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Abstract
Background: In Bayesian models including predictive processing, the mag-
nitude and precision of pain expectancies are key determinants of perception. 
However, relatively few studies have directly tested whether this holds for pain, 
and results so far have been inconclusive. Here, we investigated expectancy ef-
fects on pain experiences and associated affective responses.
Methods: In two studies, healthy participants (n = 30 in each) received painful 
electrical stimuli preceded by explicit pain predictions. In study 1, the magnitude 
of pain predictions and administered pain intensities were varied. In study 2, the 
magnitude and precision of pain predictions were varied, while administered 
pain intensity was kept constant. Experienced pain intensity was the primary 
outcome in both studies.
Results: Pain experiences assimilated towards both under- and overpredictions 
of pain. In study 1, however, effects were small, if present at all, for non-painful 
stimuli and effects were not necessarily larger with predictions of greater mag-
nitude. In study 2, assimilation of pain experiences appeared regardless of preci-
sion level, while no significant effects on EMG eyeblink startle responses were 
observed. Moreover, under-  and overpredictions caused disappointment and 
relief, respectively, with greater disappointment upon precise than imprecise 
predictions.
Conclusions: The influence of pain predictions on pain might be more complex 
than assumed in simple instantiations of current theoretical frameworks, with 
no systematically stronger assimilation of pain experiences to larger and more 
precise predictions. Since overpredictions are associated with relief, but under-
predictions with disappointment, these findings underline the importance of pro-
viding correct predictions when preparing for upcoming painful procedures.
Significance Statement: Our work supports, challenges, and extends the ap-
plication of Bayesian and predictive processing frameworks to the influence of 
pain predictions on pain. Under- and overpredictions of pain yielded assimilation 
of pain experiences, but assimilation was not systematically stronger with larger 
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1  |  INTRODUCTION

Pain experiences are readily altered by expectancies 
(Büchel et al., 2014; Kirsch, 1985; Peerdeman et al., 2016). 
The importance of this phenomenon for clinical practice 
is underlined by a large body of research demonstrating 
placebo and nocebo effects on pain of which expectancies 
are the putative core mechanism (Evers et al., 2018, 2021). 
Generally, pain experiences have been found to be biased 
towards expectancies, known as assimilation (Blythe 
et al., 2022; Thomaidou et al., 2023). As such, upon un-
derpredictions of pain (when anticipating less pain than 
actually encountered) experienced pain intensity may be 
reduced, while overpredictions of pain (when anticipat-
ing more pain than actually encountered) may increase 
pain intensity. The influential Bayesian models includ-
ing predictive processing consider both the magnitude 
and precision of expectancies to be key determinants of 
their effects on perception (Büchel et al., 2014; Ongaro & 
Kaptchuk, 2019; Tabor & Burr, 2019). These frameworks 
pose that larger expectancies (i.e. larger difference be-
tween expectation and sensory input; larger prediction 
error) and more precise expectancies (i.e. more certain) 
yield stronger assimilation effects on pain. Some exper-
imental studies confirm this (Grahl et  al.,  2018; Hoskin 
et  al.,  2019; Pollo et  al.,  2001). However, others show it 
might not always hold true. Strong underpredictions 
have been found to not result in more pain relief than 
moderate underpredictions (Hird et al., 2019; Peerdeman 
et al., 2021), and a recent meta-analysis did not indicate 
any consistent influence of uncertainty on pain (Pavy, 
Zaman, Van Den Noortgate, et al., 2024).

Additionally, in their simplest form and as usually ap-
plied, Bayesian models including predictive coding have 
been less concerned with the emotions associated with 
unmet predictions of pain. However, they may result in dis-
appointment, undermine trust, or induce pain-related fear 
and increase anxiety, especially when substantially more 
pain is experienced than was expected (Arntz et al., 1991; 
Arntz & Hopmans, 1998; Campbell & Guy, 2007; Herruer 
et al., 2015; Husain & Lee, 2015; Peerdeman et al., 2021). 
The applicability of expectancy effects in clinical practice 
may be further challenged by large interindividual differ-
ences (e.g. in anxiety, optimism, interoceptive awareness, 
variability in pain reporting) that may influence pain 
experiences (Horing et  al.,  2014; Treister et  al.,  2019). 

Further research into how pain predictions shape pain ex-
periences is required to test and expand dominant theories 
and inform on how healthcare providers can effectively 
harness expectancy effects to optimize patient outcomes.

This paper outlines 2 experimental studies that tested 
core hypotheses and boundaries of Bayesian, predictive 
coding models. In cued pain tasks, we manipulated pain 
predictions prior to delivering electrical stimuli and as-
sessing experienced pain intensity. Primarily, we aimed 
to examine whether pain experiences assimilate towards 
pain predictions, and specifically how this is affected by 
the magnitude of the prediction (or size of the prediction 
error) (study 1) and the precision of the prediction (study 
2). Secondarily, as pain intensity is only one aspect of pa-
tients' experiences, this project goes beyond these frame-
works by also examining affective responses. Finally, 
effects on the startle reflex (study 2) and moderation by 
individual characteristics are explored.

2   |   METHODS

2.1  |  Methods study 1

In Study 1, the magnitude of pain predictions and electri-
cal pain stimulus intensities were systematically varied to 
create under-  and overpredictions (prediction errors) of 
different sizes, as well as correct predictions. Our primary 
hypothesis was that pain experiences would assimilate 
towards pain predictions, in line with Bayesian models 
(Büchel et  al.,  2014; Ongaro & Kaptchuk,  2019; Tabor & 
Burr, 2019), but that predictions offering the largest under-
  or overprediction of upcoming pain would not yield the 
largest assimilation effects (Hird et  al.,  2019; Peerdeman 
et al., 2021). Secondarily, we hypothesized that expectancies 
offering the largest under- or overprediction of upcoming 
pain would result in the strongest relief or disappointment, 
respectively. Lastly, we explored the possible moderation of 
the prediction effects on pain by individual characteristics 
(i.e. variability of pain reporting, anxiety, optimism, intero-
ceptive awareness, and pain vigilance).

The study was approved by Leiden University's 
Psychology Research Ethics Committee (2021-11-15-K
.J.Peerdeman-V1-3547) and preregistered at the Open 
Science Framework (DOI: 10.17605/OSF.IO/W3PUZ, 
https://osf.io/w3puz/).

prediction errors or greater precision. Moreover, under- and overpredictions re-
sulted in disappointment and relief, respectively. This research signifies the im-
portance of establishing accurate predictions of pain in clinical practice.
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2.1.1  |  Participants

The sample size was determined based on the sample 
sizes used in previous studies using a comparable de-
sign and analytical approach (Fazeli & Büchel,  2018; 
Geuter et al., 2017; Hird et al., 2019; Hoskin et al., 2019; 
Yoshida et al., 2013; Zaman et al., 2017) as a power anal-
ysis for our multi-factorial within-subjects study design 
is complex. These studies indicate that sufficient power 
to find meaningful, moderate-sized, effects should be 
obtained with data of 30 participants per study. Healthy 
participants were recruited via flyers in faculty build-
ings in Leiden, The Hague, and Delft, and through social 
media channels. They signed up through the universi-
ty's standard participant management tool (SONA) and 
were sent the participant information letter via e-mail. 
Participants had to be between 18 and 35 years, fluent in 
English (written and spoken), and able to give informed 
consent. To ensure participants' safety and data quality, 
participants were excluded if they suffered from a severe 
physical or psychiatric condition that could possibly 
interfere with the study protocol (e.g. cardiac disease, 
DSM-V diagnosis, severe hearing or vision problems), 
had a history of chronic (≥3 months) pain, experienced 
current pain (>1 on a 0–10 scale), had injuries to the 
non-dominant arm on the day of testing, were fitted 
with an implanted electronic device, currently used 
medication (e.g. analgesic within 24 h prior to testing), 
used alcohol (>1 glass) or drugs within 24 h prior to test-
ing, were pregnant or breastfeeding, or in case of unsuc-
cessful pain calibration (i.e. not experiencing high pain 
at or below the maximum stimulus intensity).

2.1.2  |  Electrical pain evocation, 
assessment and calibration

Pain was evoked with electrical stimulations delivered for 
a duration of 1000 ms via electrodes by a constant current 
stimulator (Digitimer DS5 2000, Digitimer Ltd., Welwyn 
Garden City, UK). The DS5 was set to an input voltage 
of 5 V and a maximum output current of 25 mA, although 
no stimuli above 10 mA were provided. A custom-built 
Signal Generator was used to connect the DS5 to the 
PC. Spectra 360 electrode gel was applied to both disks 
of a bar stimulating electrode (two stainless steel round 
10 mm electrode-surfaces at a spacing of 30 mm, Digitimer 
BARR0026). Transpore White tape was used to attach the 
bar electrode to the volar forearm approximately 3 cm 
from the elbow crease.

Experienced pain intensity during the electrical stimuli 
was rated on a digital, horizontally-presented 11-point nu-
merical rating scale (NRS) ranging from 0 (‘no pain at all’) 

to 10 (‘most intense pain imaginable’). Participants could 
tick one of the boxes below each number (integers only) 
and were informed about the meaning of additional scale 
points (2 = ‘low pain’, 4 = ‘moderate pain’, 6 = ‘high pain’, 8 
= ‘very high pain’).

The electrical pain calibration procedure consisted 
of three steps. Step 1 was the familiarization phase. 
Participants received an ascending series of electrical 
stimuli, starting at 0.5 mA and increasing with steps of 
0.5 mA. Participants indicated verbally the first time they 
felt the stimulation (perception threshold), when the stim-
ulation first became painful (pain perception threshold), 
and the maximum pain intensity they could tolerate (pain 
tolerance level). Stimulation was stopped at the pain toler-
ance level or when the maximum of 10 mA was reached. 
In Step 2, participants received the same ascending series 
of stimuli as in Step 1. After each stimulus, participants 
now rated experienced pain intensity on the NRS. The 
stimulation was stopped as soon as participants gave a 
rating of 8 (i.e. very highly painful) on the NRS or when 
the maximum of 10 mA was reached. Participants who did 
not rate 10 mA with at least 6 were excluded. The experi-
menter informed participants that the last stimulus would 
be the highest to be used throughout the experiment 
alongside lower intensity stimuli. In step 3, a random se-
ries of stimuli was presented. The OpenSesame software 
randomly selected 30 intensities between 0.5 mA and the 
highest intensity that participants experienced in step 2. 
After each stimulus, participants again rated experienced 
pain intensity on the NRS. Based on these ratings, the soft-
ware selected intensities corresponding to ‘no pain at all’ 
(0 on the NRS), ‘moderate pain’ (4 on the NRS), and ‘very 
high pain’ (8 on the NRS) by fitting a Weibull function to 
the participants' ratings for all different stimulus inten-
sities given in step 3 (Weibull, 1951; Yoshida et al., 2013; 
Zaman et al., 2017). To ensure a good fit, differences of at 
least 0.5 mA between each intensity, and the selection of 
non-painful yet perceptible intensities for the non-painful 
stimulus, the fitted function was plotted on the provided 
stimulus intensities and ratings. This was inspected by the 
experimenter and manual adjustments were made when 
needed.

2.1.3  |  Uncued pain task

An uncued pain task was used to assess variability of 
pain intensity ratings. By presenting pain stimuli without 
cues, we aimed to investigate how participants perceived 
and rated pain intensity under unpredictable conditions. 
This task consisted of 2 separate blocks. In each block, 
the three stimulus intensities selected during calibration 
(evoking no, moderate, and very high pain) were each 
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presented three times, in pseudorandom order (i.e. 9 tri-
als per block). For each individual participant, the R2 of 
a linear model regression with stimulus intensity (i.e. no, 
moderate, and very high pain, as indicated by ratings of 
0, 4, and 8 on the NRS during calibration, respectively) 
as predictor and pain rating as dependent variable was 
calculated across all trials of the first block of the uncued 
pain task to indicate variability. Lower R2 scores indicated 
higher variability. This approach was based on the work of 
Treister and colleagues (Treister et al., 2017).

2.1.4  |  Cued pain task—magnitude of 
predictions

We designed a cued pain task to assess the influence of 
pain predictions on pain experiences. Participants re-
ceived electrical pain stimuli of three different individually 
calibrated intensities: no pain (1.37 ± 0.87 mA), moderate 
pain (4.08 ± 1.67 mA), or very high pain (5.67 ± 2.02 mA). 
Each stimulus was preceded by a lexical cue indicating 
a precise prediction of the pain intensity to be expected: 
‘No pain’, ‘Low pain’, ‘Moderate pain’, ‘High pain’, and 
‘Very high pain’. Participants were informed that some 
cues were a correct prediction of the upcoming intensity, 
whereas others were an under- or overprediction, hereby, 
no deception was used.

The task consisted of 2 counterbalanced blocks of 
34 trials each (trials were presented in a pseudorandom 
order, 68 trials in total). Each block was preceded by 2 
practice trials with correctly predicted non-painful stim-
uli to familiarize participants with the procedure. In 
each block, about half of the stimuli were correctly pre-
dicted and half were incorrectly predicted, with an equal 
amount of underpredicted and overpredicted stimuli, to 
ensure participants considered the cues as relevant pre-
dictors of stimulus intensity. Also, different magnitudes 
of prediction errors were presented equally often, despite 
the extremes naturally occurring less frequently, to ensure 
sufficient data for comparisons. See Table 1 for an over-
view of the frequency with which each unique cue and 
stimulus combination is presented.

The trial procedure is depicted in Figure 1a. Each trial 
started with a fixation screen for either 6000 ms, 6500 ms, 
or 7000 ms to control for predictability of timing in the 
experimental task. Then, the cue was presented in pur-
ple font on the screen for 1000 ms. An anticipation pe-
riod followed for 1000 ms, 1300 ms, or 1600 ms. A variable 
anticipation period, rather than fixed, was chosen to re-
duce a sense of routine and consequently a decrease in 
attention and motivation, which could potentially affect 
the quality of responses. After the anticipation period, the 
stimulus was administered (1000 ms), upon which partic-
ipants rated their pain intensity on the NRS, which was 

Cue/pain prediction
Stimulus 
intensity

Prediction 
error

Number of trials 
per block

No pain 8 -8 2

Low pain 8 -6 2

Moderate pain 8 −4 1

No pain 4 −4 1

Low pain 4 −2 1

High pain 8 −2 1

No pain 0 0 6

Moderate pain 4 0 6

Very high pain 8 0 6

Low pain 0 2 1

High pain 4 2 1

Moderate pain 0 4 1

Very high pain 4 4 1

High pain 0 6 2

Very high pain 0 8 2

Note: Each cue corresponds to a numerical value: ‘No pain’ = 0, ‘Low pain’ = 2, ‘Moderate pain’ = 4, ‘High 
pain’ = 6, and ‘Very high pain’ = 8. Each stimulus intensity corresponds to the rated pain intensity during 
the calibration procedure. The prediction error is the numerical difference between the cue and stimulus 
intensity and represents the numerical underprediction, overprediction, or correct prediction. The 
number of trials is the number of times each unique cue and stimulus combination was presented during 
each block of the cued pain task.

T A B L E  1   Overview of the frequency 
of each unique cue and stimulus 
combination in the cued pain task in 
study 1.



      |  5 of 21DERKSEN et al.

confirmed by clicking ‘Enter’. To prevent missing data, 
no time limit was set for providing a response. Finally, 
participants rated their affective responses to experienc-
ing the predicted pain stimuli on a digital 5-point Likert 
scale (0 = very disappointed, 1 = disappointed, 2 = neutral, 
3 = relieved, 4 = very relieved), which was also confirmed 
by clicking ‘Enter’.

2.1.5  |  Questionnaires

Dispositional optimism was assessed with the Revised 
Life Orientation Test (LOT-R) (Scheier et al., 1994). A high 
total score indicates high optimism. To assess state and 

trait anxiety, we used the State–Trait Anxiety Inventory 
(STAI)—short-form state scale (STAI-S) (Marteau & 
Bekker, 1992) and full-form trait scale (STAI-T), respec-
tively, with high total scores indicating high anxiety 
(Spielberger et al., 1999). Attention to pain and changes 
in pain was assessed with the Pain Vigilance and 
Awareness Questionnaire (PVAQ) (Roelofs et al., 2003), 
with a high total score reflecting greater vigilance. Item 
11 of the PVAQ was erroneously missing, consequently 
the total score ranged from 0 to 75 (instead of 0 to 80). 
Interoceptive awareness was measured with 4 subscales 
of the Multidimensional Assessment of Interoceptive 
Awareness (MAIA-2) (Mehling et  al.,  2018), with a 
higher total score indicating more awareness of bodily 

F I G U R E  1   Overview of the trial presentation of the cued pain task and the overall study procedures per study. (a) Trial presentation 
study 1, showing the trial elements (e.g. cue, stimulus) in chronological order, with a brief specification (i.e. exact cues given, calibrated 
stimulus intensity, rating scales) and the duration indicated below in milliseconds, unless timing was determined by participants' response. 
(b) Overall study procedure study 1, presenting the study elements in chronological order from informed consent to debriefing. (c) Trial 
presentation study 2, showing the trial elements in chronological order, with a brief specification and the duration indicated below in 
milliseconds, unless timing was determined by participants' response. Differences with study 1 were in the exact cues presented, calibrated 
stimulus intensity, and the assessment of auditory startle responses after the stimulus in 1/3rd of the trials. (d) Overall study procedure 
study 2, presenting the study elements in chronological order from informed consent to debriefing. Different than in study 1, the uncued 
pain tasks consisted of a single block, and the cued pain task consisted of 3 counterbalanced blocks. Note, the circular arrows indicate 
counterbalancing of blocks in the cued pain tasks. NRS, numerical rating scale.
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sensation. The 4 subscales used were ‘Not-Distracting’ 
and ‘Not-Worrying’, where a higher score indicates in-
creased emotional reactions and attentional response to 
sensations, ‘Self-Regulation’, where a higher total score 
indicates increased awareness of mind–body integra-
tion, and ‘Trust’, where a higher total score reflects in-
creased level of trusting bodily sensations. Finally, two 
exit questions assessed how focused participants were 
on their sensations during the stimuli and to what extent 
participants regarded the pain predictions as informa-
tive predictors of the intensity of the electrical stimuli 
(0 = not at all, 1 = slightly, 2 = moderately, 3 = very, and 
4 = extremely).

2.1.6  |  General procedure

Data were collected at a standard psychophysiology 
laboratory at the Faculty of Social and Behavioural 
Sciences, Leiden University, Leiden, the Netherlands 
from December 2021 to February 2022. See Figure 1b for 
an overview of the procedures. Upon entering the lab, 
participants were fully informed about the study details 
following a standard protocol. Potential questions were 
answered, after which both the participant and the experi-
menter signed the informed consent form. Next, eligibility 
was ensured through screening, and afterwards, partici-
pants filled in the questionnaires. Then pain calibration 
started, with the first block of the uncued pain task fol-
lowing directly. After a 3-min break, the cued pain task 
started, with 5-min breaks between the blocks of the task. 
Subsequently, the second block of the uncued pain task 
followed. Finally, participants filled in exit questions 
and read the debriefing. Participants were compensated 
according to the university's standard rates for the time 
invested in participating in each study. The full study pro-
cedures were 1 h and 45 min.

All cues, electrical stimuli, rating scales, probes, and 
breaks were triggered by OpenSesame (version 3.3.3) 
(Mathôt et al., 2012). Qualtrics (Provo, UT) was used for 
questionnaires and presenting the debriefing to partici-
pants. Experimenter notes were taken in a separate form 
in Qualtrics.

2.1.7  |  Statistical analyses

All statistical analyses were run in Rstudio (version 
2022.07.0; R version 4.2.1). The standard alpha = 0.05 
criterion was used for determining if test results indicate 
statistically significant differences, unless otherwise 
specified. Although normality may be assumed with 
the current sample size (Field et al., 2012, section 5.5), 

the assumption of normality was checked using box 
plots, histograms, and Q-Q plots for all analyses to de-
tect severe deviations. The assumption of sphericity was 
checked using Mauchly's test and Greenhouse–Geisser 
correction was applied if violated. For analyses of vari-
ance, generalized eta squared (ηg

2) was computed, with 
0.01, 0.06, and 0.14 signifying small, medium, and large 
effects, respectively (Lakens,  2013). For pairwise com-
parisons, Cohen's d was computed, with 0.2–0.3, 0.5, 
and ≥0.8 signifying small, medium, and large effects, re-
spectively (Cohen, 1988).

For the primary hypothesis, a 5 (pain prediction: no 
pain, low pain, moderate pain, high pain, very high pain) 
× 3 (stimulus intensity: no pain, moderate pain, very high 
pain) within-subjects analysis of variance (ANOVA) was 
used with pain intensity ratings as the dependent variable. 
Pain intensity ratings were calculated as an average across 
trials of each of the 15 unique cue and stimulus combi-
nations. A significant interaction effect was followed up 
by pairwise comparisons of the over−/underpredictions 
with the correct prediction for each stimulus intensity 
level separately (when preparing the analyses this was 
deemed more informative on the effects of the over- and 
underprediction of pain than the preregistered approach 
of comparing increasingly large predictions). Controlling 
for multiple testing was done with a Bonferroni correc-
tion, by dividing the alpha with the number of analyses 
(n = 4) per stimulus intensity level. Since the assumption 
of normality was clearly violated for these primary anal-
yses, with many participants reporting no pain (0 on the 
NRS) for the non-painful stimulus, and also considering 
the bounded nature of the data (ranging between 0 and 
10), we ran additional zero-inflated beta regression anal-
yses. The R-package gamlss was used to test a null-model 
including the intercept, a model also including the main 
effect of stimulus intensity, a model also including the 
main effects of stimulus intensity and pain prediction, 
and a model also including the main effects and interac-
tion of pain prediction and stimulus intensity. Likelihood 
ratio tests were used to compare the consecutive tests. 
Zero-inflated beta regression analyses were also run for 
the pairwise comparisons of the over−/underpredictions 
with the correct prediction for the non-painful stimulus, 
while regular beta regression analyses were used for these 
pairwise comparisons for the moderately and very highly 
painful stimuli. For these comparisons, a model contain-
ing the pairwise comparison was compared to a null-
model including the intercept only using likelihood ratio 
tests, for each stimulus intensity separately.

For the secondary hypothesis, the same 5 × 3 repeated 
measures ANOVA and subsequent approach for pairwise 
comparisons were used, but with the affective response as 
the dependent variable.



      |  7 of 21DERKSEN et al.

To test the exploratory hypotheses regarding the ques-
tionnaire scores and pain rating variability moderating the 
prediction effects on pain experiences, each variable was 
separately added as a covariate to the primary ANOVA 
and the interactions between each potential moderator 
and the pain predictions and/or stimulus intensity were 
examined. We had also preregistered exploratory analy-
ses of the effects of the predictions on the confidence in 
pain ratings (rated on an NRS from not certain at all to 
very certain about the pain rating) and reaction times for 
providing pain ratings. However, due to methodological 
issues these data proved to be of insufficient quality to be 
analysed or reported.

2.2  |  Methods study 2

In study 2, both the magnitude and precision of pain 
predictions were systematically varied, while pain stim-
ulus intensity was kept stable. Our primary hypothesis 
was that pain experiences would assimilate towards 
pain predictions, but that the assimilation effects to 
under- and overpredictions would depend on the preci-
sion of the pain prediction, where imprecise predictions 
would yield smaller effects compared to precise predic-
tions (Büchel et  al.,  2014; Grahl et  al.,  2018; Hoskin 
et al., 2019; Ongaro & Kaptchuk, 2019; Pollo et al., 2001; 
Tabor & Burr, 2019). Secondarily, we hypothesized that 
precise rather than imprecise pain predictions would 
result in the strongest relief or disappointment upon 
over- or underprediction, respectively. We also explored 
if eyeblink startle responses, as indicator of pain-related 
fear, would be greater upon experienced over- or under-
predictions than correct predictions of pain, particularly 
when precise. The startle reflex was chosen due to this 
measurement being non-conscious. We additionally 
checked if the predictions manipulated expectations as 
intended, by examining pain expectations and certainty 
thereof. Lastly, we explored the possible moderation of 
the prediction effects on pain by individual characteris-
tics (i.e. variability of pain reporting, anxiety, optimism, 
intolerance of uncertainty, and pain vigilance).

The study was approved by Leiden University's 
Psychology Research Ethics Committee (2022-03-15-K.J. 
Peerdeman-V2-3829) and preregistered at the Open 
Science Framework (DOI: 10.17605/OSF.IO/FX96A, 
https://osf.io/fx96a/).

2.2.1  |  Participants

The sample size determination and eligibility criteria in 
study 2 identical to those in study 1.

2.2.2  |  Electrical pain calibration

Steps 1 and 2 of the pain calibration procedure in study 2 
were almost identical to study 1, with one difference. In 
study 1 we found that in step 2 the ratings of the high-
est stimuli were on average 7.1 on the NRS instead of the 
intended 8 during the subsequent step and the cued pain 
task. Therefore, participants received one more stimulus 
after a rating of 8 (if possible) in step 2 of study 2. For the 
same reason, participants who did not rate 10 mA with at 
least 7 were excluded, and the procedures were stopped. 
The experimenter told participants that the last stimulus 
would be the highest to be used throughout the experi-
ment alongside lower intensity stimuli. In step 3, the same 
approach was used as in study 1, but now intensities cor-
responding to ‘low pain’ (2 on the NRS) and ‘high pain’ (6 
on the NRS) were additionally selected.

2.2.3  |  Uncued pain task

An uncued pain task was used to assess variability of pain 
intensity ratings. Different than in study 1, this task con-
sisted of 1 block, in which participants received 30 elec-
trical stimuli in a pseudorandom order. The five stimulus 
intensities selected during calibration were each pre-
sented six times.

2.2.4  |  Cued pain task—magnitude and 
precision of predictions

We designed a cued pain task similar to the cued pain 
task of study 1, but now to assess the influence of both 
the magnitude and precision of pain predictions on pain 
experiences. As in study 1, pain predictions preceded elec-
trical pain stimuli. Differences in the precise cues, stimu-
lus intensities, block and trial procedures are highlighted 
below.

In study 2, both precise cues (‘Low pain’, ‘Moderate 
pain’, and ‘High pain’) and imprecise cues (‘No pain to 
moderate pain’, ‘Low pain to high pain’, and ‘Moderate 
pain to very high pain’) were presented. Only moderately 
painful stimuli (4 on NRS) were administered to compare 
precise and imprecise over-  and underpredictions with 
similar (average) prediction errors. The intensity of the 
electrical stimuli varied with minus 0.1 mA or plus 0.1 mA 
from the individually calibrated intensity (4.32 ± 1.65 mA) 
to reduce the chance that participants would become 
aware all stimuli were of moderate intensity.

The task consisted of 3 counterbalanced blocks of 
18 trials each (trials were presented in pseudorandom 
order, 54 trials in total). See Table 2 for an overview of the 

https://doi.org/10.17605/OSF.IO/FX96A
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frequency of each unique cue and stimulus combination. 
The first block was preceded by 2 practice trials consist-
ing of moderately painful stimuli that were correctly pre-
dicted. The second and third blocks were preceded by only 
1 practice trial.

The trial procedure is depicted in Figure 1c. Each trial 
started with a fixation screen for either 6000 ms, 6500 ms, 
or 7000 ms. Then the cue was presented (2000 ms) and an 
anticipation period of either 1000 ms, 1300 ms, 1600 ms 
followed. Next, participants rated how much pain they ex-
pected on the same NRS as pain intensity and how certain 
they were of the expectation on an 11-point NRS where 0 
means not certain at all and 10 means very certain. Upon 
confirming their response, the electrical pain stimulus 
followed (1000 ms). In 18 trials (one-third of all trials, in 
pseudorandom order) an auditory startle probe was pre-
sented. The probes were presented during a 1000 ms time 
frame, 500 ms after the stimulus. Finally, participants 
rated their pain intensity and affective response.

2.2.5  |  Electromyography (EMG) eyeblink 
responses

EMG eyeblink responses to auditory startle probes were 
measured in one-third of the trials. The auditory startle 
probe was a burst of white noise for a duration of 50 ms 
with an instantaneous rise time to an approximately 
98 dB calibrated peak (Blumenthal et  al.,  2005), pre-
sented via headphones (Sennheiser HD206). To measure 
orbicularis oculi EMG activity, we used two EL254S Ag-
AgCl BIOPAC electrodes (4 mm recording diameter) on 
the orbicularis oculi below the right eye and one EL654 

Ag-AgCl BIOPAC ground electrode (4 mm recording di-
ameter) on the forehead, following the Blumenthal et al. 
guidelines (Blumenthal et al., 2005). All electrodes were 
filled with Signa electrode gel. Before attaching the elec-
trodes, the experimenter gently exfoliated the skin with 
NuPrep scrub. The signal was recorded with a BIOPAC 
Electromyogram Amplifier EMG100C and MP150 mod-
ule and AcqKnowledge software (version 5.0; BIOPAC 
Systems Inc., Goleta, CA) at a sampling rate of 2000 Hz, 
with a low-pass filter of 500 Hz and a high-pass filter of 
10 Hz.

2.2.6  |  Questionnaires

In study 2, as in study 1, dispositional optimism, state and 
trait anxiety and attention to pain and changes in pain 
were assessed with the same questionnaires, as was in-
formativeness of the predictions. In study 2, unlike study 
1, intolerance of uncertainty was measured with the 12-
item Intolerance of Uncertainty Scale (IUS-12) (Carleton 
& Asmundson, 2007). A higher total score on the IUS-12 
indicates higher levels of intolerance of uncertainty.

2.2.7  |  General procedure

Data were collected from April to May 2022. In study 2, the 
general procedure was largely the same as in study 1. See 
Figure 1d for an overview of the procedures. Different was 
that pain calibration was now followed by a 5-min break, 
after which EMG electrodes were attached. Then the un-
cued and cued pain tasks specific for study 2 followed, 

Cue/pain 
prediction

Stimulus 
intensity

Prediction 
error Precision

Number of 
trials per block

No pain to 
moderate pain

4 −2 Imprecise 3

Low pain 4 −2 Precise 3

Low pain to high 
pain

4 0 Imprecise 3

Moderate pain 4 0 Precise 3

Moderate pain to 
very high pain

4 2 Imprecise 3

High pain 4 2 Precise 3

Note: Each precise cue corresponds to an exact numerical value where ‘Low pain’ = 2, ‘Moderate pain’ = 4, 
and ‘High pain’ = 6. Each imprecise cue corresponds to an approximate numerical value where ‘No pain 
to moderate pain’ ≈ 2, ‘Low pain to high pain’ ≈ 4, and ‘Moderate pain to very high pain’ ≈ 6. The stimulus 
intensity corresponds to the rated pain intensity during the calibration procedure (±0.1 mA). The 
prediction error is the (approximate) numerical difference between the cue and stimulus intensity and 
represents the average numerical underprediction, overprediction, or correct prediction, with imprecise 
cues always including a correct prediction. The number of trials is the number of times each unique cue 
and stimulus combination was presented during each block of the cued pain task.

T A B L E  2   Overview of the frequency 
of each unique cue and stimulus 
combination in the cued pain task in 
study 2.
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with 3-min breaks between the blocks of the latter task. 
The full study procedures took 2 h.

2.2.8  |  Statistical analyses

The same general analysis approach was used in study 
2 as in study 1. For study 2 specifically, manipulation 
checks were done for pain expectations and certainty 
thereof with two 3 (magnitude: under−/over−/correct 
prediction) × 2 (precision: precise versus imprecise) 
within-subjects ANOVAs. A significant interaction ef-
fect was followed up by pairwise comparisons of the 
over−/underprediction with the correct prediction for 
each level of precision separately (Bonferroni correc-
tion was applied by dividing the alpha by the number of 
analyses per precision level, i.e. 2), as well as with pair-
wise comparisons of the precise versus imprecise cues 
for each level of magnitude (i.e. under−/over−/correct 
prediction), separately (this is a slight deviation from 
the preregistered pairwise comparisons, to get more 
comprehensive insights). For the primary and second-
ary hypotheses, we used the same approach with pain 
intensity ratings or affective responses as dependent 
variable. Ratings were calculated as an average across 
trials of each of the 6 unique cues. To test the explora-
tory research questions regarding questionnaire scores 
and pain rating variability moderating the prediction ef-
fects on pain experiences, each variable was separately 
added as a covariate to the primary ANOVA and the 
interactions between each potential moderator and the 
magnitude and/or precision of the pain predictions were 
examined.

All raw EMG data were visually inspected, and any 
technical artefacts or other abnormalities were identi-
fied and removed if needed. Eyeblink auditory startle re-
sponses were preprocessed in the PhysioData Toolbox for 
Matlab (Version 0.6.3) (Sjak-Shie,  2022). The raw EMG 
signal was digitized at 1000 Hz. First, the raw EMG data 
were prefiltered with a high-pass filter of 28 Hz, a low-pass 
filter at 500 Hz, and a notch filter at 50 Hz, in line with 
van Boxtel's  (2010) recommendations for enhancing sig-
nal clarity and minimizing artefacts. Next, the signal was 
rectified to convert all its values to positive magnitudes to 
prepare for smoothing. Smoothing was then applied, using 
a moving average approach to enhance the signal-to-noise 
ratio. This involved averaging adjacent data points within 
a 100 ms window with a Boxcar filter of 100 ms/Hz. Each 
startle trial was subsequently segmented into predefined 
epochs, in line with Aslaksen et  al.  (2016). Each trial 
started at probe onset and concluded 200 ms post-probe 
onset, capturing the primary response period. A baseline 
epoch for each trial, serving as a reference for normalizing 

startle response magnitudes (Aslaksen et  al.,  2016), was 
delineated to start 100 ms before probe onset and end at 
probe onset. Startle responses were calculated by subtract-
ing the average baseline level (mV) from peak amplitudes 
(mV) within the primary response period. Trials were ex-
cluded (labelled as reject trials) if the baseline level was 
higher than the peak amplitude within the primary re-
sponse period response peak, the baseline measurement 
was noisy, or if the eyeblink response occurred outside the 
window of interest. The startle probe trials of each unique 
cue and stimulus combination were averaged for further 
analyses. To test the exploratory hypotheses regarding the 
prediction effects on EMG eyeblink startle responses, a 3 
× 2 within-subjects ANOVA was run as for the other de-
pendent variables.

3   |   RESULTS

For both studies, descriptives (mean, SD) for each re-
ported measure and detailed statistics of all analyses are 
presented in the supplementary material  (Table  S1–6 
for study 1; Table S7–17 for study 2). Additionally, study 
materials, data, analysis scripts, and results files are 
openly available through the online archiving system 
DataverseNL at https://doi.org/10.34894/L0YWET.

3.1  |  Results study 1

3.1.1  |  Participants

One participant was excluded during screening and two 
participants were excluded due to unsuccessful pain 
calibration. All other 30 participants completed their 
participation in the study (86.7% female; 13.3% male; M 
age = 20.5, SD = 2.6). Participants varied in the extent to 
which they considered the cues to be informative predic-
tors of stimulus intensity (n = 3 not at all, 12 slightly, 8 
moderately, 7 very), while most were at least very focused 
on their sensations during the stimuli (n = 22 very, 6 ex-
tremely) (Table S1).

3.1.2  |  Effect of magnitude of pain prediction 
on pain intensity ratings

For the primary hypothesis (see Figure  2; Table  S2 for 
descriptives), results indicated a significant interaction 
effect between pain prediction and stimulus intensity on 
pain intensity ratings, F(5.16, 149.71) = 8.71, p ≤ 0.001, 
ηg

2 = 0.04. Follow-up pairwise comparisons (see Table S4 
for full test results, including estimated mean differences 
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with 95% confidence intervals) for the non-painful stimu-
lus did not indicate significant assimilation of pain rat-
ings upon any degree of overprediction as compared to 
correct prediction (prediction error (PE) = 2, d = 0.35; 
PE = 4, d = 0.41; PE = 6, d = 0.15; PE = 8, d = 0.17). For the 
moderately painful stimulus, overprediction yielded sig-
nificant assimilation of pain ratings when this was moder-
ate (PE = 4, d = 0.58), but not when this was small (PE = 2, 
d = 0.42), while both small and moderate underprediction 
yielded significant assimilation of pain ratings (PE = −2, 
d = 0.79; PE = −4, d = 0.51), as compared to correct pre-
diction. For the very highly painful stimulus, moderate, 
large, and very large underprediction caused significant 
assimilation of pain ratings (PE = −4, d = 0.93; PE = −6, 
d = 1.24; PE = −8, d = 0.82), while small underprediction 
did not (PE = −2, d = 0.48), as compared to correct pre-
diction. These findings indicate that for moderately and 
very highly painful stimuli, pain experiences tended to as-
similate towards predictions, but not always significantly 
in cases of small prediction errors. Predictions did not 
significantly affect experiences of the non-painful stimu-
lus. Notably, assimilation was not necessarily larger with 
larger prediction errors.

Additional zero-inflated beta regression analyses were 
run because of the many participants reporting no pain (0 
on the NRS) for the non-painful stimulus and the bounded 
nature of the data. These analyses also indicated a signif-
icant interaction effect between pain prediction and stim-
ulus intensity on pain intensity ratings (likelihood ratio of 
the complete model vs. the model including only the main 
effects: χ2 (8.10) = 28.03, p ≤ 0.001). In addition to the pair-
wise comparisons that were found to be significant with 
the original ANOVA, four additional pairwise comparisons 
were now observed to be significant. Specifically, for the 
non-painful stimulus the comparisons now also indicated 
significant assimilation of pain ratings upon small and 
moderate overprediction as compared to correct predic-
tion (PE = 2, p = 0.002, PE = 4, p ≤ 0.001). For the moderately 
painful stimulus, the small overprediction now also yielded 
significant assimilation of pain ratings (PE = 2, p = 0.002). 
For the very highly painful stimulus, small underprediction 
now also was found to cause significant assimilation of pain 
ratings (PE = −2, p = 0.004). These findings align with the 
size of the effects observed for the original analyses, with 
only truly small effects not being found to be statistically 
significant. These findings thus indicate that assimilation 

F I G U R E  2   Mean pain intensity ratings (± standard error) for each cue and stimulus intensity (study 1). Pain intensity was rated on an 
11-point numerical rating scale, where 0 means no pain at all, 2 means low pain, 4 means moderate pain, 6 means high pain, 8 means very 
high pain, and 10 means the most intense pain imaginable.
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can occur for all stimuli, including in cases of small predic-
tion errors, though these effects appear small.

Post-hoc analyses examining possible time effects by 
examining the pain ratings averaged per block of the cued 
pain task indicated similar results during the first block 
that participants received as for the ratings averaged across 
blocks, but effects tended to be smaller for the second 
block (interaction effect first block F(4.72, 136.97) = 6.00, 
p ≤ 0.001, ηg

2 = 0.05; second block F(4.13, 119.67) = 3.32, 
p = 0.012, ηg

2 = 0.02; see Table  S2 for descriptives and 
Table S5 for full test results pairwise comparisons).

3.1.3  |  Effect of magnitude of pain prediction 
on affective response

For the secondary hypothesis (see Figure 3; Table S3 for 
descriptives), results indicated a significant interaction 
effect between pain prediction and stimulus intensity 
on affective responses, F(4.27, 123.72) = 2.91, p = 0.022, 
ηg

2 = 0.04. Follow-up pairwise comparisons (see Table S5 
for full test results) of the non-painful stimulus indicated 
significantly stronger relief upon large and very large 

overprediction (PE = 6, d = 0.61; PE = 8, d = 0.81) as com-
pared to correct prediction, while small and moderate 
overprediction did not yield significantly different relief 
(PE = 2, d = 0.05; PE = 4, d = 0.20). For the moderately 
painful stimulus, results indicated significant relief upon 
both small and moderate overprediction (PE = 2, d = 1.11; 
PE = 4, d = 1.41) and significant disappointment upon both 
small and moderate underprediction (PE = −2, d = 1.21; 
PE = −4, d = 1.44). For the very highly painful stimulus, 
results indicated significantly larger disappointment upon 
all degrees of underprediction (PE = −2, d = 0.50; PE = −4, 
d = 1.09; PE = −6, d = 2.02; PE = −8, d = 2.14). These find-
ings suggest that underpredictions generally resulted in 
disappointment, while overpredictions resulted in relief. 
Notably, non-painful stimuli were associated with relief 
and very highly painful stimuli with disappointment, re-
gardless of predictions given (Figure 3).

3.1.4  |  Moderation

The effects of the pain predictions on pain intensity 
ratings were not significantly moderated by any of the 

F I G U R E  3   Mean affective response ratings (± standard error) for each cue and stimulus intensity (study 1). Affective responses to 
experiencing the predicted pain stimuli were measured on a 5-point Likert scale ranging from 0 = very disappointed, 1 = disappointed, 
2 = neutral, 3 = relieved, to 4 = very relieved.
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psychological questionnaire scores, that is, trait anxi-
ety, state anxiety, pain vigilance and awareness, in-
teroceptive awareness, and optimism (see Table S6 for 
descriptives, Cronbach's alpha, and main test results). 
Not considering adjustments for multiple testing, there 
was a significant three-way moderation between op-
timism (LOT-R), the pain predictions, and stimulus 
intensity (F(5.27, 147.51) = 2.32, p = 0.043, ηg

2 = 0.01), 
but the effect was very small and two-way interac-
tions between optimism and pain prediction (F(3.06, 
85.71) = 0.53, p = 669, ηg

2 ≤ 0.01) or stimulus intensity 
(F(1.65, 46.18) = 0.15, p = 0.825, ηg

2 ≤ 0.01) were not sig-
nificant. Further, the effect of the pain predictions on 
pain intensity rating was not significantly moderated by 
variability in pain intensity ratings. Post-hoc analyses 
indicated that the effects of the pain predictions on pain 
intensity ratings were also not significantly moderated 
by the degree to which participants considered the cues 
to be informative (Table S6).

3.2  |  Results study 2

3.2.1  |  Participants

Two participants were excluded during screening and 
three participants were excluded due to unsuccessful 
pain calibration. All other 30 participants completed their 
participation in the study (76.7% female, 23.4% male; M 
age = 21.4, SD = 3.5). For the exit question, data from 1 
participant was missing. Participants varied in the extent 
to which they considered the cues to be informative pre-
dictors of the electrical stimuli (n = 5 not at all, 7 slightly, 
11 moderately, 6 very) (Table S7).

3.2.2  |  Manipulation checks

For the manipulation check of pain expectation ratings 
(see Figure  4 and Table  S8 for descriptives), results in-
dicated a significant interaction effect between precision 
level and magnitude of the prediction on pain expectation 
ratings, F(2, 58) = 4.29, p = 0.018, ηg

2 = 0.01. As intended, 
follow-up pairwise comparisons (see Table  S13 for full 
test results) for the imprecise pain predictions indicated 
significantly lower pain expectations upon underpredic-
tion versus correct prediction (d = 2.79), as well as higher 
pain expectations upon overprediction versus correct 
prediction (d = 1.84). Also, for the precise pain predic-
tions, underpredictions resulted in significantly lower 
(d = 2.44) and overpredictions resulted in significantly 

higher (d = 2.60) pain expectations than correct predic-
tions. Furthermore, imprecise correct predictions yielded 
higher expected pain than precise correct predictions 
(d = 0.58). Pain expectation ratings for imprecise versus 
precise predictions did not significantly differ in case of 
underpredictions (d = 0.29) or overpredictions (d = 0.13). 
These findings suggest that expectations were successfully 
manipulated by the magnitude of the prediction, while 
they were only minimally affected by the precision of the 
prediction.

Certainty of pain expectation ratings were missing for 
2 participants due to a technical error. For the manipu-
lation check of certainty (see Figure 5 and Table S9), re-
sults indicated a significant interaction effect between 
precision level and magnitude of the prediction, F(1.58, 
42.69) = 11.86, p ≤ 0.001, ηg

2 = 0.04. Against our expecta-
tions, follow-up pairwise comparisons (see Table S14 for 
full test results) for the imprecise pain predictions indi-
cated significantly lower certainty of pain expectations 
upon underprediction than correct prediction (d = 0.79), 
as well as higher certainty of pain expectations upon 
overprediction than correct prediction (d = 0.74). For the 
precise pain predictions, underpredictions did not result 
in significantly differential certainty of pain expectations 
(d = 0.05), while overpredictions resulted in significantly 
higher certainty of pain expectations (d = 0.57) than cor-
rect predictions. Furthermore, as intended, imprecise 
correct predictions and imprecise overpredictions yielded 
lower certainty of pain expectations than precise correct 
or overpredictions (d = 0.66 and d = 0.59, respectively). 
However, certainty of pain expectations did not signifi-
cantly differ for imprecise versus precise underpredictions 
(d = 0.19). These findings suggest that certainty was suc-
cessfully manipulated only for correct and overpredictions 
of pain, while it was also influenced by the magnitude of 
predictions.

3.2.3  |  Effect of precision and magnitude of 
pain prediction on pain intensity rating

For the primary hypothesis (see Figure 6 and Table S10 
for descriptives), results indicated no significant inter-
action effect between precision level and magnitude of 
the prediction on pain intensity ratings, F(2, 58) = 1.28, 
p = 0.287, ηg

2 ≤ 0.01, nor a main effect of precision level, 
F(1, 29) = 3.70, p = 0.064, ηg

2 ≤ 0.01. There was a signifi-
cant main effect of the magnitude of the prediction on 
pain intensity ratings, F(1.26, 36.47) = 94.55, p ≤ 0.001, 
ηg

2 = 0.28. Follow-up pairwise comparisons (see Table S15 
for full test results) disregarding precision level indicated 
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significant assimilation of pain ratings upon underpredic-
tion versus correct prediction (d = 1.43) and upon over-
prediction versus correct prediction (d = 1.73). These 
findings suggest that only the magnitude of predictions, 
but not the precision level, affect pain ratings.

Post-hoc analyses examining possible time effects by 
examining the pain ratings averaged separately for each 
of the three blocks of the cued pain task indicated simi-
lar results as for the ratings averaged across blocks, with 
no clear differential effects over time (first block: interac-
tion effect F(2, 58) = 0.47 p = 0.625, ηg

2 ≤ 0.01, main effect 
precision F(1, 29) = 2.40, p = 0.132, ηg

2 ≤ 0.01, main effect 
magnitude F(1.31, 37.95) = 59.15, p ≤ 0.001, ηg

2 = 0.18; 
second block: interaction effect F(2, 58) = 1.18, p = 0.315, 
ηg

2 ≤ 0.01, main effect precision F(1, 29) = 0.54, p = 0.469, 
ηg

2 ≤ 0.01, main effect magnitude F(1.51, 43.65) = 55.09, 
p ≤ 0.001, ηg

2 = 0.20; third block: interaction effect F(2, 
58) = 0.02, p = 0.982, ηg

2 ≤ 0.01, main effect precision F(1, 
29) = 0.53, p = 0.473, ηg

2 ≤ 0.01, main effect magnitude 
F(1.46, 42.33) = 68.36, p ≤ 0.001, ηg

2 = 0.23). See Table S10 

for descriptives and Table S15 for full test results pairwise 
comparisons.

3.2.4  |  Effect of precision and magnitude of 
pain prediction on affective response

For the secondary hypothesis (see Figure 7 and Table S11 
for descriptives), results revealed no significant interac-
tion effect between precision level and magnitude of the 
pain prediction on affective responses, F(2, 58) = 1.47 
p = 0.239, ηg

2 ≤ 0.01. There was a main effect of preci-
sion level F(1, 29) = 11.55 p = 0.002, ηg

2 = 0.02, indicating 
higher disappointment upon precise predictions than im-
precise predictions. There was also a main effect of magni-
tude of the pain prediction on affective responses F(1.28, 
37.01) = 34.84 p ≤ 0.001, ηg

2 = 0.33. Follow-up pairwise 
comparisons (see Table S16 for full test results) disregard-
ing precision level indicated significant disappointment 
upon underprediction as compared to correct prediction 

F I G U R E  4   Mean pain expectation ratings (± standard error) for imprecise and precise pain predictions that provide under-, correct, and 
overpredictions (study 2). Pain expectations were rated on an 11-point numerical rating scale, where 0 means no pain at all, 2 means low 
pain, 4 means moderate pain, 6 means high pain, 8 means very high pain, and 10 means the most intense pain imaginable.
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(d = 1.20) and significant relief upon overprediction as 
compared to correct prediction (d = 0.69). These findings 
suggest that overpredictions result in relief, while under-
predictions result in disappointment, especially when the 
predictions are precise.

3.2.5  |  EMG

The EMG recordings of 9 participants were faulty due to 
technical difficulties and were excluded from the analy-
ses. In addition, about 20% of trials were marked as re-
ject trials due to noisy baseline. Results (see Figure 8 and 
Table S12 for descriptives) revealed no significant interac-
tion effect between precision level and magnitude of the 
pain prediction on EMG eyeblink startle responses, F(2, 
40) = 2.288, p = 0.115, ηg

2 = 0.03. Also, the main effects of 
precision level of the pain prediction, F(1, 20) = 0.003, 
p = 0.954, ηg

2 ≤ 0.01, and of magnitude of the pain predic-
tion on EMG eyeblink startle responses were not signifi-
cant, F(2, 40) = 0.69, p = 0.507, ηg

2 = 0.01. These findings 

suggest that magnitude and level of precision of predic-
tions did not affect startle responses.

3.2.6  |  Moderation

The effects of the pain predictions on pain intensity 
rating were not significantly moderated by any of the 
psychological questionnaire scores, that is, trait anxi-
ety, state anxiety, pain vigilance and awareness, intol-
erance of uncertainty, and optimism (see Table S17 for 
descriptives, Cronbach's alpha, and main test results). 
There was also no significant 3-way interaction of the 
magnitude and precision level of the predictions with 
the variability in pain intensity ratings, nor a 2-way in-
teraction of magnitude of the predictions with the vari-
ability of pain ratings. Not considering adjustments for 
multiple testing, there was a 2-way interaction of preci-
sion level of the predictions with the variability ratings 
(F(1,28) = 5.98, p = 0.021, ηg

2 ≤ 0.01). However, follow-
up analyses did not indicate significant correlations 

F I G U R E  5   Mean certainty of pain expectation ratings (± standard error) for imprecise and precise pain predictions that provide under-, 
correct, and overpredictions (study 2). Certainty of pain expectations was rated on an 11-point numerical rating scale, where 0 means not 
certain at all and 10 means very certain.
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between the variability and pain ratings for either the 
precise or imprecise predictions (r = 0.14, p = 0.451; 
r = 0.02, p = 935, respectively). Post-hoc analyses indi-
cated that the effects of the pain predictions on pain in-
tensity ratings were not significantly moderated by the 
degree to which participants considered the cues to be 
informative (Table S17).

4   |   DISCUSSION

In two experimental studies, we investigated the effects of 
the magnitude and precision of pain predictions on pain 
experiences and affective responses of disappointment 
and relief. We found assimilation of pain experiences 
towards over-  and underpredictions of pain, whereby 
greater prediction errors did not consistently result in 
greater assimilation effects. Imprecise predictions did 
not significantly reduce assimilation compared to precise 
predictions. Moreover, overprediction of pain tended to 
result in affective relief, while underpredictions resulted 
in disappointment. We did not observe an effect of the 

magnitude and precision of pain expectations on eyeblink 
startle responses. We found no indications for individual 
differences in several psychological characteristics and 
pain rating variability to moderate the effects of the pre-
dictions on pain.

The observed assimilation of pain experiences in both 
studies 1 and 2 is in line with the literature on expec-
tancy effects in pain suggesting that, in general, expec-
tations work in a self-confirming manner (Peerdeman 
et al., 2016). However, assimilation was not consistently 
larger when the discrepancy between pain prediction 
and pain sensation were larger, as simple instantiations 
of Bayesian models including predictive processing sug-
gest (Büchel et al., 2014; Ongaro & Kaptchuk, 2019; Tabor 
& Burr, 2019). This finding is in line with recent studies 
where boundary effects were also observed, with the larg-
est prediction errors not resulting in the strongest assim-
ilation effects (Hird et al., 2019; Peerdeman et al., 2021). 
The mechanisms for boundary effects are to be inves-
tigated further. One possibility is that the large discrep-
ancies cause rapid re-evaluation of the reliability of cues 
(Yu et al., 2009). Various participants considered the cues 

F I G U R E  6   Mean pain intensity ratings (± standard error) for imprecise and precise pain predictions that provide under-, correct, and 
overpredictions (study 2). Pain intensity was rated on an 11-point numerical rating scale, where 0 means no pain at all, 2 means low pain, 4 
means moderate pain, 6 means high pain, 8 means very high pain, and 10 means the most intense pain imaginable.
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to be not or only slightly informative post-test and they 
might not have let these cues affect their experiences 
when prediction errors were large. Also, the high preci-
sion of the stimuli (i.e. likelihood) might override the cues 
particularly when prediction errors are large. Moreover, 
our study suggests that overpredictions of pain may not 
or only slightly affect experiences of non-painful stimuli. 
This may relate to peripheral or spinal processes, includ-
ing different mechanisms that underlie hyperalgesia (i.e. 
increased pain during painful stimuli) and allodynia (ex-
perience of pain during normally non-painful stimuli) 
(Sandkühler, 2009), both of which are different types of 
‘learning’ process. Notably, pain experiences during the 
moderately painful stimuli do not suggest differential sizes 
of the effects of under-  versus overpredictions on pain 
(note that these comparisons could not be made for the 
non-painful and very highly painful stimuli as these could 
not be underpredicted or overpredicted, respectively). In 
sum, our and recent findings might indicate limitations of 
a simple implementation of Bayesian models by suggesting 
that a larger magnitude of expectations (i.e. larger predic-
tion errors) does not reliably result in greater assimilation 
of pain experiences. Additional research is warranted for 

replication of these findings and further insight into the 
underlying mechanisms. One possibility is that additional 
factors obscure to some extent the aspects of prediction 
being tested here, such as participants employing trial-
by-trial updating of their judgement of the cues (i.e. the 
cues may not act as static, stable predictors, but instead are 
updated through experience during the task), or hidden 
order effects, differences in the interpretation of linguistic 
descriptors, the potential for participants to build a variety 
of internal cognitive models of the experiment that distort 
their predictions, and various other adaptive processes, 
both peripheral and central. This illustrates a limitation 
in task designs such as this, as it is not simple to quantita-
tively capture all factors potentially involved.

In study 2, we manipulated the precision of pain 
predictions by indicating a range of pain intensity to 
be expected and did not find, in contrast to our predic-
tions based on Bayesian models (Büchel et  al.,  2014; 
Ongaro & Kaptchuk,  2019; Tabor & Burr,  2019), that 
imprecise predictions reduced assimilation. This find-
ing is in line with a recent meta-analysis that did not 
find an influence of uncertainty on pain (Pavy, Zaman, 
Van Den Noortgate, et  al.,  2024). Note, however, that 

F I G U R E  7   Mean affective response ratings (± standard error) for imprecise and precise pain predictions that provide under-, correct, 
and overpredictions (study 2). Affective responses to experiencing the predicted pain stimuli were measured on a 5-point Likert scale 
ranging from 0 = very disappointed, 1 = disappointed, 2 = neutral, 3 = relieved, to 4 = very relieved.
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manipulation checks indicated that while expectations 
were successfully manipulated by the magnitude of both 
precise and imprecise predictions (despite imprecise pre-
dictions also including a correct prediction), certainty 
appeared only successfully manipulated for correct and 
overpredictions of pain and was influenced by the mag-
nitude of predictions. Moreover, post-test, various par-
ticipants considered the cues to be not or only slightly 
informative. Further comparative research might give 
insight into how uncertainty can be manipulated more 
effectively to get a better understanding of how uncer-
tainty then affects pain experiences. For example, a re-
cent meta-analysis did not indicate an influence of type 
of unpredictability (e.g. regarding intensity or onset), 
but did suggest effects may depend on targeted stim-
ulus pain intensity, expected pain intensity, and state 
negative affectivity (Pavy, Zaman, Van Den Noortgate, 
et  al.,  2024). These findings rationalize an appeal to 
more quantitative approaches, which capture the multi-
ple types of uncertainty that are at play and allow more 
formal model testing and comparison, exploiting in par-
ticular the sorts of trial-by-trial effects that can operate 

in various types of task paradigm as specific predictions 
of Bayesian models.

Both studies showed that underpredictions of pain led 
to disappointment, while overpredictions generally led 
to affective relief. These effects were increasingly large 
with increasing prediction errors (study 1), and disap-
pointment was higher upon precise than imprecise pre-
dictions (study 2). Our findings are in line with previous 
studies suggesting that underpredictions can cause pain 
relief, but also undesirable outcomes like disappoint-
ment and trust violation (Campbell & Guy, 2007; Herruer 
et al., 2015; Husain & Lee, 2015; Peerdeman et al., 2021). 
While relief upon pain overprediction may be considered 
beneficial, our study, like previous research (Thomaidou 
et al., 2023), shows that overprediction can also intensify 
pain. Moreover, expectations of high pain have been asso-
ciated with increased levels of fear and anxiety (Benedetti 
et al., 2007). In study 2, we did, however, not find that the 
disconfirmation of precise or imprecise under- or overpre-
dictions of pain significantly influenced EMG eyeblink 
startle responses, an indicator of pain-related fear (van 
Boxtel,  2010). Similar patterns of EMG eyeblink startle 

F I G U R E  8   Mean peak amplitude EMG responses in mV (± standard error) for imprecise and precise pain predictions that provide 
under-, correct, and overpredictions (study 2).
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responses have been found in studies that also conduct 
tasks where pain is directly targeted (Pinkney et al., 2014). 
In sum, our findings underline the importance of provid-
ing correct, realistic predictions of upcoming pain in order 
to balance optimal pain and affective responses.

Our studies did not indicate any moderation of the effect 
of pain predictions on pain experiences by the psycholog-
ical characteristics studied (i.e. trait anxiety, state anxiety, 
pain vigilance and awareness, interoceptive awareness, 
intolerance of uncertainty, and optimism). This finding is 
largely in line with the existing literature, in which psy-
chological characteristics are generally not found to consis-
tently predict expectancy effects (Horing et al., 2014; Kang 
et al., 2023). These null findings might partially be due to 
the small sample size in the current and previous studies, 
since associations with psychological characteristics may 
generally be small. However, we should also consider that 
expectancy effects on pain may not be reliably related to sta-
ble psychological characteristics and are determined by in-
teractions between different factors, including the context. 
A potentially relevant predictor that has only recently been 
studied, is variability of pain ratings. Recent research has 
found that individuals who were more inwardly directed 
showed more reliable (i.e. less variable) pain reporting and 
were less influenced by external pain predictions than ex-
ternally directed individuals (Treister et  al.,  2019). In the 
current studies, we did not find variability of pain ratings 
during an uncued pain task to moderate the effects of the 
pain predictions on pain experiences. This might be related 
to a different, simpler approach of calculating the variabil-
ity in pain reporting compared to previous studies (Treister 
et al., 2017). Finally, also the degree to which participants 
considered the cues to be informative did not significantly 
moderate the effects.

When considering the implications of the current find-
ings, the limitations of our research should be consid-
ered. First, these are experimental lab studies. Although 
this allows for control and safety, patients do not have the 
reassurance that the pain they are about to experience is 
within a certain limit and without lasting effects, nor can 
it always be predicted. Hence, anxiety, uncertainty, and 
expectations of higher pain are likely increased in clinical 
settings. Second, pain experiences are not only influenced 
by a single pain prediction made just prior to receiving a 
painful stimulus. Pain experiences can be influenced by 
many factors, including previous experiences, such as 
the predictions and stimuli during preceding trials in this 
study (Jepma et al., 2018; Pavy, Zaman, Von Leupoldt, & 
Torta,  2024), anxiety about or fear of the painful proce-
dure, and attentional focus (Bushnell et al., 2013; Pagnini 
et al., 2023). Third, the majority of our sample was female 
(87% in study 1; 77% in study 2). Previous research indi-
cates sex differences in pain experiences (Mogil,  2020) 

and women have been found to be less sensitive than 
men to placebo effects (of which expectancies are a core 
mechanism) evoked through verbal suggestions (Enck 
& Klosterhalfen, 2019; Vambheim & Flaten, 2017). 
With these limitations in mind, future research could 
more closely resemble clinical practice. Another limita-
tion is that, although neurobiological mechanisms have 
been found to underlie expectancy effects (Schedlowski 
et al., 2015), response biases cannot be fully excluded in 
the current studies. Also, inclusion of larger sample sizes 
for enhanced statistical power, variation of the prior-to-
likelihood ratio (i.e. the strength of the prediction versus 
the stimulus), and applying computational models to the 
data might allow more fine-grained insights into how well 
Bayesian models inform on the way that pain predictions 
shape pain experiences (Büchel et  al.,  2014; Ongaro & 
Kaptchuk, 2019; Pagnini et al., 2023; Tabor & Burr, 2019).

In conclusion, we found that the magnitude of pain 
predictions influenced pain experiences, with under- 
and overpredictions of pain causing assimilation of pain 
experiences. However, larger prediction errors did not 
consistently result in greater assimilation. Moreover, un-
derpredictions generally resulted in disappointment, while 
overpredictions resulted in affective relief. We did not find 
precise and imprecise pain predictions to influence pain 
experiences differentially, though precise predictions did 
yield slightly greater disappointment than imprecise pre-
dictions. Our findings indicate that healthcare profession-
als should be careful when communicating predictions 
about upcoming painful procedures. Even though pain 
relief can be accomplished through underprediction of 
pain, patients may experience adverse emotions, such as 
disappointment. Implications might extend to acute and 
chronic pain. This may be particularly relevant when 
considering that frequent heightened pain expectations 
may contribute to the persistence of pain (Büchel, 2023). 
Possibly, also the violation of expectations of pain relief 
(i.e. underpredictions) may negatively affect pain per-
sistence given the observed adverse emotional effects. 
Thus, our findings underline the importance of establish-
ing correct expectations to improve patient outcomes.
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