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Abstract

Quantitative sensory testing (QST) allows researchers to evaluate associations between noxious 

stimuli and acute pain in clinical populations and healthy participants. Despite its widespread 

use, our understanding of QST’s reliability is limited, as reliability studies have used small 

samples and restricted time windows. We examined the reliability of pain ratings in response 

to noxious thermal stimulation in 171 healthy volunteers (n = 99 female, n = 72 male) who 

completed QST on multiple visits ranging from 1 day to 952 days between visits. On each 

visit, participants underwent an adaptive pain calibration in which they experienced 24 heat trials 

and rated pain intensity after stimulus offset on a 0 to 10 Visual Analog Scale. We used linear 

regression to determine pain threshold, pain tolerance, and the correlation between temperature 

and pain for each session and examined the reliability of these measures. Threshold and tolerance 

were moderately reliable (Intra-class correlation = .66 and .67, respectively; P < .001), whereas 
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temperature-pain correlations had low reliability (Intra-class correlation = .23). In addition, pain 

tolerance was significantly more reliable in female participants than male participants, and we 

observed similar trends for other pain sensitive measures. Our findings indicate that threshold and 

tolerance are largely consistent across visits, whereas sensitivity to changes in temperature vary 

over time and may be influenced by contextual factors.

Perspective: This article assesses the reliability of an adaptive thermal pain calibration 

procedure. We find that pain threshold and tolerance are moderately reliable whereas the 

correlation between pain rating and stimulus temperature has low reliability. Female participants 

were more reliable than male participants on all pain sensitivity measures.
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correlations

Quantitative sensory testing (QST) is a valuable psychophysical tool for pain assessment in 

healthy volunteers27 and in clinical populations.7 QST complements bedside examinations 

by using standardized procedures to evaluate sensory thresholds and suprathreshold pain 

perception.34 This permits comparisons with normative data and comparisons between 

individuals or across sessions within an individual. Understanding whether metrics are 

reliable is critical for evaluating QST’s utility as a tool58 for pain assessment and diagnosis. 

Reliability is particularly important when evaluating pain biomarkers or signatures,55 as 

subjective pain is the gold standard against which any pain biomarker is compared.19

While QST reliability studies historically focus on warm and cool detection thresholds (for a 

review, see Moloney et al52), recent studies have evaluated the reliability of pain thresholds 

and suprathreshold pain perception in individuals with chronic pain27,72 and healthy 

volunteers.28,47 Most thermal pain reliability studies use the method of limits25,35,36 to 

identify pain thresholds, ie the temperature at which a stimulus is labeled as painful, which 

corresponds to the activation of peripheral nociceptive C fibers.40 Test-retest reliability 

estimates of heat pain threshold range from poor77 to excellent54,74; however, these studies 

vary in quality as well as methodology,52 with large variations in sample size, duration 

between sessions, and analytic approaches.

The method of limits is a clinically useful and fast procedure to detect warmth and 

pain thresholds, but it also has limitations, namely that it is dependent on reaction time, 

motivation, and attention.34 The aim of the present study was to evaluate the test-retest 

reliability of QST measures staircase calibration (ASC3,21,49), in which participants provide 

pain ratings after heat offset and temperatures are selected based on an iterative regression; 

this task is similar to the method of levels.76 Adaptive staircase calibrations are often used 

to select suprathreshold stimuli for use in subsequent experiments,3,23,31,64,78 as they ensure 

participants can tolerate repeated stimulations at a given intensity. The ASC task allows 

researchers to simultaneously evaluate three independent measures of pain sensitivity: 1) 

pain threshold; 2) pain tolerance (the maximum pain an individual is willing to tolerate); 

and 3) the reliability of the association between temperature and pain. The ASC task was 

previously employed to select temperatures that were used to train the Neurologic Pain 
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Signature (NPS), a brain-based classifier that can predict whether a stimulus is painful or 

not.73 The NPS has high reliability both within and across participants33; yet how reliable 

are the subjective pain measures that were used to train the NPS?

Our aim was to evaluate the test-retest reliability of the ASC task in healthy volunteers 

who completed the ASC task on multiple visits. We hypothesized that pain threshold, 

pain tolerance, and the strength of the temperature-pain association would be reliable 

across visits. We also conducted two exploratory analyses of factors that might impact 

the reliability of pain measures. First, we explored whether reliability is influenced by 

time between measurements, as previous studies of QST reliability have focused on either 

short-term reliability (eg 1−2 days between tests28) or long-term reliability (eg months 

between visits47). Our goal was to determine whether the duration between visits influences 

reliability, and we hypothesized that pain measures would be more stable when visits were 

closer in time. Second, we explored whether there are differences in reliability as a function 

of gender, in response to the need for greater emphasis on the measurement of sex as a 

biological variable.1,17,18 Much pain research has excluded women and female animals from 

pain studies,61–63 based on the assumption that hormonal fluctuations will be associated 

with greater variability in females. Yet this assumption has been shown to be erroneous in 

rodent studies in general56 and in rodent models of pain.51 To our knowledge, no previous 

study has evaluated gender differences in the test-retest reliability of pain sensitivity in 

humans, despite decades of work on sex differences in pain perception.8 Understanding 

whether reliability differs as a function of gender is distinct from asking whether there 

are gender differences in tolerance, as reliability focuses on variability within individuals 

across time, and is a more direct test of the potential impact of hormonal fluctuations. 

Finally, to address limitations of previous work, we tested reliability of QST measures in a 

large sample (n = 171), compared multiple analytic approaches, and controlled for testing 

environment and visit number to test whether these experimental factors systematically 

affect pain sensitivity and thereby contribute to within-subject variability across sessions.

Methods

Participants

Participants were healthy volunteers screened from a community sample. Volunteers were 

recruited via clinicaltrials.gov, the National Institutes of Health (NIH) Office of Patient 

Recruitment, and flyers posted at the NIH Bethesda campus. Volunteers were ineligible if 

they had a history of psychiatric or neurological disorder, chronic pain (defined as pain 

lasting more than 6 months), substance abuse, or a major medical condition that could affect 

somatosensation. Participants were between the ages of 18 and 50, were fluent in English, 

and were not pregnant. During a nursing exam or medical exam prior to sensory testing, 

a nurse or clinician verified that participants had not taken any pain relievers within 5 

half-lives.

Three hundred forty-two participants provided informed consent under an NIH IRB-

approved protocol, through a general phenotyping and screening protocol (16-AT-0077; 

ClinicalTrials.gov Identifier: NCT02707029) and/or through a thematic protocol with 

multiple sub-studies (15-AT-0132; ClinicalTrials.gov Identifier: NCT02446262) that 
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included an initial visit to evaluate eligibility. As specified in the protocols, participants 

could complete multiple visits and sub-studies and underwent an adaptive staircase 

calibration (ASC) with noxious heat on every visit to evaluate eligibility and identify 

temperatures for use in subsequent experimental procedures on that visit (see “Adaptive 

Staircase Calibration Procedure,” below). In the current paper, we focus on all participants 

who completed multiple heat calibrations administered on different days (n = 171). Data 

were collected between June 2015 and February 2020. Participants had an average age of 

28.60 ± 7.83 years; 99 identified as female (57.90%) and 72 identified as male (42.11%). 

Ninety-two identified themselves as White (53.80%), 42 as Black/African American 

(24.56%), 27 as Asian (15.79%), 1 as Native Hawaiian (.58%), and 4 as more than one race 

(2.34%). Fourteen participants identified as Hispanic/Latino (8.19%), of whom 8 identified 

as White, 1 identified as Black/African American, and 5 did not report racial identity or 

marked it as “Unknown”.

Stimuli and Apparatus

Heat stimulation was administered via a 16 × 16 mm Advanced Thermal Stimulator 

thermode and controlled with a Pathway Pain and Sensory Evaluation System (Medoc 

Advanced Medical Systems Ltd, Ramat Yishay, Israel). Data were collected using multiple 

Pathways systems and thermodes were regularly calibrated to ensure temperature accuracy. 

Noxious stimulation ranged from 36°C to 50°C and is described in more detail below. The 

thermode was kept at a constant temperature of 32°C between stimulations. Pain ratings 

were collected either verbally or through a mouse and computer using a visual analogue 

scale (VAS).

Procedures

General procedures have been covered in detail in previous publications.21,49 In brief, 

for each visit, participants provided informed consent, completed questionnaires, and then 

underwent an adaptive staircase calibration (ASC) task either in an outpatient testing room 

or in a suite adjacent to the functional magnetic resonance imaging (fMRI) scanner. On 

participants’ first visits, they underwent a nursing exam in the outpatient clinic to confirm 

eligibility prior to any procedures and received a physical exam if they had not had one 

at the NIH within the prior year to further screen for eligibility. The ASC was used 

to determine pain sensitivity and eligibility for subsequent testing in pain modulation 

experiments. We describe eligibility criteria below. The same ASC procedure was repeated 

on all visits, which occurred either in the clinic or in the MRI facility. The present analysis 

focuses only on participants who completed the ASC task on more than one visit (n = 171). 

Subsets of these data were included in previous papers on autonomic responses to heat,49 

relationships with trait mindfulness50 and confidence in subjective pain.21

Adaptive staircase calibration procedure.—The ASC procedure has been described 

in detail in previous work.3–5,21,49,50 All participants completed the ASC task during an 

initial screening visit, in which they received 24 trials of heat on the left volar forearm (see 

Fig 1). In brief, we applied 3 rounds of noxious heat to 8 skin sites, with temperatures 

determined through an iterative regression procedure. All stimuli were 8s including 3s 

ramping between baseline and target temperature, with the exception of 12 Screening Visit 
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participants whose stimuli were 10s in duration during their first visit (see Supplementary 

Table S1 for study details). After the offset of each heat stimulus, participants rated it 

on a 0 to 10 VAS, where 0 was described as no sensation, 1 as warmth but not pain, 

2 as pain threshold (the beginning of painful sensation), 5 as moderate pain, 8 as pain 

tolerance (the most amount of pain that participants were willing to tolerate), and 10 as 

the most pain imaginable. The instructions given to participants are provided in Dildine 

et al.21 The first three temperatures were set the same for all participants (41°C, 44°C, 

and 47°C), and subsequent stimulus temperatures were selected using an iterative linear 

regression to identify temperatures predicted to elicit ratings of 2, 5, and 8 for each subject. 

To account for warmth-insensitive skin fields in the forearm,32 outlier trials (defined as 

ratings that exceeded 2.5 times the median absolute deviation42) were excluded from the 

linear regression and from analyses of reliability.

Trial order was the same across participants to ensure that each site received stimuli at each 

predicted pain intensity (ie threshold, moderate pain, and maximum tolerable pain) and to 

ensure that each intensity was equally likely to be followed by every other intensity level. 

We also rotated through the sites across the duration of the task to avoid sensitization or 

habituation. All sites received predicted temperatures, rounded to the nearest .5°C, unless 

that temperature or a lower temperature had already been rated as intolerable (ie > 8) at that 

skin site, since participants were informed we would not apply stimuli they had deemed to 

be intolerable, consistent with our IRB-approved protocol and the IASP’s guidelines for pain 

research in humans (https://www.iasp-pain.org/resources/guidelines/ethical-guidelines-for-

pain-research-in-humans/). In this case, the experimenter manually lowered the temperature, 

usually to .5°C or 1°C below the ASC-predicted temperature. The regression was based on 

the applied temperature rather than the predicted temperature.

For each individual, we used linear regression to determine the temperature corresponding 

to level 2 as a measure of pain threshold and level 8 as a measure of pain tolerance. 

We estimated the correlation between temperature and pain and used r2 as a measure 

of goodness-of-fit both with and without outliers. We note that the three pain sensitivity 

measures derived from the ASC task are related but independent: The relationship between 

pain threshold and pain tolerance depends on the slope of the regression line, and r2 depends 

on the residuals between observed pain ratings and those that would be predicted by the 

regression.

Fig 1B depicts the study flow. As dictated by our clinical protocol, participants were 

ineligible for experimental tasks and subsequent visits if their ratings were not ordinally 

consistent with temperature or they had an r2 value of less than .4 (based on calculation 

without outliers; n = 16 ineligible; 4.7% of participants screened), if they had a pain 

threshold below 36°C (n = 11; 3.22% of participants), pain tolerance above 50°C (n = 43; 

12.57% of participants), or if there was a difference of less than 4°C between threshold 

and tolerance (n = 36; 10.6% of participants). One hundred seventy-one participants 

were deemed eligible for our follow up studies and completed more than one visit; 171 

participants completed a single visit either because they were deemed ineligible for one 

or more of the reasons listed above (n = 88; 25.73% of participants screened) or due to 

scheduling constraints, lack of interest, or other reasons. Analyses comparing ASC measures 
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between participants who completed a single visit with those who completed more than one 

visit are reported in Supplementary Materials and descriptives are included in Table 1 for 

completeness.

We focused on eligible participants who completed more than one ASC task across multiple 

visits and evaluated the reliability of thermal pain threshold, tolerance, and goodness-of-fit 

as estimated during the ASC task using linear regression that excluded outlier trials, as 

described above. In Supplementary Materials, we also report results from linear regressions 

that included outlier trials, and nonlinear models that account for potential nonlinearities 

between temperature and pain,66,67 as well as information on the full sample.

Experimental and contextual procedures.—Participants completed the ASC task 

during an initial visit and then completed the task on each subsequent visit to establish 

eligibility and select temperatures for use during that visit’s experimental session. All visits 

took place at the NIH Clinical Center: Initial visits were conducted in a behavioral testing 

room in an outpatient clinic and subsequent visits could take place either in the testing 

room or in a suite adjacent to the MRI scanner. The basic ASC procedure was consistent 

across studies and visits with a few variations depending on the specific study for which the 

participant was being screened. Supplementary Table S1 reports study details and descriptive 

statistics for each study based on the entire sample as well as the number of participants 

who completed more than one visit and were included in the current analyses. In particular, 

heat stimuli lasted for 8 seconds in all visits except for 12 participants who experienced 

10-second stimuli on their first visit, and ratings were provided either verbally or through 

a computer program. In one study, participants (n = 23) received heat stimuli on the left 

calf instead of the left forearm, in which case 12 sites were tested rather than 8. In another 

study, participants (n = 71) completed the ASC for heat on the left volar forearm and also 

rated pleasant or unpleasant liquid taste stimuli with a similar procedure; order of stimuli 

was counterbalanced across participants. These participants also rated pain unpleasantness 

as well as intensity. We focus on pain intensity ratings alone. Finally, different sessions 

may have been conducted by the same experimenter or different experimenters, the number 

of experimenters may have varied across sessions, and experimenters varied in gender, 

ethnicity, and race. See Supplementary Materials for an analysis of variance components as 

a function of subsequent study type.

Analyses

Evaluating reliability, repeatability, and agreement.—Our main goal was to evaluate 

the test-retest reliability of acute pain threshold, tolerance, and goodness-of-fit within 

individuals across ASC sessions. We used intra-class correlation (ICC) to estimate 

reliability, and used limits of agreement,12 within subjects coefficients of variation,11 and 

Lin’s concordance correlation coefficient43 to measure repeatability or agreement.10,12 We 

included all visits in ICC analyses and conducted follow up analyses restricted to the first 

two visits to evaluate agreement as well as associations with duration between visits (see 

“Analysis as a function of duration between visits,” below).
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Because many approaches exist to evaluate reliability and repeatability, and these are 

implemented differently in different statistical packages, we report results across several 

approaches for computing reliability and ICC in the statistical software R.57 We used the 

same approach for each outcome (ie threshold, tolerance, goodness-of-fit). We focused on 

two-way agreement using single random raters (ie ICC(2,1)),39,48,65 since our participants 

underwent the same procedure in different sessions and the number of visits varied 

across participants. In the main manuscript, we focus on models that computed ICC 

in the context of linear mixed models that incorporated fixed effects of visit number, 

gender, and environment on each outcome measure and treated participant as random (see 

below, “Effects of environment, gender, and visit number on pain sensitivity”). We used 

the ‘performance’ package46 to compute ICC and used the “repeatability” function from 

‘rptR’68 to evaluate repeatability from the same model, as described in Stoffel et al., 2019.69 

We also computed ICC using several additional packages (see Supplementary Methods). 

Results were highly consistent regardless of analytic approach. All details are reported in 

Supplemental Materials.

ICC values were interpreted as in Koo & Li,39 in which values below .5 indicate poor 

reliability, values between .5 and .75 indicate moderate reliability, values between .75 and .9 

indicate good reliability, and excellent reliability is denoted by ICC values above .9. We note 

that other guidelines have slightly different interpretations, with values above .75 indicating 

excellent reliability and values between .6 and .74 indicating good reliability.16

We evaluated agreement between the first two visits (n = 171) in line with suggestions 

from Bland and Altman.12 We computed the limits of agreement using a Bland-Altman 

plot, which compares the average of two measurements with the difference between the 

measurements. The mean difference is referred to as the bias, and the 95% confidence 

interval surrounding the bias provides the limits of agreement. If observations fall within 

the limits of agreement, repeated measurements show high agreement. We used the function 

“agree_reps” in the ‘SimplyAgree’ package13 to compute the Concordance Correlation 

Coefficient (CCC), a measure of agreement.43 We also computed ICC values for the first 

two visits using the “icc” function in the package ‘IRR’26 and report results for a two-way 

model of agreement and single raters.

Finally, to provide interpretable values that compare the variation across outcomes, we 

computed the within-subjects coefficient of variation (WSCV11), which evaluates the extent 

to which within-subjects error varies as a function of overall mean.

Analysis as a function of duration between visits.—A second goal was to test 

whether there was a significant association between the delay between visits and the 

consistency of outcome measures. We therefore conducted additional analyses restricted 

to the first two visits. We measured the number of days between each participant’s first 

two calibration visits and computed correlations with the between-session differences in 

thresholds, tolerance, and r2s. Since the duration between the first two visits was not 

normally distributed (there was a significant skew toward shorter durations), we analyzed 

the data using Spearman’s Rank-Order correlation, implemented in the R package ‘stats’.57 

Since the difference of threshold, tolerance, and r2s between the two visits could be positive 
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or negative, we analyzed both the raw and absolute values of the differences in threshold, 

tolerance, and r2s.

Evaluating potential gender differences in reliability.—Our third goal was to 

evaluate reliability as a function of gender and test whether reliability differed between 

female participants (n = 99) and male participants (n = 72). We used “bootstrapping” 

in the R package ‘boot’14,20 to generate a distribution of ICC estimates across random 

subsamples of participant (1000 bootstrap iterations). On each iteration, a random sample 

of participants was selected, we calculated ICC separately for male and female participants, 

and we computed the difference between ICC estimates for male and female participants. 

We then estimated the 95% confidence interval from the bootstrapped estimated difference, 

which were normally distributed. If the interval did not contain 0, we concluded that there 

was a significant difference in reliability as a function of gender. We also use the R package 

‘ICC’75 to report ICC estimates and confidence intervals separately for each group.

Controlling for effects of environment, gender, and visit number on pain 
sensitivity.—In the context of evaluating reliability, we also accounted for specific factors 

that might have impacted pain sensitivity as measured by the ASC task. We used linear 

mixed models to test whether outcome measures (threshold, tolerance, and goodness-of-fit) 

differed by the number of visits, the testing environment (behavioral testing room vs MRI 

suite), and the participant’s gender. Linear mixed models were implemented using “LMER” 

from the ‘lme4’ package in R.9 Each model included fixed effects of visit number, gender, 

and environment, and we included random intercepts at the level of participant. Models that 

treated slopes as random for visit number and/or environment did not converge for tolerance 

or goodness-of-fit, and ICC values were similar for threshold whether or not slopes were 

modeled as random. We therefore focus on models that treated all factors as fixed and treat 

rater (ie session) as fixed, corresponding to ICC(3,1).39,65

Results

Descriptives.

One hundred seventy-one participants completed the ASC session on more than one visit. 

Table 1 presents mean pain threshold, tolerance, and r2 values as a function of visit number 

for participants who completed multiple visits, and provides estimates for participants who 

completed only one visit for comparison. Comparisons between participants who completed 

a single visit and those who completed multiple visits are reported in Supplementary 

Results. Results including outliers and using nonlinear approaches are consistent and 

reported in Supplementary Materials. The length of time between the first two visits ranged 

from 1 to 952 days, with a median of 23 days and an interquartile range of 55.25 days.

Pain thresholds have moderate reliability.

Pain thresholds were moderately reliable across visits (see Fig 2A), regardless of analysis 

approach (ICC = .658; see Supplementary Table S2 for all approaches and complete 

statistics). Findings were similar when we included outliers (ICC = .626; see Supplementary 
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Table S3) or accounted for nonlinear associations between temperature and pain (ICC = 

.559; see Supplementary Table S4).

When restricted to the first two visits (see Fig 3, top), ICC remained moderate (ICC = .619, 

CI = [.50, .71]; see Supplementary Table S2), and we observed low to moderate agreement 

between measures based on Bland-Altman limits of agreement (Fig 3, middle) and the 

Concordance Correlation Coefficient (CCC = .62, 95% CI [.52, .70]). The within-subjects 

coefficient of variation (WSCV) was 3.64%.

Pain tolerance is moderately reliable.

Across analytic approaches, we found that pain tolerance was moderately reliable (ICC = 

.67; see Fig 2B). Reliability was similar when we evaluated tolerance including outliers 

(linear tolerance: ICC = .624; see Supplementary Table S3) and slightly lower when 

we accounted for nonlinear associations between temperature and pain (ICC = .431; see 

Supplementary Table S4).

When restricted to the first two visits (see Fig 3), ICC remained moderate (ICC = .681; 

CI = [.53, .78]) and we observed low to moderate agreement between measures based 

on Bland-Altman limits of agreement (Fig 3, middle) and the Concordance Correlation 

Coefficient (CCC = .68, 95% CI [.62, .73]). The WSCV was 2.23%.

Temperature-pain correlations have low reliability.

In contrast to the moderate reliability of threshold and tolerance measures, the temperature-

pain association had low reliability across sessions in all approaches (ICC = .171; see 

Fig 2C and Supplementary Table S2). Reliability remained low and we observed the 

same interactions when we included all trials (ICC = .222; see Supplementary Table S3) 

or accounted for nonlinear associations between temperature and pain (ICC = .181; see 

Supplementary Table S4).

When we restricted analyses to the first two visits (see Fig 3), ICC remained low whether 

we included excluded outliers (ICC = .118, CI = [−.108, .253]) or included all trials (ICC= 

.247, CI = [.104, .381]). Agreement was also low across the two visits regardless of whether 

outliers were included (with outlier trials: CCC = .246, 95% CI = [.14, .34]; without outlier 

trials: CCC = .117, CI = [−.12, .25]). The WSCV was 33.76% when including outlier 

trials and 32.66% when excluding outlier trials, in contrast to the low WSCV values for 

threshold and tolerance. This indicates that variation across sessions was related to the mean 

r2 value, as can be seen in the Bland-Altman plot (Fig 3, middle). Participants who had high 

reliability in the association between temperature and pain on visit 1 continued to show high 

reliability during session 2, but individuals who had lower r2 values on average tended to 

become less reliable over time.

Duration between visits does not impact reliability.

There was no association between the duration between visits and any of our outcomes, 

whether measured by actual or absolute differences (all Ps > .1, see Fig 3, bottom).
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Gender differences in reliability.

We evaluated whether reliability differed as a function of gender for any of the outcome 

measures. We observed a significant gender difference in reliability for pain tolerance 

(95%CIM-F = [−.29, −.06]), such that females were more reliable than males. Differences in 

pain threshold and temperature-pain associations were in the same direction, although not 

statistically significant (threshold: 95%CIM-F = [−.19, .07]; r2: [−.42, .01]). See Fig 4 and 

Table 2 for reliability estimated separately for each gender group and comparisons between 

groups.

Evaluating potential impact of gender, visit number, and environment on pain sensitivity 
measures.

Pain thresholds did not differ as a function of gender, testing environment (MRI vs 

behavioral testing room), or the number of visits, nor were there any interactions between 

these factors (all Ps > 01; see Supplementary Table S5). Pain tolerance differed significantly 

by gender (B = −.332, P = .012; see Supplementary Table S5), such that male participants 

had higher tolerance across sessions (M = 48.31, SD = 1.69) than female participants (M 

= 47.73, SD = 1.94). Pain tolerance also decreased within individuals across visits (B = 

−.204, P = .011; see Supplementary Table S4), and we observed a significant Environment x 

Visit number interaction (B = −.251, P = .006; see Supplementary Table S5). Post-hoc tests 

indicate that the interaction was driven by tolerance decreasing over time in the behavioral 

clinic (B = −.38, P < .001), and no effect of visit number in the fMRI center (P > .8). 

Finally, there was no influence of gender on goodness-of-fit between temperature and pain 

(r2), but we observed a significant interaction between environment and visit number (B 

= −.032, P = .007; see Supplementary Table S5). Post hoc tests separated by environment 

indicated that the goodness-of-fit decreased across visits in the outpatient clinic (B = −.03, 

P = .005) whereas there were no associations between goodness-of-fit and time in the fMRI 

environment (P > .2). There were no additional main effects or interactions (all Ps > .2).

Discussion

We evaluated the test-retest reliability of suprathreshold thermal pain sensitivity in a large 

sample of healthy volunteers staircase calibration (ASC).3,21,49 Despite variations in testing 

locations, experimenters, and intervals between visits, pain thresholds and tolerance were 

moderately reliable across visits, indicating that pain sensitivity is relatively stable over time. 

However, associations between pain and temperature were strikingly inconsistent across 

visits. Pain tolerance was significantly more reliable in female participants relative to males, 

and we observed similar patterns for threshold and temperature-pain associations. Finally, 

we observed no impact of duration between visits on the stability of measurements. Here, we 

discuss these findings and their implications.

Pain thresholds were moderately reliable over time, regardless of analysis approach, and did 

not differ as a function of testing environment, number of visits, or gender. This extends 

previous findings in smaller, clinical samples that indicate moderate reliability of thermal 

pain thresholds.15,35,47,53,59 Like pain threshold, pain tolerance was also moderately reliable 

over time, whether we used linear or non-linear estimation. This supports the use of adaptive 
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calibrations such as the ASC task for QST, and supports their use for longitudinal studies 

and studies of individual differences, as threshold and tolerance are relatively stable in 

healthy volunteers.

In contrast to threshold and tolerance, the overall strength of the temperature-pain 

relationship, as measured by goodness-of-fit (ie r2), had markedly low reliability across 

sessions, regardless of analysis approach. This suggests that although pain threshold and 

tolerance are relatively stable within individuals across visits, individuals’ ratings may be 

more variable between the anchors of pain onset and maximum tolerable pain. Why might 

we see such dissociations? Inspecting the Bland-Altman plots in Fig 3 provides important 

insights. First, participants who had high correlations between temperature and pain (ie r2 > 

.8) had extremely high agreement between sessions, as indexed by the difference between 

visits falling on the bias line. Second, participants who fall outside the limits of agreement 

do so systematically, that is they tend to have lower associations on their second visit, 

which is consistent with the fact that participants were only eligible to complete multiple 

visits if they exhibited reliable temperature-pain associations on their first visit (ie r2 > .4). 

Our findings therefore suggest that participants who show high psychophysical accuracy 

maintain this over time, whereas those who have more variability in the association between 

temperature and pain show less agreement across visits. Furthermore, participants who 

completed multiple visits had stronger correlations between temperature and pain on their 

first visit than participants who completed only one visit, which likely is related to our use of 

this measure as a screening criterion. Because this measure is highly variable across visits, 

it may not be appropriate to use goodness-of-fit to determine eligibility. Future work should 

determine whether there are meaningful individual differences that account for variability 

across individuals and whether specific contextual factors influence the reliability of the 

temperature-pain association (leading to variation across visits).

We evaluated reliability in data that were collected over the span of nearly 5 years, including 

different experimenters, devices, and testing environments. The wide range of intervals 

between tests allowed us to test whether responses vary as a function of time between 

visits, for example if recall influences test-retest reliability. In contrast to our hypothesis 

that pain sensitivity measures would be more stable within individuals when visits were 

closer in time, we observed no differences as a function of duration between participants’ 

first and second visits in any outcome. This is consistent with previous conclusions, as 

QST studies with short intervals between visits did not show better reliability than those 

with longer durations between measurements.52 We also tested whether pain sensitivity 

measures showed any consistent effects across participants as a function of visit number. 

We found no consistent effects of visit number on pain threshold or goodness-of-fit, but 

pain tolerance decreased across visits. In addition, both pain tolerance and goodness-of-fit 

showed differences depending on environment: Both measures decreased across time in the 

outpatient clinic, but not in the fMRI environment. We note that participants’ first visits 

were always in the outpatient clinic and were used for eligibility, whereas there were no 

such restrictions in subsequent visits, which might contribute to these findings with respect 

to changes in goodness-of-fit. These changes across visits serve to increase within-person 

variability and therefore reduce the test-retest reliability of tolerance and goodness-of-fit 

measurements. Future work should address which factors might lead to systematic changes 
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as a function of experience and testing environment, such as within-person variations in 

psychological state, such as attention, cooperation, motivation, and anxiety, which have 

all been shown to influence QST measures,7 or the psychosocial context surrounding 

sensory testing, such as coherence with experimenter based on ethnicity or gender,2,45 as 

discussed above. A 2020 study found that stability of experimenter is “extremely important” 

for interpretation of results in studies of test-retest reliability.44 Thus, reliability of our 

ASC-derived measures might increase if experimenter and environment were held constant. 

However, the fact that reliability of pain threshold and tolerance was good across multiple 

experimenters, different environments, and even up to several years between sessions, 

indicates that these metrics are quite stable over time.

We also compared reliability as a function of gender. While our findings replicate many 

studies that find higher pain tolerance in male, relative to female, participants,6 to our 

knowledge this is the first study to measure gender differences in the test-retest reliability of 

pain sensitivity in humans. In contrast to assumptions underlying the exclusion of females 

in pain research, female participants exhibited higher reliability on all pain measures than 

males, who were more variable across visits. Differences in reliability of pain tolerance 

were significant, and we observed similar trends for pain threshold and temperature-pain 

associations. This builds on a previous study that indicated that female participants exhibit 

better discrimination of thermal pain stimuli relative to male participants across visits, 

although reliability was not formally evaluated.22 Our findings refute assumptions that 

female participants are less reliable due to hormonal fluctuations. The present study was 

not designed to test whether these gender differences in pain reliability are biological (ie, 

reflective of sex, rather than gender), learned, or reflective of the testing context (eg gender 

of the experimenter). Prior work on the stability of pain across visits suggests that neither 

experimenter gender nor type of rating scale is likely to influence gender differences in pain 

sensitivity or reliability.22 Studies that focus on a single experimental session have shown 

that experimenter gender can contribute to gender differences in pain2,29,38; however results 

are mixed,22,71 several studies experimentally manipulated features of the experimenter 

(eg attractiveness41), and studies have not measured the reliability of these effects. If 

experimenter gender impacted responses in our studies, we expect that this contributed 

to greater variability across sessions, as the experimenter frequently varied across study 

visits, and we included both male and female experimenters. Future studies should examine 

gender differences in reliability of other measures of pain sensitivity to evaluate the extent 

to which biological, contextual, and gender role expectations contribute to reliability. Our 

findings provide direct evidence to support the critical inclusion of female participants in 

pain research and refute the groundless assumptions that are still used to justify studies 

enrolling only male participants.

While our findings of moderate reliability in pain threshold and tolerance are consistent with 

previous studies, our task has several important differences from standard QST procedures 

that must be acknowledged. We focused on measures of supra-threshold pain, while most 

studies have focused primarily on the reliability of thermal detection thresholds and pain 

thresholds. It is possible that suprathreshold pain ratings are less reliable than discrimination 

threshold and pain threshold since thresholds correspond to the firing properties of C-

mechanoreceptors,40 whereas suprathreshold pain does not map clearly onto peripheral 
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nociceptor sensitivity and is more likely to depend on central mechanisms. We also used a 

visual analogue scale (VAS) to obtain pain ratings. The VAS has been widely recognized 

as feasible and acceptable for clinical evaluations30 and has been shown to be highly 

reliable in both literate and illiterate patients.24 However, the discrete levels of the VAS 

impose limitations on reporting pain, with only a narrow range of scores that is potentially 

insensitive to change. Therefore, reliability might differ with other scales (eg those using 

different anchors37; or other pain measures (eg pain biosignatures33). We also found 

that linear models provided better fits than nonlinear models in this rather large dataset, 

whereas previous work has suggested that the relationship between temperature and pain 

rating is nonlinear.67,70 Linear models may have provided better fits for our ASC data 

because temperatures were selected based on iterative linear regression, which might have 

encouraged subjects to rate pain linearly. Notably, pain sensitivity outcomes showed similar 

reliability estimates regardless of whether we used linear or nonlinear models. Future work 

should determine the factors that influence whether pain is linear or nonlinear with respect 

to noxious input.

Our study raises important outstanding questions that should be addressed in future work, 

in addition to those highlighted above. First, we measured ASC task reliability in healthy 

volunteers between ages 18 to 50, and we need to formally evaluate whether this task 

or similar adaptive calibrations are reliable in patient populations and older adults. In 

addition, only participants with reasonable correlations between temperature and pain were 

invited to participate in multiple visits, so our conclusions are limited to individuals who 

understood the pain scale and had decent perceptual acuity. Future work should compare 

reliability of thermal heat pain with other transient pain measures such as shock or pressure, 

which can also be administered and individually tailored using iterative regression as we 

do here. Comparing the reliability of pain with other modalities would reveal whether 

our findings are specific to heat pain or reflect general psychophysical measurement (eg 

that individuals who show high associations between stimulus and response on an initial 

visit show higher agreement over time). Only two of our studies presented stimuli of 

another modality (sugar and salt liquid tastants) during testing, and these studies did not 

differ substantially from our other tasks (see Supplementary Table S1). We acknowledge 

that there was heterogeneity in stimulus parameters due to our use of the ASC task to 

evaluate eligibility and select temperatures for subsequent studies. For instance, most of our 

studies evaluated pain sensitivity on the volar forearm, with the exception of one procedure. 

Thermal pain thresholds have also been shown to have different levels of reliability on 

different areas of the body. We did see slightly lower goodness-of-fit on the study that tested 

the calf relative to the studies that tested the forearm, however we did not have adequate 

power to directly compare parameters as a function of skin site. Thus, future work should 

formally compare reliability on the arm with other skin sites. However, we believe that it 

is unlikely that the specific variations in stimulus parameters contributed meaningfully to 

our findings. Across the entire sample of participants who completed this task, variations 

between study contributed to less than 5% of the variance, whereas variations between 

individuals contributed to between 20.3% and 91.39% of the variance in outcomes (see 

Supplementary Results: Assessing variance components).
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In conclusion, our study examined the reliability of several measures of suprathreshold pain 

perception in a large sample of healthy volunteers. Thermal pain threshold and tolerance 

were moderately reliable within and between individuals and remained relatively stable 

independent of gender, testing environment, and duration between visits. They may therefore 

serve as adequate measures to track sensory changes over time as well as to evaluate 

response to interventions, at least in healthy volunteers. In contrast, goodness-of-fit had low 

reliability, indicating that it is more sensitive to contextual factors that vary over visits, 

although individuals with strong associations showed high agreement over time. Importantly, 

we also showed that female participants are not more variable than males; in fact, females 

had significantly higher reliability in pain tolerance, and showed similar trends across all 

measures. This evidence refutes common justifications the exclusion of women in pain 

research. Our work adds to a body of literature on QST reliability and suggests that different 

measures of pain sensitivity have different variability across time. Future work on pain 

and its modulation should continue to understand the contextual factors that contribute to 

variability.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Adaptive staircase calibration procedure and study flow. Participants underwent an adaptive 

staircase calibration procedure on each visit. (A) Adaptive staircase calibration task. 

Noxious heat was delivered using a thermode and participants provided pain ratings using 

a 0 to 10 visual analogue scale after each temperature (left). We iteratively fit a linear 

regression between temperature and pain and rotated through eight skin sites (middle). After 

three trials on each skin site (see Methods), we determined the participant’s pain threshold 

(ie the temperature corresponding to a pain rating of 2), tolerance (ie the temperature 

corresponding to a pain rating of 8), and used r2 as a measure of goodness-of-fit. (B) 

Study flow. 342 healthy volunteers underwent an initial ASC visit in an outpatient clinic 

to evaluate pain sensitivity and eligibility for subsequent experiments. Participants who met 

eligibility criteria were invited to subsequent visits; 88 were deemed ineligible. One hundred 

seventy-one participants completed multiple visits conducted either in the outpatient clinic 

or in a suite adjacent to the MRI scanner. We examined the reliability of threshold, tolerance, 

and goodness-of-fit across study visits, and explored the impact of duration between visits, 

participant gender, number of visits, and testing environment. This figure was created 

with BioRender.com. Abbreviations: ASC, adaptive staircase calibration; MRI, magnetic 

resonance imaging.
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Figure 2. 
Threshold, tolerance, and goodness-of-fit by visit for participants who completed multiple 

visits. Violin plots and bar graphs depict pain threshold (left, purple), tolerance (middle, 

orange), and correlation between temperature and rating (right, blue) as derived by an 

adaptive staircase calibration procedure on each visit. Figures depict data from subjects who 

completed multiple calibrations. Hue darkness reflects the number of participants included 

in each type of visit: see Table 1 for exact numbers. Goodness-of-fit reflects the correlation 

between temperature and reported pain with outlier trials excluded.
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Figure 3. 
Associations between temperature, temperature, and goodness-of-fit on visit 1 and visit 

2. We evaluated reliability for all measures across the first two visits in participants 

who completed multiple visits (n = 171). Top: Across the first two visits, we observed 

high correlations in pain thresholds (left, purple) and pain tolerance (middle, orange) but 

low correlations in the goodness-of-fit between temperature and subjective pain (right, 

blue). All estimates are based on analyses excluding outlier trials. Middle: Bland-Altman 

figures12 indicate that there was low agreement for the goodness-of-fit measure, although 

all outcomes included some estimates outside of the limits of agreement. Y-axis depicts the 

difference between the two visits, and x-axis depicts the average of the two visits. Dashed 

line depicts the mean of the differences, with dotted lines representing the 95% confidence 

interval (+/− 2SD). Bottom: Associations did not differ as a function of duration between 

visits, whether we measured the absolute value of the difference in outcomes across visits 

(pictured) or the signed difference (all P’s > .1).

Amir et al. Page 21

J Pain. Author manuscript; available in PMC 2022 November 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
ICC by gender. We separately evaluated ICC as a function of participant gender and 

compared groups to determine whether males (left bars) and females (right bars) differed in 

the reliability of pain threshold, tolerance, or goodness-of-fit (based on analyses excluding 

outliers; see Supplementary Materials for analyses including outliers and based on nonlinear 

estimates). Error bars depict 95% confidence intervals. Female participants displayed higher 

reliability than males across visits in all measures of pain sensitivity, and reliability differed 

significantly for pain tolerance based on bootstrapped estimation (95%CIM-F = [−.29, −.06]). 

See Table 2 for exact values. Abbreviation: ICC, intra-class correlation.
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