure for variation in PPT, the SEM of the two single 6 

baseline PPTs measurements was calculated for each assessment site in session 1 and session 7 

2, respectively. As PPTs had been assessed twice at each site during each assessment procedure, 8 

separated by approximately 30 seconds, the SEM is assumed to reflect some rapid intra-9 

individual variation in PPTs. SEM was calculated as the square root of the mean square error 10 

term of the repeated-measures ANOVA [34]. Absolute frequencies of EIH responders and non-11 

responders were calculated, and the agreement between session 1 and session 2 was investigated 12 

using Cohen’s kappa coefficient. 13 

To further examine variables which might have influenced test-retest reliability of EIH, 14 

differences in cycling parameters during the 10-minute testing phase of the exercise (mean HR, 15 

actual time during which the participants cycled at the desired target HR, exercise intensity in 16 

Watts, and RPE values) between session 1 and session 2 were compared using Wilcoxon signed 17 

rank test or paired t-test as appropriate. Cycling parameters during each session were further 18 

examined for sex differences using Mann-Whitney U test. 19 

Moreover, the relationship between EIH and physical activity was investigated calculating 20 

Pearson correlation coefficients r for single EIH change scores in both sessions and BPAQ 21 

indices (BPAQ-work, BPAQ-sports, BPAQ-leisure time), respectively. 22 

All statistical analyses were conducted using SPSS (Version 23, IBM, Armonk, NY, USA). P-23 

values less than .05 were considered statistically significant. 24 
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 1 

 2 

Results 3 

Demographic characteristics 4 

Statistics for demographic data of the total study sample and separated by sex are presented in 5 

Table 1. Women and men did not differ in age and their level of education, but men had a 6 

significantly higher BMI than women. Women and men further did not differ with respect to 7 

handedness and leg dominance. 8 

 9 

Temporal stability of PPTs 10 

The repeated-measures ANOVA with the within-subjects factors site and time revealed a 11 

significant main effect of site (F(2, 58) = 32.13, P < .001, ηp
2 = .526). Using a Bonferroni-12 

corrected alpha level of α = .017 for three comparisons, post-hoc tests indicated that PPTs at 13 

the hand were significantly lower compared to PPTs at the leg (P < .001, d = .51) and PPTs at 14 

the back (P < .001, d = .48), whereas no differences were observed between PPTs at the leg and 15 

the back (P = .453, d = .06). The main effect of time (F(1.32, 38.38) = 3.36, P = .064, ηp
2 = 16 

.104) and the time * site interaction (F(3.06, 88.79) = .65, P = .588, ηp
2 = .022) did not reach 17 

significance. Data on baseline PPTs are presented in Figure 1 and Table 2. 18 

 19 

EIH 20 

Means and standard deviations of PPTs before and immediately after exercise of the total 21 

sample for all assessment sites are depicted in Figure 2 (the complete set of results, separate 22 

data for women and men, is provided as supplementary material, Table 1S). 23 
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For PPTs at the leg, the ANOVA with the within-subjects factors session and time revealed a 1 

significant main effect of time (F(2, 58) = 19.35, P < .001, ηp
2 = .400). The effect of session 2 

(F(1, 29) = 2.403, P = .132, ηp
2 = .077) and the session * time interaction (F(2, 58) = 1.026, P 3 

= .365, ηp
2 = .034)  did not reach significance. Using a Bonferroni-corrected alpha level of α = 4 

.0125 for 4 comparisons, post-hoc tests indicated that, in both sessions, PPTs at the leg 5 

increased significantly from baseline to post exercise in both session 1 (P < .001, d = -.33) and 6 

session 2 (P < .001, d = -.27). Further, PPTs were still increased 15 min post exercise compared 7 

with baseline in session 1 (P = .004, d = -.21), but not in session 2 (P = .165, d = .10).  8 

For PPTs at the back, the ANOVA revealed a significant session * time interaction (F(2, 58) = 9 

8.516, P = .001, ηp
2 = .227). Using a Bonferroni-corrected alpha level of α = .0125 for 4 10 

comparisons, PPTs increased significantly from baseline to post exercise in session 2 (P < .001, 11 

d = -.31), but not in session 1 (P = .035, d = -.17). Moreover, PPTs were still increased at 15 12 

min post exercise compared to baseline in session 2 (P < .001, d = -.19), but not in session 1 (P 13 

= .043, d = -.13).  14 

For PPTs at the hand, there was a significant session * time interaction (F(2, 58) = 5.052, P = 15 

.009, ηp
2 = .148). However, with a Bonferroni-corrected alpha level of α = .0125 for 4 16 

comparisons, there were no significant PPT alterations from baseline to post exercise (session 17 

1: P = .033, d = -.13; session 2: P = .588, d = -.02), nor from baseline to 15 min post exercise 18 

(session 1: P = .084, d = -.09; session 2: P = .019, d = .14) in both sessions. 19 

The repeated measures ANOVA on the relative changes in PPTs with the within-subjects 20 

factors session and site showed a significant session * site interaction (F(2, 58) = 7.750, P = 21 

.001, ηp
2 = .211). Post-hoc tests with a Bonferroni-corrected alpha level of α = .017 for 3 22 

comparisons revealed that relative changes in PPTs at the back were significantly larger in 23 

session 2 (21.1%) than in session 1 (8.3%). No significant between-session differences in 24 
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relative changes in PPTs from baseline to immediately post-exercise were found at the leg 1 

(session 1: 19.0%; session 2: 17.8%) and the hand (session 1: 4.8%; session 2: 1.3%). 2 

 3 

Test-retest reliability of PPTs 4 

All intraclass correlation ANOVA models for baseline PPTs across sessions were statistically 5 

significant (P < .001). ICCs for PPTs during familiarization and baseline PPTs in session 1 6 

were 0.86 (0.68 – 0.94) at the leg, 0.88 (0.76 – 0.94) at the back and 0.90 (0.62 – 0.97) at the 7 

hand. ICCs for baseline PPTs in session 1 and session 2 were 0.87 (0.74 – 0.94) at the leg, 0.89 8 

(0.78 – 0.95) at the back and 0.86 (0.67 – 0.94) at the hand, suggesting excellent within-session 9 

and between-session reliability of PPTs for all assessment sites.  10 

 11 

Test-retest reliability of EIH 12 

Table 2 shows ICC and SEM calculations of absolute change scores and percent change scores 13 

in PPTs after exercise for the total sample. For EIH assessed at the leg (ICC = .54) and the back 14 

(ICC = .40), fair reliability was shown for absolute change scores, whereas reliabilities of 15 

percent change scores were poor (ICCs < .33). Reliabilities of EIH responses obtained at the 16 

hand were poor for both absolute and percent change scores (ICCs < .33).  17 

Separate ICC analyses for men and women revealed that, in men, fair reliability was shown for 18 

absolute change scores in PPTs at the leg (ICC = .58 [.11 – .84], P = .011) and the back (ICC 19 

= .44 [-.03 – .76], P = .019), and for relative change scores at the back (ICC = .54 [.06 – .82], 20 

P = .005). Reliability was poor for relative change scores at the leg (ICC = .28 [-.27 – .69], P = 21 

.153), and for both absolute (ICC = .34 [-.16 – .71], P = .093) and relative change scores (ICC 22 

= .398 [-.10 – .74], P = .059) at the hand. In contrast, in women, poor reliability was shown for 23 
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absolute and relative change scores in PPTs (all ICCs < .34), and none of the intraclass 1 

correlation ANOVA models were statistically significant (all P’s > .05).  2 

 3 

Within-subject test-retest reliability of EIH 4 

SEMs of baseline PPT assessments in session 1 and session 2, reflecting usual rapid intra-5 

individual variation in PPTs, were 48 kPa and 73 kPa for the leg, 38 kPa and 60 kPa for the 6 

back, and 34 kPa and 48 kPa for the hand, respectively. For EIH at the leg, 19 and 14 subjects 7 

showed increases in PPTs after exercise which were larger than the SEM, and were therefore 8 

classified as responders in session 1 and 2, respectively. Eleven subjects occurred to be 9 

responders in both sessions (Table 3; κ = .279, P = .105). For EIH at the back, 15 and 16 subjects 10 

were classified as responders in session 1 and 2, respectively, and 10 subjects occurred to be 11 

responders in both sessions (Table 3; κ = .267, P = .143). For EIH at the hand, 11 and 3 subjects 12 

were classified as responders in session 1 and 2, respectively, and 3 subjects occurred to be 13 

responders in both sessions (Table 3; κ = .322, P = .016). 14 

 15 

Cycling parameters 16 

Prior to the experiment, a mean target HR of 168.23 BPM (± 1.55) had been calculated for the 17 

total sample. Statistics for cycling parameters during the 10-minute testing phase of the exercise 18 

for the total study sample and separately for men and women are presented in Table 1. No 19 

significant between-session differences were apparent in HR (Wilcoxon signed rank test: P = 20 

.517), time intervals during which the participants actually cycled at the target HR (Wilcoxon 21 

signed rank test: P = .412), exercise intensities (paired t-test: P = .182) and RPE values 22 

(Wilcoxon signed rank test: P = .271). There were, however, significant sex differences, with 23 

higher HR (all P’s < .001) and longer time intervals of cycling at the target HR in women than 24 
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in men during both sessions (all P’s < .01), and higher cycling intensities in men compared to 1 

women during both sessions (all P’s < .001). 2 

 3 

Habitual physical activity and EIH 4 

None of the correlations between EIH change scores and BPAQ indices were statistically 5 

significant (all P’s > .05), indicating no significant relationship between EIH and the level of 6 

habitual physical activity. 7 

 8 

 9 

 10 

 11 

 12 

 13 

 14 

 15 

 16 

 17 

 18 

 19 

 20 

 21 
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 1 

 2 

 3 

 4 

Discussion 5 

This study investigated between-session and within-subject test-retest reliability of exercise-6 

induced hypoalgesia (EIH) in healthy subjects, using an established heart-rate controlled 7 

cycling protocol. A significant hypoalgesic response was observed at the leg in both sessions, 8 

and at the back in session 2, but not at the hand. Between-session test-retest reliability was 9 

generally fair for EIH assessed at the leg and the back, but poor for EIH at the hand. Agreement 10 

in EIH responders and non-responders between sessions was not significant for the leg and the 11 

back. 12 

 13 

Exercise-induced hypoalgesia 14 

As expected, PPTs increased significantly at the local site (leg) from baseline to immediately 15 

post-exercise in both sessions which confirms the findings of previous studies using the same 16 

cycling protocol [15, 16]. However, whereas our analysis revealed no significant difference in 17 

local EIH between session 1 and 2, a previous study by Vaegter et al. [10] demonstrated 18 

significantly larger EIH at the leg during a second session with a protocol controlled by ratings 19 

of perceived exertion (RPE). Interestingly, for EIH at the semi-local site (back), a pattern 20 

similar to the findings by Vaegter et al. [10] emerged, as we observed EIH in session 2, but not 21 

in session 1. To date, only few studies have investigated EIH at the back after aerobic cycling 22 

in healthy subjects, but an increase in PPT has been observed after exercise [17, 36]. Larger 23 

EIH or the occurrence of EIH during a second session could stem from a possible influence of 24 
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expectation [10]. Through interoceptive awareness, the hypoalgesic effect in session 1 may 1 

have been experienced as a consequence of the exercise, resulting in larger PPT increases in 2 

session 2. This assumption is supported by the findings of Jones et al. [37] showing augmented 3 

EIH in subjects who had received explicit education on EIH, compared to a control group. Yet, 4 

as local EIH was comparable during session 1 and 2 in the current study, the influence of 5 

expectation might further be moderated by other variables, e.g. the level of self-efficacy or 6 

perceived control over the cycling intensity which is presumably higher in an RPE- than in an 7 

externally-controlled protocol such as in the current study. Future studies may therefore 8 

investigate the influence of situational psychological variables on EIH. Although we can only 9 

hypothesize the cause for the occurrence of EIH at the back in the second session of the current 10 

study and the larger EIH effects in the second session demonstrated by Vaegter et al. [10], these 11 

findings have encouraging implications for the clinical setting. It seems that the underlying pain 12 

inhibitory processes can be developed or strengthened which may offer new perspectives for 13 

the treatment of patients with chronic pain. 14 

In contrast, PPTs at the hand neither increased after exercise in session 1 nor in session 2. While 15 

the literature is rather consistent in indicating multisegmental EIH after isometric exercise [3], 16 

research on aerobic cycling is controversial, with some studies showing multisegmental effects 17 

[10, 16, 17], while others did not [15, 18]. In the current study, EIH was only elicited at local 18 

and semi-local sites indicating primarily peripheral pain inhibitory processes. However, prior 19 

findings suggest that also central mechanisms are involved in exercise-induced pain inhibition, 20 

such as endogenous opioidergic pathways or the endocannabinoid system [38, 39]. The missing 21 

control condition may account for the lack of remote EIH in the current study. 22 

In sum, our results suggest that EIH may not only be less pronounced [5, 15], but also occur 23 

less consistently depending on the distance to the primary exercising body parts during cycling. 24 

 25 
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Test-retest reliability of EIH 1 

For EIH at the leg (ICC = .54) and the back (ICC = .40), the analyses indicated fair between-2 

session test-retest reliability for absolute changes, and the agreement between EIH responders 3 

and non-responders was not significant, suggesting substantial within-subject variation in EIH. 4 

These results are comparable to the findings by Vaegter et al. [10] of fair reliability of EIH at 5 

the quadriceps (ICC = .45) and the trapezius (ICC = .46) and no significant agreement between 6 

EIH responders and non-responders after RPE-controlled cycling. A recent reliability study 7 

using a cycling protocol at the lactate threshold showed fair intersession test-retest reliability 8 

of EIH at the quadriceps (ICC = .45) and the trapezius (ICC = .57) [9], but significant between-9 

session agreement in EIH responders and non-responders. Therefore, using the lactate threshold 10 

may lead to improved reliability of EIH as it appears to be a better indicator of exercise intensity 11 

than the heart rate [40]. However, comparative studies are required to directly contrast 12 

reliabilities of EIH with different protocols, and we recommend addressing this question in the 13 

future. 14 

Interestingly, reliability was highest for EIH assessed at the leg, less for EIH at the back, and 15 

least for EIH at the hand, suggesting that reliability may decrease with increasing distance to 16 

the primary exercising body parts. It is possible that reliability of EIH varies as a function of 17 

physical strain exerted on the investigated site. However, as the current study did not assess 18 

muscular activity by e.g. EMG measurement, this assumption remains speculative.  19 

The differences in reliability between local and remote EIH may further be influenced by 20 

diverging underlying mechanisms. For example, EIH has been suggested to share mechanisms 21 

with conditioned pain modulation (CPM) [14, 41], the phenomenon of multisegmental 22 

reductions in pain sensitivity after a noxious conditioning stimulus (e.g. cold water immersion), 23 

presumably reflecting a central pain inhibitory mechanism. In this regard, cycling itself might 24 

have evoked muscle pain in the exercising legs, triggering a reduction of pain sensitivity in 25 
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remote areas such as the hand. Although some studies found good (ICC = 0.66 [42]; ICC = 0.69 1 

[43]) to excellent (ICC = 0.82 [44]) between-session reliability of CPM in healthy subjects, 2 

others reported poor (ICC = -0.40 [42]) to fair (ICC = 0.57 [43]) reliability (for a systematic 3 

review see [45]) which could explain the poor reliability of remote EIH in the current study. 4 

However, our data does not support this assumption as no hypoalgesic response was observed 5 

at the hand. Another likely cause for the poor reliability of EIH and the significant between-6 

session agreement in EIH responders and non-responders at the hand is that EIH had not been 7 

elicited in any of the sessions. 8 

Importantly, ICCs for EIH at the leg and the back differed depending on the underlying change 9 

score (i.e. absolute or percentage). ICCs for percent changes were lower, with 95% confidence 10 

intervals crossing zero, indicating that EIH is more reliable if reflected as an absolute change 11 

score. This results is similar to findings by Vaegter et al. [10]. According to a simulation study 12 

by Vickers [46], percent change from baseline to post-treatment had lowest statistical power 13 

and was highly sensitive to changes in variance. The discrepancy in our results underlines the 14 

need for standardized difference measures to quantify EIH.  15 

At first sight, the fair to poor levels of reliability of EIH seem disappointing. Assessing the 16 

reliability of EIH requires reliable PPT assessment over time; however, the comparable baseline 17 

PPTs and excellent ICCs (> .75) for baseline PPTs at all assessment sites suggest that the rather 18 

low ICC values for EIH were not due to unreliable PPT assessments. This is in line with 19 

previous research demonstrating high reliability of PPTs assessed manually and computer-20 

controlled [47]. Furthermore, other studies have shown that PPT assessment is not 21 

systematically influenced by circadian rhythms [48, 49]. 22 

The low reliability of EIH could further be attributed to between-session differences in the 23 

subjects’ cycling performance. As heart rate is influenced by various factors [50], a heart-rate 24 

controlled protocol might not be suitable to repeatedly elicit the exact same hypoalgesic 25 
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response. In line with this assumption, the target heart rate had not been achieved with the 1 

beginning of the sixth minute, indicating the difficulty to influence heart rate in a standardized 2 

way. Furthermore, women and men differed with respect to heart rate-based cycling parameters, 3 

suggesting that the protocol was not equally suitable for both sexes. However, not only the 4 

mean achieved heart rate and the duration of cycling at the target heart rate, but also RPE values 5 

did not differ between the sessions, making this explanation unlikely.  6 

Importantly, there is some evidence that EIH is influenced by sex [5, 16, 23, 39, 51], raising the 7 

question whether test-retest reliability of EIH might also differ between women and men, e.g. 8 

due to variations in EIH depending on the female menstrual cycle which was not controlled in 9 

our study. Reliability in women was indeed poor at all sites, whereas reliability in men was fair 10 

at least for EIH at the leg and the back. Yet, a study by Hoeger-Bement et al. [52] did not find 11 

an influence of menstrual cycle phases on EIH in healthy women after isometric exercise which 12 

contradicts this assumptions. Our results imply that – at least in women – EIH elicited by a 13 

heart rate-controlled protocol may not be a useful clinical tool. Due to the small sample size, 14 

however, we suggest a careful interpretation of the separate reliability analyses and recommend 15 

further investigation of potential sex differences in reliability of EIH. 16 

Another explanation may be provided by the statistical analyses performed in the current study. 17 

Weir [34] pointed out that homogeneous samples will lead to lower ICC values as the 18 

underlying formula is based on between-subjects variability. Accordingly, a low ICC can be 19 

found even if session-to-session variability of EIH is low. In the current sample, the sample was 20 

rather homogeneous with respect to age. Future studies should therefore investigate between-21 

session test-retest reliability of EIH in more heterogeneous samples. It is further recommended 22 

to use an additional measure of innersubject variation, such as the SEM. According to our 23 

results, the EIH response may vary between 30 kPa and 65 kPa for absolute changes (13 – 15% 24 

for percent changes, respectively), depending on the assessment site which is comparable to the 25 
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SEMs (65 - 86 kPa for absolute changes; 14 – 21% for percent changes) calculated by Vaegter 1 

et al. [10]. These values may provide a further step to an understanding of normal efficacy 2 

fluctuations within the human pain inhibitory system and may serve as reference values for 3 

comparisons with clinical populations.  4 

 5 

Limitations 6 

There are several limitations of this study. First, due to the lack of a control condition, PPTs 7 

might have increased as a function of time alone (i.e habituation) or due to the PPT and blood 8 

pressure assessments causing hypoalgesia themselves (i.e. CPM). However, local EIH has been 9 

repeatedly demonstrated in experiments including the current cycling protocol and a control 10 

condition, and pain sensitivity in our sample did not significantly change within the five-minute 11 

interval between familiarization and the first PPT assessment making this assumption unlikely 12 

[15, 16]. Second, generalizability of the current findings may be constrained due to the sample 13 

characteristics, i.e. the young age and the absence of acute and chronic pain. A larger body of 14 

research, however, has investigated EIH in samples of similar age and health status [3], which 15 

allows the transferability of our results to other studies and is a strength of the current study. 16 

Third, as subjects did not undergo lactate diagnostics, subjects with poor physical fitness could 17 

have exceeded their lactate threshold during exercise, causing discomfort or even muscle pain 18 

due to H+-ion accumulation and, consequently, CPM. Physical activity parameters were, 19 

however, not significantly related to the amount of EIH which contradicts this assumption. 20 

Fourth, there was no instruction concerning the positioning of the hands and the back. This 21 

could have led to inter-individual differences with respect to muscular exertion at the back or 22 

bias through compression at the hand which could have influenced the results. 23 

 24 
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Conclusions 1 

This is the first study to investigate between-session and within-subject test-retest reliability of 2 

EIH after aerobic cycling at a heart rate-controlled intensity. Our results support previous 3 

findings on fair reliability of EIH after aerobic cycling controlled by subjectively perceived 4 

exertion [25] or at the lactate threshold [9], but only in men. Furthermore, the results suggest 5 

higher reliability of EIH at local than remote body parts. This study, however, also demonstrates 6 

the need for more standardized methodological approaches to improve EIH as a clinical 7 

parameter. 8 
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 1 

 2 

Figure legends: 3 

Fig. 1: Experimental procedure illustrated for both testing sessions. PPT: Pressure pain 4 

threshold assessment at the leg, the back and the hand. BP: Blood pressure assessment. Fam: 5 

Familiarization. 6 

 7 

Fig. 2: Means ± SD (N=30) of pressure pain thresholds (PPTs) at the leg, back and hand 8 

assessed before exercise (baseline), immediately after exercise (post exercise) and 15 minutes 9 

after exercise (15 min post exercise) in session 1 and session 2. Significant difference in PPT 10 

compared with baseline (*, P < .0125 due to Bonferroni-correction). 11 



 

 

Supplements 

Table 1S: Means and standard deviations of pressure pain thresholds (PPTs) for all assessment 

sites, each for the total sample and separate for women and men. 

 

PPTs (kPa) 

P  

(Women 

vs. men) 

 

Total  

(n=30) 

Women 

(n=15) 

Men  

(n=15) 

 

Leg Session 

1 

Pre 433.3 ± 176.1 379.3 ± 133.4 487.4 ± 200.5 .093 

Post 517.8 ± 229.7 440.7 ± 140.9 595 ± 276.8 .068 

Post 15 

min 

483.2 ± 223.9 409.6 ± 137.9 556.9 ± 270.6 .074 

Session 

2 

Pre 466.1 ± 234.9 364.2 ± 149.7 567.9 ± 263.9 < .05 

Post 547.7 ± 289.2 435.4 ± 182.4 660 ± 336.1 < .05 

Post 15 

min 

488.9 ± 224.7 389.9 ± 162.5 587.8 ± 239.3 < .05 

Back Session 

1 

Pre 437.9 ± 171.2 363.2 ± 112.5 512.5 ± 189.9 < .05 

Post 469 ± 192.2 399.3 ± 133.5 538.7 ± 219.6 < .05 

Post 15 

min 

461.9 ± 190 387.9 ± 136.1 535.8 ± 211 < .05 

Session 

2 

Pre 453.6 ± 228.3 345.5 ± 134.1 561.7 ± 254.8 < .01 

Post 547.1 ± 281.6 429.3 ± 173.4 664.9 ± 323.3 < .05 

Post 15 

min 

498.1 ± 232.1 390.9 ± 157.7 605.4 ± 249.2 < .01 

Hand Pre 327.1 ± 106.6 277.3 ± 67.2 376.9 ± 117.1 < .01 



 

 

Session 

1 

Post 343.5 ± 124.3 280.2 ± 68.4 406.8 ± 136.9 < .01 

Post 15 

min 

337.7 ± 114.6 282.7 ± 76.5 392.7 ± 121.9 < .01 

Session 

2 

Pre 358.6 ± 138.1 301.9 ± 108.4 415.4 ± 144.4 < .05 

Post 362 ± 142.6 293.1 ± 92.8 430.8 ± 152.9 < .01 

Post 15 

min 

340.3 ± 135.1 284.3 ± 85.1 396.3 ± 154.4 < .05 

Pre: Baseline, before exercise. Post: Immediately after exercise. Post 15 min: 15 minutes after 

exercise. 



Table 1: Means ± SD, median (range), or absolute frequencies, as appropriate, of sample characteristics and cycling parameters during the 10-

minute testing phase of the exercise. 

 

 Total (n=30) Women (n=15) Men (n=15) 

P 

(Women vs. men) 

Sample characteristics     

Age 24.4 ± 1.8 24.0 ± 2.2 24.9 ± 1.1 .187 

BMI 23.1 ± 4.0 20.8 ± 2.5 25.3 ± 4.1 < .01 

Handedness Left: 2 

Right: 28 

Left: 1 

Right: 14 

Left: 1 

Right: 14 

.999 

 

Leg dominance Left: 5 

Right: 25 

Left: 1 

Right: 14 

Left: 4 

Right: 11 

.142 

 

     

Cycling parameters     

HR (bpm) 

     Session 1 

 

163.66 (± 7.38) 

 

167.75 (± 3.61) 

 

159.58 (± 8.00) 

 

< .001 



     Session 2 162.76 (± 9.39) 168.25 (± 4.18) 157.26 (± 10.02) < .001 

Time interval at target HR (min) 

     Session 1 

     Session 2 

 

7:05 (± 3:03) 

6:48 (± 3:24) 

 

8:36 (± 2:19) 

8:59 (± 1:26) 

 

5:35 (± 3:00) 

4:36 (± 3:24) 

 

.001 

< .001 

Exercise intensity (Watts) 

     Session 1 

     Session 2 

 

149.62 (± 46.45) 

152.26 (± 43.04) 

 

113.91 (± 29.59) 

118.96 (± 25.62) 

 

185.33 (± 29.34) 

185.55 (± 28.37) 

 

< .001 

< .001 

RPE (6-20) 

     Session 1 

     Session 2 

 

15 (12 – 17) 

15 (13 – 18) 

 

15 (13 – 17) 

15 (13 – 17) 

 

15 (12 – 17) 

15 (13 – 18) 

 

.902 

.567 

 

BMI: Body Mass Index (weight [kg] / (height [m])²). HR: Heart rate. Bpm: Beats per minute. RPE: Ratings of perceived exertion. 



Table 2: Means ± standard deviations of pressure pain thresholds (PPTs) before and after exercise, and of absolute and percent change scores with 

corresponding intraclass correlation coefficients (ICC) and standard errors of measurement (SEM) of the total sample size for each assessment site. 

 

 Total (n=30) 

Baseline Post exercise 

Absolute 

change  

(kPa) 

ICC(3,1)  

(95% CI) 

P 

SEM  

(kPa) 

Percent 

change  

(%) 

ICC(3,1) 

(95% CI) 

P 

SEM 

(%) 

Leg 

Session 

1 

433.33 ± 

176.11 

517.83 ± 

229.67 

84.5±86.15 .540  

(.224 – 

.752) 

< .01 65.23 

18.96±17.64 .274  

(-.099 – 

.576) 

.072 15.44 

Session 

2 

466.07 ± 

234.86 

547.73 ± 

289.22 

81.67±103.77 17.7918.45 

Back 

Session 

1 

437.85 ± 

171.16 

469.00 ± 

192.16 

31.15±77.22 .400  

(.032 – 

.669) 

< .01 64.54 

8.32±18.43 .327  

(-.008 – 

.604) 

< .05 14.63 

Session 

2 

453.6 ± 

228.29 

547.12 ± 

281.62 

93.52±101.68 21.13±19.21 



Hand 

Session 

1 

327.12 ± 

106.59 

343.5 ± 

124.31 

16.38±39.96 .317  

(-.023 – 

.598) 

< .05 30.14 

4.79±12.71 .326  

(-.019 – 

.607) 

< .05 13.19 

Session 

2 

358.63 ± 

138.06 

361.97 ± 

142.61 

3.33±33.36 1.33±9.97 

 

kPa: kilopascal. CI: Confidence interval. 



Table 3: Cross-tabulations of exercise-induced hypoalgesia (EIH) responders and non-

responders at the leg (a), the back (b) and the hand (c) in session 1 and session 2. 

(a) EIH response at the leg 

Session 2 

Responders Non-responders 

Session 1 

Responders 11 8 

Non-responders 3 8 

 

(b) EIH response at the back 

Session 2 

Responders Non-responders 

Session 1 

Responders 10 5 

Non-responders 6 9 

 

(c) EIH response at the hand 

Session 2 

Responders Non-responders 

Session 1 

Responders 3 8 

Non-responders 0 19 

Subjects were classified as EIH responders if their increase in PPTs after exercise > SEM of 

baseline PPTs. 



 

 

 

 

 

 

 

 

Figure 1. Experimental procedure illustrated for both testing sessions. PPT: Pressure pain 

threshold assessment at the leg, the back and the hand. BP: Blood pressure assessment. Fam: 

Familiarization. 
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Figure 2. Means ± SD (N=30) of pressure pain thresholds (PPTs) at the leg, back and hand 

assessed before exercise (baseline), immediately after exercise (post exercise) and 15 minutes 

after exercise (15 min post exercise) in session 1 and session 2. Significant difference in PPT 

compared with baseline (*, P < .0125 due to Bonferroni-correction). 
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