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Cuff algometry induces large yet variable 
conditioned pain modulation effects
Joseph L. Taylor a,b, *, Timothy Lawn b,c , Olivia S. Kowalczyk b,d , Thomas Graven-Nielsen e , Matthew A. Howard b ,
Kirsty Bannister f

Abstract
Introduction: Conditioned pain modulation (CPM) paradigms provide a proxy measure of activity in the descending pain 
modulatory system. Cuff-pressure algometry offers a standardised CPM assessment tool although comprehensive validation in 
large samples is lacking.
Objective: To characterise cuff-pressure-algometry assessed CPM and its test-retest reliability in a large healthy control sample. 
Methods: Cuff-algometry CPM data from 324 healthy participants across 8 studies were pooled. Conditioned pain modulation 
magnitude was calculated as pain detection threshold (PDT) and pain tolerance threshold (PTT) changes, assessed on the 
dominant leg in the presence and absence of a painful “conditioning” cuff stimulus on the contralateral leg.
Results: Conditioned pain modulation effects were robust for both changes in PDT and PTT (P , 0.001). Using a classification
approach where a $20% change in threshold designated a CPM responder, 69% of participants were CPM responders for PDT
and 59% for PTT. Test–retest reliability data were assessed in a subset of participants (n 5 72; interval 16.49 6 18.39 days) using 
intraclass correlation coefficients (ICCs). Test–retest reliability was poor for CPM effects (ICC 5 0.25-0.37) despite moderate-to-
good reliability for PDT and PTT (ICC 5 0.69-0.87). Responder classification showed none-to-minimal agreement across sessions 
(Cohen k 5 0.17-0.21), with 38% of participants switching classification for both PDT and PTT. Bootstrap analysis revealed that 
smaller samples provide highly variable ICC estimates, potentially explaining discrepancies with previous reliability reports. 
Conclusion: Despite producing large group-level CPM effects, poor test–retest reliability of cuff algometry suggests that it captures 
dynamic, state-dependent processes, which obscure any underlying stable trait-like individual characteristic. This highlights the need 
to consider the temporal instability of CPM when interpreting data and considering its deployment within precision pain medicine.

Keywords: Pain, Conditioned pain modulation, Modulation, Cuff algometry, Psychophysics, Pain threshold, Pain tolerance,
Reliability, Variability

1. Introduction

Conditioned pain modulation (CPM) is the behavioural phenom-
enon whereby an individual’s perception of a noxious “test” 
stimulus is modulated by concurrent application of a second

noxious “conditioning” stimulus. Psychophysical CPM para-
digms are proposed to indicate efficacy of descending pain 
modulatory circuits, 38 with dysfunction reported in several 
chronic pain conditions. 33,50 Despite initial promise as

Sponsorships or competing interests that may be relevant to content are disclosed at the end of this article.

J. L. Taylor and T. Lawn contributed equally to this work and share joint first authorship.

M. A. Howard and K. Bannister contributed equally to this work and share joint last authorship.

a Wolfson Sensory Pain and Regeneration Centre, Institute of Psychiatry, Psychology and Neuroscience, King’s College London, London, United Kingdom, b Department of 

Neuroimaging, Institute of Psychiatry, Psychology and Neuroscience, King’s College London, London, United Kingdom, c Athinoula A. Martinos Center for Biomedical 

Imaging, Department of Radiology, Massachusetts General Hospital and Harvard Medical School, Boston, MA, USA, d Department of Imaging Neuroscience, Queen Square 

Institute of Neurology, University College London, London, United Kingdom, e Center for Neuroplasticity and Pain (CNAP), Department of Health Science and Technology, 

Faculty of Medicine, Aalborg University, Aalborg, Denmark, f Department of Life Sciences, Faculty of Natural Sciences, Imperial College London, London, United Kingdom 

*Corresponding author. Address: L1.08, 16 De Crespigny Park, Centre for Neuroimaging Sciences, Institute of Psychiatry, Psychology and Neuroscience, King’s College 

London, London, SE5 8AF, United Kingdom, Tel.: 020 322 83072; E-mail address: joseph.2.taylor@kcl.ac.uk (J. L. Taylor).

Supplemental digital content is available for this article. Direct URL citations appear in the printed text and are provided in the HTML and PDF versions of this article on the 

journal’s Web site (www.painrpts.com).

Copyright © 2026 The Author(s). Published by Wolters Kluwer Health, Inc. on behalf of The International Association for the Study of Pain. This is an open access article 

distributed under the Creative Commons Attribution-No Derivatives License 4.0 (CCBY-ND) which allows for redistribution, commercial and non-commercial, as long as it is 

passed along unchanged and in whole, with credit to the author.

PR9 11 (2026) e1425

http://dx.doi.org/10.1097/PR9.0000000000001425

11 (2026) e1425 www.painreportsonline.com 1

mailto:joseph.2.taylor@kcl.ac.uk
http://journals.lww.com/painrpts/pages/default.aspx
http://creativecommons.org/licenses/by-nd/4.0/
http://dx.doi.org/10.1097/PR9.0000000000001425
www.painreportsonline.com


a biomarker, 26 CPM does not consistently correlate with patients’ 
pain intensities nor duration, and although many studies report 
case–control differences, clinical utility remains elusive. 8 A recent 
study reported the impact of varying the conditioning stimulus 
timing on CPM’s “sensitivity,” highlighting the impact of 
methodological differences on CPM functionality as a pain-
related biomarker. 12 Despite calls for standardisation, 52 sub-
stantial methodological variability in stimulus timing, modality, and 
intensity between studies continues to limit the utility of CPM as 
a biomarker for chronic pain. 8

Cuff algometry is a contemporary stimulus modality for CPM 
paradigms and a strong candidate for standardised testing. It 
involves using tourniquet cuffs (typically placed around the calf 
muscles) to apply ramps of gradually increasing pressure 
stimulation to derive pain detection and pain tolerance thresholds 
for each leg. After this, a static pressure stimulus is applied to one 
leg to serve as a noxious conditioning stimulus, whereas 
simultaneously thresholds are reassessed at the other leg. This 
paradigm allows the conditioning stimulus intensity to be 
personalised, facilitating standardisation of perceived painfulness 
across individuals. The procedure is methodologically simple, 
fast, computer-controlled, and largely user-independent, pro-
viding a balance of scalability with standardisation and re-
producibility of application.

Initial clinical work has shown that cuff-algometry CPM 
assessment is sensitive to both differences between patient 
groups 45,46 and case–control comparisons 34 and may also 
predict postsurgical pain outcomes. 32 Several psychophysical 
aspects of this paradigm have already been characterised, 
including changes in thresholds due to repeated application, 17,35 

impacts of cuff location and stimulus intensity, 13,42 and 
responses to sensitisation and analgesia. 36 Initial assessments 
have shown good-to-excellent test–retest reliability, 13 compara-
ble to other stimulus modalities. 19,47 However, these assess-
ments used only modest sample sizes, with little consensus on 
defining a “functional” CPM response and wide variation in

classification thresholds. 5,34,45 Comprehensive characterisation 
in a large cohort of healthy individuals is a requisite step towards 
validating the clinical potential of CPM. To date, such examination 
is lacking.

In this work, we pooled cuff-pressure CPM assessments from 
8 studies with identical psychophysical methodologies. We 
perform a large-scale characterisation of the protocol, consider-
ing both single-session (n 5 324) and test–retest (n 5 72) 
designs. Our primary aims were to investigate whether cuff-
algometry CPM induces robust group-level effects and to see 
whether these are reliable across sessions, both in absolute 
values and consistency of binary responder/nonresponder 
classification. In addition, we examined the relationships between 
baseline pain thresholds and the recorded CPM effects.

2. Methods

2.1. Source data

Data from 324 individuals were pooled from 8 research studies 
performed on separate campuses at King’s College London. In 2 
of the studies, the protocol was repeated twice in identical, 
separate sessions, creating a test–retest subsample of 72 
individuals. Data from 2 of the contributing studies have been 
published. 9,31 Ethical clearance for this (ID: LRS-22/23-36682) 
and all contributing studies was granted by the King’s College 
Health Research Ethics Committee. All studies were conducted 
in accordance with the revised Declaration of Helsinki. Consent 
for data to be used in future research studies was given by all 
participants.

All studies recruited participants aged 18 years or older, with 
no ongoing pain, no ongoing cardiovascular, neurological, or pain 
medication use, no pregnancy, no diagnosed mental health 
conditions, and no central nervous system disorders. In addition 
to the CPM data, we recorded age, sex, and dominant leg 
laterality. Study-specific characteristics and any methodological 
differences are summarised in Table 1.

Table 1

Study specific demographics and methods.

Study N No. of 
experimenters

Sex (M/F/ 
missing)

Age
(y)

Mean
(SD)

Additional inclusion/ 
exclusion criteria

Additional screening Reimbursement Tasks completed before cuff 
tests

1 35 1 17/18/0 23.8
(2.6)

No more than 5 cigarettes or 6 
caffeinated drinks per day

Drug and alcohol screening, 
MRI contraindications

£23 per hour DFNS QST

2 32 2 21/11/0 25.5
(5.9)

No more than 5 cigarettes or 6 
caffeinated drinks per day

Drug and alcohol screening. 
MRI contraindications

£23 per hour Drug screening, sensory testing 
familiarisation and thresholding, 
autonomic measurements, 

psychometry

3 11 2 4/7/0 28.6
(2.6)

None None None Heat and pressure CPM testing

4 45 3 17/28/0 32.8
(11.8)

None None £10 DFNS QST

5* 31 67 1 14/53/0 25.1
(7.9)

None None £50 None

6 9 40 2 10/30/0 27.9
(9.1)

None None £25 DFNS QST WUR tests

7* 39 4 13/25/1 29.3
(10.2)

None None None DFNS QST

8 55 1 23/32/0 24.2
(5.8)

No more than 5 cigarettes or 6 
caffeinated drinks per day

Drug and alcohol screening. 
MRI contraindications. Self-

harm inventory score less than 5

£23 per hour DFNS QST

* Studies contributed to test–retest sample, and studies with citations represent where data are already published.
DFNS QST, German Research Network on Neuropathic Pain Quantitative Sensory Testing Protocol; MRI, magnetic resonance imaging; WUR, wind-up ratio test.
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2.2. Pain detection threshold and pain tolerance threshold

Participants undertook a protocol incorporating a standardised cuff 
CPM paradigm, as previously described. 4,5,13,14,17 In brief, partic-
ipants had a tourniquet cuff (VBM Medizintechnik GmbH, REF: 20-
54-522) attached to each calf, with inflation controlled using the cuff-
pressure algometry system (Nocitech CPAR, Inventors’ Way ApS, 
Aalborg, Denmark). Pain thresholds were assessed using pressure 
ramps inflated at 1 kPa/s. The first ramp was applied to the dominant 
leg (Fig. 1A), followed by the nondominant leg (Fig. 1B). Participants 
used an electronic 10-cm long visual analogue scale (VAS) anchored 
at “no pain” (0 cm) and “worst pain imaginable” (10 cm) to rate their 
perceived pain. When participants could no longer tolerate any more 
pain, they pressed a button to stop inflation.

Each pressure ramp provided 2 psychophysical outputs. Pain 
detection threshold (PDT) was defined as the cuff pressure at 
which participants first moved the VAS slider away from the “no 
pain” anchor (instrumentalised as 0.1 cm on the VAS). Pain 
tolerance threshold (PTT) was defined as the maximum pressure 
(kPa) participants could tolerate before pressing the stop button.

All ramps were safety-limited at 97 kPa, after which cuffs 
automatically deflated to prevent injury. If so, PTT could not be 
accurately recorded and that participant was not used for further 
PTT analysis. Leg dominance was assessed by self-report and 
additionally prompted by asking participants with which leg they 
would kick a football. 44

2.3. Conditioned pain modulation

Conditioned pain modulation was assessed using concurrent 
cuff inflation as the conditioning stimulus (Fig. 1C). The

conditioning stimulus cuff on the nondominant leg was rapidly 
inflated to a static pressure equivalent to 70% of the PTT recorded 
on the nondominant leg. 51 Once the conditioning stimulus 
pressure was reached and maintained, the test stimulus cuff on 
the dominant leg began inflating at 1 kPa/s, using an identical 
ramp protocol to the baseline measurements. Participants 
received the same VAS rating instructions as during baseline 
measurements but were specifically instructed to rate only the 
painfulness of the test stimulus on the dominant leg and to ignore 
the pressure applied to the nondominant leg during the CPM 
assessment.

Conditioned pain modulation magnitude was calculated as the 
difference in PDT and PTT, respectively, recorded during 
conditioning and at baseline (eg, conditioned PDT minus baseline 
PDT). Thus, positive CPM effects indicate increased pain 
thresholds (a hypoalgesic effect) in the presence of the 
conditioning stimulus.

2.4. Classifying conditioned pain modulation responders 
and nonresponders

Participants were classified as CPM responders or nonrespond-
ers based on the magnitude of their pain threshold changes. 
Specifically, responders were designated as those 
showing $20% increase in both PDT and PTT thresholds during 
conditioning, a criterion previously employed in patient popula-
tions. 45,46 The tradition of applying a classification threshold to 
PDT and PTT changes, rather than binarizing around a change of 
0, is essential to account for the measurement error inherent in 
repeating a test stimulus. However, these measurement error

Figure 1. Psychophysics overview. Configuration of cuffs for assessment of PDT and PTT on the (A) dominant and (B) nondominant legs followed by (C) 
reassessment of thresholds on the dominant leg in the presence of conditioning. (D) During each ramp, pressure increases with 1 kPa/s. PDT is defined as the 
pressure at which stimulation becomes painful (.0.1 cm on the VAS), and PTT as the maximum tolerated pressure. CPM effects are computed as the difference 
(delta) in PDT and PTT, respectively, between assessment with conditioning (C) and without (A) on the dominant leg. CPM, conditioned pain modulation; PDT, pain 
detection threshold; PTT, pain tolerance threshold; VAS, visual analogue scale.
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thresholds require test–retest data and can only be generalised 
out-of-sample to comparable cohorts. The 20% change criterion 
can be applied without requiring test–retest in the same 
participants and allows some direct comparison against patient 
populations. Participants who had sufficiently high PTT thresh-
olds such that they could not achieve a 20% increase due to the 
safety limit were excluded from PTT classification analyses.

2.5. Statistical analysis

Data are presented as mean values and standard deviation. All 
statistical analyses were conducted using R version 4.4.1. 
Group-level CPM effects were assessed using linear mixed-
effects models (lmer function from lme4 package 2,24 ), with 
participant ID defined as a random intercept to account for 
repeated measures. Models included fixed effects for condition 
(eg, PDT vs PDT with conditioning), age, sex, and study. Separate 
models were fitted for PDT and PTT outcomes. Although sex 
differences were not the main focus of this work, we report mixed 
effects models examining the interaction between condition and 
sex within Supplementary Figure 1 (available at http://links.lww. 
com/PR9/A393). We computed P values for fixed effects via 
Satterthwaite approximation. The significance level was set at 
a 5 0.05 for all analyses.

The main CPM models took the following form:

Pressure ij ¼ b 0 1 b 1 ðConditionÞ ij 1 b 2 ðAgeÞ i 1 b 3 ðSexÞ i
1 b 4 ðStudyÞ i 1 u0i 1 « ij

Where pressure 5 PDT or PTT, condition 5 baseline or 
conditioning, i 5 participants, j 5 conditions (baseline/condition-
ing), u 0i 5 the random intercept for participant i, and e ij 5 the 
residual error term.

Exploratory interrelationships between psychophysical meas-
ures were examined using linear models also accounting for age, 
sex, and study as covariates. These analyses investigated (1) the 
relationship between conditioning pressure intensity and CPM 
effect, (2) associations between baseline pain thresholds and 
CPM effects, and (3) concordance between dominant and 
nondominant leg measurements.

Test–retest reliability (n 5 72) was assessed using multiple 
metrics. Intraclass correlation coefficients (ICCs) were calculated 
using the 2-way mixed-effects model for absolute agreement 
[ICC(2,1)] from the irr package. 11 ICCs were interpreted accord-
ing to the following criteria: ,0.50 poor, 0.50 to 0.75 moderate, 
0.76 to 0.90 good, and .0.90 excellent reliability. 21 We 
additionally report Pearson correlation coefficients, standard 
error of measurement (SEM), and coefficient of variation (CoV). To 
examine the effect of sample size on reliability estimates, 
bootstrap analysis simulated ICC values across sample sizes 
from 10 to the full dataset (increments of 5). For each target 
sample size, we created computed ICC(2,1) values for 1000 
bootstrap samples utilising replacement. Median ICC and 95% 
confidence intervals (2.5th-97.5th percentiles) summarized the 
bootstrap distributions. Consistency of responder/nonresponder 
classification across sessions was assessed using Cohen k 
(,0.20 none, 0.21-0.39 minimal, 0.40-0.59 weak, 0.60-
0.79 moderate, .0.80-0.90 strong, and .0.90 almost perfect 27 ).

3. Results

3.1. Participants, data quality, and ceiling effects

The final sample had a mean age of 26.9 years (SD 5 8.53, 32 
missing values) and comprised 119 male and 204 female

participants (1 missing value). Detailed information regarding 
missing values is presented in Supplementary Table 1 (available 
at http://links.lww.com/PR9/A393).

Analyses were conducted on 311 participants for PDT 
analyses and 257 for PTT analyses. This follows list-wise 
exclusion of all participants with missing sex or age data, in 
addition to 56 participants (17.28%) being excluded from PTT 
analyses for reaching the safety threshold. For responder 
classification analyses, a separate 53 participants (16.36%) were 
excluded because their baseline PTT was sufficiently high that 
a 20% increase would have surpassed the algometer’s safety 
limit.

The test–retest subsample comprised 72 participants (mean 
age 5 26.3 years, SD 5 8.1; 17 males, 55 females) with a mean 
intersession interval of 16.5 days (SD 5 18.4). Participants were 
excluded from PTT analyses if they exceeded the safety limit in at 
least 1 session, resulting in sample sizes of 56 for baseline PTT 
(22.22% excluded), 49 for PTT during conditioning (31.94% 
excluded), and 48 for the PTT CPM-effect analyses (33.33% 
excluded). A separate 25 participants (34.72%) were excluded 
from PTT responder classification analyses as their baseline 
thresholds were too high to permit a 20% increase without 
exceeding the safety limit. There were no missing data exclusions 
in the subsample.

3.2. Group-level conditioned pain modulation effect

Pain detection thresholds increased from baseline (mean 5 
21.86 kPa, SD 5 10.05) to conditioning conditions (mean 5 
30.78 kPa, SD 5 15.57, b 5 8.90, t(310) 5 15.30, P , 0.001; 
Fig. 2A). Similarly, PTTs increased from baseline (mean 5 
47.48 kPa, SD 5 17.45) to conditioning (mean 5 57.72 kPa, 
SD 5 19.54, b 5 10.24, t(256) 5 21.74, P , 0.001; Fig. 2B). The 
mean PDT CPM effect was 8.90 kPa (SD 5 10.26, 95% 
confidence interval [CI] 7.76-10.04), and the mean PTT CPM 
effect was 10.24 kPa (SD 5 7.55, 95% CI 9.40-11.09). A wide 
range of CPM effects were observed, with the majority showing 
an increase in thresholds for both PDT (Fig. 2C) and PTT 
(Fig. 2D). Those with a greater PDT CPM effect also showed 
a higher effect for PTT (b 5 0.24, t(245) 5 4.55, P , 0.001; 
Fig. 2E). Using the 20% threshold, fewer participants qualified as 
CPM responders for PTT (59%) than PDT (69%). Despite the 
significant correlation between measures, only 36% of partic-
ipants qualified as CPM responders on both PDT and PTT 
(Fig. 2F). The PDT and PTT were higher in males compared with 
females, but no significant sex effects were found for PDT and 
PTT CPM effects (Supplementary Fig. 1, available at http://links. 
lww.com/PR9/A393).

3.3. Interrelationships between psychophysical measures

There was strong concordance between thresholds on the 
dominant and nondominant legs for PDT thresholds (b 5 0.74, 
t(299) 5 17.1, P , 0.001, Fig. 3A) and PTT thresholds (b 5 0.85, 
t(246) 5 23.6, P , 0.001, Fig. 3B). A higher baseline PDT 
threshold was associated with a greater increase in thresholds in 
the presence of the conditioning stimulus (b 5 0.16, t(300) 5 
2.65, P 5 0.009, Fig. 3C). This, however, was not true for 
baseline PTT (b 5 0.05, t(246) 5 1.78, P 5 0.0762, Fig. 3D). 
Finally, greater conditioning pressure was associated with a larger 
increase in thresholds for both the PDT (b 5 0.44, t(299) 5 8.44, 
P , 0.001, Fig. 3E) and PTT CPM effects (b 5 0.19, t(245) 5 
3.74, P , 0.001, Fig. 3F). Overall, there was a positive manifold 
across all the thresholds measured, indicating participants
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tended to show higher or lower thresholds across all measure-
ments in general (Supplementary Table 2, available at http://links. 
lww.com/PR9/A393).

3.4. Test–retest reliability

Reliability patterns differed markedly between raw thresholds and 
CPM effects. Individual PDT and PTT measurements demon-
strated moderate-to-good test–retest reliability, with strong 
correlations and low measurement error. In contrast, PDT and 
PTT CPM effects showed poor reliability, with weak correlations, 
high coefficients of variation, and poor ICCs (Table 2).

Considering the CPM effect as a relative effect (percentage 
change from baseline) rather than an absolute effect also 
demonstrated poor reliability between sessions (Supplementary 
Fig. 2, available at http://links.lww.com/PR9/A393).

Given the large variability in CPM responses (Fig. 2), we 
examined the effect of sample size on ICC estimates using 
bootstrap analysis. For the PDT CPM effect, median ICC 
decreased from 0.314 (95% CI 20.327 to 0.703) at n 5 25 to 
0.268 (95% CI 20.092 to 0.580) at our full sample (n 5 72), with 
substantial reduction in confidence interval width (Fig. 4A). For 
the PTT CPM effect, ICCs remained more stable across sample 
sizes: 0.365 (95% CI 0.029-0.648) at n 5 25 vs 0.372 (95% CI

Figure 2. Group level CPM effects. (A) PDTs and (B) PTTs measured before and during the conditioning stimulus. (C) PDT CPM effect and (D) PTT CPM effect for 
each participant sorted by magnitude. (E) Correlation between PDT and PTT CPM effects. (F) Percentage of sample classified as responders for PDT and PTT, 
together with coincidence of the two. CPM, conditioned pain modulation; PDT, pain detection threshold; PTT, pain tolerance threshold.
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0.163-0.566) at full sample size (n 5 48; Fig. 4B). However, 
a similar widening of confidence intervals was observed with 
decreasing sample size.

3.5. Between session changes in responder/ 
nonresponder status

Responder classification showed none-to-minimal agreement 
across sessions (Fig. 5). For PDT (n 5 72), 50 participants were 
classified as responders in session 1 and 45 in session 2, with 27 
participants (37.50%) switching classification. Specifically, 16 lost 
and 11 gained responder status (Cohen k 5 0.17; Fig. 5A). For 
PTT (n 5 45 after ceiling exclusions), 20 were responders in 
session 1, and 13 in session 2, with 17 participants (37.78%) 
switching classification. Specifically, 12 lost and 5 gained 
responder status (Cohen k 5 0.21; Fig. 5B). Classification 
changes showed minimal concordance between PDT and PTT 
measures, with only 4 of 12 who lost PTT responder status also 
losing PDT responder status. Similarly, only 1 of 5 new PTT 
responders also gained PDT responder status. Although re-
sponder rates in the test–retest subsample for PDT match closely 
to that of the larger main sample, PTT responder rates were 
distinctly lower at 44%/28% compared to 59% in the full dataset. 
The choice of threshold did not substantially alter Cohen k values, 
with comparably poor reliability across a range of thresholds from 
10% to 30% (Supplementary Fig. 3, available at http://links.lww. 
com/PR9/A393).

4. Discussion

This analysis provides a comprehensive examination of the CPM 
effect upon application of a standardised cuff algometer 
paradigm in a large healthy cohort. We demonstrated robust 
group-level CPM effects for both PDT and PTT, echoing prior 
accounts. By contrast, test–retest reliability of CPM-effect 
magnitudes and responder classification were poor. We propose 
that CPM effects are dominated by dynamic, state-dependent 
processes, which likely affect the presentation and/or detection 
of underlying stable trait characteristics. Here, we discuss both 
biological and methodological factors that may underpin this poor 
reliability.

Within a single session, cuff-pressure algometry CPM dem-
onstrated a strong group effect, with marked increases in the 
magnitude of both PDT and PTT observed in the presence of 
painful contralateral conditioning. The magnitude of these effects 
accords with previous accounts, with near identical estimates for 
PDT CPM effects in studies comprising large (N . 60) samples. 34 

We interpret prior reports of both larger and smaller magnitudes 
of CPM effect simply in relation to increased variability expected in 
smaller samples, often featuring only 20 individuals or fewer. 4,5,17 

There are no existing large sample estimates for PTT CPM effects, 
but reports from multiple smaller studies suggest they vary even 
more than for PDT CPM effects. 4,5,17 Approximately 67% of our 
participants were designated as PDT CPM responders. Our 
chosen responder classification threshold has not been pre-
viously imposed in healthy individuals using cuff algometry.

Figure 3. Psychophysical interrelationships. Correlations between the dominant and nondominant leg, between the baseline threshold and the CPM effect, and 
between the conditioning pressure and the CPM effect for PDT/PDT CPM effect (A, C and E, respectively) and for PTT/PTT CPM effect (B, D, and F, respectively). 
CPM, conditioned pain modulation; PDT, pain detection threshold; PTT, pain tolerance threshold.
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However, investigations in mixed chronic pain populations have 
shown lower responder rates of approximately 50%, 45,46 broadly 
supporting hypotheses of dysfunctional CPM responses in 
patients with chronic pain and a level of sensitivity to detect pain 
pathophysiology. However, the observation that roughly one-
third of our participants displayed a supposedly dysfunctional 
CPM response warrants further consideration. This high pro-
portion suggests the 20% threshold may be overly conservative 
and limiting the sensitivity of the approach. We suggest that 
additional benchmark studies, providing normative data across 
the lifespan in pain-free individuals, are performed to ensure that 
the standardisation of the cuff algometer CPM paradigm also 
incorporates a robust standardised analysis approach.

Despite group-level differences, ICC indices of between-
session test–retest reliability were poor for both PDT and PTT 
CPM effects. These observations contrast previous studies, 
which reported moderate-to-good ICCs for PDT CPM 
effects. 13,19 Previous reports of PTT CPM-effect reliability have 
varied more widely, ranging from poor 19 to moderate. 13 Our 
Cohen k values for responder classification were rated between 
none and minimal and were lower than previously described. 47 

Crucially, this poor reliability cannot be attributed to fundamental 
measurement instability, given that the baseline PDT and PTT 
assessments were themselves reliable. However, CPM estimates 
of reliability are derived from 4 independent measurements, and 
the variability associated with each observation becomes 
compounded during ICC calculation. 16 Although this will

contribute to low reliability, it does not explain why our reliability 
was lower than previously reported.

Intraclass correlation coefficient estimates likely also suffer 
from biases induced by sampling errors. Intraclass correlation 
coefficient is the ratio of between-participant to within-participant 
variability. 10 Previous studies using smaller sam-
ples 4,5,13,17,19,36,37 are likely to have underestimated between-
participant variability in CPM effects. Our bootstrapping analyses 
support this perspective, suggesting that ICC estimates become 
increasingly variable at smaller sample sizes, which are prone to 
observing spurious and irreproducible effects. 3 These under-
sampling effects may also be amplified by publication bias and file 
drawer practices that favour dissemination of higher reliability 
estimates and statistically significant findings. We suggest that 
wide adoption of robust, open, and transparent research 
practices, wherein study protocols, analyses, and dissemination 
plans are registered in advance, are required to ameliorate these 
issues. 30

Prior studies have inadequately considered the impact of 
ceiling effects, where participants reach the algometer’s safety 
limit during pressure threshold assessments. A common practice 
has been to assign this safety limit as the participant’s final 
PTT 4,13,17,47 rather than excluding the data point. This method 
artificially deflates the true variability in pain tolerance, leading to 
overestimates of PTT reliability. Consequently, it also distorts 
responder classifications. Our finding that 17% of individuals 
reached safety limits, while in line with prior reports, 17 places

Table 2

Descriptive and reliability statistics for the test–retest sample.

Measure Sample size after ceiling effects Session 1 (kPa) 
Mean (SD)

Session 2 (kPa) 
Mean (SD)

Pearson r ICC (2,1) [CI] SEM (kPa) CoV (%)

Baseline PDT 72 24.89 (10.91) 26.19 (11.89) 0.688 0.684 [0.537 to 0.787] 6.130 24.63

Conditioned PDT 72 33.95 (16.01) 36.26 (18.37) 0.794 0.782 [0.666 to 0.870] 7.481 22.04

CPM-effect PDT 72 9.06 (9.36) 10.07 (10.89) 0.256 0.254 [20.075 to 0.589] 8.081 89.21

Baseline PTT 56 54.10 (20.41) 57.39 (20.66) 0.867 0.858 [0.749 to 0.921] 7.700 14.23

Conditioned PTT 49 57.31 (19.34) 58.65 (18.14) 0.842 0.840 [0.739 to 0.905] 7.725 13.48

CPM-effect PTT 48 8.08 (5.26) 7.07 (5.64) 0.375 0.373 [0.167 to 0.571] 4.167 51.58

CoV, coefficient of variation; CPM, conditioned pain modulation; ICC, intraclass correlation coefficient; PDT, pain detection threshold; PTT, pain tolerance threshold; SEM, standard error of measurement.

Figure 4. The effect of simulated sample size on reliability. Median ICCs taken from 1000 bootstrapped samples with replacement across a range of sample sizes 
for (A) PDT and PDT CPM-effect measurements and (B) PTT and PTT CPM-effect measurements. Shaded area represents the 95% confidence interval. CPM, 
conditioned pain modulation; ICC, intraclass correlation coefficient; PDT, pain detection threshold; PTT, pain tolerance threshold.
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practical limits on the applicability of PTT cuff algometry in healthy 
volunteers. One alternate methodology is to assess changes in 
pain ratings at a set stimulus intensity. For example, the intensity 
required to elicit half the maximum possible VAS rating, termed 
Pain, 50 is first calculated. The change in pain ratings when that 
intensity is applied in the presence of the conditioning stimulus is 
then taken as the CPM effect. 6 This approach limits the impact of 
these ceiling effects, but so far, the reliability has been less 
studied.

To classify individuals as CPM responders or nonresponders, 
a threshold must be defined to separate them. However, 
normative thresholds have yet to be established, and thresh-
olding methods proposed to date remain suboptimal. Typically, 
these are derived from measurement error estimates (CoV 45,46 or 
SEM 5,20,31,47 ), but this only indicates whether observed threshold 
changes exceed random error. Recently, the lower 95% CI for the 
PDT CPM effect of a normative sample was employed as 
a dysfunctional CPM threshold. 34 Although effective for compar-
ing healthy samples with patient groups, in isolation this method 
cannot reliably indicate a response rate in healthy individuals. 
Both functional CPM and measurement error must both be 
quantified and considered to facilitate effective classification. 
However, measurement error estimates observed in our data are 
similar in magnitude to previously reported lower 95% CIs, 34 with 
some existing error estimates exceeding this value. 31 Accord-
ingly, where measurement error ends, and a functional CPM 
effect begins, is unclear. This ambiguity highlights the inherent 
difficulty of imposing a binary cut-off on what is fundamentally 
a continuous biological process. Although binary categorisation is 
convenient and well-suited to common trial designs and 
statistical techniques, 41 it also risks sacrificing fine-grained 
information that may provide mechanistic insights. 53 We suggest 
considering CPM readouts as continua, aligning with evolving 
perspectives within pain research, 39 and the wider fields of 
neurology and psychiatry, 1 where pathophysiological states are 
increasingly understood in this manner.

Dynamic state fluctuations also increase within-participant 
variance estimates considered during ICC calculation, lowering 
reliability estimates. 10 An individual’s emergent pain experience is 
tempered by competing motivational demands including, but not 
limited to, physiological stress, perceived threat, selective 
attention, prior experiences, arousal state, alertness, and

circadian effects. 7,25,28,43 Preclinical work examining diffuse 
noxious inhibitory control mechanisms, a core element of the 
neural circuitry proposed to underpin CPM, suggests that 
propriospinal activity can also influence its expression, 29 in 
addition to the well-described descending brainstem cir-
cuitry. 22,23 However, unlike assessments made in anaesthetised 
animal preparations, state fluctuations in top-down control 
pathways occur in wakeful humans that constantly modulate 
CPM responses. Future longitudinal studies combining psycho-
physics with neuroimaging could uncover some of the mecha-
nisms underpinning this dynamic process. 18

Our work is not without limitations. First, our findings are 
specific to the young, healthy cohort studied and may not 
generalize to older individuals or clinical populations who often 
exhibit altered CPM. 15 Second, although conducting the study at 
a single site with a standardized protocol ensured high 
experimental control, our results may not capture the full 
variability that would arise from a multisite study. Similarly, 
although the use of multiple experimenters reflects a real-world 
scenario, we acknowledge their contributions to the dataset were 
not uniform; however, this was mitigated in the crucial test–retest 
analysis, where data were collected by only 2 individuals. 
Examination of sex differences in CPM response (Supplementary 
Fig. 1, available at http://links.lww.com/PR9/A393) was not 
a core aim of this work, but we acknowledge that in our 
test–retest examination, the mean time between sessions varied 
within the range of a normal menstrual cycle. Hormonal changes 
have been weakly associated with changes in CPM effects 40,48,49 

and thus likely contributed to the observed between-session 
variability. Finally, although computer-controlled cuff algometry is 
designed to be user-independent, some procedural variability, 
such as in cuff placement, was likely and unavoidable.

We have demonstrated that although cuff algometry produces 
robust group-level CPM effects, between-session reliability was 
poor. These findings echo growing contention regarding the 
clinical utility of CPM including its suitability as a biomarker 8 . Like 
others, we propose that state-dependent effects may outweigh 
underlying traits, rendering single time point measurement of 
CPM a poor index of an individual’s overall endogenous pain 
control capacity. We urge that the conceptualisation of CPM as 
a trait measure of endogenous descending control should be 
reconsidered in favour of a composite construct, reflecting both

Figure 5. Responder classification stability across sessions. Transitions in responder status between sessions for (A) PDT (Cohen k 5 0.17) and (B) PTT (Cohen 
k 5 0.21). Width of flows represents number of participants. PDT, pain detection threshold; PTT, pain tolerance threshold.
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static between-individual effects and dynamic within-individual 
variability. Although CPM remains a robust tool for demonstrating 
differences between patient and control populations at a group 
level, 33 until these 2 facets can be adequately dissociated, we 
suggest that CPM is unlikely to provide a stable or reliable 
biomarker for individual clinical stratification or treatment pre-
diction in patients with chronic pain.
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MT. Conditioned pain modulation as a biomarker of chronic pain: 
a systematic review of its concurrent validity. PAIN 2019;160:2679–90.

[9] Fieldwalker A, Patel R, Zhao L, Kucharczyk MW, Mansfield M, Bannister 
K. A parallel human and rat investigation of the interaction between 
descending and spinal modulatory mechanisms. Eur J Pain 2025;29: 
e4775.

[10] Fleiss JL, Levin B, Paik MC. Statistical methods for rates and proportions. 
Hoboken: John Wiley & Sons, 2013.

[11] Gamer M, Lemon J, Fellows I, Singh P. Various coefficients of interrater 
reliability and agreement. 2012. Available at: https://www.r-project.org. 
Accessed April 2025.

[12] Gil-Ugidos A, V ´ azquez-Mill ´ an A, Samartin-Veiga N, Carrillo-de-la-Peñ a 
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