Heinrich Heine
Universitat
Dusseldorf [ ]

Differential Operant Conditioning of Emotional-

Motivational and Sensory-Discriminative Pain
Responses

Melissa L. Flury, Martin Loffler, Shaili Gour, Susanne Becker

Article - Version of Record

Suggested Citation:

Flury, M. L., Loffler, M., Gour, S., & Becker, S. (2025). Differential Operant Conditioning of Emotional-

Motivational and Sensory-Discriminative Pain Responses. European Journal of Pain, 30(1), Article
e70162. https://doi.org/10.1002/ejp.70162

UNIVERSITATS- UND

Wissen, wo das Wissen ist. LANDESBIBLIOTHEK
DUSSELDORF

This version is available at:
URN: https://nbn-resolving.org/urn:nbn:de:hbz:061-20260210-105825-7
Terms of Use:

This work is licensed under the Creative Commons Attribution 4.0 International License.

For more information see: https://creativecommons.org/licenses/by/4.0



'.) Check for updates

European Journal of Pain

| orRIGINAL ARTICLE CEIEED

Differential Operant Conditioning of
Emotional-Motivational and Sensory-Discriminative
Pain Responses

Melissa L. Flury'23 | Martin Loffler*> | Shaili Gour"?3 | Susanne Becker!

Integrative Spinal Research Group, Department of Chiropractic Medicine, Balgrist University Hospital, Zurich University of Zurich, Zurich,
Switzerland | 2University of Zurich, Zurich, Switzerland | 3Neuroscience Center Zurich, University of Zurich and ETH Zurich, Zurich,

Switzerland | “Institute of Cognitive and Clinical Neuroscience, Central Institute of Mental Health, Medical Faculty Mannheim, Heidelberg University,
Mannheim, Germany | Clinical Psychology, Department of Experimental Psychology, Heinrich Heine University, Diisseldorf, Germany

Correspondence: Susanne Becker (sbecker@uni-duesseldorf.de)
Received: 20 December 2024 | Revised: 4 October 2025 | Accepted: 14 October 2025

Funding: PRIMA grant of the Swiss National Science Foundation (SNSF, PROOP1_178697/1) awarded to S. Becker.

ABSTRACT

Background: The experience of pain consists of different components, including sensory-discriminative and emotional-
motivational components. While these components are often well aligned, they can also dissociate. Operant conditioning may
selectively modulate one component without affecting the other. However, evidence directly comparing operant conditioning
effects on both emotional-motivational and sensory-discriminative components of pain is lacking. The aim of the present study
was to test whether operant conditioning would differentially affect behavioral surrogate measures of emotional-motivational
and sensory-discriminative pain responses.

Methods: 62 healthy participants performed in two testing sessions a pain avoidance task to assess emotional-motivational
pain responses and a temperature discrimination task to assess sensory-discriminative pain responses (counterbalanced order).
In the second half of each task, successful pain avoidance or accurate temperature discrimination was followed by monetary
reinforcement.

Results: Contingent reinforcement selectively enhanced pain avoidance, evidenced by faster reaction times and increased suc-
cess rates, while temperature discrimination performance remained unchanged, likely due to a ceiling effect in task difficulty.
Operantly conditioned changes in pain behaviour did not generalize to self-reported pain intensity and unpleasantness ratings.
Conclusions: These findings indicate a modulation of emotional-motivational pain processing by operant conditioning, while
effects on sensory-discriminative processing remain absent. These results support the idea that enhanced pain perception in
chronic pain can be induced by operant learning, potentially through the specific learning of increased emotional-motivational
pain responses.

Significance Statement: This study demonstrates that operant conditioning can enhance avoidance responses, serving as an
indicator of emotional-motivational pain responses. In contrast, sensory-discriminative aspects of pain were not modulated by
operant conditioning. These results confirm the important role of operant conditioning specifically in emotional-motivational
pain processing. This insight may help explain how learning contributes to increased emotional-motivational pain processing
in chronic pain.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.
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European Journal of Pain, 2026; 30:¢70162 1of 19
https://doi.org/10.1002/ejp.70162


https://doi.org/10.1002/ejp.70162
https://doi.org/10.1002/ejp.70162
https://orcid.org/0009-0000-8190-8181
mailto:
https://orcid.org/0000-0002-5681-4084
mailto:sbecker@uni-duesseldorf.de
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fejp.70162&domain=pdf&date_stamp=2025-11-19

1 | Introduction

Pain is a multidimensional phenomenon (de Souza et al. 2017;
Goldberg and McGee 2011). Melzack's initial tripartite model
of pain proposes that pain comprises sensory-discriminative,
emotional-motivational, and cognitive-evaluative components
(Melzack and Casey 1968). Thus, the pain experience is more
than the conscious perception of nociceptive signals: While
sensory-discriminative processes refer to quality, intensity and
spatiotemporal features of the sensation, emotional-motivational
processes refer to its valence and typically aversiveness, and
cognitive-evaluative processes modulate the previous com-
ponents, determining together pain responses (Melzack and
Casey 1968; Rainville et al. 1999; Vachon-Presseau et al. 2016).
Sensory-discriminative and emotional-motivational aspects of
pain are typically aligned, but they can also dissociate (Auvray
et al. 2010). As everyday examples of such dissociations, many
people perceive painful massages as pleasant or enjoy eating
hot chilies. Although the literature has so far focused more on
different response channels (e.g., behavioural vs. self-reports)
than on different pain components, some studies suggest these
components dissociate using operant conditioning (Becker
et al. 2008, 2011, 2012; Holzl et al. 2005). This finding highlights
the importance of operant conditioning in pain. Moreover, such
learning appears pathogenetically relevant, as it seems to be al-
tered in chronic pain patients (Becker et al. 2011).

In chronic pain, emotional-motivational components likely dom-
inate over sensory-discriminative components. The influential
fear-avoidance model of pain referred in its earliest version to
chronic pain as “exaggerated pain perception” due to dispropor-
tionally augmented emotional-motivational relative to sensory-
discriminative pain components (Lethem et al. 1983). Such
heightened emotional-motivational pain perception is further
mirrored in chronic pain patients’ increased pain avoidance be-
haviours (Gatchel et al. 2016; Lethem et al. 1983; Meulders 2019;
Minami 2019; Vlaeyen and Linton 2000). Similarly, previous
findings suggest that chronic pain processing is characterised
by a functional shift from nociceptive to non-nociceptive emo-
tional brain circuitry (Hashmi et al. 2013). This shift also aligns
with increased negative affect, impaired motivated behaviour,
and the inability to feel pleasure (i.e., anhedonia) in chronic pain
as well as very high comorbidities (up to 86%) between chronic
pain and affective disorders (Poole et al. 2009). Accordingly,
chronic pain has been suggested to induce a negative hedonic
shift (Borsook et al. 2016). Despite these findings, the mecha-
nisms underlying such increased emotional-motivational pain
processing and this negative hedonic shift have not been inves-
tigated so far.

This study aimed to show that emotional-motivational and
sensory-discriminative pain components can be increased inde-
pendently via operant conditioning. We hypothesized that con-
tingent reinforcement in the avoidance task enhances avoidance
behaviour and increases pain unpleasantness without affecting
perceived pain intensity, while contingent reinforcement in
the discrimination task improves discrimination performance
and increases perceived intensity without altering perceived
unpleasantness. The focus was on gaining a mechanistic un-
derstanding in healthy states as a needed basis. Therefore,
healthy volunteers performed two psychophysical tasks in two

experimental sessions: a discrimination task assessing sensory-
discriminative and an avoidance task assessing emotional-
motivational pain components. After baseline assessment of
pain avoidance behaviour and pain discrimination, contingent
(experimental condition) or noncontingent (control condition)
monetary rewards were used to modulate pain avoidance be-
haviour and pain discrimination.

2 | Methods
2.1 | Participants

In total, 62 participants (29 females; age: M=29.98years,
SD=9.91years) who did not meet any exclusion criteria were
included in the study. An a priori sample size calculation using
G*power 3.1 (Faul et al. 2007) for an F-test based on a basic
model that includes a within-subject factor “phase” (baseline
vs. learning) and a between-subject factor “contingency” (con-
tingent vs. noncontingent) for both the discrimination and the
avoidance task was performed. The sample size calculation was
performed based on the statistical model assessing the main
factors of interest. The calculation assumed a desired medium
effect size f=0.25, a 5% probability for committing a Type I error
(¢=0.05), a 20% probability for committing a Type II error (1
— 3=0.20), and an attrition rate of 10%. Based on these param-
eters, the required sample size was 62 participants. A desired
medium effect size was chosen because no comparable exper-
iments have been performed before, and the true effect size is
thus unknown.

Participants were excluded if they reported pain on more than
30days in the 12 months prior to participation, any chronic pain,
major medical or psychiatric conditions, or pregnancy. They
were asked to abstain from alcohol, drugs, and analgesics 24h
before the experimental sessions that they attended. The study
was approved by the local ethics committee and informed con-
sent was obtained from all participants according to the latest re-
vised Declaration of Helsinki (World Medical Association 2013).
The study was preregistered at ClinicalTrials.gov (Identifier:
NCT04280796; Protocol ID: PROOP1_179697/1).

Four participants were excluded from the statistical analyses:
One participant withdrew from the study, and in the other three,
major technical errors occurred during data collection. The
final sample thus consisted of 58 participants (27 females; age:
M=30.03years, SD =10.02years).

2.2 | Thermal Stimulation

The participants received heat stimuli applied with a 30mm
diameter contact thermode (Contact Heat Evoked Potentials,
CHEPS; PATHWAY Pain & Sensory Evaluation System, Medoc
Ltd. Advanced Medical System, Israel) on the thenar of their
non-dominant hand. To standardise the thenar stimulation, par-
ticipants placed their hand on a hemisphere made of Styrofoam
in which the thermode was embedded. The baseline thermode
temperature was kept constant at 35°C. To achieve comparable
percepts of the stimulation across participants as a necessary
baseline for interpreting the results, target temperatures were
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adjusted to the individual pain sensitivity (see section “Pain
Assessments”).

To minimise the risk of skin burns, the maximum temperature
for the experimental tasks was calculated with the skin burn
risk formula [(-0.3*temp_mean)+ 15.2]/log100(time_m), with
temp_mean being the mean temperature applied over a certain
amount of time, the latter being given by time_m in minutes,
allowing an estimation of the potential risk of skin burns, with
a critical value smaller than 1 (Becker et al. 2008; Kleinbohl
et al. 1999). In addition, the maximum temperature was kept
at 50°C.

2.3 | Rating Scales

Throughout the experimental sessions, participants rated per-
ceived intensity and un-/pleasantness of some of the applied
thermal stimuli using horizontally orientated visual analogue
scales (VAS) displayed on a screen in front of them. The VAS
for the intensity rating ranged from 0= “no sensation” to 200 =
“most intense pain tolerable” with 100 being the “pain thresh-
old” to differentiate between non-painful (range between 0 and
99) and painful sensations (range between 101 and 200) (Becker,
Gandhi, et al. 2013; Becker et al. 2015). The VAS for the un-/
pleasantness rating ranged from —100 = “extremely unpleasant”
to +100 = “extremely pleasant” with 0 being “neutral” to differen-
tiate between unpleasant (negative range between —100 and —1)
and pleasant sensations (positive range between +1 and +100)
(Becker, Gandhi, et al. 2013; Becker et al. 2015). Participants
gave their ratings by moving a slider on the VASs using the right
and left arrow keys of a keyboard in front of them.

2.4 | General Procedure and Study Design

The within-subject design included two experimental sessions
separated by an interval of approximately 1 week (M =7.98 days,
SD =2.87days). Each testing session comprised a pre-assessment
of participants’ mood and individual pain sensitivity, a main ex-
perimental task (in one of the sessions the discrimination task,
in the other session the avoidance task), and a post-assessment
of participants’ mood and individual pain sensitivity (see
Figure 1a). Furthermore, the participants were asked to com-
plete several questionnaires after the first session (see section
“Questionnaires”). The order of the two main experimental
tasks was counterbalanced across the participants. In both
tasks, monetary reinforcement for operant conditioning was im-
plemented after half of the experimental trials. Participants al-
ways received contingent reinforcement in one of the tasks and
noncontingent reinforcement in the other task. Assignments of
these reinforcement conditions were counterbalanced across
participants. To avoid confounding reinforcement effects with
task order, the study design was fully balanced. That is, approx-
imately a quarter of the participants (N=16) started with the
avoidance task and received contingent reinforcement, one quar-
ter (N=15) started with the avoidance task as well but received
noncontingent reinforcement, one quarter (N=16) started with
the discrimination task and received contingent reinforcement,
and one quarter (N=15) started with the discrimination task as
well but received noncontingent reinforcement.

2.5 | Pain Assessments

Before performing the main experimental task, participants’ in-
dividual heat pain threshold, heat pain tolerance, and perceived
intensity and un-/pleasantness of a series of heat stimuli were
assessed as a baseline assessment of the individual pain sensi-
tivity. The pain threshold and tolerance were further used to
determine the stimulus intensity of the main experimental tasks
to achieve comparable percepts of the painful stimulation across
participants.

After the completion of the main experimental task, partici-
pants’ heat pain threshold, heat pain tolerance, and perceived
intensity and un-/pleasantness of heat stimuli were assessed
again to evaluate whether any conditioned effects generalized
to self-reported pain.

2.5.1 | Pain Threshold and Tolerance

Each participant’s thermal pain threshold and thermal pain tol-
erance were assessed by the methods of limits (Becker, Ceko,
et al. 2013). The temperature of the thermode increased from
the baseline temperature (35°C) at a rate of 1°C/s. In the first
three runs, the participants indicated their pain threshold by
pressing the space bar of the keyboard in front of them. The pain
threshold was defined as the point at which the quality of sen-
sation changes and it just starts to hurt. In the subsequent three
runs, the participants indicated their pain tolerance by pressing
the space bar. The pain tolerance was defined as the point after
which the participants could not bear any further increase in
temperature. The temperature of the thermode immediately re-
turned to baseline as soon as the space bar was pressed.

2.5.2 | Perceived Pain Intensity and Pleasantness

Four different heat stimuli of 3s duration were each applied
twice in a predetermined pseudorandomized order (44°C, 42°C,
48°C, 46°C, 46°C, 48°C, 44°C, 42°C). After each stimulus, par-
ticipants rated perceived intensity and un-/pleasantness of the
stimulus on the VASs (see “Rating Scales”).

2.5.3 | Adjustment of Pain Intensity

To determine the target temperature of the two main exper-
imental tasks, another series of heat stimuli was applied. The
length of the heat application was adjusted to match the stimu-
lus during the subsequent main experimental task (discrimina-
tion task: 10 s; avoidance task: 3 s). Each heat stimulus was rated
by the participants on the intensity VAS. Depending on partici-
pants' ratings, the temperature of the following stimulus was ad-
justed following a staircase procedure upwards or downwards
by steps of 0.5°C, aiming at a perceived moderately painful in-
tensity of 130+ 10 on the VAS for intensity. As soon as partici-
pants rated one of the heat stimulations between 120 and 140 on
the intensity VAS, the application of further stimuli was stopped
(Becker et al. 2015). The resulting temperature was then used as
the target stimulus in the discrimination task. For the avoidance
task, this temperature served as the individual reference level

European Journal of Pain, 2026

30f19

85U8017 SUOWIWOD SAIER1D 8 [cedt dde au Ad peusenob a2 sajole YO ‘8sh JO Sajnl Joj Akeid18uljuQ AB]1M UO (SUONIPUOD-PUE-SWLBI W00 A8 | 1nAReIq uljuo//:Sty) Suonipuod pue swie | 8y} 88s *[9202/20/0T] Uo ARiqiauliuo A8|1m ‘HoppssNd Seuio!|qigsepue ] pun SiiseAlun Aq 29102 'd/z00T 0T/10p/L0o 8| im Areld i jpul|uo//sdny wolj pspeojumod ‘T ‘9202 ‘6vT2ZEST



a) General procedure : Session 1 and 2

contingent or noncontingent
reinforcement
consent ‘e o main experimental task: ost ost
& p P discrimination task or avoidance task P p questionnaires debriefing
q PANAS pain assessment pain assessment PANAS
explanations (counterbalanced order)
10 min 2 min 20min___.-- 45 min S 20 min 2 min 20 min 10 min

¢) Avoidance task

o -

press button!

b) Discrimination task

trials 106 to 210:
|\0HCUI“H\‘:'CI\[ or C(\I\lll\gcﬂl
monetary rewards

trials 61 to 120
noncontingent or contingent

monetary rewards

40x +0.4°C (easy)

40x +0.2°C itriculy

73)0"‘(1(3" o (o 105x high
X 70 105x low

o
' ' 70x 4sec (control) 1.
success

FIGURE1 | General procedure and study design. The within-subject study design included two experimental sessions separated ideally exactly 1
week apart. (a) General procedure. Consent & explanations: Written consent was given by the participants, the inclusion and exclusion criteria were
checked, and the purpose and course of the study as well as the used material was explained. Pre-/Post-PANAS: the positive and negative Affect
Schedule (PANAS) was filled out to assess mood. Pre-pain assessment: (i) assessment of the individual thermal pain threshold and thermal pain

tolerance, (ii) visual analogue scale (VAS) ratings of intensity and un-/pleasantness of two sets of four different heat stimuli in predetermined order,
and (iii) determination of the stimulus intensity for the main experimental tasks using VAS ratings of a series of different heat stimuli. Post-pain
assessment: (i) assessment of the individual thermal pain threshold and thermal pain tolerance, and (ii) VAS ratings of the intensity and un-/pleas-
antness of two sets of four different heat stimuli in a predetermined order. Main experimental task: the participants perform a discrimination task
and an avoidance task in counterbalanced order. In both tasks, monetary reinforcement is implemented after half of the trials. Participants received
contingent reinforcement in one of the tasks and noncontingent reinforcement as a control condition in the other task. Questionnaires: completion of
questionnaires. Debriefing: exit interview including a brief explanation of the study aims. (b) Discrimination task. The experimental heat stimulus
rose from baseline to the pre-determined individual target temperature. After the presentation of an exclamation mark on the screen, the tempera-
ture might further increase by 0.4°C (easy condition), by 0.2°C (difficult condition), or it might remain at the target temperature (+0.0°C; control
condition). Participants needed to indicate whether they perceived a temperature change or not by pressing the left (“yes”) or right arrow key (“no”
The first half of the experimental trials assessed the unchanged pain responses. In the second half, correct discrimination was either contingently
or noncontingently reinforced by monetary rewards. (c) Avoidance task. At the beginning of each trial, participants saw a word pair on the screen in
front of them indicating the difficulty of the trial (difficult, easy, or control) and the anticipated intensity of the heat stimulus (high or low). As soon
as a blue circle appeared as a target, participants had to react as fast as possible to avoid receiving the announced stimulation. If they reacted while
the blue circle was still on the screen, they avoided receiving heat stimulation; if they reacted after the blue circle had already disappeared, they failed
and received the heat stimulation. The first half of the experimental trials assessed the unchanged pain responses. In the second half, successful
avoidance was either contingently or noncontingently reinforced by monetary rewards.

from which two distinct target temperatures were calculated by
adding or subtracting 2°C to define high and low intensity stim-
uli, respectively.

2.6 | Experimental Tasks
2.6.1 | Discrimination Task
The discrimination task assesses the participants’ ability to dis-
criminate small changes in nociceptive input as a surrogate of

the sensory-discriminative pain components.

Each trial began with thermal stimulation increasing from
the baseline temperature at a rate of 20°C/s until reaching the

individual target temperature (determined in the preassessment
of pain sensitivity; see “Pain Assessments”). When the target
temperature was reached, it stayed constant for 4s, after which
an exclamation mark appeared as a cue on the screen and re-
mained visible for 500 ms. When this cue disappeared, a vari-
able time interval of 500-1500 milliseconds started after which
the temperature either increased by 0.4°C (easy condition), by
0.2°C (difficult condition), or remained unchanged (+0.0°C,
control condition). The temperature remained at a plateau
after this change for 1s to decrease afterward back to the target
temperature. When the target temperature was reached again
and after a fixed interval of 500 ms, participants had 2s to in-
dicate whether they perceived a temperature change (“yes” or
“no”; forced choice) by pressing with the dominant hand the left
(“yes”) or the right arrow key (“no”) on the keyboard in front
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of them. After participants’ response, the thermal stimulus re-
turned to baseline at a rate of 20°C/s. The entire thermal stim-
ulation, from ramp-up to ramp-down, lasted at maximum 10 s
(see Figure 1b). If no response was given, the respective trial was
repeated. Participants were not required to specify the direction
of the change they perceived.

Every thirteenth trial, participants received a constant stimula-
tion at the target temperature for ten seconds. After the return
of this stimulation to the baseline temperature, participants
evaluated the perceived pain intensity on the intensity VAS and
the perceived un-/pleasantness on the unpleasantness VAS pre-
sented to them on the screen.

Each of the three conditions (easy, difficult, and control) was
repeated 40 times, resulting in 120 trials in total. The presenta-
tion of these conditions followed intermixed with a predefined
pseudo-randomized order.

Performance of the entire discrimination task lasted approxi-
mately 45min, with short breaks every 15min, resulting in two
breaks. The main outcome measures were the number of correct
discriminations and the mean reaction times. The VAS ratings
of the intensity and pleasantness of the stimuli were recorded
10 times.

2.6.2 | Avoidance Task

The avoidance task is a modified version of the incentive delay
task (Gandhi et al. 2013; Knutson et al. 2001), assessing partici-
pants’ motivation to avoid painful heat stimuli as a surrogate of
the emotional-motivational pain components.

Basically, participants' task was to react fast enough to a visual
target stimulus to avoid heat stimulation. The difficulty of this
avoidance was manipulated with three levels (difficult, easy, and
a control condition). In addition, the intensity of the heat stim-
ulus was varied, with high and low intensities. At the start of
each trial, a word pair appeared on the screen, indicating both
the difficulty of avoiding the heat stimulus (‘easy’, ‘difficult’, or
“control”) and the anticipated intensity of this stimulus (‘high’
or “low”). The six possible combinations (easy-high, easy-low,
difficult-high, difficult-low, control-high, control-low) were pre-
sented equally often in a predefined pseudorandomized order.
The word pair was presented for a variable duration between
2000 and 2500 ms, after which a blue circle appeared to signal
the target. This variability was introduced to prevent participants
from anticipating stimulus onset. Participants were instructed to
press the space bar as quickly as possible.

If participants pressed the space bar after the blue circle had dis-
appeared, the heat stimulus was delivered with the intensity in-
dicated before (see Figure 1c). The blue circle disappeared upon
keypress or at the end of its presentation time.

The display duration of the blue circle, and with this the diffi-
culty of the avoidance task, was adjusted individually based on
reaction times collected during 12 training trials performed at
the beginning of the task (Gandhi et al. 2013). In the “easy” con-
dition, the presentation time of the blue circle was 66% of the

participant's average baseline reaction time. In the “difficult”
condition, the presentation time of the blue circle was 33% of
the participant's average baseline reaction time. In the “control”
condition, the presentation time of the blue circle was 4 s (no
adaptation to individual reaction times). The control condition
therefore served as a safe condition with ample time to respond.
If participants responded before the target appeared on the
screen or failed to respond while the blue circle was displayed,
the corresponding trial was repeated.

If participants were not successful in avoiding the heat stim-
ulus, the temperature ramped up from baseline at a rate of
20°C/s to the individually predefined target temperature. As
soon as this target temperature was reached, it was held con-
stant for 3s after which it decreased back to baseline at the
same rate. The “high” and “low” stimulation intensities were
calculated individually based on the assessed temperature
from the adjustment task (see section “Pain Assessments”).
Due to a technical error, the two investigators, who performed
the testing, systematically applied different temperatures
here. One investigator set the “high” intensity corresponding
to the temperature determined in the adjustment task and the
“low” intensity 2°C below this target temperature (18 partic-
ipants). The second investigator, set the “low” intensity cor-
responding to the temperature determined in the adjustment
task and the “high” intensity 2°C above this target tempera-
ture (44 participants). These target temperatures were based
on participants' individually calibrated pain intensity ratings,
aiming for a perceived moderate pain level of approximately
130 on a 0-200 VAS scale. We verified that the temperatures
used in both conditions remained within the individual pain
threshold and tolerance limits assessed before the perfor-
mance of the avoidance task.

Every 23rd trial, participants received both the “high” and “low”
intensity heat stimuli in random order, for 3s each with no re-
action time task related. In these trials, participants had to rate
perceived pain intensity and un-/pleasantness of each stimulus
on the respective VAS. Ten such rating trials for each stimulus
intensity were performed.

In total, the avoidance task comprised 220 trials. Of these trials,
88 each were of the difficulty “easy” and “difficult”, and 44 were
of the condition “control”. Half of the trials (i.e., 110) were of
stimulus intensity condition “high” and the other half of “low”.
This resulted in each stimulus intensity in 44 difficult and easy
trials and 22 control trials. The number of successful avoidances
and the mean reaction times were assessed as the main outcome
variables. The duration of the task was approximately 45min.
Short breaks of at least 30s were made every 15min, resulting
in two breaks.

2.6.3 | Operant Conditioning by Monetary Rewards

The ability to discriminate small changes in nociceptive
input (discrimination task) and the motivation to avoid ex-
pected painful stimuli (avoidance task) were both first as-
sessed in their baseline state. After half of the total number
of trials for each task (i.e., after 60 trials in the discrimina-
tion task and after 110 trials in the avoidance task), these
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pain responses were either contingently or noncontingently
reinforced by monetary rewards (Becker, Gandhi, et al. 2013;
Becker, Gandhi, Pomares, et al. 2017; Gandhi et al. 2013).
When contingently reinforced, each correct discrimination
and each successful avoidance was continuously rewarded
with CHF 0.20, which was displayed on the screen in front of
the participant immediately after the respective pain response
was given (Becker, Gandhi, Chen, and Schweinhardt 2017).
Noncontingent rewards were used as a control condition and
implemented by a yoked control procedure: the participants
received the rewards in the order the penultimate participant
had received the rewards in their contingent reinforcement
condition. Since the mere change of winning, even with ran-
dom rewards, is known to increase the motivation to work
for such rewards (Clark et al. 2009; Dong et al. 2014), these
noncontingent rewards were aimed to achieve a comparable
motivational drive as with the contingent condition.

The total win that the participants achieved during the exper-
imental tasks was paid to them in cash at the end of their last
testing session. Participants received a fixed reimbursement of
20 CHEF for their participation in the study. In addition, partici-
pants were paid the summed-up total win they achieved during
both experimental tasks in cash at the end of their last testing
session. Across all participants, these net wins ranged from
15.40 to 31.20 CHF based on individual performance.

2.7 | Questionnaires

Participants were asked to fill in several questionnaires using
German or English versions depending on participants’ language
preferences. The selection of questionnaires was based on their
relevance to individual differences in affective, cognitive, and
motivational processes that could influence pain perception and
reinforcement learning. While no specific hypotheses were for-
mulated for each questionnaire, they were included for explor-
atory purposes to assess potential relationships between these
psychological factors and task performance.

2.7.1 | Positive and Negative Affect Schedule (PANAS)

The PANAS is a self-report questionnaire consisting of 12
adjectives of different sensations and feelings. For each ad-
jective, the participants are asked to indicate on a five-point
Likert scale from 1 = “not at all” to 5= “very much” to which
extent they are feeling that way at the given time. Ten adjec-
tives measure the dimension of positive affect; 10 adjectives
measure the dimension of negative affect (Watson et al. 1988;
Krohne et al. 1996). Using the PANAS allowed monitoring
whether participants’ mood changed during a session or dif-
fered between the sessions and whether participants’ mood
was related to the pain responses (Goli et al. 2016; Karsdorp
et al. 2013; Ossipov et al. 2010).

2.7.2 | Fear of Pain Questionnaire-III (FPQ-III)

The FPQ-III measures pain-related fear with thirty items, each
representing a situation usually causing pain (e.g., “Being in an

automobile accident.”). Participants are asked to rate their fear
of pain for each situation on a five-point Likert scale from 1 =
“not afraid at all” to 5 = “extremely afraid”. The items are further
divided into three subscales with ten items each for severe pain,
minor pain, and medical pain (McNeil and Rainwater 1998).
As no validated German version of the FPQ-III was available,
we used a translated version that was created using a forward-
backward translation procedure to ensure conceptual and lin-
guistic equivalence.

2.7.3 | Fear Avoidance Beliefs Questionnaire (FABQ)

The FABQ measures fear of pain and resulting avoidance of
physical activity or work. In particular, the FABQ focuses on
how fear avoidance belief affects or would affect low back pain.
Therefore, the participants rate 16 items on a seven-point Likert
scale from 0= “completely disagree” to 6= “completely agree”.
The first five items relate to physical activity (e.g., “My pain was
caused by physical activity”), while the remaining eleven items
refer to work (e.g., “My pain was caused by my work or by an ac-
cident at work.”); they are further divided into two subscales: the
fear-avoidance beliefs about physical activity (four items), and
the fear-avoidance beliefs about work (seven items) (Waddell
et al. 1993; Pfingsten et al. 2000).

2.7.4 | Pain Catastrophizing Scale (PCS)

The PCS, consisting of 13 items describing thoughts or feel-
ings when experiencing pain, provides a valid index of cata-
strophizing. Using a five-point Likert scale from 0 = “not at
all” to 4 = “all the time”, participants are asked to indicate the
degree to which they have the described thoughts and feel-
ings when they are experiencing pain (e.g., “I worry all the
time about whether the pain will end.”). There are three sub-
scales assessing rumination (four items), magnification (three
items), and helplessness (six items) (Sullivan et al. 1995; Meyer
et al. 2008).

2.7.5 | Need Inventory of Sensation Seeking (NISS)

The NISS conceptualises sensation seeking as a motivational
trait, that is, the persistent, dispositional need for stimulation.
Participants are asked to rate 17 items on how often they have
felt this way in the past 6 months on a five-point Likert scale
from 1="almost never” to 5="almost always” (e.g., “I like to
find myself in situations which make my heart beat faster.”)
(Roth and Hammelstein 2012).

2.7.6 | Beck Depression Inventory-II (BDI-IT)

The BDI-II is widely used to measure the presence and severity
of depressive symptoms. Participants are asked to respond to
each of the 21 questions on a four-point scale about the occur-
rence of the described depressive symptomatology in the pre-
vious 2weeks (e.g., “I do not feel sad./I feel sad./I am sad all
the time and I cannot snap out of it./T am so sad and unhappy
that I can't stand it.”) (Beck et al. 1996; Kiihner et al. 2007).
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2.7.7 | State-Trait Anxiety Inventory (STAI)

The STAI can be used to assess trait and state anxiety. It consists
of 20 items referring to trait anxiety (e.g., “I feel calm.”) and 20
items referring to state anxiety (e.g., “I feel pleasant.”). All 40
statements are rated on a four-point Likert scale from 1="al-
most never” to 4="“almost always” (Spielberger et al. 1983;
Grimm 2009).

2.7.8 | Revised Life Orientation Test (LOT-R)

The LOT-R assesses dispositional optimism. Participants are
asked to answer 10 statements (e.g., “In uncertain times, I usu-
ally expect the best.”) by indicating the extent of agreement
using a five-point Likert scale from 0="“strongly disagree” to
4="strongly agree” (Scheier et al. 1994; Herzberg et al. 2006).

2.7.9 | Snaith-Hamilton Pleasure Scale (SHAPS)

The SHAPS is used to assess the individual hedonic capacity,
i.e., the ability to experience pleasure (e.g., “I would enjoy my
favorite television or radio program.”). It consists of 14 items
with a set of four response categories “definitely agree”, “agree”,
“disagree”, and “strongly disagree”, with either of the agree re-
sponses receiving a score of 0 and with either of the disagree
responses receiving a score of 1 (Snaith et al. 1995; Franz

et al. 1998).

2.7.10 | Fifteen-Item Short Form of the Barratt
Impulsiveness Scale (BIS-15)

The BIS-15 measures the personality trait of impulsivity with
five items for each of the three subscales non-planning (e.g., “I
plan for job security.”), motor (e.g., “I act on impulse.”), and at-
tentional impulsivity (e.g., “I am restless at lectures or talks.”).
Each item is rated on a four-point Likert scale from 1 = “rarely/
never” to 4 = “almost always/always” (Spinella 2007; Meule
et al. 2001).

2.8 | Data Analysis

Outliers in the data were identified using the exclusive interquar-
tile range method and removed from the statistical analyses. In
the avoidance task, in the reaction times 1110 out of 13,424 data
points were identified as outliers and removed; there were no
outliers in success rates (out of 732 data points). In the discrim-
ination task, in the reaction times 249 out of 7316 data points
and for the success rates 17 out of 368 data points were identi-
fied as outliers and removed. For both, the discrimination and
avoidance tasks, reaction times from both correct and incorrect
trials were included in the analysis. This approach was chosen
because we were interested in how reaction times changed over
time, regardless of the correctness of the responses. Outliers
were excluded from the analysis to ensure data validity.

Reaction times were analysed using linear mixed model designs
(ImerTest R package). This approach was chosen because it

allows for the estimation of fixed effects while accounting for
random effects, such as individual differences in baseline reac-
tion times. This flexibility is crucial for accurately modelling our
complex, repeated measures data, where individual participants
contribute multiple data points across different conditions. Post
hoc pairwise comparisons were conducted with Tukey adjusted
p-values. To address concerns regarding the distribution of re-
action times and the assumptions of normality, we conducted
diagnostic checks. First, we examined the raw reaction times
distribution for both tasks. The avoidance task showed a rel-
atively mild right skew (skewness=0.93), whereas the dis-
crimination task exhibited a more pronounced right-skewed
distribution (skewness=1.03). These findings are consistent
with previous reports that reaction times tend to follow right-
skewed distributions due to their positive-bound nature and
variability across trials (e.g., Rousselet and Wilcox 2020). We
also assessed the normality of residuals using Q-Q plots, which
revealed some deviations from normality, particularly at the
tails, for both tasks. However, the central portions of the residu-
als showed good alignment with the expected normal distribu-
tion. Given these results, we chose to retain our original linear
mixed model approach, as the deviations from normality were
not substantial enough to necessitate the use of a generalised
linear mixed model. The linear mixed model is robust to moder-
ate non-normality and provides interpretable estimates of mean
reaction time differences, accounting for random intercepts.

The numbers of successful answers were analysed using gen-
eralised linear mixed model designs (Ime4 R package) as the
depended variable of success is binarily coded (0= “failure”, 1
= “success”), followed up with post-hoc pairwise comparisons
with Tukey adjusted p-values. To characterize the effects of the
main factors of interest, these main factors were first analyzed
in the simplest model possible with the main factors only, that
is, the within-subject factor “phase” (baseline vs. learning) and
the between-subject factor “contingency” (contingent vs. non-
contingent). Afterwards, additional factors were included to test
whether they have significant effects on the main interventions.
By including all other factors in all combinations and comparing
the models with ANOVA, the model with the best parsimonious
fit was selected. These additional factors were for the discrim-
ination task the within-subject factor “difficulty” (easy vs. dif-
ficult vs. control) and for the avoidance task the within-subject
factors “difficulty” (difficult vs. easy vs. control) and “intensity”
(low vs. high) and the between-subject factor “temperature”
(+2°C vs. =2°C).

For the VAS intensity ratings 4 out of 1222 data points and for the
unpleasantness ratings 2 out of 1222 data points were removed
as outliers in the avoidance task and in the discrimination task
14 out of 608 data points for the intensity ratings and 51 out of
608 data points for the unpleasantness ratings. All VAS inten-
sity and pleasantness ratings were analysed using a linear mixed
model design (ImerTest R package). Since the VAS ratings assess
subjective pain perception, which can be influenced by various
experimental conditions, it was essential to include and test mul-
tiple factors in our analysis. In the avoidance task, additionally
to the main factors of interest “phase” (within-subject; baseline
vs. learning) and “contingency” (between-subject; contingent
vs. noncontingent), all other factors in all combinations were in-
cluded and the models were compared with ANOVA to select the
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Reaction times during the avoidance task. Reaction times in seconds in the avoidance task in the baseline and learning phase for

contingent and noncontingent reinforcement in the learning phase. Dots represent the mean reaction times per participant, the box bounds the IQR

divided by the median, and Tukey-style whiskers extending to a maximum of 1.5 X IQR. Half violins indicate the distributions of the mean reaction
times. Left: Contingent reinforcement; Right: Noncontingent reinforcement. ****p <0.0001, ***p <0.001, ns: Not significant.

best parsimonious fit. These additional factors were the within-
subject factor “intensity” (low vs. high) and the between-subject
factor “temperature” (+2°C vs. —2°C). Post hoc pairwise com-
parisons were conducted with Tukey adjusted p-values.

Pain threshold and pain tolerance were analysed separately of
the experimental task calculating the mean of three runs each
in the pre- and post-measurement. In the avoidance task, there
were no outliers in pain thresholds out of 120 data points; for the
pain tolerance 5 out of 120 data points were removed as outliers.
In the discrimination task, for the pain thresholds 1 of 120 data
points was removed as outliers; for the pain tolerance 10 out of
120 data points were removed as outliers. The pain threshold and
pain tolerance were analysed using a linear mixed model design
(ImerTest R package) with the main factors of interest “time”
(within-subject; pre- vs. post-measurement) and “contingency”
(between-subject; contingent vs. noncontingent). Post hoc pair-
wise comparisons were conducted with Tukey adjusted p-values.

The scores of all questionnaires were analysed exploratory for
correlations with the changes in reaction times and success
rates from the baseline to the learning phase in contingently
reinforced discrimination and avoidance tasks. For these cor-
relations, all p-values were adjusted for multiple testing using
the Bonferroni correction. In a subsequent analysis, indepen-
dent t-tests were conducted to examine whether the contingency
groups (contingent reinforcement in the avoidance task vs. con-
tingent reinforcement in the discrimination task) differed in
the traits that showed significant correlations in the previous
analysis.

The significance level was set to 5%. Effect sizes were reported
by means of partial eta-squared 11; (small: 11;>0.01, medium:
11;>0.06, large: ;1}2)>0.14), Odds-Ratio (OR), 95% bootstrap con-
fidence intervals (CI; nsim =100) and Cohen's d (small: d=0.2,
medium: d=0.5, large: d =0.8). All statistical analyses were per-
formed using RStudio (R Core Team 2022).

3 | Results

3.1 | Contingent Operant Reinforcement
Decreased Reaction Times and Increased Success
Rates of Pain Avoidance Behaviour

As hypothesized, contingent operant reinforcement signifi-
cantly decreased reaction times (Figure 2; F(l)z 8.89, p=0.004,
#?>=0.13) and increased success rates (Figure 3; ;(21 =32.02,
p<0.001, OR=1.13 [95% CI: 0.40 to 0.86]) in the learning phase
compared to baseline in the avoidance task. This simple model,
which tested the main effects of phase and contingency only, is
detailed in Appendix S1.

After testing and confirming the main effects of phase and
contingency on reaction times, further factors were included
based on the best fitting model, which was the one with the
additional within-subject factors “difficulty” (difficult vs.
easy vs. control) and “intensity” (low vs. high). Any model
including the between-subject factor “temperature” (+2°C vs.
—2°C) did not fit better in explaining the variance in reaction
times. Effects of phase and contingency of the simple model
were confirmed (see Table 1), with additional significant
main effects of “difficulty” (F,)=97.73, p<0.001, 17!2)=0.02)
and “intensity” (F;,=14.22, p<0.001, 7I12,<0-01)- Regarding
the effects of difficulty, post hoc comparisons showed that
reaction times were faster in the difficult compared to the
easy (p<0.001, d=-0.21) and compared to the control con-
dition (p<0.001, d=-0.31), as expected. Reactions were
also significantly shorter in the easy compared to the control
condition (p=0.0002, d=-0.10). Like difficulty, intensity of
the stimulation affected reaction times with faster reactions
with high compared to low stimulation intensities (p =0.0002,
d=-0.07). These results indicate that the reaction times were
faster with increasing difficulty and high stimulation intensi-
ties, although difficulty and intensity did not interaction and
had no additional effect on operant conditioning.
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TABLE1 | Complex model of the reaction times in the avoidance task.

Sum Sq Mean Sq NumDF DenDF Fvalue Pr (<F)
Phase 0.02662 0.026621 1 60.3 13.6943 0.0004675%**
Contingency 0.00511 0.005111 1 59.1 2.6291 0.1102502
Difficulty 0.37997 0.189983 2 12173.2 97.7294 <2.2 e-16%**
Intensity 0.02764 0.027643 1 12173.1 14.2199 0.0001634***
Phase X contingency 0.01727 0.017272 1 60.3 8.8850 0.0041412**
Phase X difficulty 0.00029 0.000144 2 12173.9 0.0740 0.9286561
Contingency X difficulty 0.00096 0.000481 2 12173.2 0.2476 0.7806473
Phase X intensity 0.00074 0.000745 1 12173.1 0.3832 0.5359316
Contingency X intensity 0.00139 0.001393 1 12173.1 0.7166 0.3972659
Difficulty X intensity 0.00412 0.002062 2 12173.0 1.0606 0.3462780
Phase X contingency X difficulty 0.00002 0.000012 2 12173.9 0.0064 0.9936367
Phase X contingency X intensity 0.00061 0.000608 1 12173.1 0.3125 0.5761542
Phase X difficulty X intensity 0.00727 0.003633 2 12172.7 1.8689 0.1543417
Contingency X difficulty X intensity 0.00329 0.001644 2 12173.0 0.8455 0.4293845
Phase X contingency X difficulty X intensity 0.00870 0.004351 2 12172.7 2.2384 0.1066752

Note: Complex model of the reaction times in the avoidance task with the factors phase (baseline vs. learning phase), contingency (contingent vs. noncontingent),

difficulty (difficult vs. easy vs. control) and intensity (low vs. high).
*#*p <0.001, **p <0.01.

For the number of successful reactions, the best fitting model
with additional factors was the one with the within-subject
factors “difficulty” (difficult vs. easy vs. control) and “inten-
sity” (low vs. high). Any model including the between-subject
factor “temperature” (+2°C vs. —2°C) did not fit better. This
complex model confirmed the interaction effect of the simple
model between phase and contingency (see Table 2), with ad-
ditional significant main effects of “difficulty” (;((22) =33.1067,

p<0.001, OR easy=2.03 [95% CI: 1.59 to 2.59]). The number
of successful reactions were significantly lower in the difficult
compared to the easy trials (p <0.001, d =—0.18), as expected,
although there was no significant difference between the dif-
ficult and control condition (p>0.999, d=-0.52). Similarly,
number of successful avoidances shows no significant dif-
ference between the easy and control conditions (p>0.999,
d=-0.34).
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TABLE2 | Complex model of the success rates in the avoidance task.

Chisq Df Pr (>Chisq)
Intercept 2.1037 1 0.1469410
Phase 13.7036 1 0.0002140%**
Contingency 0.8402 1 0.3593520
Difficulty 33.1067 2 6.471 e-08***
Intensity 2.1511 1 0.1424640
Phase X contingency 7.5430 1 0.0060250**
Phase X difficulty 1.6854 2 0.4305400
Contingency x difficulty 0.7608 2 0.6835740
Reinforcement X intensity 1.3447 1 0.2462020
Contingency X intensity 1.2638 1 0.2609290
Difficulty X intensity 0.0234 2 0.988381
Phase X contingency X 0.2486 2 0.8830980
difficulty
Phase X contingency x 0.2223 1 0.637273
intensity
Phase X difficulty x 1.9161 2 0.383642
intensity
Contingency X difficulty x 2.2277 2 0.328287
intensity
Phase X contingency X 0.5164 2 0.772445

difficulty X intensity

Note: Complex model of the success rates in the avoidance task with the factors
phase (baseline vs. learning phase), contingency (contingent vs. noncontingent),
difficulty (difficult vs. easy. vs. control) and intensity (low vs. high).

%) 0,001, **p <0.01.

3.1.1 | Contingent Operant Reinforcement Did
Not Affect Reaction Times and Success Rates

of Discriminative Pain Behaviour Differentially
Compared to Noncontingent Reinforcement

In contrast to the avoidance task, reaction times in the dis-
crimination task increased from baseline to the learn-
ing phase, with no significant interaction between phase
and contingency (Figure 4; F;,=0.13, p=0.718, n;<0.01).
Similarly, the number of correct answers was higher in the
learning phase compared to baseline with no differences
for contingent and noncontingent reinforcement (Figure 5;
x%,=0.079, p=0.778, OR=1.23 [95% CI: 0.81 to 1.36]).
Complete results from the simple model, which tested the
main effects of phase and contingency only, are detailed in
Appendix S1.

To test for more complex effects on reaction times, the best
fitting model was the one with the additional within-subject
factor “difficulty” (control vs. easy vs. difficult). This more
complex model confirmed the effects of “phase” and “contin-
gency” of the simple model (see Table 3). In addition, task dif-
ficulty affected reaction times in that reactions were faster in
the easy compared to difficult condition, but only in the learn-
ing phase (interaction effect: phase x difficulty: F;=5.86,
p=0.003, '7; <0.01; post hoc pairwise comparison: easy vs. dif-
ficult, learning phase: p=0.002, d =0.16, baseline: p=0.875,
d =0.05). In the control condition, reaction times were signifi-
cantly slower compared to the easy and difficult trials during
baseline (easy: p <0.001, d =0.58; difficult: p <0.001, d =0.54)
and the learning phase (easy: p<0.001, d=0.49; difficult:
p<0.001,d=0.34).

For the number of correct answers, the best fitting model was the
one with the additional within-subject factor “difficulty” (control
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FIGURE 4 | Reaction times during the discrimination task. Reaction times in seconds in the discrimination task in the baseline and learning

phases for contingent and noncontingent reinforcement in the learning phase. Dots represent the mean reaction times per participant, the box

bounds the IQR divided by the median, and Tukey-style whiskers extending to a maximum of 1.5 X IQR. Half violins indicate the distributions of the

mean reaction times. Left: contingent reinforcement; Right: noncontingent reinforcement. ***p <0.001, **p <0.01.
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TABLE 3 | Complex model of the reaction times in the discrimination task.

Sum Sq Mean Sq NumDF DenDF Fvalue Pr (<F)
Phase 7.8718 7.8718 1 59.2 130.2342 <2.2 e-16%**
Contingency 0.3462 0.3462 1 62.9 5.7271 0.019703*
Difficulty 23.0559 11.5279 2 6938.4 190.7233 <2.2 e-16%**
Phase X contingency 0.0096 0.0096 1 59.6 0.1592 0.691337
Phase x difficulty 0.7088 0.3544 2 6938.6 5.8636 0.002855**
Contingency X difficulty 0.0237 0.0118 2 6938.4 0.1960 0.822041
Phase X contingency x difficulty 0.22200 0.111 2 6938.6 1.8366 0.159430

Note: Complex model of the reaction times in the discrimination task with the factors phase (baseline vs. learning phase), contingency (contingent vs. noncontingent)

and difficulty (control vs. easy vs. difficult).
#p <0.001, **p <0.01, *p <0.05.

TABLE 4 | Complex model of the success rates in the discrimination

task.

Chisq Df Pr (>Chisq)
Intercept 6.0131 1 0.0142%*
Phase 21.5714 1 3.409 e-06™**
Contingency 0.2783 1 0.5978270
Difficulty 122.9277 2 <2.2e-16
Phase X contingency 0.5912 1 0.441958
Phase X difficulty 13.5981 2 0.001115%*
Contingency X difficulty 2.6601 2 0.264463
Phase X contingency X 3.4368 2 0.1793570

difficulty

Note: Complex model of the success rates in the discrimination task with
the factors phase (baseline vs. learning phase), contingency (contingent vs.
noncontingent) and difficulty (control vs. easy vs. difficult).

#*5p <0001, #*p <0.01, *p <0.05.

vs. easy vs. difficult). The complex model confirmed the results of
the simple model only on “phase” (see Table 4). The difficulty of
the task modulated the number of correct answers as indicated
by a significant main effect of “difficulty” (y (=122.93, p<0.001,
OR easy=0.49 [95% CI: 3.70 to 6.28], OR difficult=0.60 [95%
CI: 2.13 to 3.34]). As intended, number of correct answers were
higher in the easy compared to the difficult and control condi-
tions (difficult: p<0.001, d=-0.07; control: p<0.001, d=-0.24).
The number of correct answers were higher in the difficult com-
pared to the control conditions (p<0.001, d=-0.17). Moreover,
task difficulty interacted with phase (interaction effect: “phase”
x “difficulty”: y% =13.60, p=0.001, OR easy=1.14 [95% CI: 0.36
to 0.68], OR difficult=1.33 [95% CI: 0.42 to 0.86]). Specifically,
correct answers were more frequent in the learning phase com-
pared to baseline but only for the control condition (post hoc com-
parisons: control: p<0.001, d=-0.12; easy: p=0.926, d=-0.01;
difficult: p=0.929, d=-0.02). These results suggest that learn-
ing effects occurred only in control trials, but not in the easy
and difficult trials.
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3.1.2 | VAS Ratings of Stimulus Intensity
and Unpleasantness Do Not Change Over the Course
of the Avoidance and the Discrimination Task

3.1.2.1 | Avoidance Task. Table 5presentsthe absolute val-
ues of intensity and unpleasantness ratings the participants gave
during the avoidance task for low and high stimulus intensities
during the baseline as well as during the learning phase.

Model comparisons showed that the best fitting model for the inten-
sity ratings included the within-subject factors “phase” (baseline
vs. reinforced) and “intensity” (low vs. high), the between-subject
factors “contingency” (contingent vs. noncontingent) and “tem-
perature” (+2°C vs. —2°C), and their interactions. While intensity
ratings did not differ significantly between baseline and learning
phase (main effect “phase™ F;,=0.01, p=0.906, 11;< 0.01) and be-
tween contingent and noncontingent reinforcement (main effect
“contingency”: F(1)=0.74, p=0.395, ;1;=0.01; interaction effect
“phase” X “contingency™ F;)=0.03, p=0.853, ;1; <0.01), they dif-
fered for high and low stimulation intensities (main effect “inten-
sity”: Fj)=441.65, p<0.001, ;7!2]:0.29; Table 6), as expected. The
factor “temperature,” that is, the two subgroups with +2°C and
—2°C in the determination of the stimulation intensities, did not
show a main effect but interacted with the stimulation intensity as
afactor (F(D =13.25,p<0.001, '1?, =0.03). For both the +2°C and the
—2°C subgroups, ratings were lower for low vs. high stimulation
intensities (post hoc comparisons: +2°C: p<0.001, d=1.10; —2°C:
p<0.001, d=1.55). Post hoc comparisons confirmed no significant
difference between the +2°C and —2°Csubgroupsneither for thelow
(p=0.951,d=0.15)nor for the high stimulation intensity (p =0.138,
d=0.61). The lack of a difference between the +2°C and —2°C sub-
groups is surprising, because they differed on average by 2°C in the
absolute temperatures (+2°C subgroup: low=46.09°C+1.12°C,
high=47.78°C+1.01°C; —2°C subgroup: low=44.26+1.16°C,
high=46.26°C +1.16°C), suggesting that the relative difference
between the applied intensities might had a stronger influence on
intensity ratings than the absolute temperatures.

Similar to the intensity ratings, model comparisons showed
that the best fitting model for the unpleasantness ratings in-
cluded the within-subject factors “phase” (baseline vs. rein-
forced) and “intensity” (low vs. high), the between-subject
factors “contingency” (contingent vs. noncontingent) and
“temperature” (+2°C vs. —2°C), and their interactions. In con-
trast to the intensity ratings, unpleasantness ratings showed
a difference between contingent and non-contingent rein-
forcement (main effect “contingency™ F =5.17, p=0.027,
;1127: 0.08; Table 7), although with no difference between base-
line and learning phase (main effect “phase™ F,,=0.596,
p=0.443, :712]:0.01; interaction “phase” X “contingency”:
F;y=0.15, p=0.705, r/;<0.01). As for the intensity ratings,
unpleasantness ratings were significantly different for high
and low stimulation intensities (main effect of “intensity”:
F,,=205.82, p<0.001, 11;:0.16), which interacted with the
factor “temperature”, that is, the +2°C and -2°C subgroups (in-
teraction “temperature” X “intensity”: F(1)=12.93, p<0.001,
;75:0.01). Post hoc comparisons indicated that the stim-
uli were perceived as more unpleasant with high compared
to low stimulation intensities in both the +2°C (p<0.001,
d=-0.68) and the —2°C subgroup (p<0.001, d=-1.13). As
for the intensity ratings, unpleasantness ratings did not differ
significantly between the +2°C and —2°C subgroup for the low
(p=0.426,d=0.38) and high stimulation intensities (p =0.993,
d=-0.07).

3.1.3 | Discrimination Task

Table 8 presents the absolute values of intensity and un-/pleas-
antness ratings the participants gave during the discrimination
task during the baseline as well as during the learning phase.

Intensity ratings did neither differ significantly between
baseline and learning phase (main effect “phase™ Fy,=0.21,
p=0.651, '1§,<0~01) nor between contingent and noncontingent

TABLE 5 | Absolute values of the intensity and unpleasantness ratings in the avoidance task.

Low intensity High intensity
Contingent Noncontingent Contingent Noncontingent
Intensity
—2°C Baseline 84.80 (32.43) 76.30 (28.88) 126.32 (25.58) 121.42 (22.16)
Learning phase 84.09 (34.54) 76.99 (25.41) 123.03 (28.08) 119.17 (21.31)
+2°C Baseline 75.88 (28.89) 75.98 (23.78) 110.62 (26.59) 98.31 (27.94)

Learning phase
Un-/pleasantness
-2°C Baseline
Learning phase
+2°C Baseline

Learning phase

79.52 (33.41)

6.53 (17.06)

9.05 (17.52)

11.10 (19.34)
11.84 (22.24)

73.53(30.18)

19.68 (12.04)
21.59 (14.41)
14.96 (17.77)
14.75 (15.67)

113.76 (33.53)

—6.89 (14.72)
~7.54 (15.63)
—8.14 (15.08)
—3.10 (21.16)

101.68 (35.97)

—2.64 (16.32)
0.66 (11.02)
0.83 (19.23)
0.69 (15.00)

Note: Mean and standard deviations (in parenthesis) of intensity and un-/pleasantness ratings for low and high stimulus intensities in the avoidance task in the
baseline and the learning phase for the groups with contingent and non-contingent reinforcement.
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TABLE 6 | Complex model of the intensity ratings in the avoidance task.

SumSq MeanSq NumDF DenDF Fvalue Pr (<F)
Phase 11 11 1 57.19 0.0141 0.9059459
Contingency 549 549 1 57.00 0.7350 0.3948425
Temperature 1455 1455 1 57.00 1.9477 0.1682507
Intensity 330,019 330,019 1 1092.13 441.6527 <2.2 e-16%**
Phase X contingency 26 26 1 57.19 0.0348 0.8526637
Phase X temperature 562 562 1 57.19 0.7521 0.3894317
Contingency X temperature 9 9 1 57.00 0.0115 0.9150744
Phase X intensity 17 17 1 1092.13 0.0229 0.8796417
Contingency X intensity 354 354 1 1092.13 0.4741 0.4912496
Temperature X intensity 9900 9900 1 1092.13 13.2495 0.0002854***
Phase X contingency X temperature 34 34 1 57.19 0.0451 0.8325512
Phase X contingency X intensity 56 56 1 1092.13 0.0749 0.7843674
Phase X temperature X intensity 696 696 1 1092.13 0.9314 0.3347078
Contingency X temperature X intensity 2975 2975 1 1092.13 3.9808 0.0462707*
Phase X contingency X temperature X intensity 308 308 1 1092.13 0.4124 0.5209027

Note: Complex model of the intensity ratings in the avoidance task with the factors phase (baseline vs. learning phase), intensity (low vs. high), contingency (contingent
vs. noncontingent), temperature (+2°C vs. —2°C).
##p <0.001, *p <0.05.

TABLE 7 | Complex model of the un-/pleasantness ratings in the avoidance task.

SumSq MeanSq NumDF DenDF Fvalue Pr (<F)
Phase 432 432 1 57.05 0.5964 0.4431553
Contingency 3741 3741 1 57.00 5.1673 0.0268033*
Temperature 304 304 1 57.00 0.4196 0.5197476
Intensity 149,024 149,024 1 1091.92 205.8195 <2.2 e-16%**
Phase X contingency 105 105 1 57.05 0.1452 0.7046244
Phase X temperature 468 468 1 57.05 0.6461 0.4248597
contingency X temperature 430 430 1 57.00 0.5940 0.4440681
Phase X intensity 63 63 1 1091.92 0.0874 0.7675282
Contingency X intensity 1188 1188 1 1091.92 1.6408 0.2004928
Temperature X intensity 9360 9360 1 1091.92 12.9268 0.0003384%***
Phase X contingency X temperature 106 106 1 57.05 0.1460 0.7037628
Phase X contingency X intensity 16 16 1 1091.92 0.0221 0.8819608
Phase X temperature X intensity 979 979 1 1091.92 1.3518 0.2452190
Contingency X temperature X intensity 15,142 15,142 1 1091.92 20.9133 5.354 e-06***
Phase X contingency X temperature X intensity 310 310 1 1091.92 0.4286 0.5128109

Note: Complex model of the un-/pleasantness ratings in the avoidance task with the factors phase (baseline vs. learning phase), intensity (low vs. high), contingency
(contingent vs. noncontingent), temperature (+2°C vs. —2°C).
#¥%p <0.001, *p <0.05.

reinforcement (main effect “contingency™ F;,=0.009, p=0.925, Similarly, unpleasantness ratings did neither differ signifi-
11;< 0.01; interaction “phase” X “contingency” F)=0.23, cantly between baseline and learning phase (main effects
p=0.631, n; <0.01). “phase” F;,=0.34, p=0.560, 11[2]< 0.01) nor between contingent
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and noncontingent reinforcement (main effect “contingency”:
F)<0.001, p=0.990, :712]< 0.01). Although “phase” and “con-
tingency” showed a significant interaction effect (¥, =4.00,
p=0.050, ’712,2 0.06), but Tukey adjusted p-values did not indicated
any significant differences for the post hoc pairwise comparisons.

3.2 | Thermal Pain Threshold and Tolerance
Increased After the Main Experimental Task

Table 9 presents the absolute temperatures of pain thresholds
and pain tolerances before and after the avoidance and discrim-
ination task, respectively.

3.2.1 | Avoidance Task

While thermal pain threshold differed significantly between
pre- and post-measurement (main effect “time”: Fy=29.11,
p<0.001, nf): 0.33) being higher in the post-measurement (post
hoc comparison: p<0.001, d=-0.99), they did not differ be-
tween contingent and noncontingent reinforcement (main ef-
fect “contingency™ F;y=0.02, p=0.896, ;712)<0.01; interaction
effect “time” X “contingency” Fy=0.32, p=0.574, n§<0.01).
Similarly, thermal pain tolerance differed significantly between
pre- and post-measurement (main effect “time”: F,y=14.23,
p<0.001, nf, =0.21) being higher in the post-measurement
(post hoc comparison: p<0.001, d=-0.71), they did not differ

TABLE 8 | Absolute values of the intensity and un-/pleasantness
ratings in the discrimination task.

Contingent Noncontingent
Intensity
Baseline 108.26 (29.23) 108.58 (29.19)
Learning phase 109.69 (33.49) 108.06 (33.30)
Unpleasantness
Baseline 0.58 (24.04) —1.67 (24.30)
Learning phase —2.75(27.26) 1.48 (25.28)

Note: Mean and standard deviations (in parentheses) of intensity and un-/
pleasantness ratings in the discrimination task in the baseline and the learning
phase for the groups with contingent and non-contingent reinforcement.

between contingent and noncontingent reinforcement (main
effect “contingency™ F;)=3.94, p=0.052, ’1;= 0.07; interaction
effect “time” X “contingency”: F;,=0.02, p=0.897, r/; <0.01).

3.2.2 | Discrimination Task

While thermal pain threshold differed significantly between pre-
and post-measurement (main effect “time”: F;,=90.25, p<0.001,
;1127: 0.61) being higher in the post-measurement (post hoc compar-
ison: p<0.001, d=-1.75), they did not differ between contingent
and noncontingent reinforcement (main effect “contingency”:
F;,=0.16, p=0.695, 11;<0~01; interaction effect “time” X “contin-
gency™: F;y=0.05, p=0.823, 11; <0.01). The thermal pain tolerance
differed significantly between pre- and post-measurement (main
effect “time”™ F,=31.53, p<0.001, n;:0.39) being higher in the
post-measurement (post hoc comparison: p<0.001, d=-1.09),
and between contingent and noncontingent reinforcement (main
effect “contingency™ F;,=4.07, p=0.049, ;1?):0.07) being higher
with the noncontingent reinforcement (post hoc comparison:
p=0.049, d=-0.62). There was no significant interaction effect
between these two factors (interaction effect “time” X “contin-
gency”: F;,=2.88, p=0.096, r]; =0.05).

These results suggest pain habituation across the testing session
independent of the specific experimental manipulations during
the sessions.

3.3 | Sensation Seeking and Impulsivity Are
Associated With Learning of Pain Avoidance
and Pain Discrimination

In the avoidance task, the lower impulsivity as a trait (BIS-
15; r=0.36, {55 =2.06, p=0.049), the more increased reaction
times in the learning phase compared to baseline. In the dis-
crimination task, the higher the rest avoidance (NISS; r=—0.36,
L5 =—2.06,p= 0.049), the more decreased reaction times in the
learning phase compared to baseline. No other correlations were
significant, neither for the outcome variables of the avoidance
task nor for the discrimination task.

In addition, we explored whether the contingency groups
(avoidance-contingentreinforcementvs. discrimination-contingent

TABLE 9 | Absolute temperatures of the pain threshold and pain tolerance.

Avoidance task

Discrimination task

Contingent Noncontingent Contingent Noncontingent
Pain threshold
Pre-measurement 43.73 (2.61) 43.64 (2.88) 43.92 (2.22) 44.07 (2.24)
Post-measurement 45.21 (2.65) 45.45 (2.25) 46.33(1.97) 46.63 (2.44)
Pain tolerance
Pre-measurement 48.32(1.13) 47.76 (1.56) 47.88 (1.31) 48.60 (0.68)
Post-measurement 48.90 (0.78) 48.32 (1.17) 48.87 (0.70) 49.07 (0.94)

Note: The pre- and post-measurements of pain threshold and pain tolerance in °C during the avoidance task and the discrimination task; standard deviations are given

here in parentheses.
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reinforcement) differed in terms of impulsivity and rest avoid-
ance. An independent t-test comparing the BIS-15 impulsivity
scores between the two groups revealed no significant difference
(t(sg):—O.SZ, p=0.61), indicating that impulsivity did not differ
significantly between the avoidance and discrimination groups.
Similarly, an independent t-test comparing the NISS rest avoid-
ance scores showed no significant difference between the groups
(t(s5y=—0.09, p=0.93), suggesting that levels of rest avoidance were
similar across the two groups.

In sum, outcome variables in the avoidance task showed as-
sociations with impulsivity personality traits, while outcome
variables in the discrimination task showed associations with
variables related to rest avoidance. Furthermore, there were no
significant differences between the two contingency groups in
terms of impulsivity or rest avoidance.

4 | Discussion

The present study investigated the effects of operant condi-
tioning on surrogate measures of emotional-motivational and
sensory-discriminative pain components. Contingent mone-
tary reinforcement for pain avoidance enhanced success rates
and decreased response times compared to a baseline without
reinforcement. No such effects were observed with noncontin-
gent reinforcement. These findings support our hypothesis that
emotional-motivational pain responses can be enhanced by op-
erant conditioning. However, such conditioning could not be ob-
served in the discrimination task. In contrast to our hypothesis,
monetary reinforcement for correct discrimination behaviour
did not result in increased pain discrimination. This lack of ef-
fects contrasts with earlier work by Becker and colleagues using
a similar task (Becker et al. 2020). Nevertheless, the present
results suggest that operant conditioning can be used to mod-
ulate avoidance-related aspects of pain, while discrimination
remained unaffected. This observation is in line with previous
results showing that different response channels of pain can be
differentially modulated by operant conditioning without neces-
sarily showing comparable effects across these channels (Becker
et al. 2008, 2011, 2012; Holzl et al. 2005). In sum, these results
emphasise the role of operant conditioning as a learning mecha-
nism shaping the multidimensional experience of pain.

The divergent findings between tasks are further in line with
prior research showing dissociations between pain components
in chronic pain (Hashmi et al. 2013; Lethem et al. 1983; Mansour
et al. 2014). The Fear Avoidance Model of Chronic Pain, for
example, posits that chronic pain may involve an exaggerated
emotional-motivational response without marked changes in
sensory-discriminative pain processing (Lethem et al. 1983).
Correspondingly, chronic pain has been described more re-
cently to induce a negative hedonic shift related to augmented
negative affect and impaired motivated behaviour (Borsook
et al. 2016). Operant learning might be one mechanism explain-
ing such increases in emotional-motivational pain components
without necessary changes in sensory-discriminative process-
ing. In natural settings, sensory-discriminative pain responses
might be not or less affected by operant learning, because
pain carries a high informational value, determining adaptive

escape responses. In contrast, effects on emotional-motivational
pain responses might be mediated by anticipatory fear re-
sponses to the aversiveness of pain (Seymour 2019; Seymour
and Mancini 2020). For example, negative reinforcement of
pain-relieving postures may reinforce maladaptive behaviours
over time. With several such pairings, such pain behaviour is
displayed with less and less perceived pain triggered by fear of
pain. Eventually, this process can contribute to the develop-
ment and maintenance of chronic pain with even non-painful
percepts or cues triggering pain responses, in line with the Fear
Avoidance Model of Chronic Pain that states that pain responses
and chronification are mediated by fear of pain and its avoid-
ance (Crombez et al. 2012). Corresponding to such a process,
the onset of chronic pain is usually not abrupt, but subtle and
ongoing (Borsook et al. 2018).

Based on these considerations, one might expect better learn-
ing with higher stimulation intensities in the avoidance task.
Although stimulation intensity affected reaction times with
faster responses to higher intensities, stimulus intensity did not
affect success rates in the avoidance task, suggesting that per-
ceived stimulus intensity and unpleasantness did not modulate
pain avoidance response. In contrast, task difficulty, defined by
the required response speed, influenced both outcomes in the
avoidance task: more difficult trials were associated with slower
reaction times and lower success rates. Interestingly, high-
intensity stimuli triggered faster reactions without impairing ac-
curacy, perhaps due to increased informational and threat value,
which may heighten attention (Eccleston and Crombez 1999;
Legrain et al. 2009; van Vliet et al. 2018). However, increased
difficulty not necessarily leads to a higher threat value of the
pain, but rather to an unspecific increase in motivation.

Contrary to our hypothesis, ratings of intensity and unpleas-
antness did not change with reinforcement. We had expected
generalisation from reinforced behaviours to self-reports, but
such effects were absent. Our results are consistent with prior
work showing discrepancies between behavioural and self-
report measures in pain research (Bouajram et al. 2020; Katz
and Melzack 1999; Labus et al. 2003), although some studies
do report generalisation of conditioned responses to subjective
(Glogan et al. 2021, 2023; Meulders 2020; Vandael et al. 2023).
Further, it has been shown that changes in pain avoidance as a
consequence of operant conditioning can affect and generalise
to self-report ratings (Meulders 2020). The present design did
not target generalisation of responses in the conditioning phase
specifically, potentially explaining the lack of such generalisa-
tion here.

We aimed to use behavioural measures to avoid biases in self-
report, but these assessments remain indirect. Previous stud-
ies implemented self-reports of perceived pain intensity and
un—/pleasantness as indicators of sensory-discriminative
and emotional-motivational pain components (Becker
et al. 2015; Becker, Ceko, et al. 2013; Becker, Gandhi, Chen,
and Schweinhardt 2017; Becker, Gandhi, et al. 2013; Talbot
et al. 2019). While this is intuitively reasonable and because of
its simplicity compelling, such ratings are confounded by var-
ious cognitive and social factors, for example social desirabil-
ity and individual concepts (Kienle and Kiene 1997; Schweiker
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et al. 2017). Furthermore, such ratings only partially represent
multifaceted perception, neglecting aspects people might not
be able to describe verbally (Becker et al. 2012). To avoid such
influences, we aimed to assess sensory-discriminative and
emotional-motivational pain components behaviourally here.
Nevertheless, behavioural assessments are unavoidably sur-
rogate measures, assessing pain components indirectly. One
limitation here is that the assessed avoidance behaviour can be
used as an estimator of motivational behaviour while it does not
represent emotional aspects directly. However, the present de-
sign does not allow us to dissect to what extent the avoidance
behaviour was driven by an intrinsic motivation to avoid pain
versus a task compliance motive, that is, following the given
instruction to react as quickly as possible, thus, limiting the in-
terpretation of the avoidance task as a measure of motivational
processes related specifically to pain avoidance.

A potential source of the discrepancy of operant effects be-
tween the two tasks lies in their reinforcement structures. In
the discrimination task, the thermal stimulus returned to
baseline after a response, representing a form of negative rein-
forcement, because participants could influence the stimulus
duration with their behaviour. Although participants were not
instructed to respond quickly and the task focused on identify-
ing small temperature changes, the possibility to end the stim-
ulation may have introduced a motivational component in all
conditions and phases, possibly explaining why reinforcement
did not affect learning outcomes differentially. In contrast, the
avoidance task explicitly involved both negative reinforcement
(successful avoidance of pain in all phases and conditions) and
positive reinforcement (monetary rewards for successful avoid-
ance in the learning phase), potentially enhancing condition-
ing effects. Taken together, the present results pattern does not
allow us to conclude that emotional-motivational and sensory-
discriminative components were modulated differentially by
operant conditioning. It remains unclear whether the absence
of effects on pain discrimination reflects methodological limita-
tions or an insensitivity of sensory-discriminative responses to
reinforcement.

Possibly adding to the lack of conditioning effects in the dis-
crimination task, success rates were very high in all conditions
of the task, leaving not much room for further increase due to
reinforcement and causing a ceiling effect. This ceiling effect
likely influenced the reaction times, preventing differentiation
between contingent and noncontingent reinforcement. Further,
here a smaller stimulation area was used to compare to the pre-
vious work (7.1 cm? vs. 12.5 cm?; Becker et al. 2020), possibly
improving perceptual resolution and contributing to ceiling
effects.

During data acquisition a technical issue resulted in the ap-
plication of different temperatures across participants in the
avoidance task (+2°C vs. —2°C for high and low intensities),
unintentionally creating two subgroups. While this represents
aclear limitation of this experiment, this systematic difference
in stimulation had no measurable effect on reaction times or
success rates. The relative difference between stimuli, rather
than their absolute values, seemed to drive behavioural re-
sponses. Still, this variability should be addressed in future
studies.

While this study focused on perceptual mechanisms in healthy in-
dividuals, the findings have also clinical relevance for understand-
ing chronic pain. The selective modulation of avoidance behaviour
by operant conditioning, without corresponding changes in pain
perception, suggests that learned motivational responses may play
a key role in chronic pain development. In clinical settings, such
reinforcement learning processes could contribute to maladaptive
patterns of avoidance and fear, even in the absence of heightened
nociceptive input. These insights highlight the potential of target-
ing reinforcement mechanisms—such as through exposure-based
therapy or behavioural interventions—to reshape pain-related be-
haviour without necessarily altering nociceptive sensitivity.

To conclude, this study supports the idea that operant learning can
shape motivational aspects of pain, while sensory-discriminative
aspects remained unaffected under the present conditions. The
lack of effect in the discrimination task does not allow us to con-
clude on differential effects of operant conditioning on different
pain components. Nevertheless, it could be speculated based on
the present results that operant learning has stronger effects on
motivational-emotional compared to sensory-discriminative com-
ponents of pain, but this hypothesis needs to be followed up in fu-
ture studies. The present results underscore the multidimensional
nature of pain and the role of learning in shaping its expression.
Future research should examine whether these patterns gener-
alise to clinical populations and contribute to chronic pain main-
tenance through maladaptive learning processes.
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