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Abstract
Background: The ultimate goal of pain research is to provide effective routes for 
pain relief. Nevertheless, the perception pain relief as a change in pain intensity and 
un-/pleasantness has only been rarely investigated. It has been demonstrated that pain 
relief has rewarding and reinforcing properties, but it remains unknown whether the 
perception of pain relief changes when pain reductions occur repeatedly. Further, it 
remains an open question whether the perception of pain relief depends on the con-
trollability of the preceding pain.
Methods: In this study, healthy volunteers (N = 38) received five cycles of painful 
heat stimulation and reduction of this stimulation to a non-painful warm stimula-
tion once in a condition with control of the stimulation and once without control. 
Participants rated perceived intensity and un-/pleasantness on visual analogue scales 
during the heat stimulation and immediately after its reduction.
Results: Results showed that perceived pain relief, estimated by the difference in 
ratings during ongoing heat stimulation and after its reduction, increased with rep-
etitions. However, this increase levelled off after two to four repetitions. Further, 
perceived pain relief was larger in the condition without control compared to the 
condition with control.
Conclusion: The perception of pain relief can be modulated similar to the perception 
of pain by stimulus characteristics and psychological factors. Mechanistic knowl-
edge about such modulating factors is important, because they can determine, e.g., 
the amount of requested pain killers in clinical settings and the efficacy of pain relief 
as a reinforcing stimulus.
Significance: When in pain, pain relief can become an all-dominate goal. The per-
ception of such pain relief can vary depending on external and internal characteristics 
and thus modulate, e.g., requests for pain killers in clinical settings. Here, we show 
that perceived intensity and pleasantness of pain relief changes with repetitions and 
whether the preceding pain is perceived as uncontrollable. Such mechanistic knowl-
edge needs to be considered to maximize the effects of pain relief as a rewarding and 
reinforcing stimulus.
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1  |   INTRODUCTION

When in pain, pain relief is almost always much sought after, 
particularly when suffering from persistent pain. In such a 
situation, obtaining pain relief can become an all-dominant 
goal. Correspondingly, the ultimate aim of pain research is 
to provide effective routes to pain relief in acute and chronic 
pain states. Despite this focus on pain relief, little is known 
about the perception associated with pain relief. Only few 
studies investigated the perception of pain relief directly. 
Animal research demonstrated that pain relief has reward-
ing properties and that it can lead to negative reinforcement 
(König et al., 2018; Navratilova et al., 2012). In human re-
search, it has been shown that (1) pain relief can lead to neg-
ative reinforcement as well (Andreatta et  al.,  2010; Becker 
et al., 2008, 2011; Hölzl et al., 2005), (2) pain relief obtained 
in a motivated state can induce endogenous pain inhibition 
similar to pain combined with an extrinsic reward such as 
money (Becker et al., 2013, 2017) and (3) pain relief is more 
than a mere reduction in perceived pain intensity encom-
passing important emotional–motivational aspects (Leknes 
et al., 2008). In line with the observation that pain relief is 
a rewarding process, animal research demonstrated further 
that negative reinforcement by pain relief requires signalling 
via endogenous opioids (Navratilova et al., 2015), which are 
known to specifically mediate liking associated with reward 
(Berridge & Kringelbach,  2008; Castro & Berridge,  2014; 
Smith et al., 2011).

Unlike this growing understanding about the rewarding 
properties of pain relief, it is sparsely investigated how the 
perception associated with pain relief depends on preceding 
stimulus characteristics. For instance, it remains unknown 
whether and how repeated pain relief influences the individ-
ual's perception of pain relief. With pain, it is known that re-
peated stimulation can lead to large changes in the perception 
of the pain, induced, e.g., by physiological processes such 
as long-term potentiation or -depression (Adolph et al., 2010; 
Klein, 2004). Similar processes might also be relevant in the 
perception of pain relief. Moreover, changes in the perception 
of repeated pain relief might have a clinical significance. For 
example, if repeated pain relief is perceived as decreasingly 
pleasant, increasingly higher doses of pain killers may be 
used to compensate for this (cf. Finan et al., 2018).

Another factor that affects pain perception and which is 
relevant in chronic pain is perceived control of the pain (e.g. 
Aldrich et al., 2000; Bräscher et al., 2016; Tan et al., 2002; 
Tinti et al., 2011; Wiech et al., 2006). If an individual perceives 
having control over pain, experimental pain is perceived as 
less intense and less unpleasant (Arntz & Schmidt,  1989; 
Müller, 2011). Further, perceived control over pain is associ-
ated with better functioning in chronic pain (Tan et al., 2002). 
Losing control over pain increases fear of pain and impairs 
task performance (Crombez et al., 2008). Thus, relief from 

uncontrollable pain might be perceived as larger compared to 
relief from controllable pain.

Here, we tested in healthy volunteers whether (1) the per-
ception of a repeated pain relief changes in terms of perceived 
intensity and un-/pleasantness and (2) whether perception of 
repeated pain relief changes with uncontrollable compared to 
controllable preceding pain. Participants received repeated 
experimental painful heat stimuli followed by a non-painful 
baseline temperature, once in a condition with perceived con-
trol of the applied heat stimulation and once in a condition 
without control. Participants rated perceived intensity and 
un-/pleasantness of the painful heat stimulation and the sub-
sequent stimulation at baseline temperature.

2  |   MATERIAL & METHODS

The Ethics committee and data protection officer of Karlsruhe 
Institute of Technology (Karlsruhe, Germany) approved the 
study.

2.1  |  Participants

In total, 38 healthy volunteers participated in this study. 
Participants belonged to two age groups, one younger 
than 32 years of age (N = 18; 9 women, 9 men; M = 23.9, 
SD  =  2.5  years of age; due to technical error information 
on the exact age is missing from three participants) and the 
other older than the age of 50 (N = 20; 10 women, 10 men; 
M = 61.2, SD = 5.0 years of age). Participants were recruited 
using announcements placed on a local online job market for 
students, a free newspaper and on the institutional homepage. 
Exclusion criteria were age younger than 18, intake of opioid 
or psychotropic drugs, present or past mental disorders, sleep 
disorders and any pain present for more than 6 months and 
more frequently than 1 day every 2 weeks. Inclusion and ex-
clusion criteria were assessed in a telephone interview before 
participation in the study. During this telephone interview, 
the interviewer also assessed whether the German language 
level was sufficient for participation.

2.2  |  General procedure

After participants arrived at the testing facility, the experi-
menter gave them an overview about the procedures and 
methods upon which written informed consent was obtained. 
At the beginning of the assessment, participants’ pain sensi-
tivity was assessed. After this assessment, the experimental 
procedure for assessing the perception of repeated pain re-
lief started. This procedure was repeated under two condi-
tions: one in which the perception of having control over the 
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experimental stimuli was created and the other without such 
control. Both conditions were performed in counterbalanced 
order across participants and with a break of a few minutes 
between both conditions. All testing sessions were performed 
in the Laboratory for Occupant Behaviour, Thermal com-
fort, Satisfaction and Environmental Research (LOBSTER; 
Wagner et  al.,  2018) belonging to the Building Science 
Group at the Karlsruhe Institute of Technology, Karlsruhe, 
Germany.

2.3  |  Thermal stimulation

All thermal stimuli were applied with a contact thermode 
(SENSELab—MSA Thermotest; SOMEDIC Sales AB, 
Sweden). The thermode size was 2.5  ×  5  cm. For safety 
reasons, the maximal temperature was limited to 50°C. All 
thermal stimuli were applied to the volar forearm of partici-
pants’ non-dominant hand. Rate of temperature increase and 
decrease was set to 10°C/s.

2.4  |  Rating scales

Participants rated the perceived intensity and un-/pleasant-
ness of the thermal stimulation using two horizontally ori-
ented visual analogue scales (VASs). The intensity VAS 
ranged from ‘no sensation’ at the left end to ‘pain thresh-
old’ in the middle and ‘most intense pain tolerable’ at the 
right end. The un-/pleasantness VAS ranged from ‘extremely 
unpleasant’ at the left end to ‘neutral’ in the middle and 
‘extremely pleasant’ on the right end (Becker et  al.,  2013; 
Villemure et  al.,  2003). These VASs were used to differ-
entiate between non-painful and painful as well as between 
pleasant and unpleasant sensations. Specifically, a bipolar 
un-/pleasantness scale was used to allow ratings of pleas-
ant and unpleasant sensations using the same scale and to 
avoid biasing the participants (cf. Becker et al., 2013; Loggia 
et al., 2008; Villemure et al., 2003).

To assess potential changes in mood and well-being over 
the course of the experiment, participants answered seven 5-
point scales from ‘not at all’ to ‘extremely’ on how excited, 
externally controlled, stimulated, irritated, relieved, tired and 
focused they felt at several time points during the experiment. 
Participants were familiarized with the rating scales prior to 
the start of the experiments.

2.5  |  Assessment of pain sensitivity

To assess participants’ pain sensitivity and to determine stim-
ulation intensities for the experimental pain relief procedure, 
participants’ heat-pain threshold and heat-pain tolerance were 

tested using the methods of limits (Fruhstorfer et al., 1976). 
For this purpose, stimuli increasing from a baseline tempera-
ture of 30°C at a rate of 1˚C/s were applied until the partici-
pant felt the slightest pain sensation (heat-pain threshold) or 
could not tolerate the stimulus any longer (heat-pain toler-
ance). Participants indicated their heat-pain threshold/toler-
ance levels by a mouse button press. After this mouse press, 
the temperature of the thermode returned immediately to the 
baseline temperature. Assessment of pain threshold and tol-
erance was repeated three times each and the means of the 
corresponding temperature used as estimators of the individ-
ual heat-pain threshold and heat-pain tolerance.

2.6  |  Experimental pain relief procedure 
with and without control

To assess how participants perceive repeated pain relief in 
terms of reductions of nociceptive thermal stimulation, par-
ticipants received 5 trials two times with heat stimuli of 30-s 
duration (see Figure 1). Once these five trials were applied in 
a condition with simulated control of the thermal stimulation, 
while the other five trials were applied in a condition without 
such control.

In each trial, stimulation intensity increased from base-
line (38°C) to the target stimulation intensity defined as the 
heat-pain threshold plus 50% of the difference between the 
heat-pain threshold and heat-pain tolerance, aiming at a pain-
ful sensation (Becker et  al.,  2020; Flor et  al.,  2002). After 
15 s of stimulation, participants rated perceived intensity fol-
lowed by a rating of the perceived un-/pleasantness on the 
VAS described above. In the condition with simulated con-
trol (referred to as condition with control), for the last 5  s 
of stimulation, a button was displayed on the screen in front 
of the participants. Participants were instructed that they 
could press the button to stop the stimulation. Independent 
on whether participants pressed the button or not the stim-
ulation continued for the full remaining 5  s (cf. Borckardt 
et  al.,  2011; van Vliet et  al.,  2018, 2020). In the condition 
without control, no button was displayed and the stimulation 
continued after the VAS ratings for further 5 s to ensure the 
same nociceptive input in both control conditions. After this 
stimulation of 30  s, the temperature decreased to the base-
line temperature of 38°C and after a delay of 2 s, participants 
rated perceived intensity and un-/pleasantness again on the 
VASs. After these ratings, participants answered the seven 
5-point scales to assess potential changes in mood and well-
being across the repetitions and the whole experimental pain 
relief procedure. In total, the stimulation stayed at the base-
line temperature for 2 min, after which the next trial started. 
During this waiting time before the next trial started, the ex-
perimenter was in the room with the participants, ensuring 
that they did not distract themselves, e.g., by reading or using 
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their smart phone. Shortly before the next trial started, the 
experimenter reminded participants to focus on the task again 
and left the room. After five repetitions, participants removed 
their arm from the thermode. After a break of a few minutes, 
the procedure was repeated implementing the second control 
condition. Repetitions were restricted to five in each of the 
control conditions (i.e. 10 repetitions of the heat stimulation 
in total) to reduce the risk of skin burns.

2.7  |  Statistical analysis

To test how pain relief was perceived and whether this per-
ception changed across repetitions and control conditions, 
differences of perceived intensity and un-/pleasantness rat-
ings during and after heat stimulation were calculated and 
used as an estimate of perceived pain relief. Using linear 
mixed models (LMM) it was tested whether estimated pain 
relief differed across repetitions and/or between control con-
ditions with ‘repetition’ (1–5) and ‘control’ (with control vs. 
without control) as within-subject fixed factors and estimated 
pain relief in terms of perceived intensity and un-/pleasant-
ness as dependent variables in separate LMMs.

To test whether potential changes in estimated pain re-
lief across repetitions and control conditions were driven by 
changes in perceived intensity and un-/pleasantness during 
and/or after heat stimulation and between control conditions, 
full models with the three within-subject fixed factors ‘time 
point’ of assessment (during vs. after heat stimulation), ‘rep-
etition’ (1–5) and ‘control’ (control vs. no control) were used 
with ratings of perceived intensity and un-/pleasantness as 
dependent variables in separate LMMs.

All LMMs included all interactions of the respective fixed 
factors as well as participant ID as a random intercept factor.

Order of the conditions with and without control for each 
individual was included in all LMMs as a covariate. Further, 
in the LMMs on the difference values indicating estimated 
perceived pain relief, the interaction of this order as a co-
variate with the fixed factor ‘repetition’ was included and for 
the full LMMs for the ratings during and after heat stimula-
tion the interaction with the fixed factor ‘time point’. These 
interactions were included, because separate LMMs testing 
specifically for the effect of order of the conditions with and 
without control revealed significant interactions with 'repeti-
tion' and 'time point', respectively. In addition, pain threshold 
was included as a covariate in all LMMs, because individual 

F I G U R E  1   Experimental pain relief procedure. Shown is the course of the experiment and the course one experimental trial with and without 
control (insets). Participants performed five trials of painful heat stimulation and pain relief once in the condition with control and once without 
control in counterbalanced order. At the beginning of each trial, the stimulation temperature rose from baseline (38°C) to an individually adjusted 
painful stimulation intensity. After 15 s of stimulation, participants rated perceived intensity and un-/pleasantness of this stimulation on visual 
analogue scales (VAS). In the condition with control, a button was displayed after the ratings with the instruction to press the button to stop the 
stimulation whenever participants wanted to. Independent of whether and when participants pressed this button, the total stimulation time was 
always of the same length (30 s). In the condition without control, no button was shown and the stimulation lasted for the same length (30 s). After 
30 s of heat stimulation, the temperature decreased back to baseline and after 2 s participants rated again intensity and un-/pleasantness of the 
current perception. After these ratings, mood and well-being were assessed and after 120 s the next trial started
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pain threshold correlated highly with estimated relief (all 
r's > ±0.40) and ratings during the heat stimulation (all r's 
>±0.70). No differences between age groups were found, 
therefore age groups were pooled in all LMMs.

Ratings of the seven mood and well-being scales were 
analysed each in separate LMMs all including the within-
subject fixed factors ‘repetition’ (1–5) and ‘control’ (control 
vs. no control) and their interaction as well as participant ID 
as a random intercept factor.

Significant main effects and interactions of the LMMs 
were followed by planned comparisons, for which Cohen's d 
as an estimate of effect sizes was calculated. Cohen's d of the 
means and standard deviations of the respective comparison 
was calculated by dividing the difference of the means by the 
pooled standard deviation.

The significance level was set to α  =  0.05. All statisti-
cal analyses were performed using SPSS Statistics 26 (SPSS 
Inc.).

3  |   RESULTS

3.1  |  Estimated pain relief increased across 
repetitions

In a first step, it was tested whether estimated pain relief, 
indicated by the difference in ratings during and after heat 
stimulation, changed across repetitions and if this pain relief 
and its changes across repetitions differed in the conditions 
with and without control.

With respect to intensity ratings, estimated pain relief 
changed across repetitions (main effect ‘repetition’ F4,256 = 2.53, 
p =0.041; Figure 2a; Supplementary Table S1 for means and 
standard deviations). Pain intensity relief was smaller in the 
first repetition compared to all following repetitions (planned 

comparisons: repetition 1 vs. 2: mean difference  =  14.76, 
p =0.032, d = 0.25; 1 vs. 3: mean difference = 15.75, p = 0.022, 
d = 0.31; 1 vs. 4: mean difference = 22.21; p = 0.001, d = 0.44, 
1 vs. 5: mean difference = 23.17, p = 0.001, d = 0.42), but 
did not differ significantly from each other in all further rep-
etitions 2–5 (all p's  >  0.225; see Figure  2a). These findings 
indicates that the perceived pain relief in terms of perceived 
intensity increased from the first to the second repetition, but 
on average further increases in later repetitions did not reach 
significance. No differences in estimated pain relief in intensity 
ratings were found between conditions with and without con-
trol (main effect ‘control’ F1,66 = 1.95, p = 0.167; interaction 
‘control × repetition’ F4,265 = 0.43, p = 0.787).

With respect to un-/pleasantness ratings, estimated pain 
relief differed across repetitions similar to relief in perceived 
intensity (main effect ‘repetition’ F4,265 = 2.93, p = 0.021; 
Figure 2b; Supplementary Table S1 for means and standard 
deviations). Planned comparison shows that the difference in 
estimated pain relief in terms of un-/pleasantness was sig-
nificant only for repetition 1 compared to 4 (mean differ-
ence = 16.75, p = 0.006, d = 0.29) and repetition 1 compared 
to 5 (mean difference = 15.11, p = 0.014, d = 0.25), with 
no difference between all other comparisons. No differences 
in estimated pain relief in intensity and un-/pleasantness rat-
ings between conditions with and without control were found 
(main effect ‘control’ F1,66  =  1.80, p  =  0.184; interaction 
‘control × repetition’ F4,265 = 1.32, p = 0.263).

3.2  |  Lower perceived intensity and higher 
pleasantness after heat stimulation with 
uncontrollable compared to controllable pain

In a second step, we tested whether changes in estimated pain 
relief observed in the first step of the analyses were driven 

F I G U R E  2   Estimated pain relief for perceived intensity (a) and un-/pleasantness (b). Pain relief was estimated by the difference in intensity 
(a) and un-/pleasantness ratings (b) during and after the heat stimulation for each of the five repetitions. The black line shows means and 95% 
confidence intervals of the whole group. Thinner grey lines depict estimated pain relief for each individual participant. Conditions with and without 
control are pooled here because they did not differ statistically. **p < 0.01, *p < 0.05

(a) (b)
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by changes in perception during and/or after heat stimulation 
and if this was different between the two control conditions. 
For this analyses, the ratings during and after stimulation 
were both included separately, in contrast to the first analysis 
step, in which the difference between both was used.

Ratings of perceived intensity during and after the heat 
stimulation did not change overall across repetitions (main 
effect ‘repetition’ F4,638  =  0.28, p  =  .891; interaction ‘time 
point  ×  repetition’ F4,638  =  1.98, p  =  0.095; see Figure  3a; 
Supplementary Table S2 for means and standard deviations). 
This indicates that there is no clear driver responsible for the 
change in estimated pain relief across repetitions and that this 
change appears to be driven by a mixture of processes (e.g. a 
non-significant decrease in ratings after the heat stimulation 
together with a non-significant increase in ratings during the 
heat stimulation). However, after heat stimulation, intensity 
was perceived differently depending on the conditions with and 
without control during and (interaction ‘condition × time point’ 
F4,638 = 4.89, p = 0.027): After the heat stimulation, intensity 
was rated lower with no control compared to the control condi-
tion (planned comparison: mean difference = 9.98, p = 0.021, 
d = 0.17; Figure 3). In contrast, during the stimulation ratings 
did not differ between control conditions (planned comparison: 
mean difference = 3.44, p = 0.424, d = 0.11).

Similar to perceived intensity, ratings of perceived un-/pleas-
antness during and after the heat stimulation did not change 
overall across repetitions (main effect ‘repetition’ F4,638 = 0.23, 
p = 0.921; interaction ‘time point × repetition’ F4,638 = 0.82, 

p = 0.513; see Figure 3b; Supplementary Table S2 for means 
and standard deviations), indicating again that there is no clear 
driver responsible for the change in estimated pain relief across 
repetitions. Yet and similar to perceived intensity, ratings of 
un-/pleasantness after the heat stimulation were different for 
uncontrollable compared to controllable pain (interaction ‘con-
trol × time point’ F4,638 = 5.68, p = 0.017): After the stimula-
tion, pleasantness was rated higher without control compared 
to the control condition (planned comparison: mean differ-
ence = 14.15, p = 0.001, d = 0.32; Figure 3). In contrast, during 
stimulation ratings of un-/pleasantness did not differ (planned 
comparison: mean difference = 0.34, p = 0.934, d = 0.03).

3.3  |  Changes in mood and well-being across 
repetitions and control conditions

For all ratings of mood and well-being, it was tested 
whether these ratings were different in the conditions 
with and without control and whether they changed across 
repetitions.

Participants reported that they felt more externally con-
trolled in the condition without control compared to the 
condition with control (main effect ‘control’ F1,316 = 11.57, 
p = 0.001; Supplementary Table S3 for all means and standard 
deviations) with no change across repetitions (main effect 
‘repetition’ F4,315 = 0.84, p = .503; interaction ‘control × rep-
etition’ F4,315 = 0.64, p = 0.632). Differences between control 

F I G U R E  3   Ratings of perceived 
intensity (a, b) and un-/pleasantness (c, d) 
during (a, c) and after (b, d) the painful heat 
stimulation. Means and 95% confidence 
intervals for intensity and un-/pleasantness 
ratings during and after the painful heat 
stimulation in the conditons with (blue) and 
without control (red) are shown

(a) (b)

(c) (d)
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conditions were also observable for reported tiredness and 
how focused participants felt: Participants reported to be more 
tired (main effect ‘control’ F1, 316 = 4.96, p = 0.027) and less 
focused (main effect ‘control’ F1, 317 = 9.89, p = 0.002) in 
the condition without control compared to the control condi-
tion. Further, how focused participants were decreased across 
repetitions (main effect ‘repetition’ F4, 315 = 4.13, p = 0.003) 
independent of control conditions (interaction ‘control × rep-
etition’ F4,315 = 0.87, p = 0.483), with no changes in tired-
ness across repetitions (main effect ‘repetition F4,315 = 0.37, 
p  =  0.819; interaction ‘control  ×  repetition’ 4, 315  =  0.32, 
p = 0.867).

The perception of being relieved changed across rep-
etitions dependent on the control condition (interaction 
‘control  ×  repetition’ F4,316  =  2.84, p  =  0.024): Feeling 
relieved was higher in the control condition in the sec-
ond, third and forth repetition compared to the first rep-
etition (planned comparisons, repetition 1 vs. 2: mean 
difference = 0.42, p = 0.003, d = 0.47; 1 vs. 3: mean dif-
ference = 0.289, p = 0.040, d = 0.37; 1 vs. 4: mean differ-
ence = 0.40, p = 0.005, d = 0.51), while in the condition 
without control the feeling of relief only increased from 
the fourth to fifth repetition (repetition 4 vs. 5: mean dif-
ference = 0.28, p = 0.047, d = 0.32). Differences between 
the control conditions were found for the second and fourth 
repetition (control vs. no control, repetition 2: mean dif-
ference  =  0.35, p  =  0.012, d  =  0.35; repetition 4: mean 
difference = 0.34, p = 0.016, d = 0.41).

No changes across repetitions and differences between 
control conditions were found for how excited, stimulated 
and irritated participants felt during the experiments (all 
p's > 0.082).

4  |   DISCUSSION

The aim of this study was to test whether perception of pain 
relief changes with repetitions and whether this perception 
is different with uncontrollable compared to controllable 
preceding pain. Differences of intensity and un-/pleasant-
ness ratings during and after painful heat stimulation, used 
as an indicator of perceived pain relief, increased with rep-
etitions, but this increase levelled off after a few repetitions. 
Having no control over pain resulted in lower intensity and 
higher pleasantness ratings after the reduction of the painful 
stimulation.

While the perception of pain relief at first increased with 
repetitions, this increase levelled off for perceived intensity 
after a maximum of four repetitions. This levelling off could 
be explained by ceiling effects, but on average neither inten-
sity nor un-/pleasantness ratings during and after heat stim-
ulation approached the ends of the rating scales. Rather, it 
seems that pain relief perception (expressed as the change in 

intensity and un-/pleasantness ratings) stabilized after a few 
repetitions. This is an interesting finding because humans 
show adaptation to repeated stimuli of various modalities—if 
these stimuli do not represent a danger signal (e.g. visual, 
auditory, olfactory stimuli). While pain is a danger signal 
to which humans show adaptation under specific conditions 
(Kleinböhl et al., 1999, 2006), pain relief is clearly not a dan-
ger signal, but rather a rewarding and thus appetitive stimulus 
(Leknes et al., 2008; Navratilova et al., 2015). In rodents, it 
has been shown that motivated behaviour induced by pain 
relief as a negative reinforcement is mediated by activation 
of mesolimbic reward circuitry—more specifically by activa-
tion of dopaminergic projections from the ventral tegmental 
area (VTA) to the nucleus accumbens (NAcc) and dopamine 
release in the NAcc (Navratilova et  al.,  2012). Human re-
search confirmed a central role of the NAcc in processing 
pain relief, with the NAcc showing activation at the offset 
of experimentally induced pain (Baliki et al., 2010). Further, 
a correlation of relief pleasantness ratings with activation in 
the NAcc, with relief being induced by a safety signals, was 
described (Leknes et  al.,  2011). In line with the described 
role of the NAcc and the mesolimbic dopamine system in 
processing pain relief and results from addiction showing in-
creased phasic dopamine release with repeated drug exposure 
as a rewarding stimulus (e.g. Ostlund et al., 2014), it could be 
speculated that increasing dopamine release with exposure 
to repeated pain relief resulted in the increasing perception 
of pain relief.

The present results show that repeated reductions of pain 
result in an increasing perception of pain relief. Such a change 
in perceived pain relief across repetitions could be driven by 
either an increase of perceived intensity and unpleasantness 
across repetitions during the heat stimulation or decreased 
perceived intensity and increased pleasantness across rep-
etitions after the heat stimulation or a mixture of both. No 
significant effects of repetition on the ratings during and after 
the heat stimulation were found. Therefore, the current results 
are most likely driven by a mixture of both effects, probably 
caused by a change in the ratio between perceived intensity 
and un-/pleasantness during and after the heat stimulation. 
The lack of significant effects of repetition on the ratings fur-
ther suggests that changes in perceived pain relief cannot be 
attributed to sensitization or adaptation processes during and/
or after heat stimulation.

Clinically, it is an interesting observation that perceived 
pain relief does not decrease with repeated presentations of 
pain reductions. This means that pain relief keeps its percep-
tual properties or even increases within the first few repeti-
tions. This could be of interest when considering pain relief 
as a negatively reinforcing stimulus of either maladaptive 
pain behaviour (e.g. pain-contingent intake of pain killers) 
or adaptive health behaviour (e.g. paced physical activity; 
cf. Fordyce, 1982). A lack of adaptation to pain relief might 
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render this type of reward particularly strong. However, per-
ceived pain relief might change with more repetitions and/
or in longer, clinically relevant time frames. Considering 
strong habituation to daily experimental heat pain stimula-
tion over a time frame of 8–11 days (e.g. Bingel et al., 2007; 
Rennefeld et  al.,  2010; Riedl et  al.,  2011), it could be hy-
pothesized that perceived pain relief decreases as well. In 
chronic pain, other processes might be relevant. For exam-
ple, an assumed reward deficiency (Borsook et al., 2016) to-
gether with altered dopamine functioning (e.g. Ledermann 
et  al.,  2017; Martikainen et  al.,  2015; Wood et  al.,  2007) 
might result in perceptual changes known from addiction re-
search, where increasingly larger amounts of the substance 
of abuse are needed to result in the same feeling of pleasant-
ness. Such ideas are highly speculative and need to be tested 
whether in future studies.

No overall effect of controllable versus uncontrollable 
pain on perceived pain relief could be found. However, rat-
ings after the pain stimulation still suggest differential ef-
fects of the control conditions, because intensity ratings were 
lower and pleasantness ratings higher for uncontrollable 
compared to controllable pain. It has been repeatedly shown 
that whether a pain is controllable or not affects how exper-
imental as well as clinical pain is perceived (e.g. Aldrich 
et al., 2000; Bräscher et al., 2016; Jensen & Karoly, 1991; 
Wiech et al., 2006)). In pain therapy, rendering clinical pain 
as controllable is often a declared goal (Gatchel et al., 2007) 
and it has been shown that increased perceived control is 
associated with better functioning in chronic pain patients 
(Tan et  al., 2002). In this context, it is interesting that the 
perception of pain relief appears decreased when the pre-
ceding pain is controllable, possibly lowering the rewarding 
properties of the respective pain relief. From research on re-
ward perception it is known that unpredicted reward leads to 
stronger release of phasic dopamine compared to expected 
reward (Fiorillo, 2003), possibly explaining the present re-
sults because the pain relief is better predictable with con-
trollable pain. In addition to the possible effects of dopamine 
release, increased perception of pain relief with uncontrolla-
ble pain could be viewed as a compensatory mechanism to 
counterbalance the negative state induced by the uncontrol-
lable pain. Further, an increase in perceived pain relief with 
uncontrollable pain could be induced by additional positive 
affect because the uncertainty related to the perception of 
uncontrollability is terminated.

Here, we did not investigate perceived pain relief directly, 
but rather assessed perceived intensity and un-/pleasantness 
before and after a painful heat stimulus. Other studies on 
perceived pain relief assessed pain relief directly using a re-
lief VAS (Leknes et al., 2008), which could be considered a 
more direct assessment. However, the concept of perceived 
pain relief is rather abstract compared to intensity and un-/
pleasantness perception and it could be questioned how well 

participants are able to evaluate different amounts of pain 
relief. Interestingly, the opioid-receptor antagonist naloxone 
blocked endogenous pain inhibition induced by relief elicited 
by cues signalling lower pain than expected when assessed 
with intensity and unpleasantness ratings (Berna et al., 2018). 
In contrast, no effect was found on (retrospective) relief rat-
ings, suggesting that the different scales indeed assess dif-
ferent aspects of perception. However, intensity and/or un-/
pleasantness ratings have not been compared directly to pain 
relief ratings so far, leaving it open how these different rat-
ings relate to each other and whether they potentially reflect 
different aspects of the perception of pain relief.

In the present paradigm, participants had no real control 
over the painful stimulation. An illusion of control was cre-
ated by showing a button with the instruction that pressing 
the button would end the stimulation but the nociceptive 
input was kept constant across both the condition with and 
without control. While this might appear artificial, similar 
procedures have been used successfully before (Borckardt 
et al., 2011; van Vliet et al., 2018, 2020). In addition, par-
ticipants’ responses in the ratings of mood and well-being 
indicated that participants indeed felt less in control in the 
condition without control (higher scores on how externally 
controlled they felt) compared to the condition with con-
trol. Interestingly, while un-/pleasantness ratings suggested 
larger pain relief in the first few repetitions in the condition 
with control, this converged with the ratings in the condi-
tion without control in later repetitions. Based on the spe-
cifics of the present design with no real control, one might 
speculate that participants realized with ongoing repetitions 
that they had no real control over the pain and, thus, rat-
ings approximated those in the uncontrollable condition. 
However, this hypothesis has to be scrutinized by compar-
ing the present effects to effects of controllability in a study 
design in which participants truly have control over the pain 
stimuli.

In sum, the present results show that perceived pain re-
lief increases with repeated pain repetitions and that this 
pain relief was perceived as larger when the preceding pain 
was perceived as uncontrollable. These findings highlight 
the importance of investigating the perceived intensity and 
pleasantness of pain relief. Future studies should focus on 
the neurophysiological mechanism underlying the changes in 
perceived pain relief with repeated stimulation and un-/con-
trollability to enhance our mechanistic understanding of the 
perception of pain relief.

ACKNOWLEDGEMENTS
We thank Laura Sirucek for providing helpful comments on 
the manuscript.

CONFLICT OF INTEREST
All authors declare no conflict of interest.



      |  9BECKER et al.

AUTHOR CONTRIBUTIONS
SB, MS and KS-E conceptualized and designed the experi-
ment, DW and SB acquired the data, SB analysed the data, all 
authors discussed the data and were involved in the interpre-
tation of the data, SB drafted the article, MS, KS-E and DW 
critically revised the article for important intellectual content. 
All authors approved the final version of this article.

REFERENCES
Adolph, O., Koster, S., Georgieff, M., Bader, S., Fohr, K. J., Kammer, 

T., Herrnberger, B., & Gron, G. (2010). Xenon-induced changes in 
CNS sensitization to pain. NeuroImage, 49, 720–730. https://doi.
org/10.1016/j.neuro​image.2009.08.034

Aldrich, S., Eccleston, C., & Crombez, G. (2000). Worrying about 
chronic pain: Vigilance to threat and misdirected problem solv-
ing. Behavior Research and Therapy, 38, 457–470. https://doi.
org/10.1016/S0005​-7967(99)00062​-5

Andreatta, M., Muhlberger, A., Yarali, A., Gerber, B., & Pauli, P. 
(2010). A rift between implicit and explicit conditioned valence in 
human pain relief learning. Proc Biol Sci, 277, 2411–2416. https://
doi.org/10.1098/rspb.2010.0103

Arntz, A., & Schmidt, A. J. M. (1989). Perceived control and the expe-
rience of pain. In A. Steptoe & A. Apples (Eds.), Stress, personal 
control and health (pp. 131–162). John Wiley & Sons.

Baliki, M. N., Geha, P. Y., Fields, H. L., & Apkarian, A. V. (2010). 
Predicting value of pain and analgesia: Nucleus accumbens response 
to noxious stimuli changes in the presence of chronic pain. Neuron, 
66, 149–160. https://doi.org/10.1016/j.neuron.2010.03.002

Becker, S., Fuchs, X., Schakib-Ekbatan, K., & Schweiker, M. (2020). 
What does “moderate pain” mean? Subgroups holding different 
conceptions of rating scales evaluate experimental pain differently. 
European Journal of Pain, 24, 625–638. https://doi.org/10.1002/
ejp.1514

Becker, S., Gandhi, W., Elfassy, N. M., & Schweinhardt, P. (2013). The 
role of dopamine in the perceptual modulation of nociceptive stimuli 
by monetary wins or losses. European Journal of Neuroscience, 38, 
3080–3088. https://doi.org/10.1111/ejn.12303

Becker, S., Gandhi, W., Pomares, F., Wager, T. D., & Schweinhardt, P. 
(2017). Orbitofrontal cortex mediates pain inhibition by monetary 
reward. Social Cognitive and Affective Neuroscience, 12, 651–661. 
https://doi.org/10.1093/scan/nsw173

Becker, S., Kleinböhl, D., Baus, D., & Hölzl, R. (2011). Operant learn-
ing of perceptual sensitization and habituation is impaired in fibro-
myalgia patients with and without irritable bowel syndrome. Pain, 
152, 1408–1417. https://doi.org/10.1016/j.pain.2011.02.027

Becker, S., Kleinböhl, D., Klossika, I., & Hölzl, R. (2008). Operant con-
ditioning of enhanced pain sensitivity by heat–pain titration. Pain, 
140, 104–114. https://doi.org/10.1016/j.pain.2008.07.018

Berna, C., Leknes, S., Ahmad, A. H., Mhuircheartaigh, R. N., Goodwin, 
G. M., & Tracey, I. (2018). Opioid-independent and opioid-
mediated modes of pain modulation. Journal of Neuroscience, 38, 
9047–9058. https://doi.org/10.1523/JNEUR​OSCI.0854-18.2018

Berridge, K. C., & Kringelbach, M. L. (2008). Affective neuroscience 
of pleasure: Reward in humans and animals. Psychopharmacology, 
199, 457–480. https://doi.org/10.1007/s0021​3-008-1099-6

Bingel, U., Schoell, E., Herken, W., Büchel, C., & May, A. (2007). 
Habituation to painful stimulation involves the antinociceptive sys-
tem. Pain, 131, 21–30. https://doi.org/10.1016/j.pain.2006.12.005

Borckardt, J. J., Reeves, S. T., Frohman, H., Madan, A., Jensen, M. P., 
Patterson, D., Barth, K., Smith, A. R., Gracely, R., & George, M. 
S. (2011). Fast left prefrontal rTMS acutely suppresses analgesic 
effects of perceived controllability on the emotional component 
of pain experience. Pain, 152, 182–187. https://doi.org/10.1016/j.
pain.2010.10.018

Borsook, D., Linnman, C., Faria, V., Strassman, A. M., Becerra, L., & 
Elman, I. (2016). Reward deficiency and anti-reward in pain chron-
ification. Neuroscience and Biobehavioral Reviews, 68, 282–297. 
https://doi.org/10.1016/j.neubi​orev.2016.05.033

Bräscher, A.-K., Becker, S., Hoeppli, M.-E., & Schweinhardt, P. (2016). 
Different brain circuitries mediating controllable and uncontrol-
lable pain. Journal of Neuroscience, 36, 5013–5025. https://doi.
org/10.1523/JNEUR​OSCI.1954-15.2016

Castro, D. C., & Berridge, K. C. (2014). Opioid hedonic hotspot 
in nucleus accumbens shell: mu, delta, and kappa maps for en-
hancement of sweetness “liking” and “wanting”. Journal of 
Neuroscience, 34, 4239–4250. https://doi.org/10.1523/JNEUR​
OSCI.4458-13.2014

Crombez, G., Eccleston, C., De Vlieger, P., Van Damme, S., & De Clercq, 
A. (2008). Is it better to have controlled and lost than never to have 
controlled at all? An experimental investigation of control over pain. 
Pain, 137, 631–639. https://doi.org/10.1016/j.pain.2007.10.028

Finan, P. H., Remeniuk, B., & Dunn, K. E. (2018). The risk for prob-
lematic opioid use in chronic pain: What can we learn from stud-
ies of pain and reward? Progress in Neuro-Psychopharmacology 
and Biological Psychiatry, 87, 255–262. https://doi.org/10.1016/j.
pnpbp.2017.07.029

Fiorillo, C. D. (2003). Discrete coding of reward probability and uncer-
tainty by dopamine neurons. Science, 299, 1898–1902. https://doi.
org/10.1126/scien​ce.1077349

Flor, H., Birbaumer, N., Schulz, R., Gr, M., Mucha, R. F., Grüsser, S. M., 
& Mucha, R. F. (2002). Pavlovian conditioning of opioid and non-
opioid pain inhibitory mechanisms in humans. European Journal of 
Pain, 6, 395–402. https://doi.org/10.1016/S1090​-3801(02)00043​-5

Fordyce, W. E. (1982). A behavioural perspective on chronic pain. 
British Journal of Clinical Psychology, 21, 313–320. https://doi.
org/10.1111/j.2044-8260.1982.tb005​69.x

Fruhstorfer, H., Lindblom, U., & Schmidt, W. G. (1976). Method for 
quantitative estimation of thermal thresholds in patients. Journal 
of Neurology, Neurosurgery and Psychiatry, 39, 1071. https://doi.
org/10.1136/jnnp.39.11.1071

Gatchel, R. J., Peng, Y. B., Peters, M. L., Fuchs, P. N., & Turk, D. C. 
(2007). The biopsychosocial approach to chronic pain: Scientific ad-
vances and future directions. Psychological Bulletin, 133, 581–624. 
https://doi.org/10.1037/0033-2909.133.4.581

Hölzl, R., Kleinböhl, D., & Huse, E. (2005). Implicit operant learning 
of pain sensitization. Pain, 115, 12–20. https://doi.org/10.1016/j.
pain.2005.01.026

Jensen, M. P., & Karoly, P. (1991). Control beliefs, coping efforts, and adjust-
ment to chronic pain. Journal of Consulting and Clinical Psychology, 
59, 431–438. https://doi.org/10.1037/0022-​006X.59.3.431

Klein, T. (2004). Perceptual correlates of nociceptive long-term potenti-
ation and long-term depression in humans. Journal of Neuroscience, 
24, 964–971. https://doi.org/10.1523/JNEUR​OSCI.1222-03.2004

Kleinböhl, D., Hölzl, R., Möltner, A., Rommel, C., Weber, C., & 
Osswald, P. M. (1999). Psychophysical measures of sensitization 
to tonic heat discriminate chronic pain patients. Pain, 81, 35–43. 
https://doi.org/10.1016/S0304​-3959(98)00266​-8

https://doi.org/10.1016/j.neuroimage.2009.08.034
https://doi.org/10.1016/j.neuroimage.2009.08.034
https://doi.org/10.1016/S0005-7967(99)00062-5
https://doi.org/10.1016/S0005-7967(99)00062-5
https://doi.org/10.1098/rspb.2010.0103
https://doi.org/10.1098/rspb.2010.0103
https://doi.org/10.1016/j.neuron.2010.03.002
https://doi.org/10.1002/ejp.1514
https://doi.org/10.1002/ejp.1514
https://doi.org/10.1111/ejn.12303
https://doi.org/10.1093/scan/nsw173
https://doi.org/10.1016/j.pain.2011.02.027
https://doi.org/10.1016/j.pain.2008.07.018
https://doi.org/10.1523/JNEUROSCI.0854-18.2018
https://doi.org/10.1007/s00213-008-1099-6
https://doi.org/10.1016/j.pain.2006.12.005
https://doi.org/10.1016/j.pain.2010.10.018
https://doi.org/10.1016/j.pain.2010.10.018
https://doi.org/10.1016/j.neubiorev.2016.05.033
https://doi.org/10.1523/JNEUROSCI.1954-15.2016
https://doi.org/10.1523/JNEUROSCI.1954-15.2016
https://doi.org/10.1523/JNEUROSCI.4458-13.2014
https://doi.org/10.1523/JNEUROSCI.4458-13.2014
https://doi.org/10.1016/j.pain.2007.10.028
https://doi.org/10.1016/j.pnpbp.2017.07.029
https://doi.org/10.1016/j.pnpbp.2017.07.029
https://doi.org/10.1126/science.1077349
https://doi.org/10.1126/science.1077349
https://doi.org/10.1016/S1090-3801(02)00043-5
https://doi.org/10.1111/j.2044-8260.1982.tb00569.x
https://doi.org/10.1111/j.2044-8260.1982.tb00569.x
https://doi.org/10.1136/jnnp.39.11.1071
https://doi.org/10.1136/jnnp.39.11.1071
https://doi.org/10.1037/0033-2909.133.4.581
https://doi.org/10.1016/j.pain.2005.01.026
https://doi.org/10.1016/j.pain.2005.01.026
https://doi.org/10.1037/0022-006X.59.3.431
https://doi.org/10.1523/JNEUROSCI.1222-03.2004
https://doi.org/10.1016/S0304-3959(98)00266-8


10  |      BECKER et al.

Kleinböhl, D., Trojan, J., Konrad, C., & Hölzl, R. (2006). Sensitization 
and habituation of AMH and C-fiber related percepts of repetitive 
radiant heat stimulation. Clinical Neurophysiology, 117, 118–130. 
https://doi.org/10.1016/j.clinph.2005.08.023

König, C., Khalili, A., Ganesan, M., Nishu, A. P., Garza, A. 
P., Niewalda, T., Gerber, B., Aso, Y., & Yarali, A. (2018). 
Reinforcement signaling of punishment versus relief in fruit 
flies. Learning & Memory, 25, 247–257. https://doi.org/10.1101/
lm.047308.118

Ledermann, K., Jenewein, J., Sprott, H., Hasler, G., Schnyder, U., 
Warnock, G., Johayem, A., Kollias, S., Buck, A., & Martin-Soelch, 
C. (2017). Altered dopamine responses to monetary rewards in fe-
male fibromyalgia patients with and without depression: A [11C]
Raclopride bolus-plus-infusion PET study. Psychotherapy and 
Psychosomatics, 86, 181–182.

Leknes, S., Brooks, J. C. W., Wiech, K., & Tracey, I. (2008). Pain 
relief as an opponent process: A psychophysical investigation. 
European Journal of Neuroscience, 28, 794–801. https://doi.
org/10.1111/j.1460-9568.2008.06380.x

Leknes, S., Lee, M., Berna, C., Andersson, J., & Tracey, I. (2011). 
Relief as a reward: Hedonic and neural responses to safety 
from pain. PLoS One, 6, e17870. https://doi.org/10.1371/journ​
al.pone.0017870

Loggia, M. L., Mogil, J. S., & Bushnell, M. C. (2008). Experimentally 
induced mood changes preferentially affect pain unpleasant-
ness. The Journal of Pain, 9, 784–791. https://doi.org/10.1016/j.
jpain.2008.03.014

Martikainen, I. K., Nuechterlein, E. B., Peciña, M., Love, T. M., 
Cummiford, C. M., Green, C. R., Stohler, C. S., & Zubieta, J.-
K. (2015). Chronic back pain is associated with alterations in 
dopamine neurotransmission in the ventral striatum. Journal of 
Neuroscience, 35, 9957–9965. https://doi.org/10.1523/JNEUR​
OSCI.4605-14.2015

Müller, M. J. (2011). Helplessness and perceived pain intensity: 
Relations to cortisol concentrations after electrocutaneous stimula-
tion in healthy young men. BioPsychoSocial Medicine, 5, 8. https://
doi.org/10.1186/1751-0759-5-8

Navratilova, E., Xie, J. Y., Meske, D., Qu, C., Morimura, K., Okun, 
A., Arakawa, N., Ossipov, M., Fields, H. L., & Porreca, F. (2015). 
Endogenous opioid activity in the anterior cingulate cortex is re-
quired for relief of pain. Journal of Neuroscience, 35, 7264–7271. 
https://doi.org/10.1523/JNEUR​OSCI.3862-14.2015

Navratilova, E., Xie, J. Y., Okun, A., Qu, C., Eyde, N., Ci, S., Ossipov, 
M. H., King, T., Fields, H. L., & Porreca, F. (2012). Pain relief 
produces negative reinforcement through activation of mesolimbic 
reward-valuation circuitry. Proceedings of the National Academy of 
Sciences, 109, 20709–20713. https://doi.org/10.1073/pnas.12146​
05109

Ostlund, S. B., Leblanc, K. H., Kosheleff, A. R., Wassum, K. M., & 
Maidment, N. T. (2014). Phasic mesolimbic dopamine signaling en-
codes the facilitation of incentive motivation produced by repeated 
cocaine exposure. Neuropsychopharmacology, 39, 2441–2449. 
https://doi.org/10.1038/npp.2014.96

Rennefeld, C., Wiech, K., Schoell, E. D., Lorenz, J., & Bingel, U. 
(2010). Habituation to pain: Further support for a central com-
ponent. Pain, 148, 503–508. https://doi.org/10.1016/j.pain.​
2009.12.014

Riedl, V., Valet, M., Wöller, A., Sorg, C., Vogel, D., Sprenger, T., 
Boecker, H., Wohlschläger, A. M., & Tölle, T. R. (2011). Repeated 
pain induces adaptations of intrinsic brain activity to reflect past 
and predict future pain. NeuroImage, 57, 206–213. https://doi.
org/10.1016/j.neuro​image.2011.04.011

Smith, K. S., Berridge, K. C., & Aldridge, J. W. (2011). Disentangling 
pleasure from incentive salience and learning signals in brain reward 
circuitry. Proceedings of the National Academy of Sciences, 108, 
E255–E264. https://doi.org/10.1073/pnas.11019​20108

Tan, G., Jensen, M. P., Robinson-Whelen, S., Thornby, J. I., & 
Monga, T. (2002). Measuring control appraisals in chronic 
pain. The Journal of Pain, 3, 385–393. https://doi.org/10.1054/
jpai.2002.126609

Tinti, C., Schmidt, S., & Businaro, N. (2011). Pain and emotions re-
ported after childbirth and recalled 6 months later: The role of con-
trollability. Journal of Psychosomatic Obstetrics & Gynecology, 32, 
98–103. https://doi.org/10.3109/01674​82X.2011.557756

van Vliet, C. M., Meulders, A., Vancleef, L. M. G., & Vlaeyen, J. W. S. 
(2018). The opportunity to avoid pain may paradoxically increase fear. 
J Pain, 19, 1222–1230. https://doi.org/10.1016/j.jpain.2018.05.003

van Vliet, C. M., Meulders, A., Vancleef, L. M. G., & Vlaeyen, J. W. S. 
(2020). The perceived opportunity to avoid pain paradoxically in-
creases pain-related fear through increased threat appraisals. Annals 
of Behavioral Medicine. https://doi.org/10.1093/abm/kaaa045

Villemure, C., Slotnick, B. M., & Bushnell, M. C. (2003). Effects of 
odors on pain perception: Deciphering the roles of emotion and 
attention. Pain, 106, 101–108. https://doi.org/10.1016/S0304​
-3959(03)00297​-5

Wagner, A., Andersen, R. K., Zhang, H., de Dear, R., Schweiker, M., 
Goh, E., van Marken Lichtenbelt, W., Streblow, R., Goia, F., & 
Park, S. (2018). Laboratory approaches to studying occupants. In 
Exploring Occupant Behavior in Buildings (pp. 169–212). Springer 
International Publishing.

Wiech, K., Kalisch, R., Weiskopf, N., Pleger, B., Stephan, K. E., & 
Dolan, R. J. (2006). Anterolateral prefrontal cortex mediates the an-
algesic effect of expected and perceived control over pain. Journal 
of Neuroscience, 26, 11501–11509. https://doi.org/10.1523/JNEUR​
OSCI.2568-06.2006

Wood, P. B., Schweinhardt, P., Jaeger, E., Dagher, A., Hakyemez, 
H., Rabiner, E. A., Bushnell, M. C., & Chizh, B. A. (2007). 
Fibromyalgia patients show an abnormal dopamine response to 
pain. European Journal of Neuroscience, 25, 3576–3582. https://
doi.org/10.1111/j.1460-9568.2007.05623.x

SUPPORTING INFORMATION
Additional supporting information may be found online in 
the Supporting Information section.

How to cite this article: Becker S, Schakib- Ekbatan K, 
Wroblewski D, Schweiker M. Perception of repeated 
pain relief with controllable and uncontrollable pain. 
Eur J Pain. 2021;00:1–10. https://doi.org/10.1002/
ejp.1775

https://doi.org/10.1016/j.clinph.2005.08.023
https://doi.org/10.1101/lm.047308.118
https://doi.org/10.1101/lm.047308.118
https://doi.org/10.1111/j.1460-9568.2008.06380.x
https://doi.org/10.1111/j.1460-9568.2008.06380.x
https://doi.org/10.1371/journal.pone.0017870
https://doi.org/10.1371/journal.pone.0017870
https://doi.org/10.1016/j.jpain.2008.03.014
https://doi.org/10.1016/j.jpain.2008.03.014
https://doi.org/10.1523/JNEUROSCI.4605-14.2015
https://doi.org/10.1523/JNEUROSCI.4605-14.2015
https://doi.org/10.1186/1751-0759-5-8
https://doi.org/10.1186/1751-0759-5-8
https://doi.org/10.1523/JNEUROSCI.3862-14.2015
https://doi.org/10.1073/pnas.1214605109
https://doi.org/10.1073/pnas.1214605109
https://doi.org/10.1038/npp.2014.96
https://doi.org/10.1016/j.pain.2009.12.014
https://doi.org/10.1016/j.pain.2009.12.014
https://doi.org/10.1016/j.neuroimage.2011.04.011
https://doi.org/10.1016/j.neuroimage.2011.04.011
https://doi.org/10.1073/pnas.1101920108
https://doi.org/10.1054/jpai.2002.126609
https://doi.org/10.1054/jpai.2002.126609
https://doi.org/10.3109/0167482X.2011.557756
https://doi.org/10.1016/j.jpain.2018.05.003
https://doi.org/10.1093/abm/kaaa045
https://doi.org/10.1016/S0304-3959(03)00297-5
https://doi.org/10.1016/S0304-3959(03)00297-5
https://doi.org/10.1523/JNEUROSCI.2568-06.2006
https://doi.org/10.1523/JNEUROSCI.2568-06.2006
https://doi.org/10.1111/j.1460-9568.2007.05623.x
https://doi.org/10.1111/j.1460-9568.2007.05623.x
https://doi.org/10.1002/ejp.1775
https://doi.org/10.1002/ejp.1775

