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A B S T R A C T

Repeated painful stimulation results in substantial inter-individual differences in habituation and sensitization. 
The extent to which these responses reflect state versus trait characteristics remains unclear, highlighting the 
need to assess the reliability of these differences over time. Furthermore, the association between subjective pain 
ratings and skin conductance responses (SCR) has not been examined in this context. This preregistered study 
investigated profiles of habituation and sensitization to pain across two sessions using pain ratings and SCR. 
Participants underwent repeated painful electrical stimulation over two sessions separated by four weeks, 
receiving 75 stimuli across three runs per session. Pain intensity was rated after each stimulus, and continuous 
SCRs were recorded. Our results demonstrated moderate test-retest reliability of both pain ratings and SCRs, with 
within-run measures showing greater consistency than across-run measures. Remarkably, participants displaying 
sensitization exhibited higher reliability than those with habituation or no-change patterns. High test-retest 
reliability could suggest a trait-like response with reduced adaptability to repeated stimulation, while a higher 
variability (and thus low test-retest reliability) indicates state-dependent flexibility and adaptability. Our results 
suggest that interventions to modulate pain could be targeted at changing such sensitization patterns and pro
moting habituation. Furthermore, pain ratings showed diverse trajectories of habituation and sensitization, 
whereas SCRs predominantly habituated. This dissociation between subjective pain perception and autonomic 
responses challenges the prevailing view that higher pain ratings correspond to elevated SCRs. Together, these 
results underscore the importance of considering habituation and sensitization dynamics, with subjective and 
physiological measures providing complementary insights into the multidimensional pain response.
Perspective: Repeated painful stimulation resulted in patterns of habituation and sensitization, with large indi
vidual variability. Test-retest reliability was moderate, with higher consistency for individuals who sensitize. A 
dissociation between ratings and SCR was demonstrated, with diverse response patterns of ratings and mostly 
habituation of the SCR.

Introduction

Pain is a subjective experience which is often reported using indi
vidual self-report pain ratings. Autonomic measures such as 

electrodermal activity (EDA) can provide a more objective measure of 
arousal and salience during painful stimulation. The skin conductance 
response (SCR), which is a short-term change in EDA due to a stimulus, 
and the skin conductance level (SCL), representing the average trace of 
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skin conductance, are most often investigated.
Repeated painful stimulation can lead to habituation (a decrease in 

pain response), or sensitization, an increased response.1,2 Habituation 
and sensitization are non-associative forms of learning and are shown 
across phylogeny.3,4 They can be quantified with measures of 
self-report, EEG and fMRI.5,6 as well as autonomic measures like SCL7

and SCR.8–10 Our previous work has shown large interindividual dif
ferences in pain reports of habituation and sensitization.11 These pat
terns emerged in response to repeated painful stimulation at the same 
intensity, both within and across runs of stimulation. However, it is 
unclear whether these individual patterns are stable over time. A 
consistent habituation or sensitization profile would suggest a trait-like 
characteristic, enabling prediction of future responses. In contrast, 
fluctuating response profiles across sessions would imply a 
state-dependent mechanism that is affected by situational factors. 
Test-retest reliability can assess the temporal stability of these patterns 
for both across-run and within-run measures. One study reported mod
erate reliability for across-run measures of SCL, while pain ratings 
within-runs did not demonstrate good test-retest reliability.12 To sys
tematically evaluate the stability of individual habituation and sensiti
zation profiles, we quantified in this study the test-retest reliability of 
pain ratings and SCRs within and across runs between two sessions. 
Several studies have investigated the association between pain ratings 
and skin conductance. Overall, both measures vary as a function of 
stimulus intensity, indicating that higher pain ratings correlate with 
higher EDA.13–17 However, one study reported that SCRs failed to 
discriminate between electrical stimulus intensities.14 Furthermore, 
studies reported mixed findings on whether EDA is more closely related 
to stimulus intensity,18,19 or more to perceived pain.17,20 In habituation 
and sensitization research, a constant stimulus intensity is used, elimi
nating the effect of stimulus intensity in the relationship between pain 
reports and EDA. Here, we use this approach to evaluate the association 
between subjective self-reports and objective autonomic measures in the 
context of habituation and sensitization patterns independent of stim
ulus intensity.

Individual factors such as gender, age, catastrophizing and coping 
strategies have been investigated to predict habituation and sensitiza
tion.5,21 So far, the coping strategy “positive self-statements” showed a 
relationship with habituation,11 but this needs further replication. In 
addition, the role of anxiety has not yet been established.

Therefore, in this preregistered study we investigated how pain 
ratings and SCRs change across sessions of repeated painful stimulation 
and quantified the test-retest reliability of these measures. Furthermore, 
we evaluated the association between pain ratings and SCRs in the 
context of habituation and sensitization. Finally, we examined the in
fluence of anxiety and pain coping strategies on habituation and 
sensitization.

Methods

This study is preregistered at the Open Science Framework (OSF; 
https://osf.io/8a7qn). Data and code can be found at https://osf. 
io/2emsq. Additions or changes to the preregistration are described in 
the supplemental material. The research protocol was approved by the 
local ethics committee of the Faculty of Psychology and Neuroscience at 
Maastricht University and conducted in accordance with the Declaration 
of Helsinki. There was no patient and public involvement for the aims of 
this specific study.

Hypotheses

We were interested in habituation and sensitization patterns and 
their stability, as assessed by behavioral and physiological measures. To 
this end, we studied 1) general changes across sessions (hypotheses H1a, 
H1b, H2a, H2b, H2c), 2) test-retest reliability of self-report ratings (H3a, 
H3b) and skin conductance (H3c, H3d) measures, 3) the relation 

between questionnaire reports and habituation and sensitization 
response profiles (H4), and 4) the relation between self-report ratings 
and skin conductance measures in the context of habituation and 
sensitization (H5). The specific formulated preregistered hypotheses are 
shown in Table 1.

Participants

60 healthy participants between 18 and 30 years old were recruited 
based on our preregistered sample size estimation (see https://osf. 
io/8a7qn). Participants were recruited through the Maastricht Univer
sity research participation system and through local advertisements. 
Exclusion criteria for participation consisted of chronic pain (lasting 
three months or longer), recurrent pain in the last three months, dia
betes, cardiovascular diseases, pregnancy, reported psychiatric (e.g., 
depression, anxiety) or neurological disorders, current use of psycho
tropic medication, alcohol or drug abuse or a skin condition affecting the 
left hand. A survey assessing exclusion criteria was sent out when the 
participant had signed up for the experiment. The survey was then 
repeated at the start of the experiment to check that no exclusion criteria 
were fulfilled. Furthermore, participants were asked to limit alcohol to 
two units the evening before, refrain from recreational drugs for a 

Table 1 
Overview of preregistered hypotheses for the study. Note that the hypotheses are 
the same as in the preregistration but in different order for clarity. ICC =
intraclass correlation coefficient.

Aim Hypothesis Content

1. General changes across 
sessions

H1a A significant increase in pain 
threshold (i.e., habituation) is 
expected over the course of two 
sessions (i.e., 28 days later).

H1b Anxiety is expected to be 
significantly lower for session 2.

H2a No significant change in average 
pain ratings is expected over the 
course of two sessions.

H2b No significant change in skin 
conductance response is expected 
over the course of two sessions.

H2c An increase in non-response trials 
for skin conductance (i.e., 
habituation) is expected within a 
session but not between sessions.

2. Test-retest reliability H3a No significant change in slopes 
across runs (reflecting habituation/ 
sensitization) of self-report ratings 
will be expected over the course of 
the two sessions.

H3b The expected test-retest reliability 
(expressed with the ICC) for 
reliability of self-reported pain is 
moderate to good (0.5–0.9).

H3c No significant change in slopes 
across runs (reflecting habituation/ 
sensitization) of skin conductance 
responses will occur over the 
course of two sessions.

H3d The expected test-retest reliability 
(expressed with the ICC) for 
reliability of skin conductance 
responses is moderate to good 
(0.5–0.9).

3. Relation with questionnaire 
reports

H4 Positive self-instructions will be 
predictive of the slope of the 
ratings across run, replicating 
previous work [11]

4. Association between self- 
report ratings and skin 
conductance measures

H5 Self-report ratings and skin 
conductance will be moderately 
correlated within a session and this 
correlation will not be significantly 
different between sessions.
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minimum of one week and painkillers for at least 12 h prior to each 
experimental session. Participants that fulfilled any of the following 
preregistered data exclusion criteria during the experiment were 
excluded and replaced: 1) a pain threshold exceeding 5 mA during the 
first session (based on 22) or 2) lacking comprehension of the use of the 
rating scales or 3) failing equipment leading to more than 20% of data 
loss 4) when there was a substantial amount in time between runs (i.e., 
more than 15 min). Participants were excluded from data analysis if 
more than 20% of rating data was missing (for other reasons than failing 
equipment) or if in skin conductance data, the average stimulus-locked 
amplitude was lower than 0.02 μS per session (based on recommenda
tions for electrodermal measurements23). All participants received an 
information letter and signed informed consent before the start of the 
experiment. Participants were paid €22,50 for two sessions or received 
course credits as part of the Psychology curriculum at Maastricht 
University.

Experimental procedures

The study consisted of two sessions (S1 and S2) that were on average 
four weeks apart, in which participants rated 75 painful stimulation 
trials per session while their skin conductance was measured.

Experimental procedures were identical in both sessions (Fig. 1). 
Several questionnaires were administered (see section Questionnaires) 
and participants practiced the use of a numeric rating scale (NRS) to 
provide pain intensity ratings. The rating scale was presented on a 
computer screen and with their right hand, participants moved a slider 
on the scale between 0 and 100 with several anchors (“How much pain 
did you feel?” 0: No sensation, 20: Moderate sensation, 40: Pain 
threshold, 60: Moderate pain, 80: Severe pain, 100: Worst pain imag
inable). The anchors, which allow for habituation below the pain 
threshold, have been used in previous studies.11,24,25 Participants were 
carefully explained what each of the anchors meant, especially the pain 
threshold, which was explained as the moment the stimulus starts to feel 
painful and/or uncomfortable.

Participants received painful electrical stimulation on the left middle 
finger (in line with our previous research11,22). Participants were asked 
to wash their hands with warm water, without soap. The skin on the 
middle finger was disinfected with an alcohol pad and the upper layer of 
the skin (about 1 mm) at the distal and middle phalanges was scrubbed 

to reduce resistance for electrical stimulation. Small amounts of elec
trode gel (Spectra 360, Parker, USA) were put on two electrodes (Biopac, 
EL509) which were attached to the prepared skin and secured using 
adhesive tape. For SCR measurements, the participant’s hand palm was 
scrubbed using Nuprep gel (Weaver and company, USA) to increase skin 
conductivity. Two additional Biopac electrodes with skin conductance 
electrode paste (Biopac, Gel101) were attached to the hand palm.23,26

The stimulation electrodes were connected via leads (Biopac, 
LEAD108B) to an emergency stop button which was interfaced with a 
Digitimer DS5 constant current stimulator (Digitimer Ltd, UK) and Na
tional Instruments card (NI, USA). The skin conductance electrodes were 
linked to a GSR module which was connected to a BrainAmp ExG 
amplifier with AUX box (BrainVision LLC, USA).

Participants then performed two calibration sets in which their 
sensation and pain threshold was established. During calibration, elec
trical stimuli (10 ms) were delivered starting at 0 mA using steps of 
0.1 mA until the participant reported the first sensation, and then 
continued until the pain threshold was reached. Participants indicated 
their rating using the pain rating NRS scale. The procedure was repeated 
twice, and values were averaged. Participants then performed the main 
task (see section Task) and filled in further questionnaires afterwards.

The second session (S2) followed the same protocol and was sched
uled on average 28 days after S1, at approximately the same time of the 
day. The data was collected by three different experimenters following 
standardized instructions, always ensuring that the same experimenter 
collected both sessions per participant. The rating scale practice was 
briefly repeated with some possibilities for exploration, the electrodes 
were placed at the same positions, and the calibration procedure was 
repeated. Habituation might be more pronounced with a lower 
(perceived) stimulus intensity.1 Therefore, we decided that it is impor
tant to have a similar perceived stimulus in the second session, contrary 
to previous work which investigated test-retest reliability based on the 
same applied stimulus intensity.12 The main task was identical to the 
first session.

Questionnaires

At the start of the first session, participants provided general infor
mation about age, gender, medication use, and use of hormonal birth 
control. Participants completed the Fear of Pain Questionnaire-9 (FoP)27

Fig. 1. Overview of the task design. Participants received electrical stimulation on their finger while skin conductance was measured on their palm during two 
sessions (S1 and S2), which were on average 28 days apart. Each session consisted of three runs with 25 trials each. Time between trials was 18–24 s. After each 
electrical stimulus, participants rated the intensity of experienced pain using a NRS scale.
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and the Coping Strategies Questionnaire (CSQ) to assess strategies for 
coping with pain (as part of the preregistered hypotheses).28,29 The CSQ 
consists of seven subscales, targeting the use of different strategies. To 
replicate our previous work,11 we only assessed the relationship be
tween the positive self-statements subscale and habituation. In the 
beginning of each session, participants rated their current pain using the 
NRS (0− 10) and were asked whether they had experienced any painful, 
mental or physical events during the past four weeks that could impact 
their wellbeing. Furthermore, the self-assessment Manikin (SAM)30

including control, happiness and excitement was assessed on a scale of 
1–5, and an NRS on anxiety and energy were administered before and 
after the experiment (recalling their experience during the experiment) 
in both sessions. At the end of the second session, participants were 
asked to describe their change in pain ratings as increasing (“sensitiza
tion to pain”), decreasing (”habituation to pain”) or “no change”.

Task

Participants received three runs of brief electrical stimulations 
(10 ms). Each run consisted of 25 trials with 18–24 s inter-trial intervals 
(Fig. 1). Between each run, there was a break of 4 min in which the 
experimenter talked to the participant. Importantly, all stimuli were of 
the same intensity, calculated as the pain threshold + 0.50*(pain 
threshold – sensation threshold). This intensity was chosen to aim for a 
mild painful stimulus (between 40 and 60 on the scale), leaving room for 
both habituation and sensitization. After each stimulus, the participant 
provided their pain rating using the NRS during an interval of 6 s. A 
fixation cross was displayed on the screen, except during the presenta
tion of the NRS. Participants were neither informed that the stimulation 
would always be the same, nor that we were interested in habituation/ 
sensitization. The stimuli and rating scale were presented using Pre
sentation software (Neurobehavioral systems Inc, USA).

Skin conductance processing

For skin conductance data, the phasic stimulus-locked component 
was investigated. Data was filtered using a low-pass filter (5 Hz) and 
down-sampled to 10 Hz. Event-related activations were extracted using 
Ledalab (Matlab-based software).31 The phasic driver activity, hereafter 
referred to as SCR, was extracted using continuous decomposition 
analysis in a time-window of 1–6 s post-stimulus. According to best 
practice recommendations, data was transformed using a log trans
formation to account for the skewed distribution.23 Non-response trials 
were defined using a threshold of 0.02 μS.23

Statistical analyses

All analyses were performed in RStudio (v 2024.04.1) and R (version 
4.3.3). Deviations from the preregistered analyses can be found in the 
supplemental material. For hypothesis H1a, pain thresholds were 
compared between sessions using a one-sided paired t-test. In addition, 
we explored the correlation between the change in pain threshold and 
change in average pain ratings between sessions using Pearson’s r. For 
H1b, anxiety scores at the start of each session were compared using the 
non-parametric Wilcoxon signed rank test (as assumptions for the paired 
t-test were violated). As part of exploratory preregistered analyses, we 
investigated whether NRS scores on general pain changed across ses
sions using a Wilcoxon signed rank test. Furthermore, we explored 
whether scores on the SAM changed from S1 to S2 and from pre to post 
(we retrospectively assessed their experience during the experiment) 
using repeated measures ANOVAs.

Changes in pain ratings (H2a) across sessions were assessed using a 
linear mixed-effects model with trials nested in runs and participants 
using R package nlme.32 An interaction between trial and run was 
included to describe effects over time on the group level, and the main 
effect of session was included to investigate whether pain ratings 

changed over the sessions. To compare our results with previous studies, 
we also investigated the main change in pain ratings across sessions 
using a paired t-test. For H2b, changes in SCRs across sessions (using the 
phasic stimulus-locked component) were assessed using a similar 
mixed-effects model analysis as for H2a, with trials nested in runs and 
participants. For H2c, the number of non-response trials was calculated 
per participant (defined as a response lower than 0.02 µS) and analyzed 
using a repeated measures ANOVA. However, due to the non-normality 
of the data and the limited effect of transformations, we additionally ran 
a multilevel model with a Poisson distribution to account for the skewed 
distribution, using R package lme4.33

For H3 assessing test-retest reliability, individual linear regression 
slopes were fitted to define habituation and sensitization. Slopes were 
either fitted across all three runs and compared between sessions (i.e., 
across-run slope reliability) or fitted within-runs (yielding three slopes 
per session) and compared between sessions (i.e., within-run slope 
reliability). A significant positive slope compared to 0 was categorized 
as ‘sensitization’, a significant negative slope as ‘habituation’ and a non- 
significant slope as ‘no change’. Across-run slopes between sessions were 
compared at the group level (H3a) with a paired t-test. In a separate 
exploratory analysis, we analyzed the correlation between the change in 
pain threshold across sessions and the change in across-run slopes with 
Pearson’s r. For H3b, reliability of the across-run slopes between ses
sions was assessed using the ICC with a two-way random model and type 
‘agreement’, R package irr.34 ICC < 0.4 was classified as ‘poor’, 0.4 <
ICC < 0.6 as ‘fair’, 0.6 < ICC < 0.8 as ‘good’ and ICC > 0.8 as ‘excel
lent’.35,36 Next, for exploratory purposes to find the best fit to the data 
and compare with previous research, different measures of variation 
across sessions were compared. We examined the ICC of the log slope 
(using individual regression slopes with a log function), the coefficient 
of variation (CV; a measure of dispersion around the mean), and the 
repeatability coefficient indicating the closeness of repeated measure
ments. Additionally, the mean percentage change of ratings between 
runs, the ICC of the mean ratings, the ICC of the SD, and the group-level 
correlation between ratings were investigated. These measures were 
analyzed for both the across-run slope and within-run slopes, always 
comparing the two sessions. For the group-level correlation, individual 
ratings of session 1 and 2 were correlated using Spearman’s rank cor
relation (using all data or per run), transformed using Fisher’s Z trans
formation with R package DescTools,37 averaged and transformed back 
to Spearman’s rank correlation. Fisher’s Z transformation was employed 
to account for the skewed sampling distribution of correlations.38

For H3c and H3d skin conductance slopes across runs were compared 
between sessions at the group level using a paired t-test and the ICC was 
calculated to assess individual reliability, following the procedures 
described above. Finally, we explored the within-run slopes and ICC of 
these slopes between sessions.

For H4, the sum score of the positive self-instructions’ subscale was 
correlated with the across-run slope of the pain ratings of S1 (when the 
questionnaire was administered) using Pearson’s r. Furthermore, as part 
of exploratory preregistered analyses, the total score of the Fear of Pain 
questionnaire, the anxiety rating and the SAM ratings were correlated to 
the across-run slopes. P-values were corrected for multiple comparisons 
using the Bonferroni correction.

For H5, the association between SCRs and ratings was investigated. 
Spearman rank-order correlation was calculated for each participant per 
session. The resulting correlation coefficients were transformed using 
Fisher’s Z transformation. Their absolute values were then taken to ac
count for habituation and sensitization effects, and the coefficients were 
subsequently averaged.38 The average coefficient per session was tested 
against zero using Fisher’s Z-Test (due to non-normality of the distri
bution of coefficients this replaced the preregistered one-sample t-test). 
Then, the average coefficients were compared between S1 and S2 using 
Zou’s approach for dependent non-overlapping correlations,39 using R 
package cocor.40

Three additional (non-preregistered) control analyses were 
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performed, focusing on the rating categories habituation, sensitization 
and no change, which were based on the across-run slopes. First, cor
relation coefficients were compared between each rating category 
(based on the across-run slope) using a one-way ANOVA. Pairwise 
comparisons were computed using Tukey’s ‘Honest Significant Differ
ence’ method. Second, skin conductance slopes were compared between 
each rating category using a one-way ANOVA. Third, the skin conduc
tance slopes were correlated with the individual stimulus intensity using 
Pearson’s r, after log-transforming the data to account for non- 
normality.

Results

Overall participant characteristics

In total n = 66 participants were recruited. According to preregis
tered exclusion criteria, n = 6 participants were excluded and replaced 
(n = 1 for a pain threshold exceeding 5 mA, n = 2 for equipment failure, 
n = 1 for not comprehending the rating scale, n = 1 for reporting 
exclusion criteria-relevant information following completion of the 
study, n = 1 from discontinuing the experiment). Furthermore, n = 6 
participants were excluded from analyses as they did not attend the 
second session, resulting in a total sample of n = 54 (Table 2). Partici
pants (34 female, 19 male, 1 undisclosed) were on average 22.20 years 
old (range = 18–30, SD = 3.06). Time between sessions was 27.98 days 
(range 25–33, SD = 1.64). For skin conductance analyses, n = 4 par
ticipants were excluded because their average stimulus-locked ampli
tude was lower than 0.02 μS per session, resulting in a sample of n = 50 
for all analyses including SCR.

General changes across sessions

Across the two sessions (S1 and S2), the pain threshold increased for 
38 participants, decreased for 15 and was the same for one participant. 
As expected (H1a), the pain threshold significantly increased (mean S1 
= 1.29 mA, mean S2 = 1.83 mA), indicating habituation across sessions 
(t(53) = − 4.10, p < 0.001; Fig. 2). An increase in pain threshold be
tween sessions was not related to participant’s change in mean pain 
ratings between sessions (Pearson’s r = 0.042, p = 0.76). Anxiety did not 
differ between the start of session S1 as compared to the start of session 
S2 (mean S1 = 2.72, mean S2 = 2.91, V = 332.5, p = 0.72, see H1b). 
Self-reported current experienced pain did not differ between sessions 
(mean S1 = 0.24, mean S2 = 0.30, V = 46.5, p = 0.72). SAM scores 
decreased from pre- to post-test for both happiness (F(1,53) = 17.38, p <
0.001) and feelings of control (F(1,53) = 9.91, p = 0.003). SAM 
excitement scores were lower in the second compared to first session (F 
(1,53) = 5.76, p = 0.020).

The multilevel model demonstrated that in general participants 
showed a significant increase in pain intensity ratings over trials (β =
0.37, SE = 0.07, p < 0.001), i.e., sensitization, but not over runs (β =
− 0.59, SE = 0.45, p = 0.197). The interaction between trials and runs (β 
= − 0.07, SE = 0.024, p = 0.005) indicated that this sensitization over 
trials became smaller over runs (Fig. 3). In contrast to H2a, pain ratings 
were on average lower in S2 than S1 (β = − 1.15, SE = 0.17, p < 0.001). 

However, as mean ratings in both sessions were similar using a con
ventional paired t-test (mean S1: 45.73, mean S2: 44.58; t(53) = 0.80, p 
= 0.43), this decrease in mean rating appears to be relatively small.

The multilevel model for SCRs showed a significant decrease in SCR 
over trials (β = − 0.078, SE = 0.007, p < 0.001), i.e., habituation, as well 
as across runs (β = − 0.79, SE = 0.053, p < 0.001), with an interaction 
between trials and runs (β = 0.015, SE = 0.003, p < 0.001) indicating 
that this decrease became smaller over runs (Fig. 4). Responses in S2 
were significantly lower than in S1 (β = − 0.19, SE = 0.025, p < 0.001, 
see H2b).

There was a significant increase in non-response SCR trials across 
runs (F(1.69, 82.77) = 46.59, p < 0.001), but no difference between 
sessions (F(1,49) = 0.30, p = 0.59) nor an interaction between session 
and run F(1.61, 79.02) = 2.09, p = 0.14, see H2c). However, the non- 
preregistered analysis accounting for the skewed distribution did 
reveal an increase across runs (β = 0.67, SE = 0.053, p < 0.001), sessions 
(β = 0.62, SE = 0.18, p < 0.001) and an interaction between run and 
session (β = − 0.23, SE = 0.07, p = 0.002). This suggests that there were 
more non-response trials in S2 and that the rate of increase in non- 
response trials across runs was lower in S2 than S1 (Fig. 5).

Test-retest reliability of habituation and sensitization

Pain ratings
There was large inter-individual variability in response patterns in 

both sessions. In S1, 21 participants showed habituation (H), 17 no 
change (No), and 16 sensitization (S). Their individual pattern was 
correctly estimated by 40.7% of the participants in the exit question
naire. In S2, 22 participants showed habituation, 21 no change, and 11 
sensitization, correctly estimated by 50.0% of participants. At the group 
level, slopes did not differ across sessions (t(53) = − 0.21, p = 0.83; 
Fig. 6 and H3a). Participants who showed a larger increase in pain 
threshold from S1 to S2 were more likely to show a higher (i.e., more 
positive) slope in S2 compared to S1 (r = 0.31, p = 0.023).

We assessed reliability of pain ratings and habituation/sensitization 
across sessions using various measures at the individual level (summa
rized in Table 3). The mean ratings had a good reliability (ICC=0.69). 
The reliability of the across-run slope between sessions was poor 
(ICC=0.34; CI(95%): 0.081 < ICC < 0.558; H3b). Slopes ranged be
tween − 0.35–0.24 in S1 and their repeatability coefficient was 0.28, 
which also indicated a high variance between individual repetitions. The 
log slope and CV demonstrated fair reliability (ICC 0.45 and 0.50, 
respectively). Exploratory analyses further demonstrated a higher, yet 
still moderate, reliability for within-run slopes (ICC 0.45–0.55; see 
Table 3 and Fig. 7A). Participants categorized as sensitizers stayed in the 
same category in 73% of the cases, while this was lower for no change 
(48%) and habituators (12.5%). In summary, reliability estimates varied 
across measures, with ICC values ranging from 0.34 to 0.62 for habit
uation measures, and higher ICC values for mean ratings (0.65–0.69, 
‘good’). The group-level correlation of run 1 ratings showed the highest 
and most reliable results for participants who were categorized as sen
sitizers, (Fig. 7B, sensitizers: r = 0.71, p < 0.001; habituators: r = 0.18, p 
= 0.19; no change: r = 0.18, p = 0.20). Figures of within-run slope 
reliability for run 2 and 3 can be found in the supplemental material

Table 2 
Descriptives of the participants.

N Gender Age Pain 
threshold 
(mA)

Stimulation 
intensity 
(mA)

Mean 
pain 
intensity

Current 
pain

FoP Anxiety 
(pre/ 
during)

SAM – 
happiness 
(pre/post)

SAM – 
excitement 
(pre/post)

SAM – 
control 
(pre/ 
post)

Session 
1

54 19 M, 34 F, 1 
undisclosed

22.20 1.29 1.82 45.73 0.24 23.31 2.72/3.30 3.78/3.31 2.94/2.87 3.61/3.32

Session 
2

1.83 2.60 44.58 0.30 - 2.91/3.02 3.63/3.35 2.72/2.54 3.43/3.26

FoP = fear of pain; SAM = self-assessment Manikin
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(Figure S1 and S2).

Skin conductance responses
Individual analyses demonstrated that in the majority of participants 

the SCR habituated (Fig. 8). That is, out of 50 participants 44 partici
pants habituated in S1 and 43 participants in S2 (with 6 and 7 partici
pants showing no change, respectively). None of the participants 
sensitized. On the group level, slopes did not differ across sessions (t(49) 
= − 0.78, p = 0.44; H3c). Individual reliability of the across-run slope 
compared between S1 and S2 was poor (ICC = 0.37, 95% CI 0.099 < ICC 
< 0.58, see H3d). The reliability of within-run slopes across sessions was 
generally higher (run 1 ICC = 0.52, 95% CI 0.29 < ICC < 0.70; run 2 ICC 
= 0.40, 95% CI 0.14 < ICC < 0.61; run 3 ICC = 0.32, 95% CI 0.046 < ICC 
< 0.55), albeit lower for each consecutive run, likely related to an in
crease in non-response trials.

Relation of questionnaire data with habituation and sensitization of pain 
ratings

Contrary to our previous work,11 the use of positive-self statements 
coping strategies was not predictive of habituation or sensitization (r =
− 0.034, p = 0.81, see H4). Anxiety scores at the start of the experiment 
or during the main task (rated post-experiment) did not correlate with 
the habituation and sensitization slope (all p’s > 0.05). Fear of Pain 
scores (mean = 23.31, range 9–45) were related to habituation in ses
sion 1 (r = 0.29, p = 0.033), but this was not the case in session 2 (r =
− 0.04, p = 0.77). The scores of happiness, excitement and control of the 
self-assessment Manikin did not show any relation with habitu
ation/sensitization in either session (all p’s > 0.05 after correction for 
multiple comparisons).

Fig. 2. Change in pain threshold across sessions. Individual participants are reflected by the connected dots across sessions. Boxplots represent the spread and 
median across participants.

Fig. 3. Average changes of pain intensity for session S1 (left) and session S2 (right) across trials and runs. Gray shading indicates the standard error of the mean, and 
the gray dashed horizontal line indicates the pain threshold. Recovery of the response is shown during the breaks (i.e., at trials 25 and 50).
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Association between self-report ratings and skin conductance responses

Hypothesis H5 assessed the association between self-report ratings 
and skin conductance responses. Individual data demonstrated that 
SCRs mostly habituated (H) and, in a few cases, showed no change (No), 
independent of the ratings (see Fig. 9A for examples of ratings and 
Fig. 9B for SCRs). Individual correlations per session ranged from 
− 0.77–0.67 (see supplemental Figure S3) and participants who habit
uated showed more positive correlation coefficients (higher pain rating 
= higher SCR), while participants who sensitized (S) showed more 
negative coefficients (higher pain rating = lower SCR). As a control 
analysis, correlation coefficients were compared across rating cate
gories, revealing significant differences between categories in session S1 
(F(2,47)= 22.76, p < 0.001). Post-hoc comparisons indicated significant 
differences between S-H (p < 0.001) and S-No (p < 0.001). The same 

effects were observed in S2 (F(2,47) = 7.58, p = 0.0014; categories S-H: 
p < 0.001; S-No: p = 0.019). To account for these differences when 
computing the average group correlation, the absolute values of the 
individual coefficients were used. After this, SCRs and self-report ratings 
showed a moderate correlation (S1 r = 0.27, p = 0.06, S2 r = 0.21, p =
0.14) and did not differ between S1 and S2 (Zou’s CI(95%) − 0.29 – 
0.40).

As an additional control analysis, we compared the skin conductance 
slopes for each rating category. These did not differ in either S1 (F(2,47) 
= 0.20, p = 0.82) or S2 (F(2,47) = 0.003, p = 0.997), indicating inde
pendent processing of SCRs and habituation/sensitization on the 
behavioral level. Finally, to rule out the influence of the stimulus in
tensity (mA), the skin conductance slopes were correlated with the 
stimulus intensity, which did not result in significant effects (S1: r =
0.14, p = 0.32; S2: r = 0.039, p = 0.79).

Fig. 4. Average skin conductance response (SCR) on the group level in S1 and S2. Individual responses are calculated in a window 1–6s post-stimulus and then 
averaged across participants (inset).

Fig. 5. The number of non-response trials per run for S1 and S2. Individual data is represented by dots. Boxplots represent the spread and median across participants.
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Discussion

This study investigated changes in self-report and autonomic mea
sures over time and assessed test-retest reliability of habituation and 
sensitization patterns during repeated painful stimulation. Test-retest 
reliability was moderate with higher consistency for sensitizing in
dividuals. Pain ratings and SCRs dissociated, with SCRs mainly habitu
ating and pain ratings showing diverse patterns of habituation and 
sensitization.

General changes across sessions

The pain threshold increased from S1 to S2, which suggests habitu
ation across sessions, corroborating previous findings.24,41–44 Further
more, participants reported sensitization across trials, but this effect 
diminished across runs within a session. Decreased sensitization over 
time was also previously shown in a similar paradigm11 and with heat 
stimulation across days,45,46 in alignment with early theories of sensi
tization.47 SCRs significantly decreased over trials, runs and across 
sessions, consistent with prior findings.9,10 While the reduction across 
sessions was systematic, its magnitude was modest, in line with the 
observed decrease in pain ratings.

Test-retest reliability

At the group-level, habituation and sensitization slopes did not differ 
between sessions. However, large individual differences were present, 
and individual reliability as assessed using the ICC, ranged from poor to 
fair. The ICC is based on the between-person to within-person variability 
and can be influenced by experimenter factors, training and homoge
neity of the sample.36 In the current paradigm, we used strict in
structions, a script for communication, training for the protocol and the 
same experimenter across sessions. These measures decrease the 
between-person variance, leading to relatively higher intraindividual 
variability and thus potentially lower ICCs.36 Variance in across-run 
slopes may have been elevated due to breaks between runs and the 
resulting recovery of responses. The repeatability coefficient, which is 
less affected by between-person variance, also indicated large variability 
between measurements. The mean pain ratings showed good reliability 
across sessions, consistent with previous findings.35,36,48–50

Within-run slope reliability and correlations were high only for 
participants who sensitized. The variability across sessions shown by 
participants with a habituating and no change pattern may reflect the 
ability to adapt to changing stimuli and environments. In this case, low 
test-retest reliability could thus be a positive sign of well-functioning 
adaptability and flexibility. In contrast, consistent sensitization, i.e., 
less variability across sessions, might be a sign of less adaptability. 
Recent research on cognitive and psychological flexibility showed that 

Fig. 6. Change of individual across-run slopes over pain ratings in sessions S1 and S2. Colored points reflect the individual category for each session. Boxplot 
represents the spread and median of the group level. The table indicates the number of participants per category (S1 rows, S2 columns). H = habituation, N = no 
change, S = sensitization.

Table 3 
Summary of reliability and repeatability estimates for pain ratings. All ICC values reflect reliability across sessions, either for across-run or within-run measures at the 
participant level.

ICC linear slope Repeatability 
coefficient

ICC log slope ICC CV ICC Mean % change Group-level 
correlation

ICC mean rating ICC SD

Across-run 0.34 0.28 0.45 0.50 0.36 1–3 
0.49 1–2 
− 0.07 2–3

0.35 0.69 0.47

Within-run 1 0.55 1.07 0.49 0.35 - 0.47 0.65 0.37
Within-run 2 0.46 0.95 0.48 0.44 - 0.45 0.67 0.44
Within-run 3 0.45 1.02 0.48 0.62 - 0.36 0.69 0.58

ICC = intra-class correlation coefficient, CV = coefficient of variation, SCR = skin conductance response
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some people might be ‘stuck’ in their pain response, which could predict 
worse outcomes of chronic pain recovery.51,52 Patients with acute low 
back pain that showed restricted corticomotor excitability were also 
more at risk of developing chronic or recurrent low back pain at 6 
months.53 Patients with chronic pain also demonstrated more variable 
pain thresholds across sessions than healthy controls.54 Thus, the 
mechanisms of flexibility and adaptability in the context of sensitization 
can be further explored. Studies can also investigate the therapeutic 
potential of targeting sensitization, although the relation of chronic pain 
and sensitization remains under debate.55,56

A more pessimistic view might be that our measures of linear 
habituation and sensitization do not fully capture the variance, resulting 
in low reliability findings. In general, and given the broad range of 
factors that influence pain, error variance was tried to be minimized. 
However, we cannot fully exclude that other factors (such as measure
ment error) may have affected the results. For example, recalibrating 
may reduce reliability, but it was preferred in our study to maintain a 

consistent pain percept across sessions.57 Intra-individual variability in 
pain responses is generally large, although it is often not reported due to 
the common practice of averaging responses. Notably, such variability 
may hold predictive value for chronic pain.58

Test-retest reliability for SCRs was poor to fair. The observed ICC 
values are comparable to previous studies on sympathetic skin re
sponses, despite methodological differences such as stimulation type 
(heat), intersession interval (10 days), and use of a fixed rather than 
individualized stimulus.12 These findings also align with the generally 
lower reliability of EDA measures compared to pain reports.59,60

Predictive factors of habituation and sensitization

Several correlations with habituation were investigated. Our previ
ous study indicated that a higher score on positive self-statements pre
dicted more habituation,11 but this was not replicated in the current 
study. Furthermore, the significant correlation with the Fear of Pain 

Fig. 7. Within-run 1 reliability. A) Slopes for run 1 across sessions S1 and S2 (left) and number of participants per category (right). H = habituation, N = no change, S 
= sensitization. B) Correlation between pain ratings of S1 run 1 and S2 run 1. Participants who sensitize (shown in pink color with the outer circle representing S1 
and the filled inner circle representing S2) have higher correlations between sessions than the habituation and no change categories, mean r = 0.71 for sensitizers.
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questionnaire and sensitization was only shown in S1, and not in S2. 
This could partly be because of the timing of administering the ques
tionnaire (before the task in S1). Habituation of the pain threshold did 

show a correlation with the slope, i.e., a larger increase in pain threshold 
indicated a more positive slope in S2 compared to S1. This is in line with 
the habituation characteristic that a stronger stimulus results in less 

Fig. 8. Change of individual across-run slopes for skin conductance responses over sessions. Colored points reflect the individual category for each session. Boxplot 
represents the spread and median of the group level. None of the participants sensitized. H = habituation, N = no change.

Fig. 9. Individual differences in responses to repeated painful stimulation across sessions for three exemplary participants (columns). A) Pain intensity ratings show 
habituation (left), no change (middle) or sensitization (right) across runs. B) All SCR responses show habituation across runs.
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pronounced habituation.1 However, only 9,6% of variance in the slopes 
was explained by this effect. Habituation/sensitization and the change 
in slopes from S1 to S2 is likely a complex interplay between multiple 
variables, including the pain threshold, fear of pain, arousal, expecta
tions and the current state of the participant.

Habituation and sensitization have been proposed to relate to 
alertness and readiness to respond.3,61 Current evidence, including our 
results, remains inconclusive about the verification of these theories. 
Further studies could explore predictive factors such as alertness, flex
ibility and adaptability, as well as resilience, which has been associated 
with habituation of the pain threshold.62,63

Association between SCR and ratings

When taking habituation and sensitization differences into account, 
our findings revealed moderate correlations between SCRs and pain 
ratings. This result is in line with some earlier findings,17 although 
stronger associations have been reported as well.13,17 Previous work did 
not investigate the association while considering patterns of habituation 
and sensitization, or applied only a limited number of stimuli, restricting 
the ability to detect these processes. Our results show that the correla
tion is heavily influenced by habituation and sensitization effects, 
resulting in either positive correlations (habituation of both ratings and 
SCR) or negative correlations (sensitization of ratings and habituation of 
the SCR). Two earlier studies also reported negative correlations be
tween pain reports and SCRs,13,15 which could have been a result of 
sensitization. Some studies showed a stronger association of SCRs with 
stimulus intensity than stimulus perception,18,19 but this was not 
observed in our study. Our findings suggest that the autonomic nervous 
system generally exhibits a habituating response to repeated stimula
tion, while the subjective pain experience may follow a different pattern, 
including sensitization, indicating a dissociation between both pro
cesses. Previous studies have reported weaker or absent associations 
between SCRs and lower stimulus intensities compared to higher stim
ulus intensities.15,17,64 However, our stimuli were calibrated at 50% 
above the individual pain threshold, initially leading to a painful 
sensation. Although further evidence is limited, some studies reported a 
dissociation between perceived pain intensity and brain activation65 and 
between habituation of brain activation and stable pain reports.66 Our 
study contributes to this dissociation, by revealing that pain reports and 
SCRs are also uncoupled in the context of habituation and sensitization. 
Even with a reduction in autonomic arousal, the subjective experience 
may still show sensitization. A neurophysiological explanation might be 
that pain-related brain pathways (e.g., somatosensory cortices, cingu
late cortex, thalamus)67 could remain active and affected by cognitive 
and emotional pathways, influencing pain perception, while the auto
nomic nervous system shows distinct patterns68 signaling reduced threat 
leading to a habituating response.

Limitations and challenges

This study has a few limitations. First, our participants were mostly 
English-speaking and completed the English version of the coping 
strategy questionnaire, whereas our previous study used the Dutch 
version.28,29 This may have introduced inconsistencies across studies 
and contributed to the divergent findings. In addition, the questionnaire 
was completed at the beginning of the experiment and therefore was not 
directly linked to participants’ experienced pain. Second, we did not 
assess pain-related expectations or specific response patterns, to avoid 
response bias when introducing these concepts to participants. Third, 
identifying an appropriate metric to characterize patterns of habituation 
and sensitization remains a challenge. Common approaches include 
using linear slopes and mean percentage changes,69 which differ 
depending on whether across-run or within-run analyses are 
employed.11 The present findings indicate that no single measure pro
vides a comprehensive account of these processes. Finally, our sample 

was very homogeneous in terms of being healthy, young, and not 
diagnosed with any disorders. A more representative sample might show 
more variability in responses. Especially since factors like depression, 
sleep and anxiety have strong relations to experiencing pain. The lack of 
change in anxiety across sessions, for example, might be due to the 
homogenous sample. Therefore, the generalizability of our findings 
should be evaluated in more diverse and representative samples.

Conclusion

Repeated painful stimulation results in large individual differences 
with, at best, moderate test-retest reliability. Varying response profiles 
across sessions, i.e., habituation and sensitization, could reflect the 
ability to adapt to threatening stimuli under different circumstances. 
Sensitization patterns were more robust and showed a dissociation with 
the habituating SCR. Given these diverging patterns, it is important to 
measure both subjective and physiological responses, especially when 
habituation and sensitization occur.

Study preregistration

The study was preregistered prior to data collection and the regis
tration can be found at: https://osf.io/8a7qn.
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