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 Highlights 
 Reporting in CPM is not standardized and does not consider 

measurement error 

 A distribution-based approach enables the identification of “real” change 
in CPM 

 The proportion of CPM inhibitors and facilitators is paradigm dependent 

 Inter-session CPM response is not consistent in healthy subjects 

 Standardisation in reporting will underpin emerging clinical utility of 
CPM 
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Abstract  

Conditioned pain modulation (CPM) is a potentially useful biomarker in pain 

populations; however, a statistically robust interpretation of change scores is 

required. Currently, reporting of CPM does not consider measurement error. Hence, 

the magnitude of change representing a “true” CPM effect is unknown. This study 

determined the standard error of measurement (SEM) and proportion of healthy 

participants showing a ‘true’ CPM effect with a standard CPM paradigm.  

 

Fifty healthy volunteers participated in an intersession reliability study using 

pressure pain threshold (PPT) test stimulus and contact heat, cold water and sham 

conditioning stimuli. Baseline PPTs were used to calculate SEM and > +/- 2x SEM to 

determine CPM effect.  

 

SEM for PPT was 0.21 kg/cm2. An inhibitory CPM effect (>+2SEM) was elicited in 59% 

of subjects in response to cold stimulus; in 44% to heat. Intrasession and intersession 

reliability of within-subject CPM response was poor (kappa coefficient <0.36). 

 

Measurement error is important in determining CPM effect and change over time. 

Even when using reliable test stimuli, and incorporating measures to limit bias and 

error, CPM intersession reliability was fair and demonstrated a large degree of 

within-subject variation. Determining “true” change in CPM will underpin future 

interrogations of intra-individual differences in CPM. 
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Perspective  

This study used a distribution-based statistical approach to identify real change in 

CPM, based on the standard error of measurement for the test stimulus. Healthy 

volunteers demonstrate substantial within-subject variation; CPM effect was 

paradigm dependent at intra-session testing and unstable to the same paradigm at 

intersession testing. 

 

Key words   

Conditioned pain modulation; pressure pain threshold; measurement error; 

intersession test stability  
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Introduction 

Conditioned pain modulation (CPM) is a psychophysical measure thought to be the 

human correlate of diffuse noxious inhibitory control (DNIC) (49), initially identified 

electrophysiologically in rats (22) and suggested as early as 1937 in humans as a 

phenomenon where ‘pain inhibits pain’ (9). It is proposed that pain at one site, the 

‘conditioning stimulus’, can modulate (facilitate or inhibit) the experience of pain at 

a second distant site, the ‘test stimulus’ (34) via a spino-bulbar-spinal loop (30).  

 

CPM has been suggested as a method for predicting response to treatment in 

chronic pain patients, as less efficient CPM appeared to correlate with the efficacy of 

therapies augmenting descending inhibitory systems, such as duloxetine (51). 

Assessment of CPM prior to intervention has also been suggested as a method for 

predicting the development of post-surgical pain (38, 50). However, despite 

consensus work aimed at developing the clinical application of CPM testing (49, 48) 

our recent review highlighted that methods for determining and reporting CPM 

effect are not standardised (20). 

 

Consideration is required in the interpretation of CPM change scores and in how 

participants are classified as demonstrating inhibition or facilitation. At present, if 

the conditioned test stimulus is rated as less painful than at baseline, regardless of 

the magnitude of change, generally this is described as CPM inhibition. Conversely, if 

it is rated as more painful, this is described as facilitation (48). Dichotomizing CPM 

effect as such suggests participants who are separated by a minute difference in 
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scores are very different to one another (inhibitors versus facilitators) when in reality 

they exhibited a similar response (2). 

 

Current practice in reporting of CPM effect usually fails to consider measurement 

error. All tests perform with some degree of error; therefore, a subject’s observed 

score will be a composite of their ‘true score’ plus measurement error (25, 33, 35). 

Measurement error is multifactorial and may be intrinsic to the test stimulus, due to 

inherent variability in the characteristic being measured or random error, as a result 

of performance factors such as attention (25,33). For CPM, change in the 

conditioned test stimulus score must exceed measurement error to be considered a 

‘true’ change or discernible from measurement error. 

 

While there is good evidence for a statistical approach to interpreting change scores 

in physical measurements (15, 18, 44, 11), this concept is new to psychophysical 

measures such as CPM . At present, evidence for what constitutes clinically 

important change in CPM is lacking and we are reliant upon distribution-based 

approaches for interpreting change scores (41, 27). Most commonly, standard error 

of measurement (SEM) is used to determine change greater than that due to 

measurement error, or “real” change in test scores (33, 35, 5, 4, 46). Previously, 

Locke et al (26) reported SEM to describe CPM effect, interpreting change >1 SEM as 

meaningful change. However, because SEM is interpreted according to the 

properties of a Gaussian distribution, there is a 68% chance that a subject’s true 

score falls within ±1 SEM and a 95% chance it falls within ± 2 SEM (32) (or a 5% 

chance change >±2 SEM is due to measurement error). The use of >±2 SEM is a 

                  



 8 

statistically robust cut-point (33, 17, 16) and may improve precision in delineating 

inhibitory and facilitatory CPM effects. Such an approach may aid the identification 

of CPM paradigms which are most effective, i.e. induce a consistent CPM effect in 

the greatest proportion of subjects, as necessitated for research and clinical practice. 

 

This study aimed to determine the SEM for a test stimulus and use >±2 SEM to 

identify change in CPM effect with greater certainty, i.e. change greater than 

measurement error. It also aimed to identify the CPM effect in healthy volunteers 

whilst attempting to limit methodological bias, report to standards suggested in a 

recent systematic review (20), and elucidate inter-session reliability of the test 

stimulus, conditioning stimulus and CPM effect.  

 

Methods 

The REACTION (Reliability and Measurement Error in Conditioned Pain Modulation) 

study undertook a repeated-measures observational design. REACTION was 

approved by Imperial College Ethics Committee (IC163176), and healthy volunteers 

were recruited by advertisement to the general public, and to students and staff of 

Imperial College London. No financial incentive was offered to participants. 

Participants signed a written consent form, attended two appointments, 28 days 

apart and underwent the same test protocol at each appointment. Experiments 

were conducted at Chelsea & Westminster Campus of Imperial College between 

March and September 2016.  
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Participants 

Participants were aged 18 years or older and completed a general health 

questionnaire to screen for any health complaints prior to recruitment. Those with 

any medical diagnosis (including hypertension), or taking medication other than an 

oral contraceptive, were excluded. Subjects were also excluded if they reported 

acute pain in the 48 hours prior to the appointment, if they had taken any analgesic, 

hypnotic or antidepressant medication in the last 72 hours, if they use illicit drugs 

and if they were a regular cigarette smoker. This information was collected as the 

‘baseline screening’ reported in the consensus paper published to define a ‘healthy 

volunteer’ in psychophysical testing of pain (12). 

 

Participants were asked to refrain from rigorous exercise and drinking caffeine or 

alcohol for four hours prior to each appointment. Basic demographic information 

was collected including age, gender, body mass index and ethnicity. Level of 

education, number of hours of exercise per week, and caffeine intake were also 

recorded as these have been shown to influence CPM effect. The two sessions were 

separated by 28 days to limit the influence of the menstrual cycle, although it is 

recognized that not all subjects would have a 28 days cycle.  

 

Volunteers completed four questionnaires at both appointments. The Hospital 

Anxiety and Depression Scale (HADS) (52), the Spielberger State-Trait Anxiety 

Inventory (STAI form Y1 and Y2) (40), the Pain Catastrophizing Scale (42) and the 

Pain Sensitivity Questionnaire (PSQ) (39) were used to examine the effect of any 

psychological or personality factors on magnitude and variability in CPM. 
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Test protocol 

Subjects were block randomized to one of three groups, using randomization 

software. Group allocation determined the order in which subjects received the 

three different conditioning stimuli (CS) in the test protocol. The reason for 

allocating subjects to three groups was to attempt to control for order effect of 

delivery of the conditioning stimulus. Group A received the heat (25x50mm Somedic 

electrode on the left volar surface of the distal forearm at 46.5°C), then cold (left 

hand held in a circulating water bath at 12°C), then sham CS (left hand held in 

circulating water bath at 24°C); group B the cold, then sham, then heat CS; and 

group C the sham, then heat, then cold CS. All CS were delivered for 90 seconds and 

the same order was used at both test sessions. The sham stimulus was not intended 

as a control measure, but to enable the evaluation and comparison of the 

psychophysical response to a non-noxious stimulus (13).  

 

All participants were tested in the same room, with the same equipment. Two out of 

three investigators (CW, HIK, DLK) tested all participants and the same investigator 

had the same role at each appointment for each participant. The temperature of the 

room was recorded for each appointment. Instructions were read aloud from a script 

(Supplemental Material 1) to ensure consistent instructions were given to all 

participants.  

 

The test stimulus was pressure pain threshold (PPT) determined using a pressure 

algometer (FDN200, Wagner instruments, Greenwich CT, USA), applied at 1 kg/cm2 
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per second, on the right forearm at the medial extensor muscle bulk, 2cm distal to 

the elbow crease. Participants were instructed to say “now” as soon as the usual 

sensation of pressure changed to an additional sensation of “burning”, “stinging”, 

“drilling” or “aching” (36). The PPT was repeated three times and the arithmetic 

mean calculated to give the baseline PPT (as per the German Neuropathic Pain 

Network [DFNS] Quantitative Sensory Testing protocol (37). The baseline test 

stimulus was delivered prior to the CS each time. The second TS was delivered in 

parallel to the CS, starting at 60 seconds after initiation of the CS to allow for the 

stimulus to become painful and for the intensity to reach a steadier state. It has 

been suggested that a sequential CPM paradigm, whereby the conditioned test 

stimulus is evaluated after removal of the conditioning stimulus, may be less 

influenced by factors such as distraction and therefore a purer measure of the CPM 

effect (49). However, there is limited evidence for the reliability of sequential CPM 

paradigms (20), therefore a parallel paradigm was utilized in this study.  

 

Subjects were asked to rate the discomfort of the CS every 10 seconds for 60 

seconds and the mean calculated to provide a measure of CS intensity. The word 

‘discomfort’ was used instead of ‘pain’ to reduce any anticipatory anxiety and so as 

not to confuse the participant if the conditioning stimulus was not painful. The 

second TS was delivered in the same manner as the baseline TS whilst the CS 

continued. There was a 15-minute break between paradigms to allow for any CPM 

effect to dissipate (24). Prior to each of the three paradigms, participants were asked 

to score on a 0 to 100 numerical rating scale how much pain they felt in their right 

forearm and left hand and arm to ensure they were pain free or that their pain had 
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returned to a baseline of zero. The outline of the experimental protocol is shown in 

Figure 1.  

 

Blinding 

Each participant was allocated a lead and second investigator that was kept constant 

at each test session. The lead investigator was not blinded as to group allocation and 

was responsible for screening, enrolment and delivery of the test instructions and 

CS. The second investigator was blinded to the group allocation and therefore the 

order of conditioning stimuli. The second investigator entered the room only to 

deliver the test stimulus (TS). The subjects’ arm was draped therefore covering 

either the water bath or electrode thermode, so that the second investigator could 

not identify what CS was being delivered whilst they tested the TS (shown in Figure 

2). The water bath remained running during all paradigms throughout the procedure 

so as not to provide auditory clues as to what CS was being delivered. Subjects were 

unaware of the test hypothesis and were given similar instructions prior to each 

stimulus. Subjects with knowledge of CPM (if they worked in pain research or could 

explain what CPM was) were excluded. Between paradigms at each session, subjects 

had no exposure to other participants or investigators outside the experiment that 

might influence or bias the subjects’ response. 

 

Statistical Analysis 

All subjects were reported; there was no exclusion of ‘non-responders’. 

i) Measurement error 
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Standard error of measurement (SEM), a measure of absolute reliability or 

consistency, was used to identify change in the conditioned test stimulus greater 

than that indistinguishable from measurement error. The SEM is advocated in 

reliability studies as it provides an indication of the precision of a score and enables 

the construction of a confidence interval for scores (35). For clarity, SEM is distinct 

from standard error of the mean (SE), a measure of precision of the sample mean 

(1). SEM for the test stimulus (in this study the PPT) was calculated using the 

repeated baseline PPT measures (each calculated as the mean of the three PPTs as 

per DFNS protocol (37) delivered prior to each conditioning stimulus at both 

sessions. Therefore, the six baseline test stimuli, three from day 1 and three from 

day 28, were included in the following formula (35, 32): 

 

SEM = standard deviation of baseline PPT x √(1-reliability baseline PPT) 

 

A priori, an inhibitory CPM effect was determined to be an increase in PPT greater 

than 2 SEM, facilitatory CPM a decrease in PPT greater than 2 SEM (32). This allowed 

each subject to be allocated to one of three groups: inhibitor, facilitator or non-

responders (those with a response indistinguishable from measurement error; i.e. a 

change less than ± 2 SEM). This group allocation was performed for each 

conditioning stimulus at each test session. 

 

ii) Reliability of the CPM effect 

Intraclass correlation coefficients (ICC 2,k) were used to assess reliability of the TS, 

CS and CPM effect of each different paradigm and reported with 95% confidence 

                  



 14 

intervals. ICC was chosen as a measure of reliability as it provides information on 

both the association and the agreement between ratings and to allow for 

comparison with other published reliability studies.  

 

iii) Effect of order of conditioning stimuli 

Between group comparisons (groupings based on order of delivery of conditioning 

stimulus) of participant characteristics were made using ANOVA or chi-squared tests 

and data presented as mean (sd). The CPM effect was also compared between 

groups using an ANOVA to explore if the order of delivery of stimuli influenced CPM 

effect. Correlation between CPM response to a heat and cold conditioning stimulus 

was examined using Pearson’s correlation. 

 

iv) Factors influencing CPM response 

Hierarchical multiple regression, incorporating group allocation, was used to test 

whether the following factors were associated with CPM effect size on day one, and 

a separate analysis performed for day 28; gender, age, psychological and personality 

measures and hours of exercise. Similar regression was used to test the effect of 

these factors on the size of the difference between the CPM effect on day one and 

day 28, as a measure of magnitude of variation. Only psychological or personality 

measures showing a significant bivariate correlation with either noxious stimuli at 

either test session were included in the regression model. 

 

v) Group comparison based on 2xSEM cut-off 
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A between-group analysis was performed to compare subject characteristics 

between those defined as inhibitors, facilitators or non-responders. Comparisons 

were made using an ANOVA or Fisher’s exact test (with Freeman Halton extension). 

Within subject variability, or the reliability of subjects to remain in the same group 

allocation (inhibition, facilitation, non-responder) for both noxious thermal 

conditioning stimuli at each session and for each conditioning stimulus on repeated 

testing at day 28, was conducted using the kappa co-efficient and reported as κ, p 

value, 95% confidence interval. The coefficient was interpreted as :<0 as no 

agreement, 0.01-0.2 as non to slight, 0.21-0.40 as fair, 0.41-0.60 as moderate, 0.61-

0.80 as substantial and 0.81-1.0 as near perfect agreement (3). 

 

Sample Size Calculation 

The study aims included comparison of standard error of measurement, reliability of 

pain ratings, CPM effect and magnitude of CPM between study groups, therefore the 

requisite sample size to identify differences between groups was calculated. Sample 

size was determined with a correlation sample size calculation using the repeated 

measures ICCs reported in previous studies of CPM (Cathcart et al. (7) (ICC = 0.57); 

Wilson et al (47) (ICC= 0.39): Lewis et al 2012 (23) (ICC = 0.65); Valencia et al 2013 

(43) (ICC = 0.68)). A sample size of 50 (16 per group) was required to achieve a 

power of 80% and a level of significance of 5% for robust group comparisons. 

 

Results 

Fifty participants were recruited to the three test groups. The mean number of days 

between the two test sessions was 28.2(4.8) days and eight women were using the 
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oral contraceptive pill. One subject did not return for the second test session as they 

were not available to test during the 28-day window of the second appointment. 

Five subjects reported on-going pain at a test site as a result of either the test or 

conditioning stimuli at the end of at least one of the 15-minute breaks between 

paradigms (for three subjects this occurred after the heat and prior to the cold CS, in 

one prior to the heat, following the cold stimulus and in one prior to the sham 

following the cold stimulus). Pain intensity in those five ranged between 2 and 20 

out of 100. The only difference shown to be significant between groups was that 

Group A was significantly younger than subjects in Group C (Table 1).  

 

CPM effect 

There were no significant differences in absolute CPM effect, baseline PPT or score 

for conditioning stimulus between groups, thus CS order was not shown to be a 

significant factor (See Supplemental Material 2).  

 

The CPM effect, expressed as an absolute change in PPT in response to the 

conditioning stimuli, is presented in Figure 3 for both sessions (and as percent 

change in Supplemental Material 3. Raw PPT pre and during CS are presented in 

Supplemental Material 4). The mean percent change in PPT during conditioning 

stimulus on day 1 was 18.2(23.33)% for the heat CS, 26.2(21.49)% for the cold CS and 

1.1(13.33)% for the sham stimulus. The largest CPM effect was elicited in response 

to the cold conditioning stimulus, which was also rated as most painful.  
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There was inconsistent correlation within individuals for CPM effect in response to 

heat and cold. On day 1 there was no correlation between subject absolute CPM 

response to cold and heat (r=0.187, p=0.193), However, on day 28 there was a 

moderate statistically significant correlation (r-0.431, p=0.002). 

 

Standard error of measurement of the test stimulus 

Since SEM is based on a normal distribution, the PPT data were tested for normality. 

The SEM for the PPT across all baseline PPT tests at both sessions was +/- 

0.21kg/cm2 (using an ICC 0.96). Figure 3 shows 2xSEM (0.42 kg/cm2) in the context of 

the results for CPM effect.  

 

Group allocation based on ± 2xSEM 

The percentage of subjects who demonstrated inhibition, facilitation or were non-

responders to the three CPM paradigms in shown in Figure 4. For each conditioning 

stimulus, group allocation is contrasted comparing a response greater than 2x the 

SEM and any magnitude of change in the conditioned test stimulus. 

 

The results of the comparison of demographic factors or questionnaire responses 

identified between the inhibitor, facilitator or non-responder groups is presented in 

Supplemental Material 5. On Day 1, significantly more males had an inhibitory 

response to the cold CS (14 versus 5, p<0.001) but this difference was not identified 

at the second test session. Although facilitators to the cold CS on day 28 reported a 

higher mean number of hours exercise, the group size was very small (n=2). 
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Conditioning stimulus 

The mean discomfort score reported for the tonic heat CS was 39.3(22.89) during 

the first test and 37.1(21.77) on day 28; for the cold water CS was 50.7(23.73) on day 

one and 50.23 (23.18) on day 29; and for the sham CS was 2.99 (9.20) on day one 

and 3.2 (7.30) on day 28. 

 

Drop outs 

One subject did not attend the second appointment. In this subject, the CPM effect 

during the first test session to heat was 10.5% and to cold was 6.7% therefore was 

within the IQR for the total cohort for the heat CS but slightly below the IQR for the 

cold CS. At one of the testing sessions, two subjects could not tolerate immersion of 

their hand in the cold water stimulus for 90 seconds on their first attempt. However, 

on a second attempt after a 10 minute interval, they were able to tolerate the cold 

conditioning stimulus for 90 seconds as per the test protocol. 

 

Reliability 

The intraclass correlations for PPT within and between sessions and for the 

discomfort scores for conditioning stimuli and CPM effect between sessions are 

reported in Table 2. Pressure pain threshold showed excellent reliability both within 

and between sessions, as did the discomfort scores elicited by all three conditioning 

stimuli. The CPM effect when reported as an absolute change was associated with a 

slightly higher ICC than when reported as a percentage change. CPM effect in 

response to a cold CS showed slightly higher reliability than the response to a heat 

CS.  
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Within-subject variation 

Subjects did not consistently show an inhibitory or facilitatory response to a CS, 

between sessions as illustrated in Figure 5 or within test sessions, as illustrated in 

Figure 6. The kappa coefficients comparing inter-session group allocation using the 

>±2SEM cut-offs for identifying participants as non-responders, inhibitors or 

facilitators to the study paradigms are shown in Table 3, intrasession kappa 

coefficients are reported in Table 4. The intersession and intrasession agreement of 

group allocation was poor to fair.  

 

Factors influencing CPM effect 

No significant correlation was identified between the magnitude of CPM effect and 

how painful the subject reported the conditioning stimulus at either test session. 

Hierarchical regression revealed no significant effect of group (i.e. conditioning 

stimulus order) on CPM effect with heat or cold as a conditioning stimulus. The only 

factors revealed to have an independent significant influence on CPM effect for the 

heat conditioning stimulus was gender, as females showed a smaller CPM effect on 

day 1 (B -19.65, p=<0.001) but this was not apparent on day 28 (B 6.00, p=0.88). A 

higher score on the STAI_Y2 questionnaire, a measure of higher state anxiety, was 

shown to be associated with increase in CPM effect to the cold stimulus on day 28 

only. Age, number of hours of exercise, pain sensitivity and trait anxiety were not 

significantly associated with CPM effect (see Supplemental Material 6). 

 

Discussion 
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Determining what magnitude of change constitutes a “true” CPM effect presents a 

challenge. Consequently, to date CPM has been reported as a continuous measure, 

enabling between groups comparisons. Importantly, reporting CPM along a 

continuum has provided evidence for differences in CPM function between chronic 

pain populations and healthy controls (24) and an association of CPM function and 

response to pharmacological intervention in patients with painful diabetic 

neuropathy and painful knee osteoarthritis, respectively (51, 10). 

 

The REACTION study aimed to move from such group level comparisons to exploring 

CPM effect at the level of the individual. To suggest that subjects with small 

differences in CPM response have exhibited different effects and are physiologically 

different is likely unwarranted. However, at present, the classification of CPM effect 

is not standardized. Meaningful change in scores can be determined using 

distribution-based methods (27,8). Distribution-based interpretation is based on the 

statistical distribution of study results; in the present study the 95% confidence 

interval for standard error of measurement (± 2 SEM) of a commonly used test 

stimulus in CPM protocols, the pressure pain threshold, in a cohort of healthy 

volunteers. 

 

 CPM effect was determined based on the magnitude of change in the conditioned 

test stimulus, with change greater than +2SEM interpreted as inhibition and -2SEM 

as facilitation. Those with change scores <±2SEM were categorized as non-

responders to the paradigms under investigation. Categorizing CPM effect as such 

may aide the identification of paradigms which induce the most stable CPM effect in 
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the greatest proportion of participants. Further, this will enable the exploration of 

inter-individual differences in CPM function, broadening understanding of the 

multiple factors associated with CPM effect and CPM stability over time. 

Categorizing CPM effect may underpin future predictive studies, whereby CPM is 

used as a biomarker to identify those at risk of developing chronic pain or those who 

may benefit from certain therapeutic interventions. Lastly, a statistically robust 

approach to categorizing CPM effect will improve confidence in the determination 

that CPM has indeed been “rescued” by an intervention.  

 

The mean percent change CPM response for heat was 18.2% and cold was 26.2%, 

comparable to the mean percent change CPM response derived in a systematic 

review of healthy volunteers (34). This review included studies using a range of test 

and conditioning stimuli and demonstrated that CPM response is conditioning 

stimulus dependent with more painful stimuli eliciting larger changes. Therefore, our 

protocol elicits a CPM response comparable to previous healthy volunteer studies 

and suggests that, if the SEM were considered in such studies, the number of 

subjects classified as "inhibitors" or "facilitators" would be reduced. 

 

SEM has been reported previously as a measure of response stability for the CPM 

effect in a patient population (43) and in healthy volunteers (28). However, this 

approach fails to consider if the magnitude of change in the conditioned test 

stimulus exceeds measurement error and does not address the question as to 

whether a CPM effect has been induced. As noted, Locke et al. (26) used ± 1SEM to 

determine a clinically meaningful CPM effect in healthy volunteers. The investigators 
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reported 92.8% of participants demonstrated a CPM effect (change in the 

conditioned test stimulus >1SEM). However, reliability data including SEM were 

calculated from a sub-population of ten participants rather than the sample of 133 

participants, therefore the SEM may not have been representative of measurement 

error for the sample. And importantly, statistically, the observed score ±1SEM 

provides a 68% confidence interval for a participant’s true score, lacking precision in 

the interpretation of change scores (32). In the interpretation of change scores, the 

observed score ±2 SEM provides a 95% confidence interval for a subject’s true score 

(46) affording precision and therefore confidence in the determination of change 

greater than measurement error, as reported here.  

 

Determination of SEM across test sessions 

The REACTION study included two test sessions with a 28-day retest interval. SEM 

was determined for the test stimulus based on the reliability of three mean scores 

across test sessions, representative of measurement error over time and therefore 

real change in repeated measures. For comparison, the SEM for each individual test 

session (3 PPT from each session) was also calculated; it differed little from the SEM 

for 6 PPT measures combined for both sessions (Day 1 SEM=0.23; Day 28 SEM=0.26; 

Combined SEM=0.21). If individualized SEM were used for each test day, a maximum 

of two further subjects would have been allocated to the non-responder group. This 

indicates the SEM is relatively stable over time. 

 

It is likely that SEM is population and paradigm specific and therefore should be 

determined for individual populations in future CPM studies. This requires repeated 

                  



 23 

measures of the test stimulus to identify stimulus reliability (required to calculate 

SEM) in a population and experimental condition. Whilst this may seem 

burdensome, the suggestion of using repeated measures and a range of stimuli 

within the same study has already been suggested by a consensus agreement (49) as 

a way of working towards identification of an optimal test paradigm for measuring 

CPM. This approach need not necessitate repeated test sessions, but the addition of 

one baseline test stimulus measure incorporated into an experimental protocol.  

 

 

Non-responders  

It is anticipated that categorizing participants as “non-responders” serves two 

purposes. Firstly, identifying those subjects with minimal or no response may aid the 

investigation of demographic, physiological or psychosocial factors associated with a 

limited CPM response. Secondly, should CPM response be used to select patients for 

inclusion to a clinical trial, use of such robust cut-offs would allow for selection of 

the most extreme phenotypes and therefore potentially identify those most likely to 

show a response to any intervention tested. 

 

Facilitators 

Our findings highlight that CPM facilitation is a relatively frequent finding (6% of test 

paradigms), even in a healthy population. It is important that these subjects not be 

excluded from analysis but that further investigation is performed to identify subject 

specific characteristics associated with a facilitatory response. Inconsistent reporting 

of study attrition, including incomplete reporting of results from facilitators in CPM 

                  



 24 

studies has been highlighted as a risk of bias (33). This may impact on studies of 

patient populations where a facilitatory response is highlighted as a sign of 

pathology attributed to the chronic pain condition, rather than potentially being 

within the range of ‘healthy’ responses.  

 

It is not clear from the results of this study that individuals can be defined as ‘CPM 

responders’ across several different conditioning stimuli as, although there was a 

correlation in CPM response to two different stimuli on one test day, this was not 

apparent at the other test session.  

 

Sham paradigm 

Responses to the sham stimulus in particular highlight the issue of measurement 

error. If ‘any change in PPT’ was taken as a measure of CPM effect, 78% of subjects 

demonstrated a CPM effect to a non-noxious stimulus, whereas only 24% of 

participants reported the stimulus elicited pain. In contrast, if a cut-off of +/-2xSEM 

is used to determine CPM effect, then only 27% of subjects demonstrated a CPM 

response to a sham conditioning stimulus. It is not clear why nearly a quarter of 

subjects reported tepid water as painful, even if the pain score given was low. This 

may indicate an element of expectation or potentially residual sensitization from a 

previous conditioning stimulus. This response to a sham paradigm may be distinct 

from a CPM response, instead reflecting the distraction associated with delivering 

even a non-noxious stimulus and highlights the challenges of using a paradigm 

where the conditioning and test stimuli are delivered in parallel. 

 

                  



 25 

CPM reliability and stability 

Our results replicate findings identified in a systematic review (20) which indicate 

that although the test stimulus and amount of pain reported in response to the 

conditioning stimulus are very reliable between sessions (ICCs>0.8), the CPM effect 

itself is less reliable (ICCs 0.11-0.58). This is despite attempts at controlling for known 

sources of participant variation such as caffeine intake, exercise, state of anxiety, 

and confirming their status as healthy volunteers.  

 

Methods to control experimental bias such as the use of a scripted protocol, testing 

in an isolated and replicated environment for each test session, as well as blinding 

the investigator as to the conditioning stimulus, also did not appear to improve the 

stability of the CPM response, when compared to ICCs previously reported. 

 

The intersession reliability of CPM has been explored in numerous studies, both with 

healthy volunteers and in clinical cohorts and employing numerous modalities for 

administration of painful test and conditioning stimuli. Intersession reliability of the 

CPM effect has ranged from poor to excellent, demonstrating that CPM reliability is 

modality and parameter dependent (20). In the present study, intersession reliability 

was interpreted as fair (ICC = 0.4 – 0.59) for CPM effect using both cold water and 

contact heat as conditioning stimuli. This is consistent with results reported in 

previous intersession reliability studies for a PPT- Cold CPM parallel paradigm (29, 

19). However, in contrast, Lewis et al (23) reported good intersession reliability (ICC= 

0.66 [0.22-0.87]) for the same paradigm with a shorter retest interval of three days 

and Marcuzzi et al (28) reported poor reliability (ICC= 0.35 [0.16-0.54]) with a retest 
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interval of four months, suggesting the reliability of the paradigm decreases over 

time.  

 

It is important to note that 10% of subjects reported persistent pain, albeit of low 

intensity, as a result of either the test or conditioning stimulus, even after 15 

minutes rest. This indicates that although a CPM response may have dissipated (24) 

a true return to baseline has not been achieved. Therefore future studies involving 

repeated paradigms should either monitor for persistent pain or incorporate an 

increased interval time between tests. However, it is likely that the length of time 

required to ensure return to ‘pain-free’ baseline is population and test modality 

specific and may well be different between healthy and patient cohorts. 

 

Standards of Reporting; blinding; data presentation 

In this study and the reporting of such, we have attempted to improve rigor and 

transparency and reduce the risk of bias noted in previously published CPM 

reliability studies (20). We reported our study according to STROBE guidelines for 

observational studies to ensure thoroughness and promote standardization in future 

reporting (45). We have reported a full description of our recruitment strategy, 

sample characteristics and study participant attrition. We have been novel in 

introducing investigator blinding to the CPM paradigm. This may be important as, 

although PPT is a patient reported threshold, administration of the algometer is by 

the investigator, rather than an automated machine and therefore maybe 

susceptible to bias. It was anticipated that using a test script would improve 

consistency and ensure participant blinding to the extent feasible in such a 
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psychophysical experimental study. We controlled for multiple cofounders including 

alcohol, caffeine, exercise, smoking, menstrual cycle and pain medication. Test 

sessions included repeated CPM evaluations, therefore between measures we asked 

participants to re-evaluate pain, ensuring participants had returned to the baseline 

testing state prior to subsequent measures. To improve transparency and reduce 

bias in statistical reporting, we a priori determined the magnitude of CPM effect to 

be considered inhibition and facilitation (+2 and -2 SEM, respectively). We have 

presented data to support absolute and relative reliability and importantly have 

introduced a novel method for presentation of CPM results which aids the 

interpretation of what is likely to be a true effect and what change may be 

attributable to measurement error. 

 

Limitations 

This study protocol did not include a supra-threshold test stimulus due to limitation 

of time available with each participant. There is evidence that these stimuli show 

different reliability to pain thresholds (49) and these should also be investigated in 

the context of measurement error. The protocol also did not control for habituation 

as the baseline TS was always measured before the TS under the influence of the 

conditioning stimulus. Although habituation may reduce the change in PPT observed, 

this should have been consistent between test paradigms as all were delivered in a 

similar manner. 

 

 Participants were asked to rate the “discomfort” of the thermal conditioning stimuli, 

rather than the painfulness of the stimuli. This was done to avoid creating confusion 
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for the participants on exposure to the sham stimulus or the expectation of pain 

upon stimulus exposure. This terminology was not anticipated to impact on 

participants’ CPM effect as pre-determined intensities for thermal CS were used (13) 

however this may be a limitation to the robustness of the CPM protocol.  

 

For efficiency, participants completed state depression, anxiety, and pain 

catastrophizing questionnaires during fifteen-minute breaks between the three test 

paradigms. However, interspersing such state questionnaires with pain-evoking 

procedures may have influenced the results of the experimental pain procedures 

and is therefore a limitation for consideration.  

 

Blinding of the subjects in CPM protocols is difficult and not been previously 

attempted. While recognized that it is not possible to blind participants to the 

applied test stimuli, we did ensure participants were “blinded” to the study 

question, the nature of CPM and to other participants or environmental stimuli that 

may have influenced participant’s responses to the experimental measures. It is 

possible that having two, rather than the usual one examiner, and that one examiner 

entering and exiting the room could enhance anxiety or attention towards the 

stimuli delivered. Draping of the participants arm may also alter visual cues that may 

affect pain perception (31). This does not appear to be the case however as the 

magnitude of CPM effect is similar to the mean CPM effect reported by Pud et al in 

their meta-analysis (34).  
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This study only determined the SEM for one TS, pressure pain threshold, measured 

as described in the methods. The SEM will be modality dependent and therefore 

should be determined for individual test protocols.  

 

Although higher and lower temperature conditioning stimuli (i.e. more painful 

stimuli) may be associated with a larger CPM response, Granot et al. (13) showed 

that 12C and 46.5C were sufficient to produce a CPM response. The temperatures in 

this study were selected to be clinically relevant as pilot work showed that, in 

particular, lower temperatures to be intolerable. Indeed two subjects in this study 

could not tolerate 12C at first attempt. In studies where CPM paradigms have been 

repeated across sessions, the use of lower temperatures, e.g. 4C for the CS does not 

appear to be increase reliability (20). It can also be argued that using more painful 

stimuli has the potential to induce more distraction thereby producing a paradigm 

that measures not only the true CPM effect but also the distractive element.  

 

The observed CPM effect may be a combination of the spino-bulbar-spinal sensory 

phenomenon as well as non-sensory descending modulation such as attention and 

anticipation. This study was not designed to elicit the contribution of each of these 

processes. 

 

Whilst the use of 2xSEM as a cut-off is the most established method of determining 

change greater than that due to measurement error, other methods of determining 

an ‘important’ change in CPM response should be investigated. For example, this 

could include integrating a subjects’ response to sham. However, such methods may 
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prove difficult in light of the identified stimulus-dependent response and limited 

reliability of CPM. 

 

Conclusion 

This study highlights the importance of measurement error in the interpretation of a 

change in a test stimulus during exposure to a conditioning stimulus. Interpreting 

CPM effect as change greater than ±2 standard error of measurement for a test 

stimulus is a robust distribution-based approach that may improve confidence that 

observed change is “real” rather than due to measurement error. This distribution-

based approach to interpreting CPM effect may assist in the identification of CPM 

paradigms that induce a CPM effect (inhibitory or facilitatory) in the greatest 

proportion of participants and afford the greatest degree of within-subject stability 

over time, prerequisites in the validation of CPM as a robust pain biomarker. Even 

when using reliable test stimuli, and incorporating measures to limit bias and 

random error, CPM intersession reliability was fair at the group level and 

demonstrated a large degree of within-subject variation. Determining “true” change 

in CPM will underpin future interrogations of intra-individual differences in CPM 

effect. 
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Figure Legends 

 

Figure 1. Experimental protocol for Group B as an example  

Paradigm order different for Group A and C as order of conditioning stimuli differed. 

TS= Test stimulus; PPT= pressure pain threshold; CS= Conditioning stimulus; CPM= 

Conditioned pain modulation; R=right; L=left. 

 

Figure 2. Photograph of CPM test process.  

Investigator 2, testing the test stimulus is blinded from identifying which 

conditioning stimulus was used (written consent given by subject for use of photo). 

 

Figure 3. CPM effect expressed as absolute change in PPT in response to conditioning 

stimuli for each type of stimulus at both test sessions (21). Results expressed as 

mean (95%CI). Shaded area represents 2 x standard error of measurement of the 

PPT therefore the change that could be due to measurement error. CPM= 

conditioned pain modulation, PPT=Pressure pain threshold. 

 

Figure 4. Proportion of subjects demonstrating a change in absolute PPT in response 

to three conditioning stimuli (21). Frequencies for those showing any change, and 

those demonstrating a response >2x standard error of measurement (SEM). 

PPT=Pressure pain threshold. 
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Figure 5. Inter-session within-subject variability of absolute CPM effect to thermal 

conditioning stimuli (21). Comparison of participant responses to hot and cold 

conditioning stimuli across test sessions. Grey dotted lines represents ± 2 x standard 

error of measurement of the pressure pain threshold. > +2SEM interpreted as CPM 

inhibition, >-2SEM as facilitation and < ± 2SEM as non-responder. CPM= conditioned 

pain modulation.  

 

Figure 6. Intrasession within-subject variability of absolute CPM effect to thermal 

conditioning stimuli (21). Comparison of participant responses to hot and cold 

conditioning stimuli across test sessions. Grey dotted lines represents ± 2 x standard 

error of measurement of the pressure pain threshold. > +2SEM interpreted as CPM 

inhibition, >-2SEM as facilitation and < ± 2SEM as non-responder. CPM= conditioned 

pain modulation. 

 

Table Legends 

Table 1. Subject demographics and psychological questionnaire scores (21) 

BMI=Body mass index; PCS=Pain catastrophizing scale; PSQ= Pain sensitivity 

questionnaire; STAI_Y1=Spielberger state and trait inventory state questionnaire; 

STAI_Y2=STAI strait questionnaire; HADS=Hospital anxiety and depression scale  

 

Table 2. Reliability of test measures and CPM effect (21) 

Intraclass correlations (ICC 2,k) and 95% confidence intervals for reliability analysis of 

pressure pain threshold (PPT) both within and between sessions, and pain scores of 

conditioning stimuli and conditioned pain modulation (CPM) effect between 
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sessions. ICC of >0.75 represents excellent reliability, 0.6-0.74 good reliability, 0.4-

0.59 fair reliability and <0.4 poor reliability (3). 

 

Table 3. Kappa coefficient comparing the allocation of subjects to inhibitor, 

facilitator or non-responder groups between the two test sessions. 

 

Table 4. Kappa coefficient identifying intra-session reliability in allocation of subjects 

to inhibitor, facilitator or non-responder groups. 
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TABLES 

REACTION 
 

Table 1.  

 Total 

cohort 

(n=50) 

Group A 

(n=16) 

Group B 

(n=17) 

Group C 

(n=17) 

p value for 

compariso

n 

Gender male, n (%) 24 (48) 9 (56) 7 (41) 8 (47) 0.68 

Age, years 33.9 (11.27) 29.7 (7.98) 32.1 (7.70) 39.8 (14.56) 0.02 

BMI (kg/m2) 24.7 (2.99) 24.4 (3.81) 25.7 (6.55) 23.9 (4.22) 0.54 

Ethnicity 

 White Caucasian 

 Asian  

 Black African 

 Chinese 

 Mixed 

 

37 (74) 

6 (12) 

1 (2) 

5 (10) 

1 (2) 

 

12 (75) 

3 (19) 

0 (0) 

1 (6) 

0 (0) 

 

11 (65) 

1 (6) 

1 (6) 

3 (17) 

1 (6) 

 

14 (82) 

2 (12) 

0 (0) 

1 (6) 

0 (0) 

0.38 

Educational Level 

 High school 

 Honors Degree 

 Masters Degree 

 PhD or equivalent 

 

11 (22) 

15 (30) 

19 (38) 

5 (10) 

 

4 (25) 

4 (25) 

7 (44) 

1 (6) 

 

4 (24) 

6 (35) 

4 (24) 

3 (17) 

 

3 (18) 

5 (29) 

8 (47) 

1 (6) 

0.75 

Hours of exercise 

per week, hours 

3.7 (3.76) 4.1 (2.81) 4.7 (5.15) 2.4 (2.53) 0.17 

Average number 

caffeinated drinks 

15.5 (10.60) 15.0 (9.74) 12.7 (10.03) 18.7 (11.64) 0.26 
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per week 

HADS anxiety 

score 

5.4 (3.04) 5.8 (3.02) 5.1 (3.25) 5.4 (2.98) 0.81 

HADS depression 

score 

1.7 (2.27) 1.8 (2.62) 1.8 (2.56) 1.5 (1.66) 0.92 

PCS score 12.7 (8.36) 14.8 (10.48) 12.9 (8.31) 10.5 (5.74) 0.35 

PSQ score 61.6 (20.80) 61.9 (20.18) 65.7 (19.83) 57.3 (22.64) 0.51 

STAI_Y1 score 47.1 (3.76) 47.9 (3.42) 46.5 (3.88) 47.0 (4.07) 0.56 

STAI_Y2 score 45.9 (3.76) 47.2 (3.15) 45.0 (12.03) 45.7 (3.29) 0.70 

 

 
Table 2. 

Parameter  ICC 95% confidence 

interval 

Intrasession PPT Day 1 0.943 0.909-0.966 

 Day 28 0.952 0.924-0.971 

Intersession    

PPT pre heat 0.853 0.688-0.924 

 pre cold 0.893 0.782-0.944 

 pre sham 0.879 0.775-0.934 

Conditioning stimulus discomfort 

score 

heat 0.845 0.728-0.912 
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 cold 0.847 0.729-0.913 

 sham 0.932 0.880-0.961 

CPM effect absolute change heat 0.460 0.040-0.695 

 cold 0.582 0.261-0.764 

 sham -0.082 -0.940-0.391 

CPM effect % change heat 0.105 -0.599-0.496 

 cold 0.421 -0.036-0.675 

 sham -0.119 -1.00-0.371 

 

 
Table 3.  

 >±2 x SEM group allocation 

 Kappa 

coefficient 

p value 95% confidence 

interval 

Heat 0.143 0.227 -0.02 to 0.48 

Cold  0.227 0.082 -0.08 to 0.37 

Sham 0.120 0.259 -0.09 to 0.33 

 

Table 4.  
 >±2 x SEM group allocation 

 Kappa 

coefficient 

p value 95% confidence 

interval 

Day 1 -0.004 0.976 -0.25 – 0.25 

Day 28 0.355 0.004 0.13-0.58 

 

                  


