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Abstract
Daily life consists of a chain of decisions. Typically, individuals may choose to pursue what they already know (exploitation) or to
search for other options (exploration). This exploration–exploitation dilemma is a topic of interest acrossmultiple scientific fields. Here
wepropose that investigating how individuals solve this dilemmamay improve our understanding of how individualsmake behavioral
decisions (eg, avoidance) when facing pain. To this end, we present the data of 3 experiments in which healthy individuals were given
the opportunity to choose between 4 different movements, with each movement being associated with different probabilities of
receiving a painful outcome only (experiment 1) or pain and/or a reward (experiment 2). We also investigated whether participants
stuck to their decisions when the contingencies between each movement and the painful/rewarding outcome changed during the
task (experiment 3). The key findings across all experiments are the following: First, after initial exploration, participants most often
exploited the safest option. Second, participants weighted rewards more heavily than receiving pain. Finally, after receiving a painful
outcome, participants were more inclined to explore than to exploit a rewardingmovement. We argue that by focusingmore on how
individuals in pain solve the exploration–exploitation dilemma is helpful in understanding behavioral decision making in pain.
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1. Introduction

Pain motivates escape and drives learning, including avoidance
learning (ie, behavior that results in the elimination of anticipated
pain).49 Avoidance may be considered as the result of decision-
making processes, where the individual considers different
actions before attempting to perform one. To decide which
action to perform, individuals typically enter a cycle of exploration
(ie, actions that lead to the acquisition of new information) and
exploitation (ie, actions that do not change the current information
status).32 The exploration–exploitation dilemma has been studied
in several scientific areas (eg, computer science47 and compu-
tational psychiatry).19,51

We propose that studying the exploration–exploitation di-
lemma is valuable for research into pain, and chronic pain in
particular.49 It has been suggested that individuals with chronic
pain may persist in choosing actions that lead to less pain, or less
pain exacerbation (eg, by avoidance), at the cost of pursuing
valuable goals. Such behavior is an example of exploiting current

knowledge. Exploration, on the other hand, might result in the
discovery of alternative actions that could lead to valuable
outcomes. Investigating the exploration–exploitation dilemma in
pain could be useful in studying how avoidance is acquired and
extinguished in acute and chronic pain.

With this in mind, the primary goal of this article is explorative in
nature and aimed to describe the exploration–exploitation dilemma
in the context of pain through an experimental paradigm in healthy
volunteers using computational models. In this way behavioral
decisionmaking is broken down into the relevant latent parameters
(eg, how sensitive participants are to punishment or rewards; refer
to Methods section for more information). (Our research does not
follow the traditional hypothesis-testing framework, in which a
hypothesis is tested using traditional inference frameworks [eg, null
hypothesis significance testing or Bayesian hypothesis testing].
Instead, we used various computational models to describe the
pattern of responses.) Given that this is the first of its kind, we
decided to focus on acute experimental pain; further research
could include individuals with chronic pain. To achieve our goal, we
integrated 2 tasks: the classic n-bandit task9,20,47 and the pain
avoidance task.36 We subsequently broke down the participant’s
performance into various parameters, using several mathematical
reinforcement models.2

The secondary goal was to explore the correlation between the
parameters of the model and individual characteristics that have
been associatedwith avoidance. For this, we collected self-report
data regarding intolerance of uncertainty,4,18 neuroticism,12 fear
of pain,48 and behavioral inhibition/activation.14

This article describes 3 experiments. In experiment 1, we
tested how individuals solve the exploration–exploitation dilemma
when moving a joystick in different directions on a computer
screen, with each movement being associated with a painful
outcome (positive punishment) or a nonpainful outcome (negative
reinforcement). In experiment 2, each movement was associated
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with different probabilities of pain (positive punishment) and/or a
reward (positive reinforcement). In experiment 3, we investigated
whether individuals modified their performance when the
contingencies between each movement and the outcome
changed halfway through the experiment. Given that the specific
tasks were being used for the first time, all analyses were
preregistered as exploratory.27

1.1. Method of experiment 1

1.1.1. Participants

Fifty participants were recruited (sex: 11 males and 39 females,
age: M 5 20.90, SD 5 3.70). The exclusion criteria were (based
on self-reports) age outside the range of 18 to 35 years;
insufficient command of the Dutch language; inability to move
arms, hands, or shoulders; a cardiovascular problem; a
neurological disorder; a psychiatric disorder; any other serious
medical problem; pregnancy; use of drugs (eg, cannabis); acute
or chronic pain in hands, arms, shoulders, or other related areas;
recovery from a trauma or surgery; use of medication that could
influence the central nervous system; use of an electric implant
(eg, pacemaker); hearing problems; and disordered vision that
cannot be corrected by means of glasses or contact lenses (eg,
color blindness). We did not run a power analysis, given that our
main analyses are not based on frequentist inference (see below).
Although, to the best of our knowledge, there are no simulation
studies for evaluating how many trials and participants are
required for valid parameter estimation, we followed the following
3 guides: First, we included multiple trials per participant (ie, 300
trials for experiments 1 and 2 and 600 trials for experiment 3) and
a relatively large sample size (ie, 50 participants per experiment).
Second, we used a Bayesian version of all computational models,
which enables the inclusion of previous information, apart from
the data, in all parameter estimations. Finally, we used a
hierarchical version of the model, in which the individual
parameters were informed by the group parameters and vice
versa. In the absence of clear-cut guidelines regarding optimal
sample sizes, we believe we took sufficient steps to reach
meaningful conclusions. The study was approved by the Ethics
Committee of KU Leuven (#G-2018 12 1444). The study’s
preregistration, all experimental material, and data are available at
https://osf.io/32m5p/. The preregistration of all studies was
conducted before data collection.

1.1.2. Questionnaires

All participants filled in Dutch translations of the following
questionnaires: The Intolerance of Uncertainty Scale (long
version),4,17 the Neuroticism scale of the Eysenck Personality
Questionnaire,12 the Fear of Pain Questionnaire,54 and the
Behavioral Inhibition or Activation scales.13

1.1.3. Ratings

At different points in the experiment, participants rated the
painfulness of the electrocutaneous stimulus using a 10-point
painfulness rating scale (ie, How painful did you find this stimulus? 1:
no sensation at all; 10: the worst pain imaginable). The scale was
explained to the participants as follows: “1” indicated that they felt
nothing; “2” that they first perceived the electrocutaneous stimulus
as aversive; “3” that the sensation was starting to become aversive
and slightly painful; “8” that the sensation was moderately painful
and demanded some effort to tolerate; and “10” that the sensation

was the worst pain they could imagine. We aimed for a rating of at
least 8 across all participants, and the calibration staircase
procedure ended when this level was reached36 (ie, for details on
the calibration procedure refer to the “Stimulus” section). Partic-
ipants also rated the electrocutaneous stimulus based on its
unpleasantness (ie, How unpleasant do you find this stimulus? 1:
not unpleasant at all; 10: extremely unpleasant) and their tolerance of
it (ie, How difficult was it for you to endure the electrocutaneous
stimulus? 1: not difficult at all; 10: extremely difficult).

Participants rated the contingencies between each square or
stimulus with each stimulus referring to the movements that the
participants had to make and the presentation of a painful
electrocutaneous stimulus in terms of expectancy of receiving an
electrocutaneous stimulus (ie, To what extent do you expect to

receive an electrocutaneous stimulus after you have selected the
blue square? 1: not at all; 10: very much). They also rated their
willingness to select a given square (ie, To what extent did you
want to select the blue square? 1: not at all; 10: very much) and
their fear of each square (ie,Howafraidwere you to select the blue
square? 1: not at all; 10: very much).

1.1.4. Stimuli

Four white squares, presented in each of the 4 corners of a
computer screen, served as indicators of the target movement
location. In the middle of the screen, a purple circle was
presented. The electrocutaneous stimulus was applied to the
wrist of the nondominant hand using 2.8-mm diameter bar
electrodes with 30 mm spacing in between them. Sigma gel was
applied between the electrodes and the participant’s wrist.
Before the beginning of the main experiment, we followed a
staircase calibration procedure to individually determine the
intensity of the electrocutaneous stimulation. For this, we started
from an intensity of 1 mA and increased the intensity until
participants judged the stimulus to be “moderately painful and
demanded some effort to tolerate” (ie, rating of 8) using the
painfulness rating scale presented in the “Ratings” section. The
possible intensities of the electrocutaneous stimulus were the
following: 1, 2, 4, 6, 8, 11, 14, 17, 20, 24, 28, 32, 36, 40, 44, 48,
and 52 mA. Participants could give their responses using a
joystick (Logitech Attack 3). The experiment was programmed in
PsychoPy.37

1.1.5. Procedure

At least one day before the experiment, participants filled in the
questionnaires online using LimeSurvey.30 For this online
session, participants read an information brochure about the
questionnaires and provided informed consent online. If partic-
ipants did not meet any of the exclusion criteria, they were invited
for the experimental session.We report the data of all participants
who participated in the full experiment.

On the day of the experiment, participants read a new
information brochure and provided informed consent for the
experiment. The electrodes for the electrocutaneous stimulus
were attached on the participant’s nondominant hand, and the
level of the electrocutaneous stimulus was determined. Partici-
pants then received instructions about the experiment, both on
screen and orally.

The main experimental task consisted of 300 trials, divided into 2
blocks of 150 trials each (refer to the left panel of Fig. 1). Before the
main task, participants completed apracticeblockof 20 trials, during
which no painful outcome was administrated. Participants were
requested to focuson the fixation cross at the center of the screen. In
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each trial, after the disappearance of the fixation cross, participants
couldmove the joystick to any of the squares placed in the 4 corners
of the screen (max 3000 milliseconds). After they had made their
selection, the square in question turned blue and remained on
screen for 3000 milliseconds. In the case of pain, the electro-
cutaneous stimulus was administered and simultaneously the word
“prikkel” (Dutch for “stimulus”) was displayed on screen for 1000
milliseconds. Each stimulus was associated with a different mean
probability of a painful outcome. Specifically, the 4 stimuli were
associated with 10%, 30%, 50%, and 70%probability, respectively,
of receiving a painful outcome. Which stimulus was associated with
each probability was determined randomly for each participant and
remained fixed for the whole experiment. The intertrial intervals were
jittered, ranging from 1500 to 3500 milliseconds. At the end of each
block, participants were asked to evaluate each visual stimulus, as
well as the electrocutaneous stimulus, using the visual analogue
scales described above. All ratings were provided with references to
the block that had just ended.

1.1.6. Statistical analyses

At the end of the experiment, the electrodes were removed, and
participants were thanked, debriefed, and compensated with 8
euros or 1 research credit.

For the self-report data, we analyzed all rating scales (see
“ratings” subsections) using 4 3 2 repeated measures analyses
of variance (ANOVAs), with stimulus and block as the within-
subject factors: stimulus (10% vs 30% vs 50% vs 70%) 3 block
(block 1 vs block 2). To test how often participants switched
between the different options we ran a 23 2 repeated measures
ANOVA: switch vs no-switch 3 block 1 vs block 2. We followed
up all ANOVAs with pairwise comparisons with the Holm
correction (for the sake of brevity, the exact statistics of all the
pairwise comparisons are reported in the supplementary
material, available at http://links.lww.com/PAIN/B394; refer to
Tables 1-9 for experiment 1, Tables 10-21 for experiment 2, and
Tables 22-33 for experiment 3). After our preregistration plan, we
did not remove any outliers from our data.

We ran our analyses using null hypothesis significance testing
(NHST) in combination with Bayes factors. Null hypothesis
significance testing is the standard inferential approach across
experimental studies, something that allows to easily compare

studies with each other as well as, because of its popularity, makes
communication of statistics between researchers easy. We have
previously argued for the useofBayes factors in addition toNHST for
experimental data.23,24,26 Bayes factors aremore informative than P
values because, in comparison toNHST, they canprovide (1) relative
evidence for 2 different hypotheses (ie, null vs alternative), (2)
evidence for the absence of an effect, and (3) provide a continuous,
rather than a dichotomous (significant vs nonsignificant), grading of
evidence. For a thorough discussion of Bayes factors see Ref.
11,23,25. For computing the Bayes factors, we used the
BayesFactor R package,45 which computes Bayes factors for
Bayesian t tests and repeated measures ANOVAs. This package
requires the user to define the previous distributions of the alternative
hypothesis. For this, we used a Cauchy distribution with the scale
factor set to the value of s5 0.707, the default option of the package
and the same option we used in the previous work. However, we
also ran the analyses using other scale factors (ie, 1 and 1.4), and the
direction of the results remained the same. For theBayes factors, we
treated values above 1 as strong support for the hypothesis that the
data correlate with each other and values below 1 as strong support
for the reverse hypothesis.23,26

For the computational modelling analyses, we fitted 5 models
using the hBayesDM1 package for R,41 each model having a
different set of parameters relevant to n-bandit tasks (ie,
punishment/reward sensitivity, punishment/reward learning rate,
noise, decay rate, and learning rate). The sensitivity parameter
indicates howmuch participants expect to like a reward or dislike
a painful outcome. The learning rate parameter reflects how
quickly information from previous trials is integrated, or in other
words, how quickly an individual persists in choosing the same
stimulus (ie, square) after the presentation of an aversive outcome
or how long the individual chooses the same stimulus after a
reward. The lapse parameter shows the degree of randomness in
the choices of participants and may indicate exploration due to
uncertainty. Finally, the decay parameter reveals the degree to
which participants forget the values of the different options after
not choosing them. High decay values may also indicate more
exploration, as participants seek additional information. In
Table 1, we refer to the models as referred to in the hBayesDM
R package and the parameters that each model refers to. Please
note that similar models have been used in previous studies using
the n-bandit task.2 For all models, punishmentwas defined as the

Figure 1. (A) Trial sequence for experiment 1: Participants had 3000 milliseconds to move the joystick to one of the 4 squares. After they made a selection, the
square corresponding to the participant’s move turned blue for 3500 milliseconds. In case of a painful stimulus, participants read the word “prikkel” (stimulus) on
screen for 1000 milliseconds and simultaneously received the painful stimulus. The jittered intertrial intervals ranged from 1500 to 3500 milliseconds where
participants saw a black screen and a white fixation cross. (B) Trial sequence for experiments 2 and 3: The trial sequence is identical to experiment 1 except the
following: after participants made a choice, and in case of a reward, participants read the words “loterij ticket” (lottery ticket) on screen for 1000 milliseconds.
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presence of painful outcome (positive punishment) and reward
the absence of painful outcome (negative reinforcement). To
evaluate which model fitted the data best, we used the leave-out-
one information criterion (LOOIC).48 Leave-out-one information
criterion entails training the winning model on all but one
observation in the data set. After the execution of the same
procedure for all observations in the data set, the performance of
the model is assessed by calculating the sum of all the computed
scores. The model that fits the data best (ie, thewinning model) is
the model with the lowest LOOIC value. After choosing the
winning model, we assessed whether the Markov chain Monte
Carlo (MCMC) methods for all the model parameters converged
using the R–hat criterion,15 with values below 1.1 suggesting
successful convergence. We also plotted the different MCMC
methods, with those looking like “fat hairy caterpillars” suggesting
successful convergence.29 Finally, we simulated data according
to thewinningmodel parameters and plotted the predicted values
against the real data to evaluate whether the winning model
parameters predicted the collected data (ie, postpredictive

checks). The postpredictive checks’ plot for experiment 1 is
available in Supplementary Fig. 1 (available at http://links.lww.
com/PAIN/B394).

We also wish to explore whether participants learn faster after a
rewardingoutcomeor apunishingoutcome, aswell ashowsensitive
participants are to rewards vs punishments. To this end, we
compared the learning and sensitivity parameters, first computing
the differences between the posterior distributions of the learning
and sensitivity parameter values and then plotting the region of

practical equivalence (ROPE) of these distributions.22 We then
evaluated whether the differences in the learning and sensitivity
parameters were relevant for the winning model by plotting the
posterior distributions of the differences and computing the
percentage that fell outside the area of practical relevance—here
the 0 point. If 95%of the distributionwas outside theROPE, then the
0 value was rejected and the differences were judged to be relevant.
If 95% of the posterior distribution fell within the ROPE, the 0 value
was accepted and the differences were judged to be irrelevant.

Finally, to test whether individual differencesmight relate to any
of the parameters of the model, we performed both standard
frequentist correlations and Bayesian correlations using the
BayesFactor R package.42 For the NHST analyses, we used an
alpha level of 0.01 for the individual difference analyses. To
reduce the probability of a type 1 error, we selected a lower alpha
level than the traditional 0.05 value. Similar to the ANOVAs, for the
Bayesian correlation we used the default values of the

correlationBF function for our priors, again from the BayesFactor
package, and ran sensitivity analyses by changing the scale of the
r parameter of the Cauchy distribution. The direction of the results
again did not change considerably, so we only report the results
where the default options were used.

1.1.7. Descriptive statistics

1.1.7.1. Results of experiment 1

Figure 2 depicts the mean responses on the rating scales across
all blocks of the experiment.

Before the beginning of the experimental task, the electro-
cutaneous stimulus used for pain was judged to be painful (M 5
8.39, SD5 0.62), unpleasant (M5 8.33, SD5 0.77), and difficult
to tolerate (M 5 8.20, SD 5 0.85). Although there was a
significant drop in all ratings when the painful outcome was
evaluated after the completion of the first block—all ps , 0.05,
BFs. 2—all ratings were still high: painfulness (M5 7.43, SD5
1.12), unpleasantness (M5 8, SD5 1.02), and tolerance difficulty
(M 5 6.89, SD 5 1.71).

Regarding the expectancies of the electrocutaneous stimulus,
there was a main effect of stimulus, F (2.43, 119.07)5 8.51, P,
0.001, h2

G 5 0.108; BF10 . 1000, and a main effect of block, F
(1.00, 49.00) 5 6.55, P 5 0.014, h2

G 5 0.008; BF10 5 0.531.
There was no significant stimulus 3 block interaction, F (2.85,
139.65)5 1.79,P5 0.155, h2

G 5 0.004, BF01 5 19.939. Pairwise
comparisons showed significant differences between the 10%
and 50% stimulus; 10% and 70% stimulus; 30% and 50%
stimulus; and 30% and 70% stimulus.

A similar pattern of results emerged when participants rated
how much they desired to select each square or stimulus. There
was amain effect of stimulus, F (2.49, 122.01)5 7.57,P, 0.001,
h2
G 5 0.096; BF10 . 1000, and block, F (1.00, 49.00)5 8.72, P5

0.005, h2
G 5 0.008; BF10 5 0.561. There was no significant

stimulus3 block interaction, F (2.79, 136.71)5 1.11, P5 0.346,
h2
G 5 0.003, BF01 5 24.178. The pairwise comparisons showed

significant effects between the 10% and the 30% stimulus, the
50% stimulus, and the 70% stimulus. The only other significant
difference was between the 30% and the 70% stimulus.

When it came to how much participants were afraid of each
square, there was a significant stimulus 3 block interaction—F
(2.85, 139.65) 5 2.96, P 5 0.037, h2

G 5 0.006—although the
Bayesian test showed evidence against this effect, BF01 5
11.995. The follow-up pairwise comparison revealed significant

Table 1

Leave-out-one information criterion values per model for experiment 1.

Model Parameters LOOIC

bandit4arm_lapse_decay Reward learning rate, punishment learning rate,

reward sensitivity, punishment sensitivity, noise,

and decay rate

22,256.77

bandit4arm_lapse Reward learning rate, punishment learning rate,

reward sensitivity, punishment sensitivity, and noise

22,717.28

bandit4arm_4par Reward learning rate, punishment learning rate,

reward sensitivity, andpunishment sensitivity

22,721.39

bandit4arm_singleA_lapse Learning rate, reward sensitivity,

punishment sensitivity, and noise

23,283.16

bandit4arm_2par_lapse Reward sensitivity, punishment sensitivity, choice

persistence, and noise

32,468.27

The winning model is the one with the lowest LOOIC value.

LOOIC, leave-out-one information criterion.
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differences between the 10% and the 70% stimulus for block 1.
For block 2, there were significant differences between the 10%
and the 30% stimulus, the 50% stimulus, and the 70% stimulus.

In summary, the results indicate that there were between-
stimuli differences between fear of the painful outcome, desire to
choose a given square, and expectation of a painful outcome.
Please note, however, that there was disagreement between the
frequentist and Bayesian analyses, as previously reported in the
literature,53 so these results should be interpreted with caution.
Taken together, these findings largely suggest that our manip-
ulation was successful and that participants perceived each
stimulus differently according to the probability of the stimulus
being followed by a painful outcome.

1.1.8. Performance results

The top panel of Figure 3 shows the distribution of each
choice, while the bottom panel shows the number of trials for

each block in which participants switched or did not switch
their choices. After computing mean switch vs no-switch
responses for each block, we found that participants switched
their choices more in the first than in the second block, as
revealed by a block 3 switch (switch vs no-switch) repeated
measures ANOVA, F (1.00, 49.00) 5 35.34, P , 0.001, h2

G 5
0.092; BF10 . 1000.

Table 1 reports the LOOIC values for each computational
model. The model with the lowest LOOIC values, as well as the
one that reached MCMC convergence and sufficient postpre-
dictive checks, is the bandit4arm_lapse_decay model.2,39

1.1.9. Correlation with individual differences

Figure 4 displays the plots of the ROPEs of all parameters of the
model. In our case, we wanted to compare learning rates and
sensitivity values. In both cases, we see that the differences are
relevant.

Figure 2. Scores at each rating scale filled at the end of each of the 2 blocks.
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The supplementary Table 45 (available at http://links.lww.
com/PAIN/B394) shows the mean and SDs of all parameter
values and all questionnaires for experiment 1. After correlating
the parameter values of the winning model and the collected
questionnaires, we did not find reliable correlations for any of the
variables. Bayes factors yielded results in the same direction,
and we found no strong evidence for the data coming from the
alternative compared with the null hypothesis. In the supple-
mentary material, we provide the correlation matrix between the
collected individual differences and the parameters of the
model, as well as the relevant tables with all correlations (refer to
Tables 34-44 and Fig. 2 in the supplementary material, available
at http://links.lww.com/PAIN/B394).

1.2. Discussion of experiment 1

The first experiment investigated how individuals balanced
between exploration and exploitation when moving a cursor
towards different on-screen locations, where each location was
associated with different probabilities of a painful outcome.
Results showed that participants, on average, learned which
movement led to the smallest chance of receiving a painful
outcome, tending to increasingly repeat these choices in
subsequent trials. These results point towards a shift from
exploration to exploitation.

The parameters of the model underscore this pattern. First, as
revealed by the learning rate parameters, participants tended to
be quicker to learn which options were associated with the
presentation of the painful outcome: they relied on fewer trials

than when learning which options were associated with the
absence of the painful outcome. Second, in relation to the
sensitivity parameters, the reward of avoiding pain was weighted
more heavily than the punishment of receiving the painful
outcome. Third, the low values of both the lapse and decay
parameters pointed to low randomness in choices and decay in
knowledge, which is also indicative of more exploitation than
exploration. Collectively, the results indicate that to avoid a painful
outcome, participants exploit more than explore.

Experiment 1 is a first step in investigating the exploration–
exploitation dilemma, where rewards were defined as the
absence of the painful outcome (negative reinforcement).
Experiment 2 extended experiment 1 by delivering actual rewards
(ie, positive reinforcement) as possible outcomes of each stimulus
or movement.

2. Experiment 2

2.1. Method of experiment 2

2.1.1. Participants

We recruited 50 individuals who had not taken part in experiment
1. The data of one individual were removed because of
incomplete responses, reducing the sample to 49 (sex 5 8
males and 41 females, age: M 5 20.24, SD 5 2.37). The same
exclusion criteria were applied as in the first experiment. The
study was approved by the Ethics Committee of KU Leuven (#G-
2018 12 1467). The study’s preregistration, the experimental
material, and the full data set are available at https://osf.io/5k3yr/.

Figure 3. Top panel: Per stimulusmeans of choosing one of the 4 stimuli. The vertical axis refers to the probabilities of receiving a painful electrocutaneous stimulus
after each stimulus for experiment 1. Bottom panel: Proportions of trials, for each block, that participants switched or did not switch their choices for experiment 1.
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Participants were compensated in a similar manner as in
experiment 1.

2.1.2. Material

The same questionnaires, ratings, stimuli, and outcomes were
used as in experiment 1, with the following exceptions. First,
participants reported on the contingencies between each
stimulus and the presentation of both a painful and a rewarding
outcome (see below). Second, participants evaluated the
rewards,3,7 here in the form of lottery tickets, in terms of
unpleasantness (ie, How unpleasant did you find the stimulus
that was rewarded with the lottery tickets? 1: not at all
unpleasant; 10: extremely unpleasant) (We decided to use the
same unpleasantness scale that was used for the electro-
cutaneous stimulus also for the lottery ticket because this
enables a direct comparison of the 2 outcomes. In addition,
using one scale rather than using both an unpleasantness and

pleasantness scale lowers the burden for the participants),
difficulty (ie, How difficult was it to choose a reward? 1: not at
all difficult at all; 10: extremely difficult), and value (ie, How
valuable is the selected reward to you? 1: not valuable at all;
10: extremely valuable) and in terms of their interest in winning
the reward (ie, How interested are you in winning the reward?
1: not interested at all; 10: extremely interested) and their
willingness to make an effort (ie, How much effort are you
willing to make to get this reward? 1: no effort at all; 10: the
highest effort).

In addition, at different points in the study, participants were
asked to evaluate the square or stimulus that led to the reward in
terms of its unpleasantness.

2.1.3. Procedure

The procedure was identical to that of experiment 1, with the
following exceptions (refer to the right panel of Fig. 1): Before the

Figure 4. The posterior distributions and ROPEs (bottom 2 panels) for each model parameter for experiment 1. ROPE, region of practical equivalence.

Copyright © 2021 by the International Association for the Study of Pain. Unauthorized reproduction of this article is prohibited.

February 2022·Volume 163·Number 2 www.painjournalonline.com e221

D
ow

nloaded from
 http://journals.lw

w
.com

/pain by B
hD

M
f5eP

H
K

av1zE
oum

1tQ
fN

4a+
kJLhE

Z
gbsIH

o4X
M

i0hC
yw

C
X

1A
W

nY
Q

p/IlQ
rH

D
3i3D

0O
dR

yi7T
vS

F
l4C

f3V
C

4/O
A

V
pD

D
a8K

2+
Y

a6H
515kE

=
 on 09/05/2023

www.painjournalonline.com


beginning of the experiment, participants were shown a list of
rewards and asked to choose which one they found most
rewarding. Participants could choose from different gifts—
including gift cards, e-readers, or a head massage—with each
gift valued up to 100 euros. Theywere informed that the gift would
be given to only one of the participants, and the more frequently
they chose a reward, the higher their chances of receiving the gift
of their choice. Then, during the main experiment, each square or
stimulus was associated with different probabilities of receiving a
painful outcome and/or a reward. Specifically, one square or one
stimulus had a 10% probability of receiving pain and a 90%
probability of receiving a reward. For the other 3 stimuli, the
probability of receiving pain increased to 30%, 50%, and 70%,
respectively, with the probability of receiving the reward de-
creasing to 70%, 50%, and 30% respectively. Finally, when
participants received the rewarding outcome, the words “loterij
ticket” (Dutch for lottery ticket) were displayed.

2.1.4. Statistical analyses

We followed the same analytical approach as in experiment 1,
with the exception that now the reward was defined as the
presence of the lottery ticket (positive reinforcement).

2.2. Results of experiment 2

2.2.1. Descriptive statistics

Figure 5 depicts mean scores for each of the visual analogue
scales across blocks.

Before the beginning of the experimental task, the electro-
cutaneous stimulus had been judged as painful (M5 8.56, SD5
0.75), unpleasant (M5 8.18, SD5 1.30), and difficult to tolerate
(M 5 7.98, SD 5 1.53). Although there was a significant drop in
painfulness and tolerance difficulty—all Ps , 0.01, BFs .
1000—all ratings were still high: painfulness (M 5 7.39, SD 5

Figure 5. Scores at each questionnaires, filled at the end of each block for experiment 2.
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1.13), unpleasantness (M5 8, SD5 1), and tolerance difficulty (M
5 6.89, SD 5 0.99). In terms of the rewards, participants
evaluated the individually selected rewards as very low in
unpleasantness (M 5 2.08, SD 5 2.29), not difficult to choose
(M 5 4.41, SD 5 2.5), and valuable (M 5 7.28, SD 5 1.32).
Participants were also interested inwinning the reward (M5 8.15,
SD 5 1.53) and willing to make an effort to get the reward (M 5
7.83, SD 5 1.32). The positive evaluation of the reward also
remained during the break between the first and second block (M
5 1.74, SD 5 2.11).

Regarding the expectancies of an electrocutaneous stimulus,
there was nomain effect of stimulus, F (2.82, 132.54)5 1.63,P5
0.188,h2

G 5 0.021; BF10 5 0.561, block, F (2.82, 132.54)5 1.63,
P 5 0.188, h2

G 5 0.021; BF10 5 0.209, or stimulus 3 block
interaction, F , 1, BF01 5 24.832.

For the desire to select a given square or stimulus, there was a
main effect of stimulus, F (2.79, 131.13)5 5.70, P5 0.001, h2

G 5
0.087; BF10 . 1000, a main effect of block, F (1.00, 47.00) 5
10.46, P5 0.002, h2

G 5 0.006; BF10 5 0.333, and no stimulus3
block interaction, F , 1, BF01 5 34.108. After pairwise
comparisons, there were significant differences between the
10% and the 30% stimulus, the 50% stimulus, and the 70%
stimulus.

Regarding the fear of each square or stimulus, there was
only a main effect of stimulus, F (3.00, 141.00) 5 3.12, P 5
0.028, h2

G 5 0.024; BF10 5 4.837, with the other effects failing
to reach significance: main effect of block, F , 1; BF01 5
8.324, and stimulus 3 block interaction, F (2.97, 139.59) 5
1.41, P 5 0.243, h2

G 5 0.004, BF01 5 13.973. The only

significant pairwise comparison was between the 10% and the
50% stimulus.

Finally, regarding the reward expectancy after selecting a given
square or stimulus, there was only a main effect of stimulus, F
(2.73, 128.31)5 6.56,P5 0.001, h2

G 5 0.096; BF10 . 1000, with
the other effects failing to reach significance: main effect of block,
F (1.00, 47.00) 5 1.40, P 5 0.243, h2

G 5 0.001; BF01 5 7.193,
and stimulus 3 block interaction, F , 1, BF01 5 33.928. The
significant pairwise comparisons were between the 10% and the
30% stimulus, the 50% stimulus, and the 70% stimulus.

The above results show that although participants did not learn
which square or stimulus was followed by a painful outcome, they
nonetheless acquired greater fear regarding movements that had
been followed by pain. Moreover, they preferred stimuli with a
higher probability of receiving a reward. This result could possibly
be explained by the saliency of the reward outcome.

The top panel of Figure 6 shows the distributions for choosing
any one of the 4 squares, while the bottom panel shows the
proportion of participants per trial who switched or did not switch.
Similar to experiment 1, participants switched choicesmore often
in the first than in the second block: F (1.00, 48.00)5 45.14, P,
0.001, h2

G 5 0.115,BF10 . 1000. We include the postpredictive
checks in the supplementary material, available at http://links.
lww.com/PAIN/B394 (Fig. 3).

2.2.2. Performance results

As with the previous study, the winning model is that of
bandit4arm_lapse_decay (Table 2). The posterior distributions

Figure 6. Top panel: Per stimulusmeans of choosing one of the 4 stimuli. The vertical axis refers to the probabilities of receiving a painful electrocutaneous stimulus
after each stimulus for experiment 2. Bottom panel: Proportions of trials, for each block, that participants switched or did not switch their choices for experiment 2.
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of all parameters are shown in Figure 7. On the basis of the
bottom panel, we see that again the differences between the
learning rate and sensitivity parameters were relevant.

2.2.3. Correlation with individual differences

The supplementary Table 57 includes the mean and SDs of all
parameter values and all questionnaires for experiment 2 (avail-
able at http://links.lww.com/PAIN/B394). Both the NHST and the
Bayes tests showed that there was no correlation between the
collected individual differences and the parameters of the model
(refer to Tables 46-56 and Fig. 4 in the supplementary material for
the relevant correlation matrices, available at http://links.lww.
com/PAIN/B394).

2.3. Discussion of experiment 2

Experiment 2 replicates and extends the results of experiment 1
by showing that when participants can avoid pain and approach
rewards, they tend to exploit more than explore. All parameters
are in line with those of experiment 1.

Experiment 3 investigated whether participants are more
inclined to stick to exploitation than to exploration, even when
the probabilities of receiving the rewarding or painful stimulus
change halfway through the experiment. Specifically, we were
interested in whether participants continue choosing on the basis
of the learned contingencies of receiving a reward or a painful
stimulus or whether they adapt their behavior on the basis of the
new contingencies. Therefore, we extended the procedure of
experiment 2 with 2 new blocks where the contingencies
between each stimulus and the probabilities of the outcomes
(pain/reward) changed in the middle of the task. If participants do
not adapt to the new contingencies, then the choices in the third
block would be similar as in the first 2 blocks. In the opposite
case, participants’ choices should be based on the new
contingencies.

3. Experiment 3

3.1. Method of experiment 3

3.1.1. Participants

We recruited 50 individuals who had not participated in any of the
previous experiments. One participant was removed because of
a mistake during testing (ie, accidental premature termination of

the task), reducing the number of participants to 49 (sex 5 11
males and 38 females, age: M 5 21.16, SD 5 2.53). The same
exclusion criteria were applied as in the previous experiments.
This study was approved by the Ethics Committee of KU Leuven
(#G-2018 12 1467). The study’s preregistration, all experimental
material, and the full data set are available at https://osf.io/pv69j/.
Because each session of experiment 3 lasted 1.5 hours,
participants were compensated with 12 euros or 1.5 research
credits.

3.1.2. Procedure

The procedure was identical to that of experiment 2, with the
following differences: Participants completed 4 blocks and the
contingencies changed between the first 2 and the last 2 blocks
so that different stimuli corresponded to the different contin-
gencies. For example, if in trial blocks 1 and 2 the top right square
was associated with a 10% probability of a painful outcome and
90% probability of receiving a reward, in trial blocks 3 and 4 these
contingencies applied to another of the 3 squares.

3.1.3. Statistical analyses

We followed the same analytical approach as in experiments 1 and
2, but this time the block factor for all repeated measures ANOVAs
was set to 4 (block 1 vs block 2 vs block 3 vs block 4). Regarding the
analyses in themodel, we ran the samemodels as before separately
for blocks 1 and 2 (the blocks with the original contingencies) and for
blocks 3 and 4 (the blocks with the new contingencies). We also
computed the differences in parameters between the different
blocks by computing the differences between the estimated
parameters of blocks 1 and 2 vs blocks 3 and 4.

3.2. Results of experiment 3

3.2.1. Descriptive statistics

Before the beginning of the experimental task, the electro-
cutaneous stimulus had been judged as painful (M5 7.72, SD5
1.19), unpleasant (M5 7.57, SD5 1.39), and difficult to tolerate
(M 5 7.19, SD 5 1.42). Although there was a significant drop in
painfulness and tolerance difficulty—all Ps , 0.01, BFs .
1000—all ratings remained high: US painfulness (M 5 6.95, SD
5 1.19), US unpleasantness (M 5 7.29, SD 5 1.68), and
tolerance difficulty (M5 6.38, SD5 1.74). In terms of the rewards,

Table 2

Leave-out-one information criterion values per model for experiment 2.

Model Parameters LOOIC

bandit4arm_lapse_decay Reward learning rate, punishment learning rate,

reward sensitivity, punishment sensitivity, noise,

and decay rate

16,672.28

bandit4arm_4par Reward learning rate, punishment learning rate,

reward sensitivity, and punishment sensitivity

17,112.85

bandit4arm_lapse Reward learning rate, punishment learning rate,

reward sensitivity, punishment sensitivity, and noise

17,134.33

bandit4arm_singleA_lapse Learning rate, reward sensitivity, punishment

sensitivity, and noise

17,434.30

bandit4arm_2par_lapse Reward sensitivity, punishment sensitivity, choice

persistence, and noise

29,080.15

The winning model is the one with the lowest LOOIC value.

LOOIC, leave-out-one information criterion.
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participants evaluated the individually selected rewards as low in
unpleasantness (M5 1.43, SD5 0.98), not difficult to choose (M
5 4.58, SD 5 2.45), and valuable (M 5 6.12, SD 5 2.77).
Participants were also interested inwinning the reward (M5 6.99,
SD 5 2.7) and willing to make an effort to get the reward (M 5
6.87, SD5 1.96). The positive evaluation of the reward remained
during the reward evaluation in the second block (M5 1.40, SD5
0.86), third block (M 5 1.50, SD 5 1.10), and fourth block (M 5
1.55, SD 5 1.74).

Figure 8 depicts the scores of all self-reports across blocks.
Regarding the expectancies of a painful outcome, there was a
main effect of stimulus, F (2.49, 119.52)5 6.83, P5 0.001, h2

G 5
0.043; BF10 . 1000, and a main effect of block, F (2.49, 119.52)
5 6.83, P 5 0.001, h2

G 5 0.043; BF10 5 0.081, whereas there
was no stimulus 3 block interaction, F , 1, BF01 5 616.484.
Pairwise comparisons showed that there were significant
differences between the 10% and the 30% stimulus, the 50%
stimulus, and the 70% stimulus.

Similar results emerged when participants rated how much
they wanted to select a given square or stimulus. There was a
main effect of stimulus, F (2.49, 119.52)5 14.60, P, 0.001, h2

G

5 0.099, BF10 . 1000, and block, F (2.10, 100.80)5 10.73, P,
0.001, h2

G 5 0.01, BF10 5 0.165, but no stimulus 3 block
interaction, F (4.14, 198.72)5 1.90, P5 0.109, h2

G 5 0.02, BF01
5 7.25. Pairwise comparisons showed significant differences
between the 10% and the 30% stimulus, the 10% and the 50%
stimulus, the 10% and the 70% stimulus, the 30% and the 50%
stimulus, and the 30% and the 70% stimulus.

Regarding fear of moving towards a given square or stimulus,
there was a main effect of stimulus, F (2.43, 116.64)5 5.24, P5
0.004, h2

G 5 0.022; BF10 5 129.113, and amain effect of block, F
(2.43, 116.64) 5 5.24, P 5 0.004, h2

G 5 0.022; BF10 5 0.099,
whereas there was no stimulus 3 block interaction, F (4.77,
228.96) 5 1.46, P 5 0.208, h2

G 5 0.013, BF01 5 28.126. There
was no significant pairwise comparison for the block factor. For
the stimulus factor, there were again significant differences

Figure 7. The posterior distributions and ROPEs (bottom 2 panels) for each model parameter for experiment 2. ROPE, region of practical equivalence.
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between the 10% and the 30% stimulus, the 10% and the 50%
stimulus, and the 10% and the 70% stimulus.

Regarding the reward expectancies for each square or
stimulus, there was only a main effect of stimulus, F (2.52,
120.96) 5 11.06, P , 0.001, h2

G 5 0.078; BF10 . 1000, and

block, F (2.55, 122.40) 5 3.09, P 5 0.037, h2
G 5 0.003; BF01 5

70.19. There was no stimulus 3 block interaction, F (4.59,
220.32)5 1.87,P5 0.107, h2

G 5 0.019, BF01 5 10.189. Pairwise
comparisons showed that the only significant differenceswere for
the third block between the 10% and the 50% stimulus, the 10%

Figure 8. Scores at each questionnaires, filled at the end of each block for experiment 3.

Copyright © 2021 by the International Association for the Study of Pain. Unauthorized reproduction of this article is prohibited.

e226 A.-M. Krypotos et al.·163 (2022) e215–e233 PAIN®

D
ow

nloaded from
 http://journals.lw

w
.com

/pain by B
hD

M
f5eP

H
K

av1zE
oum

1tQ
fN

4a+
kJLhE

Z
gbsIH

o4X
M

i0hC
yw

C
X

1A
W

nY
Q

p/IlQ
rH

D
3i3D

0O
dR

yi7T
vS

F
l4C

f3V
C

4/O
A

V
pD

D
a8K

2+
Y

a6H
515kE

=
 on 09/05/2023



and the 70% stimulus, the 30% and the 50% stimulus, and the
30% and the 70% stimulus. For the fourth block, there were
significant interactions between the 10% and the 50% stimulus
and the 10% and the 70% stimulus.

Finally, participants switched more in their choices across
blocks: F (1.62, 77.76) 5 29.99, P , 0.001, h2

G 5 0.159,BF10 .
1000. Pairwise comparisons showed significant differences in
blocks 2, 3, and 4, with participants more likely than not to repeat
the same options. Importantly, as can be seen in Figure 9, after
the contingencies changed in block 3, participants again started
switching their options, signaling more exploratory behavior,
before reverting to not switching, a sign of exploitation behavior.

Collectively, these results show that between the different
stimuli there were differences between the fear of selecting a
given square, the desire to select a given square, and
expectancies of receiving a painful or rewarding outcome. These
findings suggest that our manipulation was successful and that
participants perceived each stimulus differently according to the
chances of each stimulus being followed by a painful outcome
and/or a reward.

3.2.2. Performance results

On the basis of the results of themodel (refer to Table 3 for blocks
1 and 2 and Table 4 for blocks 3 and 4), the winning model for
both blocks is bandit4arm_lapse_decay. Refer to Figures 3 to 4 in
the supplementary material for the postpredictive checks (avail-
able at http://links.lww.com/PAIN/B394).

The results replicate the results of experiment 2 for blocks 1 to
2 (Fig. 10) and blocks 3 to 4 (Fig. 11). Specifically, all results
suggest that the differences in learning rate and sensitivity
parameters are relevant, with the punishment learning rate being
higher than the reward learning rate and reward sensitivity being
higher than punishment sensitivity.

We then compared the different parameters between blocks
(Fig. 12). Although there was no conclusive evidence for
differences between the parameters, there were differences in
the reward learning rate where there was a difference between
blocks. The results reveal a difference between the blocks, with
the reward learning being higher in the last 2 blocks (M 5 0.35)
than in the first 2 learning blocks (M 5 0.15). There were no
reliable differences for the lapse or the decay parameters, with the
values suggesting more exploitation (ie, low randomness in
decisions and low forgetfulness after an option has not been
chosen, respectively) than exploration.

3.2.3. Correlation with individual differences

The supplementary Table 69 includes the mean and SDs of all
parameter values and all questionnaires for experiment 3 (avail-
able at http://links.lww.com/PAIN/B394). Similar to the previous
experiments, we did not find any evidence for a correlation
between the parameters of the model and any of the collected
individual differences (refer to Tables 58-68 and Fig. 7 in the
supplementary material for the relevant correlation matrices,
available at http://links.lww.com/PAIN/B394).

3.3. Discussion of experiment 3

The results of experiment 3 are in line with the results of
experiment 2. In addition, the switch in contingencies resulted in
individuals updating their behaviors to the new contingencies,
with no significant differences between the different blocks in the
exploration–exploitation distribution. In addition, there did not

seem to be any differences in the parameter values after the
change in contingencies, apart from the reward learning rate
being higher in the latter portion of the experiment. Collectively,
the results show that individuals are quick to learn the new
contingencies and stick to exploiting the options that lead to the
highest chance of receiving a reward and the lowest chance of
receiving a painful outcome.

4. Discussion

We investigated how individuals balance their decisions between
exploration and exploitation in an instrumental learning paradigm
in which participants were repeatedly required to choose
between performing different movements. Each movement was
associated with different probabilities of a painful outcome
(experiment 1) and/or a reward (experiment 2), with the
contingencies between each movement and the presentation
of the painful or rewarding outcome changing during the task
(experiment 3). Across all experiments, participants tended to
exploit more than explore. Positive reinforcement (experiment 2)
seemed to lead to faster learning than negative reinforcement
(experiment 1). In addition, participants were quick to stop
exploiting and start exploring once the contingencies between
each movement and the painful or rewarding outcome changed
(experiment 3). No individual differences were found between
performance and the individual characteristics tested for.
Collectively, the results indicate that in the presence of pain,
individuals exploit more than explore.

Computational modeling allowed us to break down partic-
ipants’ performance into parameters that reflect decision-making
parameters.24 The learning parameter showed that participants
relied on fewer trials when learning which movement was
followed by a painful outcome, as compared to those followed
by a reward, even in the absence of either the painful outcome or
a positive reward. Across all experiments, the lapse and decay
parameters were low, suggesting low randomness in partici-
pants’ choices and good retention of the movement–outcome
contingencies.

Our results are in line with motivational accounts of pain34,49

and corroborate findings from a considerable number of studies
in this domain.5,6,34,36,37,43 According to such accounts, pain
motivates actions that stop or cancel the impact of harmful
events. Extending previous studies, here we have modeled the
dynamic nature of searching for the appropriate action to avoid
impending pain. In the laboratory, avoidance is typically studied
through instrumental learning procedures, where individuals
learn to avoid aversive outcomes by emitting an experimenter-
defined response. Although such procedures are valid for
studying avoidance,26 they still fall short in addressing how such
avoidance arises. In everyday life, individuals enter a cascade of
decisions as to which action is appropriate for pain avoidance,
often in an unpredictable environment. Exploration–exploitation
paradigms seem to be more fitting with regard to the learning
processes of avoidance in the context of pain. The exploration–
exploitation dilemma typically represents a choice between 2
behavioral options in a dynamic environment. Exploitation refers
to the maintenance of the current status, with the risk of missing
out on opportunities for improvement. Exploration involves
gathering novel information, with the opportunity of improving
the current situation but with the risk of worsening it. The current
experiments studied avoidance with an experimental task that
for the first time combined instrumental conditioning proce-
dures with the n-bandit task that is often used to study the
exploration–exploitation dilemma. This allowed us to break
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down avoidance performance into different parameters,24

providing a deeper insight into avoidance decisions than more
traditional avoidance paradigms that monitor binominal perfor-
mance using button pressing (avoid vs not avoid)28 or that

assess gradients of avoidance behavior with a continuous
measure.35

Our work also extends studies investigating exploration–
exploitation decisions in individuals diagnosed with a mental

Figure 9. Top panel: Per stimulus means of choosing one of the 4 stimuli. The vertical axis refers to the probabilities of receiving a painful stimulus after each
stimulus for experiment 3. Bottom panel: Proportions of trials, for each block, that participants switched or did not switch their choices for experiment 3.

Table 3

Leave-out-one information criterion values per model for blocks 1 and 2 of experiment 3.

Model Parameters LOOIC

bandit4arm_lapse_decay Reward learning rate, punishment learning rate,

reward sensitivity, punishment sensitivity, noise,

decay rate

19,953.82

bandit4arm_4par Reward learning rate punishment learning rate,

reward sensitivity, punishment sensitivity

20,098.24

bandit4arm_lapse Reward learning rate, punishment learning rate,

reward sensitivity, punishment sensitivity, noise

20,107.48

bandit4arm_singleA_lapse Learning rate, reward sensitivity, punishment

sensitivity, noise

20,336.10

bandit4arm_2par_lapse Reward sensitivity, punishment sensitivity, choice

persistence, noise

31,246.24

The winning model is the one with the lowest LOOIC value.

LOOIC, leave-out-one information criterion.
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Table 4

Leave-out-one information criterion values per model for blocks 3 and 4 of experiment 3.

Model Parameters LOOIC

bandit4arm_lapse_decay Reward learning rate, punishment learning rate,

reward sensitivity, punishment sensitivity, noise,

decay rate

12,981.98

bandit4arm_lapse Reward learning rate, punishment learning rate,

reward sensitivity, punishment sensitivity, noise

13,255.30

bandit4arm_4par Reward learning rate punishment learning rate,

reward sensitivity, punishment sensitivity

13,266.47

bandit4arm_singleA_lapse Learning rate, reward sensitivity, punishment

sensitivity, noise

13,403.50

bandit4arm_2par_lapse Reward sensitivity, punishment sensitivity, choice

persistence, noise

28,532.37

The winning model is the one with the lowest LOOIC value.

LOOIC, leave-out-one information criterion.

Figure 10. The posterior distributions and ROPEs (bottom 2 panels) for each model parameter for experiment 3 and blocks 1 and 2. ROPE, region of practical
equivalence.
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disorder. Aylward et al.2 investigated exploration–exploitation
behaviors in individuals with an anxiety-related disorder and in
healthy controls. By applying a similar modeling approach, they
found that participants with anxiety symptomatology had higher
punishment learning rates than controls. The authors suggested
that their results implied that one way to reduce anxiety
symptomatology might be to assist individuals to integrate
information over a longer period. Similarly, Morris et al.38 tested
the exploration–exploitation dilemma in individuals with obesity or
drug dependency problems. The results of their study revealed
that drug dependency reduced exploration, which often led to
choices leading to unfavorable outcomes. The performance of
individuals with obesity did not differ from that of healthy controls.
Taken together, these results encourage the idea that a better
understanding of how individuals solve the exploration–
exploitation dilemma may be an important step towards un-
derstanding dysfunctional actions.

In this study, none of the individual differences collected
predicted any of the performance parameters. There are several
possible explanations for this. First, it may be that although the
individual differences tested are relevant for avoidance learning,
they are not relevant for exploration–exploitation. Second, it is
possible that the task used in these experiments is not tailored to
capture variations in exploration–exploitation between individ-
uals, at least the variations measured through self-reports.

The results of our study corroborate those of Roy et al.44 Using
a pain-related instrumental task, these authors showed that after
receiving a painful outcome, participants switched their choices,
which indicates exploratory behavior. Extending these findings,
here we used a task with different types of rewards (ie, both
positive and negative reinforcement), task switching (ie, a design
that allowed us to test the relearning of contingencies between
action and reward/punishment), a comparative approach within
models (ie, testing different models with different parameters/

Figure 11. The posterior distributions and ROPEs (bottom 2 panels) for each model parameter for experiment 3 and blocks 3 and 4. ROPE, region of practical
equivalence.
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latent constructs), and a more complex task with multiple choice
options and pain movements as responses (ie, making our task
relevant for acute/chronic pain).

Although here we focused on acute experimental pain, the
experimental task used could also form the basis for future
studies in individuals with chronic pain. To illustrate, according to
the fear-avoidance model of pain,8,50 individuals suffering from
chronic painmay hold catastrophicmisinterpretations of pain that
can lead to pain-related fear and excessive avoidance. In such
cases, even if rewards are available, they may not be sufficient for
individuals to overcome their fears (and inhibit their urge to avoid
pain) and to focus on performing actions that may result in pain.
For example, if someone believes that bending will “break their
back,” this would seem a greater cost than merely losing an
individually tailored reward offered in an experimental set-up. It
would be interesting to test how solving the exploration–
exploitation dilemma may predict long-term outcomes in these

individuals. Even then, the challenge will be to find ways to
encourage these individuals to tilt their decisions towards
exploration or even towards exploitation of rewards. The prospect
of again attaining valuable life goals might be a good candidate in
this respect. Research of this kind might reveal to what
extent exploration could enhance exposure-based treatments
that have generally proved effective in individuals with chronic
pain.10,16,46

Our study also has limitations. First, in experiments 2 and 3 the
probabilities of receiving pain and/or a positive reward were
concomitant, meaning that a high probability of receiving pain
was associated with a low probability of receiving a positive
reward and vice versa. Although this choicewas intentional to test
positive and negative reinforcement, this is not in line with
situations where the chances of pain and reward may be
opposite. A second limitation is that in experiment 2, the
movement expectancy data did not show that participants

Figure 12. ROPEs for parameter differences between the different blocks. ROPE, region of practical equivalence.
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learned which movement was associated with the lowest
probability of a painful outcome. Although this finding can be
probably explained by random noise (see also the results of
experiment 3, where the same manipulation was successful), the
rest of the self-report data support the idea that participants
learned which movement was associated with the different
outcomes. However, the rest of themeasures (eg, desire to select
each square/stimulus) pointed to successful acquisition of the
contingencies. The difference in expectancy ratings between
experiments 2 and 3 is an interesting finding in its own right, given
that there is wide debate in the literature about whether learning
can be achieved with or without contingency awareness.3,33

Third, we cannot exclude the possibility that not observing
individual differences across our sample relates to the homoge-
neous nature of our sample; repeating the task in a more
heterogeneous group (eg, including individuals with chronic pain
complaints) is warranted. Finally, we note that our experiment
used mostly a relatively healthy student sample, which may
potentially limit the extension of our results to other age and
education groups.

There are several directions for future studies. One of the main
assumptions of the exploration–exploitation dilemma is that
behavior is goal-directed and that individuals achieve a balance
between these 2 types of behaviors to attain their desired goal.
From this perspective, one question is whether and how the
balance between exploration and exploitation flexibly changes
when a movement that was initially judged to be rewarding stops
being rewarding. This could be modeled by devaluing the reward
value of the initially rewarding outcome. Specifically, and in line
with the literature on habitual and goal-directed behavior,27 a
movement that has been paired reliably with a reward could
subsequently be followed by a painful outcome, and vice versa.
Persisting with the same learned movement, despite the now
aversive outcome, might entail a risk for future behavioral
problems because that behavior might no longer serve the goal
being pursued. Another question is how the balance between
exploitation and exploration is influenced by the presence of
learned cues predicting aversive or rewarding outcomes.52
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