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ABSTRACT 38 

Objectives: To investigate the relationship between offset analgesia magnitude and the 39 

responsiveness to conditioned pain modulation (CPM), temporal summation of (second) pain (TSP), 40 

and clinical pain severity in people with knee osteoarthritis (KOA). 41 

Methods: Electrical stimuli were applied to 88 participants with KOA to measure offset analgesia at 42 

the volar forearm of the dominant hand, and CPM and TSP at the most symptomatic knee and 43 

ipsilateral volar wrist. Clinical pain severity was assessed using the pain subscale of the Knee injury and 44 

Osteoarthritis Outcome Score (KOOSPAIN). Linear mixed effects models evaluated pain modulatory 45 

effects across all tests, and Spearman's partial correlations assessed associations between offset 46 

analgesia, CPM, TSP, and KOOSPAIN while accounting for covariates of interest. Participants unable to 47 

validly finish all psychophysical tests were excluded from effect and correlation analyses but were 48 

evaluated for predictors of non-valid completion using bivariate Stochastic Search Variable Selection. 49 

Results: Significant pain modulation was observed across all psychophysical tests (p < 0.05) and no 50 

meaningful predictors of non-valid test completion were found. Offset analgesia magnitude did not 51 

significantly correlate with CPM, TSP, or KOOSPAIN (p ≥ 0.05), with a maximum partial correlation 52 

coefficient of ρ = 0.21. 53 

Discussion: Offset analgesia was not associated with CPM, TSP, or KOOSPAIN in people with KOA. 54 

Despite the lack of case-control studies comparing offset analgesia between people with KOA and 55 
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healthy controls, these findings suggest that offset analgesia may provide information about 56 

endogenous pain modulation beyond CPM and TSP, though its clinical translation remains uncertain. 57 

 58 

KEY WORDS: Endogenous pain modulation; Offset analgesia; Conditioned pain modulation; Temporal 59 

summation of second pain; Knee osteoarthritis  60 

 61 

1 INTRODUCTION 62 

Knee osteoarthritis (KOA) is one of the world-leading causes of pain and disability (1) and many people 63 

with KOA present signs of disrupted endogenous pain modulation (EPM) (2-5). EPM refers to the body’s 64 

internal mechanisms for pain regulation, including both inhibitory and facilitatory mechanisms (6, 7), 65 

and it is commonly quantified using psychophysical tests, such as temporal summation of pain (TSP) 66 

and conditioned pain modulation (CPM; (7)). During TSP, exposure to a series of painful stimuli is 67 

expected to gradually increase perceived pain intensity (8, 9), whereas CPM reflects a reduced 68 

stimulus-evoked pain intensity perceived at one area of the body when another painful conditioning 69 

stimulus is applied simultaneously to a remote region (10). Offset analgesia is another common 70 

measure of inhibitory EPM (7), characterized by a disproportionately large reduction in perceived pain 71 

intensity following a small reduction in stimulus intensity (11). However, only one study has assessed 72 

offset analgesia in people with KOA (12), finding it to be both unresponsive to and non-predictive of 73 

the analgesic effect of non-steroidal anti-inflammatory drugs (NSAIDs). Furthermore, no association 74 

was found between offset analgesia and clinical pain severity (12). However, offset analgesia has not 75 

been found to respond to any pharmacological, pain-modulatory agent (13) and the dissociation 76 

between offset analgesia and clinical pain severity is a commonly reported finding in people with pain 77 

(14-18). Nevertheless, offset analgesia magnitude has been found to be altered in various chronic pain 78 

populations (19), suggesting that it may still provide a valuable marker of EPM (mal)functioning in 79 

people with KOA. Moreover, although a few contradictions exist (20, 21), most studies report no 80 
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association between offset analgesia and neither CPM nor TSP (14, 22-24), suggesting that it may 81 

reveal processes of EPM that are not reflected by other psychophysical test paradigms (25). Using the 82 

baseline data of a larger clinical trial (26), this study therefore aims to evaluate the relationship 83 

between offset analgesia magnitude and 1) CPM efficiency; 2) TSP effect; and 3) clinical pain severity, 84 

in a sample of people with radiographic and painful KOA. Since we believe that offset analgesia 85 

magnitude may rely on processes of EPM that are distinct from that of CPM and TSP, we hypothesize 86 

that no significant associations will be found between offset analgesia and neither CPM nor TSP. Similar 87 

to earlier findings in other pain populations (14-18), we also, however, hypothesize that offset 88 

magnitude will not be associated with clinical pain severity in people with KOA. 89 

 90 

2 MATERIALS AND METHODS 91 

2.1 Study design and conditions  92 

This study is a secondary analysis of the baseline data collected within a larger, randomized controlled 93 

trial with a 12-week intervention and 24-week follow-up in people with KOA. The research protocol 94 

for this study was pre-registered on ClinicalTrials.gov (Identifier No. NCT04362618) and can be found 95 

in detail elsewhere (26). The protocol was approved by the Ethics Committee of the University Hospital 96 

Brussels and Vrije Universiteit Brussel (B.U.N 143201941843) and followed the Declaration of Helsinki. 97 

All participants provided written informed consent before their baseline assessment.  98 

 99 

2.2 Participants 100 

Ninety middle-aged-to-older adults with radiographic and painful KOA were recruited between 101 

January 2020 and April 2023 for the larger clinical trial after expressing an interest in participating. Two 102 

of these participants were, however, excluded from the present study due to an inability to perform 103 

any pain test because of medical reasons, resulting in a study sample of 88 participants. To be included 104 
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in the larger trial, participants had to meet the diagnostic criteria for KOA, as defined by the American 105 

College of Rheumatology (27), and display a radiographic grade of ≥2 of tibiofemoral osteoarthritis 106 

according to the Kellgren and Lawrence grading system (28)(based on anterior-posterior and 107 

mediolateral radiographs of the tibiofemoral joint, plus an axial radiographical view of the 108 

patellofemoral joint). The final diagnosis of KOA was made by an orthopaedist or a physical therapist. 109 

Additional inclusion criteria were age ≥50 years, and knee pain reported as ≥3 on a 0 to 10 visual 110 

analogue scale (0 = no pain; 10 = worst pain imaginable) on most days within the preceding three 111 

months. Exclusion criteria were: 1) treatment with prescribed exercise therapy or intra-articular 112 

injections (e.g., corticosteroids) in the preceding six months; 2) being on a waiting list for knee 113 

replacement; 3) contra-indications for exercise therapy; 4) increased inflammatory state unrelated to 114 

osteoarthritis (C-reactive protein >10 mg/L); 5) cognitive impairment inferring an inability to 115 

understand the test instructions and/or a score of <23/30 on the Mini-Mental State Examination (29); 116 

6) inability to understand the Dutch language; and 7) disorders (e.g., rheumatoid arthritis, 117 

fibromyalgia), and/or regular use of stronger medication (e.g., opioids, immunosuppressants) that 118 

influence pain and/or the immune system. If possible, participants were asked to refrain from NSAIDs 119 

from inclusion until the last follow-up of the larger clinical trial. For whom a restraint from NSAIDs was 120 

not possible, the use of NSAIDs was closely monitored to ensure that any intervention-related effect 121 

was not falsely detected as a result of changes in NSAID consumption. However, all participants were 122 

instructed to refrain from all types of analgesic drugs 24 hours before their laboratory visits, and the 123 

specific use of NSAID was therefore not considered an issue in the present study. 124 

 125 

2.3 Procedure 126 

All measurements took place at the Vrije Universiteit Brussel (VUB) and/or the Universitair Ziekenhuis 127 

Brussel (UZ Brussel), Belgium. Participants were instructed to refrain from analgesic drugs, alcohol, 128 

caffeine, nicotine, and strenuous physical activity (>3 metabolic equivalents) 24 hours before their 129 
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laboratory visit. Upon arrival, a computer-based set of standardized questionnaires was completed, 130 

followed by individual pain threshold detection and assessment of EPM (i.e., CPM, TSP, and offset 131 

analgesia) using electrical stimulation provided by a constant current stimulator (Surpass LT stimulator, 132 

EMS biomedical, Korneuburg, Austria). Electrical pain thresholds (EPT) were first determined at the 133 

medial peripatellar region of the most symptomatic knee (3 cm medial to the midpoint of the medial 134 

edge of the patella) (2), and at the ipsilateral volar wrist along the median nerve (i.e., at the carpal 135 

tunnel). Using the EPT values, participants were then first exposed to the TSP, and then the CPM 136 

paradigm, with the order of the test regions being randomized across participants. An additional EPT 137 

was then assessed at the volar forearm of the dominant hand, 3 cm distal to the elbow joint (30). This 138 

was used to individually tailor the stimulation intensities for the following offset analgesia paradigm. 139 

During all measurements, participants remained comfortably seated with the test knee placed in 90° 140 

and with the hand of the arm being tested resting on the thigh with the palm facing up. A schematic 141 

presentation of the assessment procedure is presented in Figure 1. 142 

 143 

2.4 Endogenous pain modulation  144 

2.4.1 Electrical pain thresholds 145 

EPTs of the symptomatic medial knee and ipsilateral volar wrist were determined by delivering 146 

electrical stimuli in constant rectangular 5-pulse trains (frequency: 250 Hz; pulse duration: 1 ms; (31)). 147 

With an interstimulus interval of 5 s, the current was increased in steps of 0.5 mA from a baseline of 0 148 

mA (32) until the participants reported a perception of discomfort. To determine the EPT of the volar 149 

forearm, stimuli were delivered in constant rectangular pulse trains of the same pulse duration, but at 150 

a lower frequency (100 Hz; (30)). The EPT detection procedure was repeated three times for each test 151 

region, interspersed with a 30-s rest period. The mean of the three attempts was calculated for each 152 

test region and used during the subsequent EPM assessment.  153 

 154 
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2.4.2 Temporal summation of (second) pain 155 

Temporal summation of (second) pain (TSP) was assessed by delivering 20 electrical stimuli in constant 156 

rectangular 5-pulse trains (frequency: 250 Hz; pulse duration: 1 ms (32)) at the previously determined 157 

EPT intensity, and with an interstimulus interval of 0.5 s. The participants were instructed to rate their 158 

perceived pain from 0 (no pain) to 10 (worst pain imaginable) using a numeric rating scale (NRS; (32)) 159 

after the 1st, 10th, and 20th stimulus. The medial knee and volar wrist were assessed in the same order 160 

as during the EPT assessment and three trials, separated by 30 s, were performed at each test region.  161 

 162 

2.4.3 Conditioned pain modulation 163 

CPM was assessed with electrical stimuli as the test stimulus, and the cold pressor test (CPT) as the 164 

conditioning stimulus (33). Twenty electrical stimuli (33), delivered in 5-pulse trains (frequency: 250 165 

Hz; pulse duration: 1 ms), were applied at a current intensity of 140% EPT during two test runs: one 166 

before and one during the CPT. The interstimulus interval varied between 8 to 12 seconds to reduce 167 

the risk of stimulus prediction (34). During the CPT, participants were instructed to immerse the hand 168 

contralateral to their most symptomatic knee into a bath of cold, distilled, circulating water at 12°C 169 

(VersaCoolTM, Thermo Scientific, Thermo Fisher Scientific Inc., Waltham, MA USA; (35)). The hand was 170 

immersed up to the wrist and participants were instructed to keep their fingers spread and not to let 171 

any part of their hand touch the walls or bottom of the water container. Following each series of 172 

electrical stimuli, the participants were asked to give a NRS score reflecting their average pain 173 

experience during all 20 stimuli. The stimulation series was first provided at both the medial knee and 174 

volar wrist in the absence of the CPT (same order as EPT detection), and then repeated simultaneously 175 

with the CPT. A 15-min break was provided between each test region to let the hand rewarm (Fig 1), 176 

and upon completion of the CPM test, a 5-min break was provided before testing offset analgesia.  177 

 178 
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2.4.4 Offset analgesia 179 

Offset analgesia was assessed using a validated protocol using electrical stimuli (30), in which the 180 

stimuli are provided as one train of rectangular pulses (frequency: 100 Hz; pulse duration: 1 ms) lasting 181 

for 30 seconds. One test trial and one control trial were performed in a randomized order, with each 182 

trial divided into three intervals: T1 (5 s), T2 (5 s), and T3 (20 s). The control trial was performed with 183 

a constant stimulus intensity at 150% EPT, whereas the test trial was performed with the following 184 

intensities: T1 = 150% EPT; T2 = 180% EPT; T3 = 150% EPT. Participants were instructed to rate their 185 

perceived pain intensity using the NRS every 5 s, reflecting the transitions from T1 to T2, from T2 to 186 

T3, and four time points with a 5-s interval during T3. As primary afferents adapt during prolonged 187 

stimulation (36), a 5-min rest was provided between the test and control trial to minimize carry-over 188 

effects on the stimulation site.  189 

 190 

2.5 Clinical pain severity and pain-related traits 191 

Before the EPM assessment, all participants completed a number of self-reported questionnaires 192 

online via Qualtrics, of which the data of five questionnaires was used in the present study (see (26) 193 

for full questionnaire battery). Clinical pain severity was assessed using the Knee injury and 194 

Osteoarthritis Outcome Score (KOOS) (37). KOOS is constructed of five subscales, of which the pain 195 

subscale is considered a valid and reliable tool for the assessment of pain severity in people with KOA 196 

(38). An estimate of clinical pain severity was determined according to the 2012 version of the KOOS 197 

scoring manual (39) by computing the mean score of all items and implementing it in the following 198 

equation:  199 

KOOSPAIN = 100 −
(mean score ×  100)

4
 200 

A final score between 0 and 100 was thereby obtained for each participant, with 100 indicating no 201 

symptoms (39). To further characterize the study sample, pain catastrophizing and pain hypervigilance 202 
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were assessed using the Pain Catastrophizing Scale (PCS; (40)) and Pain Vigilance and Awareness 203 

Questionnaire (PVAQ; (41, 42)), respectively. In addition, the Central Sensitization Inventory (CSI; (43)) 204 

was used to assess signs of central sensitization, whereas the Brief Illness Perception Questionnaire 205 

(IPQ-B; (44)) was used to assess the perception of illness. The scores across all items from the PCS, 206 

PVAQ, CSI, and IPQ-B, respectively, were summed and used to describe and evaluate participants who 207 

were able to complete the entire EPM test battery versus those who were not (see 2.6.3). All 208 

questionnaires were provided in a validated Dutch version (45-49). 209 

 210 

2.6 Statistical analysis 211 

All statistical analyses were performed in RStudio running R version 4.4.1, and the significance of all 212 

analyses described below was set a priori to p < 0.05.  213 

2.6.1 Within-subject psychophysical test effects 214 

To evaluate the within-subject effect for offset analgesia, CPM, and TSP, we constructed separate 215 

linear mixed-effects models (LMMs) for each test with absolute pain intensity (i.e., NRS score) as the 216 

dependent variable. Importantly, only participants who completed all psychophysical tests as outlined 217 

above were included in the effect analysis. This choice was made to prevent the possibility of detecting 218 

effects in one test that might be influenced by responses of participants excluded from another 219 

because of missing and/or invalid data. 220 

For all LMMs, a by-subject random intercept and a by-subject random slope were included for each 221 

independent fixed factor to account for the repeated measures design of each test, as well as for inter-222 

individual differences in baseline pain and test responsiveness and/or dynamics. We also included a 223 

bivariate covariate across all models controlling for whether the assessor and participant were of the 224 

same (= 1) or the opposite sex (= 0). All LMMs were constructed using the lmer function from the lme4 225 

package and assessed in terms of fit by visual inspection of quantile-quantile and residual-versus-fitted 226 
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plots of the model residuals. Prior to this visual inspection, the contribution of all random effects to 227 

the models was tested using the ranova function from the lmerTest package, which performs likelihood 228 

ratio tests by comparing models with and without each random effect. Likewise, the contribution of 229 

the covariate (i.e., assessor-participant sex coherence) was assessed using Type III analysis of variance 230 

(ANOVA), applied using the Anova function from the car package, which tests each fixed effect while 231 

controlling for other factors in the model. To avoid overfitting, a random-effects term or covariate was 232 

only kept in the final model if it significantly improved the model fit. All random effects significantly 233 

improved the model fit across all models, whereas the covariate did not and was therefore excluded 234 

from the final models. The results of each final LMM were presented in the more familiar ANOVA table 235 

format, generated using marginal Type III ANOVA from the lmerTest package (function: anova) and 236 

with degrees of freedom for the F-values calculated using Satterhwaite’s method. Post-hoc tests were 237 

conducted for significant fixed effects using the emmeans function from the emmeans package.  238 

2.6.1.1 Offset analgesia magnitude 239 

To evaluate the significance of offset analgesia magnitude (ΔOA), we constructed a LMM with 240 

Condition (two levels: Test or Control) and Time point (six levels: 5, 10, 15, 20, 25, or 30 s) as fixed 241 

factors, with 5 s set as the reference value for Time point. In most of the previous studies using fixed 242 

time points for pain scores during offset analgesia, ΔOA has been defined as the difference in pain 243 

intensity between a test and control condition after the first 5 s of T3 (19). However, since it has been 244 

recognized that this may not be enough time to capture the true ΔOA in all individuals (19), we 245 

considered both the 5- and 10-s pain report of T3 in the evaluation of ΔOA during post-hoc testing of 246 

any significant interaction. Since we were only interested in the differences between the Test and 247 

Control condition at each time point, we applied Dunnett’s post-hoc to reduce the number of pairwise 248 

comparisons.  249 

2.6.1.2 Conditioned pain modulation efficiency 250 
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CPM efficiency (ΔCPM) was defined as the difference in absolute pain intensity during compared to 251 

before CPT (31). To evaluate the significance of ΔCPM, a LMM with Condition (two levels: Before CPT 252 

or During CPT) and Body site (two levels: Knee or Wrist) as fixed factors was therefore constructed. 253 

Whereas a significant main effect of Condition would indicate a significant ΔCPM, Tukey’s post-hoc was 254 

applied to further investigate any significant interaction. 255 

2.6.1.3 Temporal summation of (second) pain effect 256 

TSP effects (ΔTSP) were defined as the absolute differences in pain intensity between the 1st and the 257 

10th (ΔTSP10; (50)), and between the 1st and 20th stimulus (ΔTSP20). The significance of ΔTSP was thus 258 

evaluated by constructing a LMM with Stimulus (three levels: 1st, 10th, or 20th stimulus) and Body site 259 

(two levels: Knee or Wrist) as fixed factors, with the 1st stimulus set as the reference value for the 260 

Stimulus factor. A significant main effect of Stimulus indicated a significant ΔTSP and similar to the 261 

evaluation of ΔOA, a significant Stimulus effect was further evaluated using Dunnett’s post-hoc to 262 

compare the 10th and 20th stimulus to the 1st stimulus. A significant interaction was investigated further 263 

using Tukey’s post-hoc.  264 

2.6.2 Associations with offset analgesia magnitude 265 

Spearman’s partial correlation coefficients (Spearman´s rho, ρ) were calculated using the pcor.test 266 

function from the ppcor package to evaluate the association between ΔOA and 1) ΔCPM at the knee 267 

and wrist, 2) ΔTSP at the knee and wrist, and 3) KOOSPAIN. The effect values of each pain test were 268 

calculated as described above, and for similar reasons as described in section 2.6.1, only participants 269 

with a complete (and valid) pain test battery were included. However, since our LMM for ΔOA showed 270 

a significant ΔOA only at 10 s of T3 (T310s), and not at 5 s of T3 (T35s; see Results), only ΔOA at T310s 271 

were used in the partial correlations to reduce the number of comparisons. Holm corrections for 272 

multiple comparisons were applied across all correlational analyses using the p.adjust function from 273 

the stats package. 274 

2.6.2.1 Partial correlation covariates 275 
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All partial correlations controlled for possible age (51) and sex (20) differences in ΔOA, as well as for 276 

body mass index (BMI) to account for possible differences in subcutaneous fat and thereby differences 277 

in electrical impedance between test regions and participants. Furthermore, since offset analgesia was 278 

tested only at the upper limb in comparison to TSP and CPM, which were assessed at both the upper 279 

and lower limb, we also controlled for knee or wrist EPT to reduce the possible bias induced by region-280 

specific differences in peripheral sensitivity (not applicable for KOOSPAIN). Likewise, offset analgesia was 281 

performed at the forearm of the dominant hand, whereas CPM and TSP were performed at the knee 282 

and wrist ipsilateral to the most symptomatic knee. Thus, some participants performed all EPM 283 

paradigms at the same body half (n = 34), whereas others received the offset analgesia paradigm 284 

contralateral to CPM and TSP (n = 32). We therefore also controlled for the impact of receiving offset 285 

analgesia ipsilateral or contralateral to CPM and TSP by including a binary variable for offset analgesia 286 

test site (i.e., Ipsilateral or Contralateral to CPM and TSP). Finally, a substantial number of participants 287 

(n = 37) did not adhere to the pre-assessment instructions to refrain from strenuous physical activity 288 

(n = 6), use of nicotine (n = 5) and analgesic drugs (n = 9), and intake of alcohol (n = 7) and caffeine (n 289 

= 23) in the 24 hours preceding the laboratory visit. However, since introducing too many covariates 290 

into the partial correlations reduces the degrees of freedom, as well as increases the risk of e.g., 291 

overfitting and multicollinearity, we decided to control for these pre-assessment variables in a 292 

separate exploratory analysis by including them as binary variables (i.e., “Refrained from” or “Not 293 

refrained from”). These analyses did not change the direction of the results (Table S1), and we 294 

therefore only present the partial correlations without the pre-assessment variables accounted for in 295 

the following sections.  296 

2.6.3 Handling of missing and/or invalid data 297 

As explained in earlier sections, a portion of the study sample (n = 22) had missing or invalid data for 298 

some of the psychophysical tests and was therefore excluded from the effect and correlation analyses. 299 

However, since the reason for missing and/or invalid data was considered likely not at random (see 300 
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3.1), this introduces potential selection bias by potentially excluding participants with certain traits. To 301 

address this, we analysed two bivariate Stochastic Search Variable Selection (SSVS) models to assess 302 

whether self-reported demographic and pain-related factors predicted 1) non-valid completion of at 303 

least test (regardless of reason; M1), and 2) participant-initiated cessation of at least one test 304 

(excluding non-volitional cases; M2). The predictors tested included age, sex, BMI, KOOSPAIN, CSI, PCI, 305 

PVAQ, and IPQ-B. 306 

Briefly, SSVS is a Bayesian variable selection method that samples thousands of models to identify key 307 

predictors, here based on Marginal Inclusion Probability (MIP) (52, 53), which reflects the frequency 308 

of inclusion of predictors across the sampled models. MIP was estimated using Markov Chain Monte 309 

Carlo (MCMC) sampling, with a spike-and-slab prior, balancing predictors with no effect (spike at zero) 310 

and those with potential effects (non-zero slab). The estimation also considers a prior inclusion 311 

probability, reflecting the prior belief about a predictor's importance. Following the structure of 312 

Bainter et al. (52, 53), we used the ssvs function from the SSVS package, running 20,000 iterations with 313 

the first 5,000 as burn-in, and with a prior inclusion probability of 0.5. Predictors with a MIP ≥ 0.5 were 314 

considered meaningful (54) and further explored for model-averaged regression coefficients (β) and 315 

95% credible intervals.  316 

 317 

- 318 

3 RESULTS 319 

3.1 Participant characteristics 320 

Twenty-two participants had incomplete or invalid data in one or more of the psychophysical tests and 321 

were therefore excluded from the effect and correlation analyses. Of these participants, five were not 322 

able to complete the offset analgesia test at their intended stimulus intensities, whereas three did not 323 

perform this test at all because of fainting (n = 2) or self-chosen study withdrawal (n = 1) during or 324 
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,following the CPM test. Another 13 participants could not complete the CPM test due to intolerable 325 

cold pain during the CPT, and one final participant was excluded after having maximized the capacity 326 

of the current stimulator (50 mA) during the EPT detection at the knee, thereby having to stop the trial 327 

before the true EPT was reached. The characteristics of all participants, categorized according to 328 

whether they could validly complete all psychophysical tests or not, are presented in Table 1, whereas 329 

the responsiveness to all psychophysical tests across the participants included in the final effect and 330 

correlation analyses is presented in Table 2. 331 

3.2 Endogenous pain modulation observed in people with knee osteoarthritis 332 

A LMM based on each participant’s pain intensity scores during the offset analgesia test and control 333 

conditions revealed a significant Time point by Condition interaction (F[5, 454] = 19.89, p < 0.001; Fig 334 

2a). Dunnett’s post-hoc then showed that participants scored their pain intensity significantly higher 335 

during the test compared to the control condition at T2 (t[209] = -5.50, p < 0.001), and significantly 336 

lower during the test compared to the control condition at 10, 15, and 20 s within T3 (T310: t[209] = -337 

3.26, p = 0.001; T315: t[209] = -2.98, p = 0.003; T320: t[209] = -3.32, p = 0.001), but not at 5 s within T3 338 

(t[209] = -1.15, p = 0.253), indicating a significant ΔOA at T310s.  339 

Separate LMMs were also constructed based on the individual pain intensity scores derived from the 340 

CPM and TSP paradigms, performed at the knee and wrist, to evaluate the EPM effect of each test. For 341 

ΔCPM, we observed a significant main effect of Condition (F[1, 109] = 6.35, p = 0.002; Fig 2b), indicating 342 

a significant ΔCPM. No significant Condition by Body site interaction was observed (F[1, 65] = 3.93, p = 343 

0.052; Fig 2b), implying that the analgesic effect of the conditioning stimulus was not significantly 344 

dependent on the body site at which the test stimuli were delivered.  345 

For ΔTSP, we observed a significant main effect of Stimulus (F[2, 107] = 39.99, p < 0.001; Fig 2c), for 346 

which Dunnett’s post-hoc confirmed that there was a significant increase in pain intensity from the 1st 347 

to the 10th (t[65] = 7.95, p < 0.001) and from the 1st to the 20th stimulus (t[65] = 7.40, p < 0.001). This 348 
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indicates that ΔTSP was significant over the course of the 20-stimulus train. There was also a significant 349 

Stimulus by Body site interaction (F[2, 195] = 14.74, p < 0.001; Fig 2c), for which Tukey’s post-hoc 350 

showed that ΔTSP (i.e., the main effect of Stimulus) was more prominent for the knee than the wrist 351 

between the 1st and 10th stimulus (Fig 2c). Specifically, the significant difference observed between the 352 

knee and wrist at the 1st stimulus (t[89] = -4.42, p < 0.001) had diminished at the 10th (t[89] = -1.76, p 353 

= 0.495). 354 

 355 

3.3 Offset analgesia does not correlate with conditioned pain modulation, temporal summation of 356 

(second) pain, and clinical pain severity  357 

Partial correlation analyses (Spearman´s rho, ρ) with ΔOA as the target variable showed no significant 358 

correlations with ΔCPM or ΔTSP at neither the most symptomatic knee nor ipsilateral wrist, and no 359 

significant correlation between ΔOA and KOOSPAIN (Table 3).  360 

 361 

3.4 No certain predictors of psychophysical test completion 362 

Two bivariate SSVS models were constructed to explore if self-reported demographic and/or pain-363 

related factors could predict 1) non-valid completion of any of the psychophysical tests (M1), and/or 364 

2) a participant's decision to prematurely stop at least one test (M2). None of the models identified 365 

any important predictors, with the MIP of the strongest predictor (i.e., CSI score) reaching only 0.03 in 366 

both models, and with the model-averaged β for this predictor corresponding to -0.01 (95% credible 367 

interval: 0.00, 0.00) in both models (Table S2). 368 

 369 

4 DISCUSSION 370 
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The primary aim of the present study was to investigate the relationship between offset analgesia 371 

magnitude and the response of CPM and TSP in people with radiographic and painful KOA, while 372 

controlling for the impact of relevant covariates (i.e., age, sex, BMI, and test site). Although the sizes 373 

of the pain modulatory effects were not defined, we observed a significant EPM effect across all 374 

psychophysical tests, indicating a successful test implementation. Some of the participants found the 375 

offset analgesia and/or CPM paradigm too painful to complete, but further analysis of self-reported 376 

demographic and (psychosocial) pain-related factors revealed no strong predictors of test completion. 377 

As hypothesized, offset analgesia magnitude was not significantly associated with neither CPM nor 378 

TSP, suggesting that offset analgesia may provide information about EPM in people with KOA that is 379 

not captured by the TSP and/or CPM paradigm. Likewise, no significant association between offset 380 

analgesia magnitude and KOOSPAIN was found, and this study therefore provides additional support 381 

that offset analgesia magnitude does not correlate with clinical pain severity in people with (chronic) 382 

pain.  383 

 384 

A dissociation between offset analgesia magnitude and CPM efficiency has been reported in previous 385 

studies conducted in both pain-free individuals (23, 24) and people with chronic low back pain (14) and 386 

migraine (22). In the present study, our findings show that this dissociation also applies to people with 387 

KOA. In contrast, a significant moderate association between offset analgesia and CPM was observed 388 

in an early study by Honigman et al. (20). However, this finding was based on a fairly small number of 389 

participants (n = 15) and was only observed in pain-free men, and not women (20). Given that later 390 

publications, including the present study, have been unable to replicate these results with larger 391 

sample sizes (14, 22-24), the current evidence therefore suggests that offset analgesia and CPM are 392 

independent from one another. Likewise, there is no previous observation of a significant association 393 

between offset analgesia magnitude and TSP effect (14, 22, 24), and the results of this study therefore 394 

provide additional support for a dissociation between these psychophysical tests. However, while 395 
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agreeing with previous findings, the present study used electrical test stimuli across all psychophysical 396 

tests, whereas previous studies evaluating the association between offset analgesia and other 397 

psychophysical tests have utilized thermal heat stimuli (14, 22-24). Notably, the present study 398 

represents the first to assess and demonstrate a significant offset analgesia magnitude in a pain 399 

population using an electrical stimulus-based protocol. However, although not investigated for offset 400 

analgesia, the responsiveness to the CPM and TSP paradigm has been found to vary depending on the 401 

type of stimulus modality used (55, 56). In line with this, the available validation study of an electrical 402 

offset analgesia protocol found “only” a moderate correlation between thermal heat-induced and 403 

electrically-induced offset analgesia, with the behaviour of pain ratings across time varying between 404 

modalities (30). The offset analgesia magnitude observed in the present study may thus not be directly 405 

comparable to the thermal-derived effects reported in previous studies. Yet, it suggests that the 406 

dissociative nature of offset analgesia with CPM and TSP applies when electrical stimuli are used too.  407 

 408 

One possible explanation for the dissociation between offset analgesia and other EPM paradigms is 409 

that it relies on distinct EPM mechanisms. Modulation of offset analgesia magnitude has been 410 

implicated at all levels along the neuroaxis, including the peripheral receptors (51, 57-59), spinal dorsal 411 

horn (60), brainstem (61, 62), and cortex (23, 62, 63). However, in contrast to TSP and CPM, offset 412 

analgesia has not been found to respond to centrally-acting pharmacological agents (13). Whereas TSP 413 

has been attenuated by the administration of N-methyl-D-aspartate receptor antagonists (64, 65), 414 

these agents were found to have no effect on offset analgesia magnitude (66), suggesting that offset 415 

analgesia does not rely on glutamatergic transmission. Likewise, although exceptions exist (67), many 416 

studies have found CPM efficiency to be modulated by the administration of exogenous opioid agonists 417 

and antagonists (68, 69), as well as serotonin-norepinephrine reuptake inhibitors (70-72). In contrast, 418 

offset analgesia magnitude remains unaltered upon administration of either type of pharmacological 419 

agent (13), suggesting that the mechanisms of offset analgesia do not depend on endogenous opioids, 420 



18 
 

serotonin, and/or norepinephrine. The consistent dissociation observed between offset analgesia and 421 

both CPM and TSP in this and previous studies may thus reflect a reliance on different neurotransmitter 422 

systems. For example, the impact of dopamine in offset analgesia has not yet been explored, but it 423 

was recently shown by Desch et al. that administration of the dopamine precursor levodopa enhanced 424 

the pain relief induced by a small intensity reduction of a tonic painful heat stimulus (73). Possibly, the 425 

small decrease in stimulus intensity during offset analgesia may act as a reward causing dopamine 426 

release and subsequent dopaminergic nociceptive inhibition. Others have suggested that offset 427 

analgesia may rely more strongly on cortical mechanisms than other psychophysical tests (25). Offset 428 

analgesia does, for example, engage similar cortical regions as placebo analgesia (25), such as the 429 

dorsolateral prefrontal cortex (23, 62, 63), periaqueductal gray (PAG), and rostral ventromedial 430 

medulla (RVM; (61, 62)). This has led to speculations that the small decrease in stimulus intensity 431 

during offset analgesia may serve as a placebo-like cue resulting in a prediction of further intensity 432 

reductions (63, 74). Although still to be confirmed, these studies support the notion of offset analgesia 433 

potentially relying on EPM processes that are less involved in TSP and CPM.  434 

 435 

4.1 Limitations 436 

Although potentially relying on differences in EPM processes, the non-significant associations with 437 

offset analgesia magnitude found in our study may also be explained by that offset analgesia was 438 

applied to a different body site (volar forearm) as compared to CPM and TSP (volar wrist and medial 439 

knee) – a choice made to adhere to the only validated protocol for offset analgesia using electrical 440 

stimuli (30). Nevertheless, test site diversity may have had an impact on the strength of the relationship 441 

between offset analgesia magnitude and the responsiveness to the CPM and TSP paradigm, possibly 442 

(although not significant) explaining the somewhat stronger correlations between offset analgesia 443 

magnitude and CPM/TSP responsiveness at the wrist compared to the knee. Furthermore, because of 444 

the heavy battery of multiple psychophysical tests (as well as blood samples and 445 
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electroencephalography (26)), the participants were not familiarized with the psychophysical tests 446 

before the actual assessment, which may have inferred novelty effects interfering with the EPM effects 447 

of each test. However, although not eliminated completely, we tried to partly control for these factors 448 

by first including the EPT at the knee or wrist as a covariate across all partial correlations between 449 

psychophysical tests, aiming to account for differences in peripheral sensitivity between the test 450 

regions. Moreover, we kept the test order standardized across participants, as well as ensured that all 451 

participants were naïve to the EPM assessment, ensuring equal test conditions across all participants.  452 

However, since we did not hypothesize to find any significant associations, we were unable to perform 453 

a valid power calculation. May and Looney recently proposed a required sample size of 47 subjects to 454 

detect an association of 0.4 with an 80% power using Spearman´s correlation coefficient (75). This 455 

suggests that the number of participants in our study would have been sufficient to detect an 456 

association of moderate size, but insufficient to detect small associations of significance. However, 457 

since the study of May and Looney concerns a healthy population, in contrast to the more complex 458 

pain population of people with KOA included in our study, it is possible that both higher and smaller 459 

sample sizes than those mentioned by the authors would have been required to achieve sufficient 460 

power. 461 

In addition to the limitations above, the present study constitutes a secondary analysis of data from a 462 

larger clinical trial, which inherently infers stringent eligibility criteria and thereby a potentially reduced 463 

generalizability of our findings. For instance, individuals with cognitive impairments, as well as people 464 

taking stronger pain medications (e.g., opioids) were excluded. The generalisability of our findings may 465 

also be affected by the exclusion of participants having missing or invalid psychophysical test data since 466 

not missing at random. As mentioned in the beginning of the discussion, no predictors of test 467 

completion were identified. Yet, other unobserved factors, such as motivation and/or pain tolerance, 468 

may still have influenced test tolerability in certain individuals in our KOA sample. Furthermore, since 469 

we were unable to compare the EPM profile of our sample of people with KOA with that of healthy, 470 
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pain-free controls, we were unable to make any inferences about whether the psychophysical test 471 

responses observed in our study reflect normal or abnormal EPM.  472 

 473 

5. CONCLUSION 474 

This study evaluated the association between offset analgesia magnitude and CPM efficiency, TSP 475 

effect, and clinical pain severity (KOOSPAIN) in people with radiographic and painful KOA. No significant 476 

associations were found, suggesting that offset analgesia magnitude may provide information about 477 

EPM in people with KOA that is not captured by the CPM and TSP paradigm, but that these processes 478 

may not directly relate to clinical pain severity. 479 
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 746 

Figure 1. Flowchart of the endogenous pain modulation assessment procedure. EPT = electrical pain threshold; 747 

TSP = temporal summation of pain; CPM = conditioned pain modulation; CPT = cold pressure test; OA = offset 748 

analgesia.  749 

 750 

 751 

Figure 2. Means and standard deviations of pain intensity scores within the (a) offset analgesia, (b) conditioned 752 

pain modulation, and (c) temporal summation of pain paradigms. In (a), * indicates a significant difference in 753 

pain intensity between the test and control condition of the offset analgesia paradigm. In (b), † indicates a 754 

significant reduction in pain intensity “during” compared to “before” the cold pressor test (CPT). In (c), ‡ indicates 755 

a significant increase in pain intensity compared to the 1st stimulus in a series of 20 stimuli. Significance is 756 

indicated at p < 0.05. 757 
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Table 1.  Characteristics of all 88 participants categorized by (valid) completion status of psychophysical test battery 

 Participants completing all 
psychophysical tests according to 

instructions (n = 66) 

Participants unable to complete all 
psychophysical tests according to 

instructions (n = 22) 

 Mean ± SD [Min – Max] Mean ± SD [Min – Max] 

Age (years) 64.80 ± 8.57 [52.00 – 86.00]   66.23 ± 8.42 [54.00 – 81.00] 

BMI (kg/m2) 28.00 ± 3.88 [20.05 – 41.95] 28.99 ± 4.64 [20.82 – 38.54] 

Sex (female/male) 53.03% females 15.00% females 

Race/ethnicity (whitea/Asian) 98.48% white 100% white  

Dominant hand (right/left) 92.42% right 100% right 

Most symptomatic knee (right/left) 50.00% right 50% right 

KOOSPAIN  58.36 ± 14.96 [25.00 – 100.00] 58.08 ± 17.06 [30.56 – 86.11] 

CSI 30.33 ± 12.19 [3.00 – 63.00] 25.86 ± 9.72 [7.00 – 49.00] 

PCS 16.26 ± 11.56 [0.00 – 45.00] 16.09 ± 12.50 [0.00 – 42.00] 

PVAQ 30.98 ± 12.19 [4.00 – 63.00] 33.18 ± 11.06 [8.00 – 51.00] 

IPQ-B 37.06 ± 8.47 [18.00 – 56.00] 35.32 ± 10.23 [15.00 – 50.00] 
a “White” refers to European, Middle east, or North American descent. 
 
SD = standard deviation; BMI = body mass index; KOOSPAIN = knee osteoarthritis outcome score, pain subscale; CSI = 
central sensitization inventory; PCS = pain catastrophizing scale; PVAQ = pain vigilance and awareness 
questionnaire; IPQ-B = brief illness perception questionnaire 

 759 

Table 2. Psychophysical test responses across the 66 participants with complete test data 

 Mean ± SD [Min – Max] 

EPT (mA)   

     Medial kneea 9.57 ± 5.15 [2.67 – 25.50] 

     Volar wrist (n. medianus)a 4.95 ± 2.93 [1.50 – 16.00] 

     Volar forearmb 8.68 ± 4.09 [3.50 – 20.17] 

ΔTSP10 (NRS differencec)   

     Medial kneea 1.38 ± 1.36 [-0.33 – 4.67] 

     Volar wrist (n. medianus)a 0.93 ± 1.13 [-1.00 – 4.67] 

ΔTSP20 (NRS differenced)   

     Medial kneea 1.94 ± 1.99 [-1.00 – 7.00] 

     Volar wrist (n. medianus)a 1.35 ± 1.79 [-1.00 – 6.33] 

ΔCPM (NRS differencee)   

     Medial kneea -0.51 ± 1.24 [-4.00 – 3.00] 

     Volar wrist (n. medianus)a -0.17 ± 1.34 [-5.00 – 3.00] 

ΔOA – Volar forearm   

     T35s (NRS differencef) -0.15 ± 1.18 [-3.00 – 2.00] 

     T310s (NRS differenceg) -4.43 ± 1.05 [-4.00 – 1.50] 
a Performed ipsilateral to the most symptomatic knee. 
b Performed ipsilateral to the dominant hand.  
c Difference in pain intensity from the 1st to the 10th stimulus in a series of 20 stimuli. 
d Difference in pain intensity from the 1st to the 20th stimulus in a series of 20 stimuli. 
e Difference in pain intensity “during” compared to “before” the cold pressor test. 
f Difference in average pain intensity following the first 5 seconds of T3 between the 
offset analgesia test and control conditions. 
g Difference in average pain intensity following the first 5 seconds of T3 between the 
offset analgesia test and control conditions. 
 
EPT = electrical pain threshold; ΔTSP = temporal summation of pain effect; NRS = numeric 
rating scale (pain intensity; 0–10); ΔCPM = conditioned pain modulation efficiency; ΔOA 
= offset analgesia magnitude 
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Table 3. Nonsignificant bivariate partial correlations (Spearman´s rho, ρ) between 

ΔOA and ΔCPM, ΔTSP, and clinical pain severity (KOOSPAIN), controlling for the 
impact of age, sex, BMI, knee/wrist EPT, and test location. 

 ΔOAb Unadjusted p  

ΔCPMKNEE
a ρ = -0.02 p = 0.905 

ΔCPMWRIST
a ρ = 0.11 p = 0.415 

ΔTSP10KNEE
a ρ = 0.05 p = 0.695 

ΔTSP20KNEE
a ρ = 0.04 p = 0.739 

ΔTSP10WRIST
a ρ = 0.21 p = 0.101 

ΔTSP20WRIST
a ρ = 0.21 p = 0.112 

KOOSPAIN
c ρ = -0.01 p = 0.943 

a Performed ipsilateral to the most symptomatic knee. 
b Performed ipsilateral to the dominant hand.  
c Only controlled for the impact of age, sex, and BMI.  
 
ΔOA = offset analgesia magnitude; ΔCPM = conditioned pain modulation 
efficiency; ΔTSP = temporal summation of pain effect; EPT = electrical pain 
threshold; KOOSPAIN = knee injury and osteoarthritis outcome score, pain subscale; 
BMI = body mass index.  
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