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ABSTRACT
Background: The brain is capable of powerfully inhibiting perceived pain intensity. Experimentally, three pain modulating 
phenomena have been well explored: placebo analgesia (PA), offset analgesia (OA) and conditioned pain modulation (CPM). 
While all three can reduce pain intensity, these paradigms are not often compared behaviourally, nor are their potentially com-
mon psychological or physiological mechanisms considered.
Methods: Here, we present retrospective behavioural pain rating, psychological and demographic data in 273 pain-free control 
participants who underwent either PA (n = 100), OA (n = 37) or CPM (n = 136). Significant changes in pain intensities were as-
sessed using permutation testing to derive cohorts where pain was significantly inhibited (inhibitory responders), unchanged 
(nonresponder) or increased (facilitatory responder) during the expression of each phenomenon. Psychological questionnaire 
scores, demography and pain perception variability were compared between response cohorts to all three phenomena.
Results: We identified largely similar proportions of individuals categorised as either inhibitory responders, nonresponders or 
facilitatory responders to each of PA, OA and CPM—with no sex differences identified in any phenomena nor response cate-
gory. Dispositional optimism and calibrated noxious temperature demonstrated a significant effect in PA and CPM responses, 
respectively—with inhibitory responders recording higher scores than facilitatory responders in PA, and inhibitory responders 
possessing lower thermal sensitivity to nonresponders in CPM.
Conclusion: A shared mechanism was identified between PA and OA, such that perceived pain variability to repeated identical 
noxious stimuli related to both phenomena's expression. This warrants further investigation given the suggested neural circuit 
differences between these two phenomena, and only PA is presently linked with Bayesian theorem.
Significance Statement: Humans are capable of inhibiting their own pain in several ways; however, the brain systems driving 
these analgesic mechanisms are complex and are known to diverge despite producing similar outcomes. Here we show core 
behavioural similarities between different forms of endogenous analgesic phenomena, with differences in psychological and 
physiological correlates.
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1   |   Introduction

It is widely appreciated that the brain can modulate incom-
ing nociceptive sensory signals. As early as around 400 bce, 
Hippocrates noted in his Aphorisms that the painful numb-
ness from cold water exposure could dull visceral pain, essen-
tially describing the conditioned pain modulation phenomena 
(Chance  1930). Moreover, the observations of Henry Beecher 
during the Second World War that many soldiers with signif-
icant injuries reported pain relief at the hands of sham anal-
gesics gave rise to modern investigations of placebo analgesia 
(Beecher  1955). More recently, the seminal work of Grill and 
Coghill defined offset analgesia phenomena, whereby a minor 
decrease in noxious intensity can produce a large decrease in 
perceived pain, establishing a triad of pain modulatory mech-
anisms capable of being elicited in humans without pharma-
cological intervention (Grill and Coghill  2002). It is now well 
established that the brain can both inhibit and enhance the 
intensity of perceived pain and that an individual's endoge-
nous pain modulatory ability is associated with the presence of 
chronic pain (Gagné et al. 2020; Hashmi et al. 2012; Pickering 
et  al.  2014; Schmid et  al.  2015; Szikszay et  al.  2020) and with 
the ability to respond to particular chronic pain treatments 
(Dürsteler et al. 2021; Kono et al. 2023).

Since their discovery, these three analgesic phenomena: placebo 
analgesia (PA), conditioned pain modulation (CPM) and offset 
analgesia (OA), have been routinely used to evoke endogenous 
pain modulatory mechanisms in humans. PA is characterised 
by a pain intensity reduction due to the expectation of pain relief 
even though the applied treatment is inert. Previous investiga-
tions have demonstrated this effect to be largely driven by expec-
tancy modulation, conditioning effects or a combination of the 
two (Amanzio and Benedetti 1999). To some degree this effect 
is opiate driven, since naloxone administration can partially or 
entirely abolish the behavioural effects of PA (Benedetti 1996; 
Grevert et al. 1983; Zhang et al. 2013). Regardless of the mech-
anism that underpins PA, it has been recently proposed that 
PA follows Bayesian principles, with prior experiences with 
administered placebo substances forming experimental priors, 
of which future likelihoods are shifted towards to produce the 
behavioural posterior of reduced pain (Büchel et al. 2014; Grahl 
et al. 2018).

CPM is characterised by a pain intensity reduction during nox-
ious stimulation in one body location when a second noxious 
stimulus is concurrently applied to a distant body location. This 
phenomenon is the human homologue of the diffuse noxious 
inhibitory control (DNIC) reaction first observed by le Bars 
et al. (1979) and later translated to humans by the same research 
team (le Bars et al. 1992). Largely understood to follow the theo-
rem of gate control, CPM expression relates to spatial filtering of 
excess noxious information and can be abolished in experimen-
tal rodents by chemical ablation of brainstem nuclei (Villanueva 
et al. 1996).

OA is characterised by a disproportionally large decrease in 
pain intensity during a minor reduction in noxious stimu-
lus intensity. Unlike CPM, OA involves temporal filtering of 

noxious information, suggesting a time-locked effect of nox-
ious processing such that when an individual is exposed to a 
minor increase in intensity, swift re-exposure to an initially 
moderate intensity will induce a larger decrease in perceived 
pain (Yelle et  al.  2009). Despite being seemingly sensory-
driven in nature, OA expression can be manipulated by alter-
ing expectancy (Szikszay et al. 2023), and is associated with 
activation change in higher-order cortical sites associated 
with cognition (Alter et al. 2022). It is known that not all indi-
viduals display a significant pain decrease during these three 
paradigms (Amanzio and Benedetti 1999; Szikszay et al. 2019; 
Youssef et al. 2016b) and that these variations in responsive-
ness relate to functional changes in neural circuitry—suggest-
ing their expression ties directly to neurobiological individual 
differences (Christensen et  al.  2020; Crawford et  al.  2021; 
Darragh et  al.  2015; Wang et  al.  2022; Youssef et  al.  2016a, 
2016b).

Interestingly, despite all three of these phenomena intend-
ing a similar output, that is, a nonpharmacologically driven 
change in perceived pain, it has been established that they 
rely on dissimilar mechanisms to achieve this. In the case 
of CPM and OA, a within-subject investigation by Nahman-
Averbuch et al. (2014) reported that brain activation patterns 
do not overlap between phenomena. Furthermore, Niesters 
et al. (2011) demonstrated unique pharmacological properties 
of CPM and OA, with CPM and not OA expression blocked by 
ketamine infusion. This same work showed that ketamine in-
fusion actually increased pain in a CPM model—demonstrat-
ing the flexibility of pain perception under pain modulatory 
paradigms, which can fluctuate between analgesic or hyper-
algesic expression.

Indeed, it is now appreciated that these ‘analgesic’ paradigms 
can also evoke pain increases in some individuals, with previ-
ous studies reporting pain increases and decreases during CPM 
(Firouzian et  al.  2020; Graeff et  al.  2021; Harper et  al.  2018; 
Schliessbach et  al.  2019), OA (Cosentino et  al.  2025) and PA 
(Crawford et al. 2021). It is possible that different brain circuits 
underpin the increases compared to decreases in pain intensity 
expressed during these pain modulatory paradigms, and thus 
grouping all individuals together would not be an appropriate 
way to explore these different responses.

The aim of this retrospective investigation was to determine 
the proportions of individuals within three independent sample 
groups that display an inhibitory (pain reduction), facilitatory 
(pain increase) or no significant (nonresponder) change in pain 
intensity during PA, CPM and OA paradigms. We hypothesise 
that, as appears to be the case for placebo, in each sample group 
approximately 25% of individuals will display a significant in-
crease in pain intensity during these three analgesic paradigms. 
Furthermore, we aim to determine the relationships between 
stimulus intensity, pain rating variability, age, sex and psycho-
logical measures such as pain catastrophising and anxiety on 
the response profiles. We hypothesise that greater pain intensity 
variability and anxiety levels will be associated with a greater 
chance of expressing a pain increase during each of the three 
paradigms.
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2   |   Methods

2.1   |   Ethics

All experimental procedures were approved by the University 
of Sydney Human Research Ethics Committee and satisfied the 
Declaration of Helsinki, with the exception of registration in a 
database. Written informed consent was obtained from partic-
ipants at the commencement of the study. At the conclusion of 
testing, participants were informed both verbally and through a 
written statement of the necessary deception and true method-
ology of the experiment and were invited to seek clarification of 
what they had just experienced.

2.2   |   Participants

A total of 273 healthy control participants were recruited for the 
study. One hundred participants completed the placebo proto-
col (45 male, 55 female; mean ± SEM age, 23.40 ± 0.40 years), 
136 participants completed the CPM protocol (72 male, 64 fe-
male; mean ± SEM age, 32.19 ± 1.19 years), and 37 participants 
completed the offset protocol (15 male, 22 female; mean ± SEM 
age, 25.16 ± 1.05 years). Before beginning the study, partici-
pants completed a data sheet recording current medication(s) 
and any alcohol or caffeine ingested in the 24 h prior to test-
ing. The data presented here is a conglomeration of a num-
ber of studies whose aim is to define pain modulatory circuits 
using functional magnetic resonance imaging. All or part of 
the arm placebo analgesia data has been previously published 
as part of a brain imaging investigations (Crawford, Meylakh, 
et al. 2023; Crawford et al. 2021; Crawford, Mills, et al. 2023). 
It should be noted that all pain rating data presented here was 
collected from individuals whilst they lay inside a magnetic 
resonance imaging scanner.

3   |   Experimental Design

Prior to starting the experimental procedure, each participant 
was asked to complete a series of questionnaires that consisted 
of (i) The Revised Life Orientation Test (LOT-R): developed to 
assess individual differences in generalised optimism versus 
pessimism (Scheier et  al.  1994); (ii) The State–Trait Anxiety 
Inventory (STAI): developed to measure trait and state anxiety 
(Spielberger et  al.  1971); (iii) pain catastrophising question-
naire (PCS): developed to assess catastrophic thinking related 
to pain (Sullivan  1995); and (iv) Behavioural Activation and 
Behavioural Inhibition Scales (BAI): developed to assess two 
general motivational systems—behavioural inhibition system 
(BIS) and a behavioural activation system (BAS) (Carver and 
White  1994). A summary of psychological constructs mea-
sured by these questionnaires and their relative scales and 
limits is provided in Table S1. All of the 100 participants that 
completed the placebo protocol and 36 of the 37 participants 
that completed the offset protocol completed all five question-
naires. Of the 136 CPM participants, only 50 completed the 
LOT and BAI, 109 completed the STAI, and 104 completed the 
PCS questionnaires.

3.1   |   Placebo

This study was performed on 23 individuals for face placebo (14 
females) and 77 individuals for arm placebo (41 females) and in-
cluded three sessions occurring on two successive days: a con-
ditioning session on Day 1, and a reinforcement and test session 
on Day 2 (Figure  1A). Throughout the study, noxious stimuli 
were administered to either the volar surfaces of participants' 
left and right forearms or the left and right face using a 3 × 3 cm 
MR-compatible Peltier element thermode, which delivered a 
heat stimulus at a preprogrammed temperature via a Thermal 
Sensory Analyser (TSA-II) (Medoc, Israel). Each stimulus lasted 
15 s, including a ramp-up period (4°C/s), a plateau period at a 
noxious temperature and a ramp-down period (4°C/s). Each 
stimulus was separated by a 15 s interstimulus interval (ISI) at 
a nonpainful temperature of 32°C. Throughout conditioning, 
participants rated their pain online using a horizontal 10 cm vi-
sual analogue scale (VAS), ranging between 0 and 100, where 
0 was described as ‘no pain’ and 100 as ‘the worst pain imagin-
able’. During testing for placebo analgesia, participants used an 
MR-compatible two-button Cedrus lumina button box to contin-
uously report their perceived pain. Participants controlled the 
position of a slider to report their pain, holding the left (moved 
slider towards zero) or right (moved slider towards 100) button 
with their left middle and index finger, recording a trace of per-
ceived pain continuously throughout the two sequences.

3.1.1   |   Conditioning

Session 1 consisted of two rounds of a response conditioning 
protocol. Participants were first informed both verbally and via 
a written statement that the study was designed to investigate 
the modulatory effects of a topical pain inhibitor, which had 
been shown to decrease pain in some individuals. A second 
control cream was stated to be purely Vaseline and described 
as being necessary to evaluate typical pain responses. In re-
ality, both creams contained solely Vaseline and only differed 
in colour and their described properties. Thermal calibration 
was conducted, where 10 randomised stimuli ranging from 
44°C–48.5°C in 0.5°C intervals were delivered to the left forearm 
or face. Participants were informed that we were interested in 
recording a temperature that elicited a moderate subjective pain 
response (40–50 VAS rating) and that this temperature would 
be used throughout the remainder of the experiment. However, 
using the ratings provided during this calibration, we recorded 
two different temperature stimuli: a moderate pain temperature 
(40–50 VAS rating) and a low pain temperature (20–30 VAS rat-
ing). These two temperatures were then deceptively applied to 
the different cream sites throughout the remainder of Sessions 1 
and 2, such that the low-temperature stimulus was delivered to 
the site on which the placebo analgesic cream had been applied, 
to convince the participant that this was indeed a less painful 
stimulus.

To increase believability that the creams contained active 
substances, false labels were attached to the cream bottles 
and green food colouring was added to the ‘analgesic’ cream. 
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Creams were then applied to two adjacent 3 × 3 cm squares on 
the participants' right forearm or face. Ten minutes follow-
ing cream application, we conducted two rounds of condi-
tioning. Participants were informed they would be receiving 

eight identical moderate thermal stimuli to both cream sites 
and were instructed to report their perceived pain intensity 
using the VAS. As noted above, during the two conditioning 
rounds we deceptively applied a moderate temperature to the 

FIGURE 1    |    (A) Placebo pain modulation protocol. A series of eight noxious thermal stimuli predetermined to elicit a moderate pain intensity, 
were delivered to either the right side of the face or right forearm on a Vaseline control cream. During a subsequent scan, the same noxious stimuli 
were delivered to an immediately adjacent site covered by a ‘lidocaine’ cream that participants were conditioned to believe had pain relieving quali-
ties. Each noxious stimulus lasted 15 s including a 2.5 s ramp up and down and there was an inter-stimulus intervale (ISI) of 15 s. The change in pain 
intensity assessed using an on-line 100-point visual analogue scale (VAS), during the control and placebo scans were used to determine whether pain 
had significantly decreased, increased or not changed. (B) Conditioned pain modulation (CPM) protocol. A series of eight noxious stimuli, identical 
to those delivered during the placebo paradigm was delivered to either the right side of the face or right forearm. Following this series, a 0.5 mL bolus 
injection of 5% saline was made into either the forearm or lower leg to produce a sustained muscle pain of moderate intensity. A series of eight noxious 
stimuli were again applied to the right side of the face or forearm during the muscle pain stimulus. The change in pain intensity assessed using an 
on-line 100-point visual analogue scale (VAS), during the control and CPM scans were used to determine whether pain had significantly decreased, 
increased or not changed. (C) Offset pain modulation protocol. A series of eight noxious stimuli were applied to the right forearm. The ramp up and 
down period was essentially instantaneous and each stimulus period lasted 14.4 s with an ISI of 14.4 s. During the second series another eight nox-
ious thermal stimuli were delivered (T1), however after 4 s the stimulus temperature was increased by 1°C for 4 s (T2) and then decreased by 1°C for 
6.4 s (T3) before returning to baseline. Change in pain intensity was assessed using an online 100-point visual analogue scale (VAS), during the T3 
period in the offset series, and the last 6.4 s of each stimulus block in the control series, and were used to determine whether pain had significantly 
decreased, increased or not changed.
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control Vaseline site and a low temperature to the placebo li-
docaine site.

3.1.2   |   Reinforcement and Test

At approximately the same time on the following day, Sessions 2 
and 3 were conducted with participants inside an MRI scanner 
and consisted of a reinforcement protocol (Session 2) and a test 
protocol (Session 3). The creams were reapplied to the forearm 
or face, in the same order and locations as Session 1, and partic-
ipants were reminded of the ‘analgesic’ cream's pain-decreasing 
qualities. To ensure that the protocol for conditioning was con-
sistent between subsequent days, despite the change in imme-
diate environment (now inside an MRI), reinforcement was 
conducted by applying four noxious stimuli at the same moder-
ate and low temperatures used throughout Session 1. This was 
performed on the opposite forearm or face to prevent sensitisa-
tion of the testing area.

Following reinforcement, we waited 15 min for residual pain 
and sensitivity to dissipate. Unlike the conditioning and rein-
forcement phases, during the test phase we applied identical 
moderate temperature stimuli to both the control Vaseline- and 
placebo analgesic sites (Figure 1A). We asked each participant to 
report their pain intensity continuously throughout the duration 
of the scan using the button box and digital VAS. VAS responses 
were recorded every 0.5 s, and values during each pain period 
were averaged, providing a pain intensity for each noxious stim-
ulus period. Each participant received two consecutive series of 
eight stimuli, with the control Vaseline site stimulated first fol-
lowed by the placebo analgesic site.

3.2   |   CPM

This study was performed on 107 individuals for face CPM 
(47 females) and 29 individuals for arm CPM (17 females). 
Participants had the 3 cm × 3 cm MRI-compatible thermode 
placed on either their left forearm or left face, and an identi-
cal calibration phase as described in the placebo protocol was 
performed. The temperature that elicited a 5/10 pain inten-
sity rating was used for the subsequent experiment. With the 
participant inside the MRI scanner, the thermode was placed 
onto the right side of the arm or face, and a small needle at-
tached to a 1 mL syringe filled with 5% saline was inserted 
into either the flexor carpi radialis muscle in the right forearm 
for face CPM, or into the tibialis anterior muscle of the right 
leg for arm CPM.

CPM was assessed over two separate functional MRI record-
ings. During the first recording, a series of thermal stimuli with 
an identical temporal profile to that described for the placebo 
study were delivered via the thermode, using the temperature 
calibrated to elicit a moderate pain intensity (test stimulus). 
This was repeated for a total delivery of eight noxious thermal 
stimulation periods (Figure  2A). Participants continuously 
rated their pain on a 10 cm line using an MR-compatible but-
ton box. Immediately prior to a second recording, 0.5 mL of 5% 
hypertonic saline was injected into either the right forearm or 
leg to induce sustained muscle pain (conditioning stimulus). 

Concurrently, eight noxious thermal stimulations were de-
livered, identical to those delivered in the control scan. VAS 
responses were recorded at the same rate as described in pla-
cebo, averaged to each stimulus period in either recording. At 
the conclusion of the fMRI scan, participants were also asked 
to provide an average rating of the intensity of the condition-
ing (saline) stimulus. During the CPM paradigm, participants 
rated their pain as in the placebo paradigm, with a two-button 
Cedrus lumina button box and digital VAS visible inside the 
MRI scanner.

3.3   |   Offset

This study was performed on 37 individuals (22 females). 
Participants had an MRI-compatible thermode placed onto 
their left forearm, and the same calibration task was per-
formed in placebo and CPM. Given the requirement for a 
quicker change in stimulus temperature for this paradigm, we 
used a different MRI-compatible thermode capable of a ramp 
up and down speed of 300°C/s (QST labs, Strasbourg). The 
temperature that elicited a 5/10 pain intensity rating was used 
for the subsequent experiment. With the participant inside the 
MRI scanner, the thermode was placed onto the right forearm. 
During the first (control) scan, a series of eight noxious ther-
mal stimuli that had an essentially instantaneous ramp-up pe-
riod, a plateau period at a noxious temperature of 14.4 s, and 
an instantaneous ramp-down period, and an interstimulus 
period of 14.4 s were delivered using the temperature prede-
termined as eliciting a moderate pain intensity (test stimulus; 
Figure  3A). Participants continuously rated their pain using 
the same MR-compatible two-button Cedrus lumina button 
box with their left middle and index fingers. During a second 
series, the same eight thermal stimuli were delivered; how-
ever, the moderate intensity was held for only the first 4 s of 
each stimulus period (T1 period). It was then raised by 1°C 
for 4 s (T2 period), before once again being lowered to the 
moderate intensity for the remaining 6.4 s (T3 period). VAS 
responses were recorded at the same rate as described in pla-
cebo and CPM, with an average VAS recording calculated spe-
cifically during the T3 period of each stimulus block.

3.4   |   Behavioural Classification of Participants 
as Inhibitors (Pain Reduction), nonresponders 
and Facilitators (Pain Increase)

Participants were grouped as either an inhibitor, nonresponder 
or facilitator based on a bootstrapped permutation procedure 
(Berry et al. 2011). Briefly, mean VAS ratings to each of the first 
of the two series described above (i.e., eight moderate intensity 
thermal stimuli) were entered into a permutation model, where 
10,000 artificial samples were generated with replacement. This 
artificial sample was significance tested against 10,000 artificial 
samples generated from the VAS ratings to each of the eight nox-
ious stimuli delivered to the ‘analgesic’ placebo cream (placebo 
analgesia), during the processing of two stimuli concurrently 
(CPM) or during a minor decrease in noxious intensity (offset 
analgesia). If the mean difference between the two series was 
significant, with the ‘analgesic’ placebo, dual stimulus, or off-
set VAS responses significantly higher than the initial series, 
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a participant was considered a facilitator. If the ‘analgesic’ pla-
cebo, dual stimulus or offset VAS responses were significantly 
lower than the initial series, a participant was considered an 
inhibitor. If neither condition was satisfied to a standard of 
p < 0.05 one-tailed distribution, the participant was considered a 
nonresponder. Examples of facilitator, nonresponder and inhib-
itor distributions generated from bootstrapped permutation are 
provided in Figure S1.

We determined if there were significant differences between the 
proportions of inhibitor, nonresponder and facilitator partici-
pants between the placebo, CPM and offset protocols as well as 

the proportion of females and males in each group (p < 0.05, two 
independent population proportions test). We also determined 
whether significant differences emerged between the inhibitor, 
nonresponder and facilitator groups with respect to sex, age, 
thermode temperature, as well as control and placebo/CPM/
offset recording VAS rating variability. Kolmogorov–Smirnov 
Test of Normality was used to determine whether data were 
normally distributed and subsequent t-tests were used to deter-
mine significant group differences for normally distributed data 
(p < 0.05, Bonferroni corrected for multiple comparisons) and 
Mann–Whitney U for non-normally distributed data (p < 0.05, 
Bonferroni corrected for multiple comparisons). Control and 

FIGURE 2    |    (A) Plots of proportions of individuals that display significant pain intensity decreases (inhibitors), increases (facilitators) or no 
change (nonresponders) during placebo, conditioned pain modulation and offset paradigms. Numbers at the bottom of each bar indicate the percent-
ages. (B) Plots of proportions of inhibitors, facilitators or nonresponders during placebo applied to the face or arm and conditioned pain modulation 
where the noxious thermal stimuli are applied to either the face or arm and the conditioning muscle pain stimulus to the arm or leg. Numbers at the 
bottom of each bar indicate the percentages. (C) Plots of individual and mean ± SEM percent pain intensity changes in inhibitors, nonresponders and 
facilitators during placebo, conditioned pain modulation and offset paradigms.
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placebo/CPM/offset scan pain intensity variabilities were deter-
mined by calculating the mean pain intensity during each stim-
ulus period and then calculating the standard deviation of the 
eight pain intensity values for each of the two scans.

Additionally, for each psychological questionnaire administered 
and within each phenomenon, single factor ANOVA was per-
formed using scores calculated from inhibitor, nonresponder 
and facilitator groups. Where significance was identified, 
two-sample t-tests were then performed to determine between 
which two groups' scores significantly differed from each other 
(p < 0.05).

4   |   Results

4.1   |   Group Proportions

Separating individuals in inhibitor, nonresponder and facili-
tator groups revealed relatively consistent proportions of in-
dividuals in each group for each of the three pain modulatory 
paradigms (Figure  2A). All three paradigms resulted in no 
significant differences in the proportions of facilitators, non-
responders and inhibitors (% inhibitors vs nonresponders vs fa-
cilitators: placebo 48 vs. 34 vs. 17; CPM 32 vs. 46 vs. 22; offset 
32 vs. 50 vs. 18). Examination of group proportions during pla-
cebo and CPM paradigms administered at different body loca-
tions also revealed similar proportions and effect sizes in both 
a main effect and group level—with large effect sizes noted 
in inhibitor and facilitator groups of all phenomena irrespec-
tive of body site, and predominantly medium effect sizes when 
considered as the main effect of each phenomenon (Table 1) 
(% inhibitors vs nonresponders vs facilitators: placebo face 43 
vs. 43 vs. 13; placebo arm 51 vs. 31 vs. 18; CPM test face con-
ditioning arm 26 vs. 54 vs. 20; CPM test face conditioning leg 
36 vs. 45 vs. 19; CPM test arm conditioning leg 38 vs. 52 vs. 10) 
(Figure 2B).

We also determined whether there were differences in the pro-
portions of males and females in the inhibitor, nonresponder or 
facilitator groups for all three paradigms. We found no signif-
icant differences in each group for placebo ( females vs males: 

inhibitors 22 vs. 27, nonresponders 22 vs. 12, facilitators 11 vs. 
6, all p > 0.05), CPM ( females vs males: inhibitors 24 vs. 20, non-
responders 26 vs. 42, facilitators 14 vs. 10, all p > 0.05) or offset 
paradigms ( females vs males: inhibitors 8 vs. 4, nonresponders 
11 vs. 6, facilitators 3 vs. 5, all p > 0.05).

4.2   |   Pain Intensity and Influences of Thermode 
Temperature, Pain Intensity Variability

Examination of the magnitude of pain intensity changes re-
vealed similar inhibitor group pain decreases for placebo and 
CPM but significantly greater decreases for the offset com-
pared with the placebo paradigms (mean ± SEM placebo vs 
CPM vs offset − 28.69 ± 1.78 vs. −34.84 ± 3.35 vs. −43.29 ± 6.26; 
p < 0.05 placebo<offset) (Figure  2C). While the magnitude 
of pain intensity changes for the nonresponder groups were 
similar across all three paradigms (placebo vs CPM vs off-
set 1.21 ± 1.60 vs. −1.07 ± 1.22 vs. 2.78 ± 4.37; p < 0.05 pla-
cebo<offset), facilitator magnitudes were greater for offset 
compared with CPM, but similar when comparing offset with 
placebo (placebo vs CPM vs offset 34.80 ± 4.73 vs. 26.51 ± 3.99 
vs. 66.62 ± 15.82; p < 0.05 CPM<offset). Examination of the 
potential effects of sex revealed no significant differences 
between females and males with respect to pain intensity 
changes in the inhibitor, nonresponders or facilitatory groups 
during placebo, CPM, or offset paradigms (Table 2). Similarly, 
age was not significantly different between the three groups 
for any of the three paradigms.

We also examined the potential influence of the predeter-
mined thermode temperature that evoked a moderate pain 
intensity. With the exception of CPM, where we identified 
responders displayed significantly reduced elected moderate 
temperature to nonresponders (mean ± SEM °C CPM respond-
ers: 46.44 ± 0.16; nonresponders: 46.89 ± 0.12; p = 0.03)—but 
not facilitatory responders—we found no significant differ-
ences in thermode temperatures between the three groups for 
any of the three paradigms and no influence of sex (Table 2). 
Furthermore, we found that pain intensity rating variability 
during the control scans was significantly different in placebo 
and offset paradigms, with significant differences between 

FIGURE 3    |    (A) Plots of mean ± SEM pain intensity rating variability (standard deviation: SD) during the initial control series in inhibitor, fa-
cilitator and nonresponder groups during placebo, conditioned pain modulation and offset paradigms. (B) Plots of mean ± SEM LOT-R values for 
inhibitor, facilitator and nonresponder groups during placebo, conditioned pain modulation and offset paradigms. *Inhibitors significantly different 
to nonresponders; #inhibitors significantly different to facilitators.
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inhibitor and both nonresponder (mean ± SEM SD control 
scan placebo analgesia inhibitor: 5.48 ± 0.44; nonresponder: 
9.31 ± 0.86; p < 0.001, offset analgesia inhibitor: 5.63 ± 0.94; 
nonresponder: 10.24 ± 1.32, p = 0.01) and facilitator groups 
(mean ± SEM SD control scan placebo analgesia inhibitor: 
5.48 ± 0.44; facilitator: 8.59 ± 1.43; p = 0.007, offset analgesia 
inhibitor: 5.63 ± 0.94; facilitator: 10.38 ± 1.42, p = 0.01). That 

is, those that subsequently displayed a facilitatory response 
during placebo and offset scans had greater control scan pain 
intensity rating variability than those individuals that dis-
played an inhibitory response (Figure 3A). There was no sig-
nificant group difference in pain rating variability during the 
placebo, CPM or offset scans and no significant influence of 
sex on pain rating variability (Table 2).

TABLE 1    |    Paired effect size estimates, mean and standard deviation differences, p values and t values during placebo, conditioned pain 
modulation and offset analgesia paradigms as a main effect and by response classes.

Cohen's D Average of difference
Standard deviation 

of difference t p

Placebo

Main effect All (n = 100) 0.34 −3.69 10.81 −3.42 < 0.001*

Arm (n = 77) 0.31 −3.48 11.26 −2.71 0.008*

Face (n = 23) 0.47 −4.38 9.31 −2.26 0.34

Inhibitors All (n = 49) 2.57 −12.42 4.83 −18.01 < 0001*

Arm (n = 39) 2.58 −12.27 4.75 −16.14 < 0.001*

Face (n = 10) 2.43 −13.02 5.36 −7.68 < 0.001*

Nonresponders All (n = 34) 0.11 0.41 3.75 0.64 0.23

Arm (n = 24) 0.11 0.44 3.98 0.54 0.59

Face (n = 10) 0.10 0.34 3.32 0.33 0.75

Facilitators All (n = 17) 1.90 13.27 6.98 7.84 < 0.001*

Arm (n = 14) 2.05 14.26 6.97 7.65 < 0.001*

Face (n = 3) 1.46 8.65 5.94 2.52 0.13

CPM

Main effect All (n = 135) 0.25 −2.89 11.75 −2.86 0.005*

Arm (n = 29) 0.20 −3.51 8.05 −2.35 0.03*

Face (n = 107) 0.22 −2.72 12.60 −2.23 0.03*

Inhibitors All (n = 45) 1.46 −14.67 10.04 −9.80 < 0.001*

Arm (n = 11) 2.69 −12.14 4.51 −8.94 < 0.001*

Face (n = 34) 1.38 −15.48 11.20 −8.06 < 0.001*

Nonresponders All (n = 68) 0.07 −0.30 4.14 −0.59 0.55

Arm (n = 15) 0.13 0.35 2.60 0.52 0.61

Face (n = 53) 0.11 −0.48 4.49 −0.78 0.44

Facilitators All (n = 23) 1.93 12.50 6.46 9.28 < 0.001*

Arm (n = 3) 2.82 8.81 3.13 4.88 0.04*

Face (n = 19) 1.95 13.06 6.70 8.72 < 0.001*

Offset

Main effect Arm (n = 36) 0.13 −2.30 17.64 −0.78 0.44

Inhibitors Arm (n = 12) 1.98 −21.39 10.79 −6.87 < 0.001*

Nonresponders Arm (n = 17) 0.33 1.83 5.52 1.36 0.19

Facilitators Arm (n = 7) 1.72 20.40 11.89 4.54 0.004*

Note: Dark grey boxes and * denote significant differences in perceived pain p < 0.05.
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4.3   |   Psychological Measures

Single factor ANOVA and two-sample t-tests revealed nei-
ther main effects of group nor significant between-group 
effects in inhibitors, nonresponders and facilitator groups 
for the participants in the placebo, CPM or offset para-
digm groups for the STAI, PCS, BIS or BAS questionnaires 

(p > 0.05, two-sample t-test) (Table 3). However, single factor 
ANOVA revealed a main effect of group for LOT-R scores in 
both placebo (F[2,95] = 3.84, p = 0.02) and offset (F[2,34] = 3.85, 
p = 0.03) analgesia groups. Two-sample t-tests identified 
that for the placebo paradigm, inhibitors recorded signifi-
cantly greater LOT-R scores compared with facilitators 
(mean ± SEM LOT-R PBO Inhibitors 15.63 ± 0.63, facilitators 

TABLE 2    |    Pain intensity change, thermode temperature and pain intensity variabilities during placebo, condition pain modulation (CPM) and 
offset analgesia paradigms in those individuals classified as inhibitors, nonresponders or facilitators.

% pain change 
(mean ± SEM)

Age 
(mean ± SEM)

Thermode 
temp (°C) 

(mean ± SEM)

Control scan 
variability (SD) 
(mean ± SEM)

Scan 
variability (SD) 
(mean ± SEM)

Placebo

Inhibitors All −28.69 ± 1.78* 23.39 ± 0.52 46.84 ± 0.13 5.48 ± 0.44* 6.78 ± 0.60

Females −32.45 ± 3.04 23.23 ± 0.98 46.82 ± 0.19 5.89 ± 0.78 8.45 ± 1.13

Males −25.63 ± 1.93 23.52 ± 0.51 46.85 ± 0.18 5.14 ± 0.48 5.42 ± 0.45

Nonresponders All 1.21 ± 1.60ꝉ 23.62 ± 0.81 46.63 ± 0.16 9.32 ± 0.86 7.91 ± 0.75

Females 0.81 ± 2.09 22.41 ± 0.49 46.80 ± 0.21 9.29 ± 1.09 7.39 ± 0.83

Males 1.95 ± 2.53 25.83 ± 2.01 46.33 ± 0.19 9.36 ± 1.47 8.87 ± 1.49

Facilitators All 34.80 ± 4.73# 23.00 ± 0.88 46.82 ± 0.25 8.59 ± 1.43# 6.30 ± 0.79

Females 35.53 ± 6.47 23.09 ± 1.10 46.68 ± 0.33 9.87 ± 1.99 6.57 ± 1.06

Males 33.47 ± 7.04 22.83 ± 1.62 47.08 ± 0.40 6.23 ± 1.53 5.81 ± 1.25

CPM

Inhibitors All −34.84 ± 3.35* 31.85 ± 2.01 46.44 ± 0.16* 8.11 ± 0.94 6.50 ± 0.43

Females −38.48 ± 5.04 29.42 ± 2.75 46.21 ± 0.22 8.74 ± 1.64 5.73 ± 0.52

Males −30.46 ± 4.13 34.77 ± 2.88 46.73 ± 0.23 7.37 ± 0.68 7.39 ± 0.69

Nonresponders All −1.07 ± 1.22 ꝉ 32.39 ± 1.68 46.90 ± 0.12 8.98 ± 0.72 6.86 ± 0.48

Females −0.86 ± 2.26 31.61 ± 2.66 46.63 ± 0.17 10.18 ± 1.43 8.09 ± 0.98

Males −1.21 ± 1.42 32.87 ± 2.18 47.05 ± 0.16 8.19 ± 0.76 6.04 ± 0.45

Facilitators All 26.51 ± 3.99# 32.29 ± 2.21 46.88 ± 0.20 7.92 ± 0.78 5.05 ± 0.59

Females 21.00 ± 4.68 27.92 ± 1.62 46.64 ± 0.27 8.06 ± 1.07 4.22 ± 0.68

Males 34.22 ± 6.46 38.40 ± 4.20 47.20 ± 0.29 7.74 ± 1.19 6.14 ± 0.96

Offset

Inhibitors All −43.29 ± 6.26* 23.37 ± 0.62 46.46 ± 0.26 5.63 ± 0.94* 10.96 ± 1.38

Females −47.84 ± 8.10 23.75 ± 0.82 46.19 ± 0.34 6.41 ± 1.38 11.63 ± 1.94

Males −34.20 ± 10.95 23.50 ± 1.19 47.00 ± 0.35 4.06 ± 0.33 9.61 ± 2.00

Nonresponders All 2.78 ± 4.37 ꝉ 26.06 ± 1.92 46.71 ± 0.15 10.24 ± 1.32 ꝉ 11.88 ± 0.96

Females 2.57 ± 5.48 24.73 ± 3.59 46.82 ± 0.19 10.48 ± 1.37 12.80 ± 0.79

Males 3.18 ± 7.42 28.50 ± 4.86 46.50 ± 0.26 9.80 ± 1.86 10.19 ± 1.07

Facilitators All 66.62 ± 15.82# 25.50 ± 2.66 46.38 ± 0.13 10.38 ± 1.42# 12.01 ± 2.20

Females 50.37 ± 5.16 28.00 ± 4.58 46.17 ± 0.17 11.78 ± 2.32 12.15 ± 1.75

Males 73.12 ± 23.66 24.00 ± 3.46 46.50 ± 0.16 9.54 ± 1.88 11.92 ± 3.55

Note: p < 0.05 * inhibitors significantly different to nonresponders; #inhibitors significantly different to facilitators; ꝉnonresponders significantly different to facilitators. 
Grey shaded boxes indicate significant differences.
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11.94 ± 1.06, p = 0.006), although not different from nonre-
sponders (mean ± SEM LOT-R PBO Inhibitors 15.63 ± 0.63, 
nonresponders 14.09 ± 0.88, p = 0.15). Furthermore, within 
the offset paradigm, inhibitors recorded significantly greater 
LOT-R scores than nonresponders (mean ± SEM LOT-R OA 
Inhibitors 17.00 ± 1.24, nonresponders 13.13 ± 1.20, p = 0.04), 
although not different from facilitators (mean ± SEM LOT-R 
OA Inhibitors 17.00 ± 1.24, facilitators 17.25 ± 1.26, p = 0.89). 
No main effect of group on LOT-R scores was identified within 
the CPM paradigm (p > 0.05, single factor ANOVA).

5   |   Discussion

This investigation found that whilst PA, CPM and OA para-
digms evoked significant decreases in pain intensity in 30%–
50% of individuals, between 50% and 70% of individuals did 
not mount these modulatory phenomena, and importantly, of 
these individuals, approximately 20% displayed a significant 
pain intensity increase. This response variability raises the 
possibility that the neural circuitry underpinning pain de-
creases versus increases is underpinned by activity changes 
in different neural circuits. Interestingly, we also found that 
for both PA and OA paradigms, greater pain intensity rating 
variability during the initial control scan was associated with 
facilitatory rather than inhibitory responses. Furthermore, of 
numerous psychological measures, only LOT-R scores were 
associated with whether an individual displayed pain in-
creases, decreases or no change. That is, placebo facilitators 
had significantly lower LOT-R scores than placebo inhibitors, 
with neither group differing from nonresponders, suggesting 
that placebo facilitators have reduced dispositional optimism 
compared with inhibitors.

Our results show similar proportions of individuals that dis-
play either an inhibitory, no change, or facilitatory response are 
consistent between the three experimental paradigms. Previous 
studies have shown that some individuals report pain intensity 
increases particularly during CPM (Firouzian et al. 2020; Graeff 
et  al.  2021; Harper et  al.  2018; Schliessbach et  al.  2019), and 
others have reported pain increases during placebo paradigms 
(Aslaksen  2021; Branco et  al.  2023). We report here that, like 
placebo and CPM, OA is also capable of evoking significant pain 
intensity increases in a similar proportion to that during placebo 
and CPM. Furthermore, we extend earlier studies to show that 
placebo and CPM paradigms applied to different body regions 
evoke similar proportions of inhibitors, nonresponders and 
facilitators.

It has been reported that placebo response magnitudes are 
negatively correlated with anxiety and fear of pain (Corsi and 
Colloca  2017), and although a meta-analysis concluded that 
CPM magnitudes are not related to anxiety or pain fear, a sec-
ondary analysis revealed that pressure-based CPM responses 
were correlated with anxiety and heat-based CPM with depres-
sion (Nahman-Averbuch et al. 2016). Given emerging evidence 
which suggests head pain is more emotionally intense and dis-
tressing than body pain (Schmidt et al. 2016), we hypothesised 
that placebo and CPM facilitators would have greater anxiety 
levels and that face placebo and CPM would evoke greater pro-
portions of facilitators than arm placebo or CPM. We found T
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no such relationships, with no significant differences between 
inhibitor, nonresponder and facilitators groups with respect 
to state or trait anxiety scores or any difference in the propor-
tion of individuals that were inhibitors, nonresponders or fa-
cilitators between face compared with body placebo or CPM. 
We did however find that facilitators displayed slightly higher 
pain intensity ratings during offset compared with placebo or 
CPM paradigms.

We also found no significant differences in age or sex between 
inhibitor, nonresponder or facilitator groups for any pain mod-
ulatory paradigms. Some studies report larger CPM analge-
sic effects in males than females (Arendt-Nielsen et  al.  2008; 
Staud et al. 2003) and in younger compared to older participants 
(Lariviere et al. 2007; Riley 3rd et al. 2010), although a recent 
study has reported that sex and age factors very little in the vari-
ance of CPM expression (Graeff et al. 2021). Similarly, the effects 
of sex on PA appear inconsistent, with some studies reporting 
female, some male and some no sex interactions with placebo 
responsivity (Enck and Klosterhalfen  2019). Moreover, PA ex-
pression appears preserved in the elderly (Wrobel et al. 2016). 
While far fewer studies have explored OA, a review suggested 
that there is little evidence for sex differences in responses, al-
though there are indications that offset-ability reduces with age 
(Hermans et al. 2016). Our study extends these previous studies 
by also exploring the influence of sex and age on facilitatory re-
sponses, and we find no significant effect of age or sex on the 
direction of pain change during any of the three experimental 
paradigms. It should be noted that our age distributions were 
relatively restricted to younger adults, and thus future studies 
exploring the effects of age on pain modulatory direction are 
needed.

Whilst we found no significant effects of pain catastrophising, 
state and trait anxiety, and behavioural inhibition/activation. 
These lack of associations are consistent with a previous meta-
analysis which revealed no significant relationships between 
CPM responses and anxiety, depression and pain catastrophising 
(Nahman-Averbuch et  al.  2016). Similarly, a recent systematic 
review and meta-analysis concluded that there is no consistent 
evidence that behavioural inhibition and anxiety influence pla-
cebo responsivity (Kang et al. 2023). Whilst this recent study also 
reported no consistent significant relationship between placebo 
responsivity and optimism (Kang et al. 2023), we did find that 
placebo inhibitors displayed significantly higher LOT-R scores, 
that is, greater optimism, than facilitators. This result is how-
ever similar to a recent systematic review which concluded that 
optimism was relatively consistently associated with increased 
placebo responses (Kern et al. 2020). Our finding might reflect 
our grouping of participants into inhibitors, nonresponders and 
facilitators, since we found no significant differences between 
nonresponders and either inhibitors or facilitators and thus, we 
essentially assessed two ends of the pain modulation range. It is 
interesting to note that whilst optimism was related to placebo 
responses, it was not related to either CPM or OA, suggesting 
that optimism can affect pain modulatory circuitry associated 
with placebo but not CPM or OA.

Interestingly, we found that both placebo and CPM responses 
were associated with pain intensity rating variability during 
the control scans. It has been previously shown that individuals 

that rate the intensity of a noxious stimulus with more accuracy, 
that is, precision, display more pronounced PA effects (Grahl 
et  al.  2018). Our results are consistent with this previous re-
sult in that individuals that showed less pain intensity rating 
variability during the control scan were more likely to report a 
subsequent greater PA and OA. We have previously shown that 
pain intensity rating variability is associated with functional 
magnetic resonance imaging (fMRI) signal changes in the dor-
solateral prefrontal cortex (dlPFC) (Crawford, Mills, et al. 2023) 
and dlPFC connectivity with the midbrain periaqueductal grey 
(PAG) (Meylakh et al. 2024). The dlPFC is considered to be an 
interface between cognitive processing and pain modulation 
(Seminowicz and Davis 2006; Seminowicz and Moayedi 2017) 
and has been directly linked to placebo and CPM analgesic abil-
ity (Crawford, Meylakh, et al. 2023; Crawford, Mills, et al. 2023; 
Krummenacher et  al.  2010; Youssef et  al.  2016a). The dlPFC-
PAG circuitry may be altered in those less proficient in mon-
itoring their pain in response to consistent moderate intensity 
stimuli and may also be responsible for driving pain modulatory 
responses during placebo and CPM paradigms. Why pain inten-
sity variability does not appear to influence CPM responsiveness 
is unknown; however, it implies that placebo and offset analge-
sia may more heavily rely on cognitive and sensory integration 
than CPM.

Indeed, it was recently proposed that PA can be predicted, 
modelled and encoded under a Bayesian framework (Büchel 
et  al.  2014; Pagnini et  al.  2023). In this model, conditioning 
cues or expectations of pain relief (likelihood) interact with 
unconditioned pain sensitivity (prior) to form the posterior of 
pain relief during PA intervention. The difference between the 
likelihood and prior is the prediction error differential (Schenk 
et  al.  2017). Since a similar proportion of individuals respond 
to CPM, OA and PA, we propose that CPM and OA may also be 
encoded under similar Bayesian systems. We suggest that CPM 
is generated as some function of noxious sensitivity, likely to 
both the conditioning and test stimuli, which together trigger 
descending modulation through medullary gating of ascending 
nociceptive input. In our hands, OA shared similar traits to PA; 
that is, reduced pain intensity variability in the control scan en-
coded greater OA responses. Since the width of Bayesian curves 
is a product of the variance of data entered, likely offset also 
functions under some conceivable Bayesian model, with a more 
precise prior—control scan variability—being key to mounting 
offset analgesia of greater magnitude.

It is important to note some limitations. First, it was not possible to 
counterbalance the design such that the control scan was always 
stimulated first and the placebo, CPM or offset second. This order-
ing effect could have introduced sensitisation and or habituation 
effects although this is unlikely given the variability in responses. 
Second, we had fewer participants undergo the offset protocol and 
only applied this protocol to the arm and not also the face, as was 
the case for placebo and CPM. While this meant that offset results 
were less powered than the other paradigms, the finding that all 
three paradigms resulted in similar proportions of inhibitors, non-
responders and facilitators suggests that the reduced offset num-
bers were unlikely to affect these results. It is also important to 
note that each response class: facilitator, nonresponder and inhib-
itor are not entirely distinct when considering an absolute value of 
‘pain intensity change’ between scans, since a permutation model 
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depends on the variability of within-stimulus pain ratings for gen-
erating sample distribution curves. That is, we cannot designate a 
cut-off value of percentage pain change to classify every individ-
ual as either of these three response classes, and rather whether 
a participant falls into any single class depends on their degree of 
variability encoding to repeated identical noxious stimuli. To our 
knowledge, no clear consensus exists on whether a categorical or 
continuous approach should be taken to classifying endogenous 
pain modulatory phenomena, however, what we describe here 
demonstrates a clear trimodal distribution that presents when 
these phenomena are investigated at high power, such that ei-
ther a large increase, no change or a reduction in perceived pain 
is observed, with largely similar proportions of individuals being 
assigned one of these three classifications between-phenomena. 
Finally, we collected pain rating data consistently throughout the 
scanning sequence, requiring participants to both perceive and ac-
curately report their pain at all times. This procedure reduces the 
likelihood of series position effects or response biases associated 
with collecting pain ratings after a series of stimuli (Hrobjartsson 
et al. 2011), although it may have in part contributed to phenom-
ena of pain rating variability.

Author Contributions

Lewis S. Crawford: conception and design, data acquisition, analysis, 
data interpretation, article draft and final approval; Ashleigh Wake: 
data acquisition, article draft and final approval; Rebecca V. Robertson: 
data acquisition, article draft and final approval; Allan Peng: data ac-
quisition, article draft and final approval; Noemi Meylakh: data ac-
quisition, article draft and final approval; Damien C. Boorman: data 
acquisition, article draft and final approval; Leana Sattarov: data ac-
quisition, article draft and final approval; Alister Ramachandran: data 
acquisition, article draft and final approval; Vaughan G. Macefield: 
data acquisition, article draft and final approval; Kevin A. Keay: fund-
ing acquisition, conception and design, article draft and final approval; 
Luke A. Henderson: funding acquisition, conception and design, data 
interpretation, article draft and final approval, integrity of the work as a 
whole, from inception to published article.

Disclosure

Originality: This work is the original work of the authors and is not 
under consideration at any other journal.

Data Availability Statement

Anonymised data files may be made available to qualified investigators 
upon request.

Acknowledgement

Open access publishing facilitated by The University of Sydney, as part 
of the Wiley - The University of Sydney agreement via the Council of 
Australian University Librarians.

References

Alter, B. J., H. Santosa, Q. H. Nguyen, T. J. Huppert, and A. D. Wasan. 2022. 
“Offset Analgesia Is Associated With Opposing Modulation of Medial 
Versus Dorsolateral Prefrontal Cortex Activations: A Functional Near-
Infrared Spectroscopy Study.” Molecular Pain 18: 17448069221074991.

Amanzio, M., and F. Benedetti. 1999. “Neuropharmacological Dissection 
of Placebo Analgesia: Expectation-Activated Opioid Systems Versus 

Conditioning-Activated Specific Subsystems.” Journal of Neuroscience 
19: 484–494.

Arendt-Nielsen, L., K. A. Sluka, and H. L. Nie. 2008. “Experimental 
Muscle Pain Impairs Descending Inhibition.” Pain 140: 465–471.

Aslaksen, P. M. 2021. “Cutoff Criteria for the Placebo Response: 
A Cluster and Machine Learning Analysis of Placebo Analgesia.” 
Scientific Reports 11: 19205.

Beecher, H. K. 1955. “The Powerful Placebo.” Journal of the American 
Medical Association 159: 1602–1606.

Benedetti, F. 1996. “The Opposite Effects of the Opiate Antagonist 
Naloxone and the Cholecystokinin Antagonist Proglumide on Placebo 
Analgesia.” Pain 64: 535–543.

Berry, K. J., J. E. Johnston, and P. W. Mielke Jr. 2011. “Permutation 
Methods.” Wiley Interdisciplinary Reviews: Computational Statistics 3: 
527–542.

Branco, P., S. Berger, T. Abdullah, E. Vachon-Presseau, G. Cecchi, and 
A. V. Apkarian. 2023. “Predicting Placebo Analgesia in Patients With 
Chronic Pain Using Natural Language Processing: A Preliminary 
Validation Study.” Pain 164: 1078–1086.

Büchel, C., S. Geuter, C. Sprenger, and F. Eippert. 2014.  
“Placebo Analgesia: A Predictive Coding Perspective.” Neuron 81: 
1223–1239.

Carver, C. S., and T. L. White. 1994. “Behavioral Inhibition, Behavioral 
Activation, and Affective Responses to Impending Reward and 
Punishment: The BIS/BAS Scales.” Journal of Personality and Social 
Psychology 67: 319–333.

Chance, B. 1930. “On Hippocrates and the Aphorisms.” Annals of 
Medical History 2: 31–46.

Christensen, K. S., K. O'Sullivan, and T. S. Palsson. 2020. “Conditioned 
Pain Modulation Efficiency Is Associated With Pain Catastrophizing 
in Patients With Chronic Low Back Pain.” Clinical Journal of Pain 36: 
825–832.

Corsi, N., and L. Colloca. 2017. “Placebo and Nocebo Effects: The 
Advantage of Measuring Expectations and Psychological Factors.” 
Frontiers in Psychology 8: 308.

Cosentino, G., E. Antoniazzi, C. Cavigioli, et al. 2025. “Offset Analgesia 
as a Marker of Dysfunctional Pain Modulation in Episodic and Chronic 
Migraine.” Journal of Headache and Pain 26: 50.

Crawford, L. S., N. Meylakh, P. M. Macey, V. G. Macefield, K. A. 
Keay, and L. A. Henderson. 2023. “Stimulus-Independent and 
Stimulus-Dependent Neural Networks Underpin Placebo Analgesia 
Responsiveness in Humans.” Communications Biology 6: 569.

Crawford, L. S., E. P. Mills, T. Hanson, et  al. 2021. “Brainstem 
Mechanisms of Pain Modulation: A Within-Subjects 7T fMRI Study 
of Placebo Analgesic and Nocebo Hyperalgesic Responses.” Journal of 
Neuroscience 41: 9794–9806.

Crawford, L. S., E. P. Mills, A. Peek, V. G. Macefield, K. A. Keay, and L. 
A. Henderson. 2023. “Function and Biochemistry of the Dorsolateral 
Prefrontal Cortex During Placebo Analgesia: How the Certainty of 
Prior Experiences Shapes Endogenous Pain Relief.” Cerebral Cortex 33: 
9822–9834.

Darragh, M., R. J. Booth, and N. S. Consedine. 2015. “Who Responds 
to Placebos? Considering the ‘Placebo Personality’ via a Transactional 
Model.” Psychology, Health & Medicine 20: 287–295.

Dürsteler, C., Y. Salazar, U. Rodriguez, X. Pelfort, and L. P. Verdié. 2021. 
“Conditioned Pain Modulation Predicts Persistent Pain After Knee 
Replacement Surgery.” Pain Reports 6: e910.

Enck, P., and S. Klosterhalfen. 2019. “Does Sex/Gender Play a Role in 
Placebo and Nocebo Effects? Conflicting Evidence From Clinical Trials 
and Experimental Studies.” Frontiers in Neuroscience 13: 160.

 15322149, 2025, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ejp.70088 by D

am
ien B

oorm
an - U

niversity O
f T

oronto , W
iley O

nline L
ibrary on [22/07/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



13 of 14

Firouzian, S., N. R. Osborne, J. C. Cheng, et  al. 2020. “Individual 
Variability and Sex Differences in Conditioned Pain Modulation and the 
Impact of Resilience, and Conditioning Stimulus Pain Unpleasantness 
and Salience.” Pain 161: 1847–1860.

Gagné, M., I. Côté, M. Boulet, C. R. Jutzeler, J. L. K. Kramer, and C. 
Mercier. 2020. “Conditioned Pain Modulation Decreases Over Time 
in Patients With Neuropathic Pain Following a Spinal Cord Injury.” 
Neurorehabilitation and Neural Repair 34: 997–1008.

Graeff, P., A. Itter, K. Wach, and R. Ruscheweyh. 2021. “Inter-Individual 
Differences Explain More Variance in Conditioned Pain Modulation 
Than Age, Sex and Conditioning Stimulus Intensity Combined.” Brain 
Sciences 11: 1186.

Grahl, A., S. Onat, and C. Buchel. 2018. “The Periaqueductal Gray and 
Bayesian Integration in Placebo Analgesia.” eLife 7: 1–20.

Grevert, P., L. H. Albert, and A. Goldstein. 1983. “Partial Antagonism of 
Placebo Analgesia by Naloxone.” Pain 16: 129–143.

Grill, J. D., and R. C. Coghill. 2002. “Transient Analgesia Evoked by 
Noxious Stimulus Offset.” Journal of Neurophysiology 87: 2205–2208.

Harper, D. E., E. Ichesco, A. Schrepf, et al. 2018. “Resting Functional 
Connectivity of the Periaqueductal Gray Is Associated With Normal 
Inhibition and Pathological Facilitation in Conditioned Pain 
Modulation.” Journal of Pain 19: 635.e1.

Hashmi, J. A., A. T. Baria, M. N. Baliki, L. Huang, T. J. Schnitzer, and V. 
A. Apkarian. 2012. “Brain Networks Predicting Placebo Analgesia in a 
Clinical Trial for Chronic Back Pain.” Pain 153: 2393–2402.

Hermans, L., P. Calders, J. van Oosterwijck, E. Verschelde, E. Bertel, and 
M. Meeus. 2016. “An Overview of Offset Analgesia and the Comparison 
With Conditioned Pain Modulation: A Systematic Literature Review.” 
Pain Physician 19: 307–326.

Hrobjartsson, A., T. J. Kaptchuk, and F. G. Miller. 2011. “Placebo Effect 
Studies Are Susceptible to Response Bias and to Other Types of Biases.” 
Journal of Clinical Epidemiology 64: 1223–1229.

Kang, H., M. S. Miksche, and D. M. Ellingsen. 2023. “Association 
Between Personality Traits and Placebo Effects: A Preregistered 
Systematic Review and Meta-Analysis.” Pain 164: 494–508.

Kern, A., C. Kramm, C. M. Witt, and J. Barth. 2020. “The Influence 
of Personality Traits on the Placebo/Nocebo Response: A Systematic 
Review.” Journal of Psychosomatic Research 128: 109866.

Kono, R., Y. Oono, S. Takagi, et al. 2023. “Preoperatively Assessed Offset 
Analgesia Predicts Acute Postoperative Pain Following Orthognathic 
Surgery.” Scandinavian Journal of Pain 23: 720–728.

Krummenacher, P., V. Candia, G. Folkers, M. Schedlowski, and G. 
Schonbachler. 2010. “Prefrontal Cortex Modulates Placebo Analgesia.” 
Pain 148: 368–374.

Lariviere, M., P. Goffaux, S. Marchand, and N. Julien. 2007. “Changes 
in Pain Perception and Descending Inhibitory Controls Start at Middle 
Age in Healthy Adults.” Clinical Journal of Pain 23: 506–510.

le Bars, D., A. H. Dickenson, and J. M. Besson. 1979. “Diffuse Noxious 
Inhibitory Controls (DNIC). I. Effects on Dorsal Horn Convergent 
Neurones in the Rat.” Pain 6: 283–304.

le Bars, D., L. Villanueva, D. Bouhassira, and J. C. Willer. 1992. 
“Diffuse Noxious Inhibitory Controls (DNIC) in Animals and in Man.” 
Patologicheskaia Fiziologiia I Eksperimental'naia Terapiia 4: 55–65.

Meylakh, N., L. S. Crawford, E. P. Mills, et  al. 2024. “Altered 
Corticobrainstem Connectivity During Spontaneous Fluctuations 
in Pain Intensity in Painful Trigeminal Neuropathy.” eNeuro 11: 
ENEURO.0522-23.2024.

Nahman-Averbuch, H., K. T. Martucci, Y. Granovsky, I. Weissman-
Fogel, D. Yarnitsky, and R. C. Coghill. 2014. “Distinct Brain Mechanisms 
Support Spatial vs Temporal Filtering of Nociceptive Information.” Pain 
155: 2491–2501.

Nahman-Averbuch, H., R. R. Nir, E. Sprecher, and D. Yarnitsky. 2016. 
“Psychological Factors and Conditioned Pain Modulation: A Meta-
Analysis.” Clinical Journal of Pain 32: 541–554.

Niesters, M., A. Dahan, M. Swartjes, et  al. 2011. “Effect of Ketamine 
on Endogenous Pain Modulation in Healthy Volunteers.” Pain 152: 
656–663.

Pagnini, F., D. Barbiani, C. Cavalera, et al. 2023. “Placebo and Nocebo 
Effects as Bayesian-Brain Phenomena: The Overlooked Role of 
Likelihood and Attention.” Perspectives on Psychological Science 18: 
17456916221141383.

Pickering, G., B. Pereira, E. Dufour, S. Soule, and C. Dubray. 2014. 
“Impaired Modulation of Pain in Patients With Postherpetic Neuralgia.” 
Pain Research & Management 19: e19–e23.

Riley, J. L., 3rd, C. D. King, F. Wong, R. B. Fillingim, and A. P. Mauderli. 
2010. “Lack of Endogenous Modulation and Reduced Decay of Prolonged 
Heat Pain in Older Adults.” Pain 150: 153–160.

Scheier, M. F., C. S. Carver, and M. W. Bridges. 1994. “Distinguishing 
Optimism From Neuroticism (And Trait Anxiety, Self-Mastery, and 
Self-Esteem): A Reevaluation of the Life Orientation Test.” Journal of 
Personality and Social Psychology 67: 1063–1078.

Schenk, L. A., C. Sprenger, S. Onat, L. Colloca, and C. Büchel. 2017. 
“Suppression of Striatal Prediction Errors by the Prefrontal Cortex in 
Placebo Hypoalgesia.” Journal of Neuroscience 37: 9715–9723.

Schliessbach, J., C. Lutolf, K. Streitberger, P. Scaramozzino, L. Arendt-
Nielsen, and M. Curatolo. 2019. “Reference Values of Conditioned Pain 
Modulation.” Scandinavian Journal of Pain 19: 279–286.

Schmid, J., J. Langhorst, F. Gaß, et  al. 2015. “Placebo Analgesia in 
Patients With Functional and Organic Abdominal Pain: A fMRI Study 
in IBS, UC and Healthy Volunteers.” Gut 64: 418–427.

Schmidt, K., K. Forkmann, C. Sinke, M. Gratz, A. Bitz, and U. Bingel. 
2016. “The Differential Effect of Trigeminal vs. Peripheral Pain 
Stimulation on Visual Processing and Memory Encoding Is Influenced 
by Pain-Related Fear.” NeuroImage 134: 386–395.

Seminowicz, D. A., and K. D. Davis. 2006. “Cortical Responses to Pain 
in Healthy Individuals Depends on Pain Catastrophizing.” Pain 120: 
297–306.

Seminowicz, D. A., and M. Moayedi. 2017. “The Dorsolateral Prefrontal 
Cortex in Acute and Chronic Pain.” Journal of Pain 18: 1027–1035.

Spielberger, C. D., F. Gonzalez-Reigosa, A. Martinez-Urrutia, L. F. 
Natalicio, and D. S. Natalicio. 1971. “The State-Trait Anxiety Inventory.” 
Revista Interamericana De Psicologia/Interamerican Journal of 
Psychology 5: 145–158.

Staud, R., M. E. Robinson, C. J. Vierck Jr., and D. D. Price. 2003. 
“Diffuse Noxious Inhibitory Controls (DNIC) Attenuate Temporal 
Summation of Second Pain in Normal Males but Not in Normal Females 
or Fibromyalgia Patients.” Pain 101: 167–174.

Sullivan, M. 1995. “Pain Catastrophizing Scale.”

Szikszay, T. M., W. M. Adamczyk, G. F. Carvalho, A. May, and K. 
Luedtke. 2020. “Offset Analgesia: Somatotopic Endogenous Pain 
Modulation in Migraine.” Pain 161: 557–564.

Szikszay, T. M., W. M. Adamczyk, and K. Luedtke. 2019. “The  
Magnitude of Offset Analgesia as a Measure of Endogenous Pain 
Modulation in Healthy Participants and Patients With Chronic Pain: 
A Systematic Review and Meta-Analysis.” Clinical Journal of Pain 35: 
189–204.

Szikszay, T. M., W. M. Adamczyk, J. Panskus, et al. 2023. “Psychological 
Mechanisms of Offset Analgesia: The Effect of Expectancy 
Manipulation.” PLoS One 18: e0280579.

Villanueva, L., D. Bouhassira, and D. Le Bars. 1996. “The Medullary 
Subnucleus Reticularis Dorsalis (SRD) as a Key Link in Both the 
Transmission and Modulation of Pain Signals.” Pain 67: 231–240.

 15322149, 2025, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ejp.70088 by D

am
ien B

oorm
an - U

niversity O
f T

oronto , W
iley O

nline L
ibrary on [22/07/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



14 of 14 European Journal of Pain, 2025

Wang, Y., E. Chan, S. G. Dorsey, C. M. Campbell, and L. Colloca. 2022. 
“Who Are the Placebo Responders? A Cross-Sectional Cohort Study for 
Psychological Determinants.” Pain 163: 1078–1090.

Wrobel, N., T. Fadai, S. Brassen, and U. Bingel. 2016. “Preserved 
Capacity for Placebo Analgesia in the Elderly.” Journal of Pain 17: 
1318–1324.

Yelle, M. D., Y. Oshiro, R. A. Kraft, and R. C. Coghill. 2009. “Temporal 
Filtering of Nociceptive Information by Dynamic Activation of 
Endogenous Pain Modulatory Systems.” Journal of Neuroscience 29: 
10264–10271.

Youssef, A. M., V. G. Macefield, and L. A. Henderson. 2016a. “Cortical 
Influences on Brainstem Circuitry Responsible for Conditioned Pain 
Modulation in Humans.” Human Brain Mapping 37: 2630–2644.

Youssef, A. M., V. G. Macefield, and L. A. Henderson. 2016b. “Pain 
Inhibits Pain; Human Brainstem Mechanisms.” NeuroImage 124: 
54–62.

Zhang, R.-R., W.-C. Zhang, J.-Y. Wang, and J.-Y. Guo. 2013. “The 
Opioid Placebo Analgesia Is Mediated Exclusively Through μ-Opioid 
Receptor in Rat.” International Journal of Neuropsychopharmacology 
16: 849–856.

Supporting Information

Additional supporting information can be found online in the 
Supporting Information section.  

 15322149, 2025, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ejp.70088 by D

am
ien B

oorm
an - U

niversity O
f T

oronto , W
iley O

nline L
ibrary on [22/07/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense


	Conditioned Pain Modulation, Placebo and Offset Analgesia: Rates of Behavioural Expression of Inhibitory, Nonresponse and Facilitatory Pain Modulatory Effects
	ABSTRACT
	1   |   Introduction
	2   |   Methods
	2.1   |   Ethics
	2.2   |   Participants

	3   |   Experimental Design
	3.1   |   Placebo
	3.1.1   |   Conditioning
	3.1.2   |   Reinforcement and Test

	3.2   |   CPM
	3.3   |   Offset
	3.4   |   Behavioural Classification of Participants as Inhibitors (Pain Reduction), nonresponders and Facilitators (Pain Increase)

	4   |   Results
	4.1   |   Group Proportions
	4.2   |   Pain Intensity and Influences of Thermode Temperature, Pain Intensity Variability
	4.3   |   Psychological Measures

	5   |   Discussion
	Author Contributions
	Disclosure
	Data Availability Statement
	Acknowledgement
	References


