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ABSTRACT
Background: Studies revealed that contact-heat stimulations mediate pain perception due to temporal summation of second pain
(TSSP). How heat intensity afects the reliability of the pain rating of individuals with diferent heat tolerance is not well examined.
This study investigated (1) the infuence of the preceding contact-heat stimuli with diferent levels of intensity on the reliability of
subjective pain rating and (2) the diferences in reliability of subjective pain rating of participants with high and low sensory
sensitivity or heat tolerance.
Method: Participants with intact sensory function were divided into (1) high (n= 17) and low (n= 13) sensitivity groups based on
the cutof temperature of 42°C or (2) high (n= 18) and low (n= 12) pain-tolerance groups based on the cutof temperature of 47°C
equivalent to numerical rating scale (NRS) of 7. In each trial, participants were given a pair of 2-s contact-heat stimuli (an
interstimulus interval of 2.5 s) at the left thenar eminence and were asked to report an NRS rating. Four blocks of intensity
combinations were given: Low–Low, High–High, Low–High, and High–Low conditions, with 72 trials in each block.
Results: Findings revealed that high heat-tolerance group results had lower intraclass correlation coefcients (ICCs) when
contact-heat stimuli were preceded by another with higher intensity (ICC = 0.551–0.747) compared to those preceded by lower
intensity (ICC = 0.724–0.818). In contrast, the ICCs of the low heat-tolerance group were found to be relatively higher regardless of
heat intensity (ICC = 0.595–0.806).
Conclusions: The TSSP efect refected by lower pain rating reliability appears to be induced in the high heat-tolerance group
when a contact-heat stimulation is preceded by another stimulation with higher intensity but with the same duration. This is
possibly due to the longer ofset time of contact-heat stimulations with higher intensity, and also the top-down modulatory efects
in this high heat-tolerance group. Further electrophysiological studies would be needed to investigate the underlying neural
processes of TSSP in individuals with diferent heat tolerance.

1 | Introduction

1.1 | Introduction of TSSP and Mechanisms

Noxious contact heat is regarded as a pertinent type of stimu-
lation to study nociceptive pain [1, 2]. Thus, it is important to
understand the physiological and cognitive characteristics of the

stimulus. A number of studies have examined the phenomenon
of the temporal summation of second pain (TSSP) induced by
repeated noxious contact-heat stimuli to C-fbre nociceptors in
a repetitive and phasic mode [3–5]. This, in turn, infuences pain
perception across time. C-fbres convey noxious heat signals from
the periphery to the cortex with a slower speed of 0.25–0.15 ms−1
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compared to the faster speed of 2–30ms−1 of Aδ fbres, which
contribute to the afective component of pain perception [6, 7].
When noxious stimuli are repetitively applied, the fbres in the
frst-order neuron deliver nociceptive stimuli to the cell bodies
inside the dorsal root ganglion. Due to the slow onset and ofset of
C-fbres, the nociceptive signals would be intensifed with
consecutive signals, leading to central sensitisation in dorsal
horn neurons. Previously, studies examined the optimal in-
terstimulus intervals (ISIs) that would evoke the efect of TSSP
[3, 8, 9]. Vierck et al. [9] manipulated ISIs to control the acti-
vation of nociceptors that may cause temporal summation. Five
diferent thermode temperatures with 4 diferent ISIs (3s, 4s, 5s
and 6s) were repetitively applied on the participant’s thenar. A
moderate degree of temporal summation was found at an ISI of
3 s, and the least temporal summation was obtained at an ISI of
6 s. How diferent levels of contact heat would afect the stability
of individuals with diferent sensory thresholds or heat tolerance
was not readily addressed. This study aimed to examine the
phenomenon of temporal summation under a relatively short
stimulus duration and an ISI of 2 s of contact heat with lower and
higher temperatures.

Recent studies have revealed that a higher intensity of contact
heat with the same ISI may induce a stronger tendency of TSSP
[9, 10]. Previous studies have applied a range of relatively high
temperatures of contact heat stimulus that may induce TSSP,
including 45°C–53°C [9], 47°C–51°C and 44°C–48°C [1, 11]. Few
attempts, however, have beenmade to examine how contact heat
with diferent levels of intensity would afect the reliability of
subjective pain rating under the infuence of TSSP. According to
Vierck et al. [9], the efect of TSSPwas not conspicuous in healthy
participants with lower heat tolerance. In contrast, the phe-
nomenon appeared to be elicited in those who demonstrated
higher pain tolerance. This suggests that individual heat toler-
ance may have a longer ofset time and thus accumulate more
strongly across consecutive stimuli, leading to a more pro-
nounced TSSP efect. When the perceptual signal is rapidly es-
calating due to TSSP, participants may need to continually
recalibrate their internal reference for pain intensity, which can
reduce the stability of their subjective ratings. In this context, the
reliability of pain ratings—largely governed by top-down cog-
nitive processes such as attention, appraisal and perceptual
anchoring—may be compromised when TSSP is strong under
relatively high contact-heat stimulation. Furthermore, it is
speculated that individuals with higher levels of heat tolerance
may require higher demand in top-down cognitive control over
the incoming contact-heat stimuli, infuencing the stability of
their ratings. The phenomenon has not been well addressed.
Little is known about the reliability of pain perception under
contact-heat stimulations and how individual diferences in heat
tolerance associate with TSSP to afect the consistency of subject
pain rating.

The aims of the study were twofold: (1) to investigate the in-
fuence of the preceding contact-heat stimulus with fxed ISI of
2 s and diferent intensities on the reliability of pain perception as
refected by subjective pain rating and (2) to investigate the
diferences in reliability of pain perception on thermal sensation
with diferent intensity of healthy participants with higher and
lower sensory sensitivity and with high and low heat tolerance.
The fndings could provide insight into a suitable strategy and

procedure to apply heat stimulations in clinical or experimental
contexts.

2 | Materials and Methods

2.1 | Study Design

The participants who fulflled the inclusion criteria were frst
asked to undergo a sensory determination procedure to de-
termine contact-heat temperature related to nociceptive
threshold and moderate painful perception. Following this, they
were given a series of contact-heat stimuli with either higher or
lower intensity. Each stimulus was preceded by higher and lower
heat intensity with a fxed ISI of 2 s to simulate the TSSP efect, as
this heat stimulus with an ISI of 3 s or less was shown to give the
optimal TSSP [3, 8, 9]. At the end of each trial, the participant was
required to give a subjective pain rating based on the numerical
rating scale (NRS). The participants were divided into low and
high heat-tolerance groups based on the temperature of contact-
heat stimuli at < 47°C or ≥ 47°C, respectively, which were rated
as the highest tolerable pain, equivalent to an NRS of 7.

2.2 | Design and Participants

Thirty volunteering pain-free participants were recruited
through convenience sampling. The inclusion criteria were as
follows: (1) age of 18 or above, (2) ability to communicate in
Cantonese, (3) with a tertiary education or above and (4) having
intact tactile and thermal functions. Those who had any skin
lesions during the date of the experiment, a history of any dis-
eases leading to chronic pain and nerve impairment of the upper
limbs, cognitive defcits and language problems were excluded
from the study. Among those joining the study, 18 participants
were male and 12 were female, with a mean age of 21.4 (SD
= 2.1 years). Each participant had a tertiary education or above
and was Cantonese-speaking. The joining participants were
formed into two groups based on their sensory sensitivity and
heat tolerance to examine whether these are associated with pain
rating reliability. Participants who reported a contact-heat
stimulus with a temperature of < 42°C and ≥ 42°C as pain
threshold were grouped as high-sensitivity and low-sensitivity
groups, respectively [7]. On the other hand, participants who
rated a contact-heat stimulus with a temperature of< 47°C and≥
47°C as the highest tolerable pain equivalent to NRS of 7 after the
procedure of sensory threshold determination were grouped into
low and high heat-tolerance groups, respectively [1, 5, 11]. The
experimental protocols were approved by the Departmental
Research Committee.

2.3 | Experimental Procedure

The experimental procedure consisted of three parts. First, each
participant was given a written informed consent after the study
and its aims were explained. The participants needed to complete
a number of screening tests, including a static two-point dis-
crimination (2PD) test, State–Trait Anxiety Inventory (STAI),
Pain Catastrophising Scale (PCS) and a Chinese version of the
Stroop test. Under the guidance, the participant’s sensory
thresholds were determined. After training on NRS rating and
pre-experimental trials, the participants were engaged in an
experiment concerned with pain rating reliability.
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2.4 | Apparatus for Contact-Heat Stimulation

Contact-heat stimuli in phase mode were given to participants
via the PATHWAY Pain & Sensory Evaluation System (Medoc
Ltd.). The device has a round thermode of 27 mm diameter
contacting a cutaneous area. The thermode consists of a heating
thermofoil (Minco Products, Inc., Minneapolis, MN) covered
with a 25-μm layer of thermoconductive plastic (Kapton, thermal
conductivity of 0.1–0.35W/mK at 23°C). The PATHWAY system
has a heating-up rate of 70°C per second and a cooling-down rate
of 40°C per second, allowing a rapid and repetitive onset and
ofset delivery of phasic stimuli with diferent durations and
interstimulus intervals [12].

2.5 | Sensory Threshold Determination

Prior to the pain rating reliability experiment, each participant
was asked to undergo a standardised procedure to determine
sensory thresholds. The procedure was conducted in a distrac-
tion-free room with a consistent ambient temperature of around
22°C [13]. Each participant was seated comfortably on an
armchair with a back supported. The thermode was applied to
the thenar of the left hand (dermatome C6) [14]. Each participant
was instructed to use his or her right hand to press a mouse
button on the table, while forearms rested on the table.

A sensory threshold for each participantwas determined by the limits
module of the CHEPS stimulus presentation module [15]. Two
sensory thresholds were determined using a standardised procedure:
(1) minimal painful threshold, i.e., the lowest temperature that was
perceived as painful and (2) tolerable painful threshold, i.e., the
temperature that was perceived as tolerable (equivalent to NRS 7). To
determine the minimal painful threshold, the temperature at the
thermode started at a baseline temperature of 32°C, and the tem-
peraturewas ramped at a rate of 70°C/s. The participantwas required
to stop the rise in temperature by clicking themouse button when he
or she started to perceive the contact heat stimulus as painful. The
minimal painful threshold was computed by averaging the three
temperatures obtained. To determine the tolerable painful threshold,
the thermode setup and temperature characteristics were the same
except that the participant was instructed to stop the rise in tem-
perature when the stimulus started to be perceived as intolerable. For
safety reasons, the CHEP programme would automatically stop
temperature rise if the participant did not click the mouse at 51°C.
There were fve trials of each type of threshold determination with
a one-minute intermission in between to minimise the temporal
summation efect [4]. The temperature of each type of threshold is
obtained by averaging the 5 temperatures obtained.

Seven levels of temperature equivalent to NRS 1 to 7 were ob-
tained. The temperature related to NRS 8 was excluded to avoid
overstimulating the same cutaneous area with relatively high
temperature. Six levels of temperature equivalent to NRS 1 to 3
and NRS 5 to 7 were selected to represent ‘low intensity’ and
‘high intensity’, respectively. The temperature of NRS 4 was
excluded for clear demarcation between the temperature of the
low and high intensity of contact-heat stimuli.

2.6 | Experimental Paradigm for Pain Rating
Reliability

Before the experiment for pain rating reliability, a pre-
experiment training session was provided to each participant.

This enabled participants to become familiar with giving sub-
jective pain ratings using an 11-point NRS for pain perception on
contact-heat stimuli with the temperature equivalent to NRS 1 to
7 determined during the procedure of sensory threshold
determination.

Each participant then participated in the pain rating reliability
experiment with the four combinations of temperature intensity
conditions: (1) Low–Low, (2) High–High, (3) Low–High, and (4)
High–Low. In each trial, each participant was given a frst 2-s
thermal stimulus emitted from the CHEPS thermode with
a baseline temperature of 32°C and a ramp-up rate of 40°C/s. The
top temperature of the thermal stimulus was pseudorandomly
selected from one of the lower temperature equivalent to indi-
vidual pain NRS 1 to 3 (‘Low’ condition) or from one of the higher
temperature equivalent to individual pain NRS 5 to 7 (‘High’
condition), depending on one of the four experimental condi-
tions. After the frst thermal stimulus had ramped down to the
baseline temperature of 32°C, the second 2-s thermal stimulus (a
ramp-up rate of 40°C/s) selected from one of the lower tem-
perature equivalent to either NRS 1 to 3 or one of the higher
temperature equivalent to either NRS 5 to 7 was emitted from the
thermode to the participant’s left thenar area. When the tem-
perature of the thermal stimulus had returned to the baseline
temperature of 32°C, the participant was required to report
verbally the pain NRS rating of the second thermal stimulus,
which was recorded by the experimenter. The intertrial interval
was 1 s. There were 9 trials in one block. Four blocks for each
temperature combination condition occurred in a pseudorando-
mised manner. A total of 144 NRS ratings were given by each
participant (Figure 1). All the blocks were randomised. Partic-
ipants were given a 5-min break after a block of 9 trials had been
completed to avoid cognitive fatigue, or they could take breaks
whenever they needed.

2.7 | Pain Rating and Neuropsychological Tests

2.7.1 | NRS for Pain Perception

The NRS is used to measure the subjective rating of pain per-
ception. It has an 11-point scale with ‘0’ indicating ‘no pain’ and
‘10’ indicating ‘the worst imaginable pain’ [16]. The NRS was
used in many studies to assess perception induced by obnoxious
stimuli [17, 18]. A number of pain scales, such as the visual
analogue scale (VAS) and NRS, have been established for pain
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FIGURE 1 | Experimental paradigm for pain rating reliability. In each
trial, each participant was given a 2-s thermal stimulus (S1) emitted from the
CHEPS thermode (starting from a baseline temperature of 32°C and a ramp-
up rate of 40°C/s) with either low or high intensity, depending on the ex-
perimental condition. Another 2-s thermal stimulus (S2) with either low or
high intensity was then given to the participant 2 s after.
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perception for clinical or research use [19]. Gallasch and Alex-
andre [20] suggested that the NRS scale may be advantageous
over VAS as it may not require as much cognitive demand. This
would be particularly benefcial when applied to people who are
less educated or the elderly. In addition, the reproducibility of
NRS was found to be good to excellent with an ICC of 0.88 (95%
CI = 0.81–0.92) [20].

2.7.2 | Static 2PD Test

The static 2PD function of hands was assessed by a two-point
discriminator [21]. A pair of two distance-adjustable needles was
placed on a certain cutaneous area supplied by one peripheral
nerve. The procedure aims to measure the threshold of the
smallest distance of separation of two needle points a respondent
can detect [22]. In this study, static 2PD function was applied on
the thenar eminence and thumb fnger pulp of the left hand,
covering the cutaneous distribution at C6 dermatome, as the
thermode was placed in the area. In terms of psychometric
properties, the test–retest reliability of static 2PDwas shown to be
satisfactory with an intraclass correlation coefcient (ICC) of
0.99 [23]. For the concurrent validity, its correlation was the
function of object recognition and was also found to be good,
with a correlation coefcient of 0.79 [15, 24].

2.7.3 | STAI

The STAI is used to measure trait and state anxiety [25]. It has 20
items to assess state (e.g., ‘I am tense; I am worried’) and trait
aspects (e.g., ‘I am content; I am a steady person’) of anxiety
separately. The respondent needs to rate each item based on a 4-
point scale in which a higher score represents greater anxiety.
The trait version was shown to have excellent internal consis-
tency (Cronbach’s alpha > 0.89) and excellent test–retest re-
liability (average r= 0.88) at multiple time intervals [26]. The
Chinese version of STAI [27], used in this study, has been val-
idated with satisfactory psychometric properties.

2.7.4 | PCS

The psychological aspect of one’s pain experience was mea-
sured by the PCS questionnaire [28, 29]. The instrument
consisted of 13 items, and the respondent was required to rate
based on a 5-point self-rating scale (‘0—not at all’ to ‘5—all the
time’). Apart from the total scores, test items belong to three
subscales: rumination, magnifcation and helplessness. The
higher scores indicated a higher tendency of pain cata-
strophising. Good concurrent validity was supported by
a moderate correlation of 0.59 between total PCS and the total
inventory of negative thoughts in response to pain [30]. The
reliability of the full version of PCS demonstrated a satisfac-
tory internal consistency coefcient of 0.86 [31]. The Chinese
version of PCS has been validated for Hong Kong clinical
settings [32]. It was shown that the Chinese version of the
instrument also had a satisfactory pain catastrophising level.

2.7.5 | Chinese Version of Stroop Test

The Chinese version of the Stroop test is associated with ex-
ecutive function for monitoring and solving confict [33, 34].
The Chinese version was used in this study [35, 36]. Three parts
are included: word reading (WR), colour naming (CN) and
incongruent colour naming (INC). Each part consists of 100

stimuli on a 10 × 10 array. In the WR block, each respondent
was shown with Chinese colour words printed in black (e.g.,
‘紅’ [red], ‘藍’ [blue], ‘綠’ [green], ‘黃’ [yellow]). The respondent
is required to read each word out quickly and accurately. In the
CN block, each participant was presented with colour blocks
printed on a 10 × 10 array on a white background and was
required to name the colour blocks as fast and accurately as
possible. In the INC block, the colour words were printed with
incongruent ink colours (e.g., ‘blue’ printed in yellow, green or
red). The respondent was required to name the ink colour of
each word rather than the pronunciation of the word, as fast
and accurately as possible. The number of errors, self-corrected
errors and time taken in each section were recorded by the test
administrator. The overall test–retest reliability of the Stroop
test was demonstrated to be good, with the test–retest reliability
coefcient of 0.83 for the WR score, 0.74 for the colour reading
score and 0.67 for the ICN score [37].

2.8 | Statistical Analysis

Descriptive statistics (means and standard deviations) were
produced for the cognitive and psychological measures, in-
cluding STAI-trait and state, PCS and Stroop test. Independent t-
tests were used to test the diferences in the high- and low-
tolerance groups’ performances. The level of statistical signif-
cance was set at p < 0.05. Means and standard deviations of the
temperature of critical thresholds, i.e., minimal painful and
tolerable painful thresholds, of the two tolerance groups were
also obtained. For achieving the study objectives, a measure of
test–retest reliability of the NRS rating on pain perception was
taken with a second stimulus computed for the high and low
heat-tolerance groups by using ICC (2,1) (i.e., two-way
random, single measure with 95% confdence intervals).
According to Cicchetti [38], ICC values from 0.00 to 0.40, 0.41 to
0.59, 0.60 to 0.74 and 0.75 to 1.00 will be categorised as ‘poor’,
‘fair’, ‘good’ and ‘excellent’, respectively. All statistical tests were
computed by using the software SPSS 24 (SAS Institute, Cary,
NC, USA).

3 | Results and Discussion

3.1 | Performances in Sensory and
Neuropsychological Tests and Painful Threshold
Determination

Based on the painful threshold at the temperature of < 42°C or ≥
42°C, 17 and 13 participants were categorised into high sensory
sensitivity and low-sensitivity groups, respectively. Based on the
critical temperature for pain tolerance suggested in previous
studies [1, 39], 18 and 12 participants were categorised into high
heat-tolerance (NRS of 7 ≥ 47°C) and low heat-tolerance (NRS of
7 < 47°C) groups, respectively. The scores in sensory and neu-
ropsychological tests of the participants in the two sensory
sensitivity groups and two tolerance groups are summarised in
Table 1. Independent t-tests showed no signifcant diferences in
these tests (p < 0.05). It was shown that the two groups of
participants had intact 2PD functions. STAI-Trait did not reveal
depression trait, and PCS scores did not suggest a tendency to-
wards pain catastrophising. The executive function for confict
resolution was found to be within a normal level as refected by
the Stroop test.
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Themean temperature for the minimal painful threshold and the
tolerable painful threshold of the participants in the high-
sensitivity group were found to be 40.8°C (SD = 3.8°C) and
46.9°C (4.5°C), respectively. On the other hand, the mean
temperatures of the two sensory thresholds of the participants in
the low-sensitivity group were found to be 43.4°C (SD = 4.0°C)
and 47.9°C (4.1°C). The mean temperature for the minimal pain
threshold of the participants in the high-tolerance group was
obtained to be 42.8°C (SD= 3.3°C), while the mean temperature
for the tolerable painful threshold was 47.7°C (SD = 2.3°C). The
mean temperature for the minimal painful threshold of the
participants in the low heat-tolerance group was found to be
40.0°C (SD = 2.7°C), while the mean temperature for the toler-
able painful threshold was obtained to be 44.9°C (SD= 1.8°C).

3.2 | Reliability of Subjective Pain Rating in the
High-Sensitivity Group

The ICC (2-way random-efects model and single measure)
revealed the reliability of subjective pain rating using NRS in the
high-sensitivity group to range from (Table 2). The values of ICC
of the NRS rating ranged from 0.702 (95% CI = 0.590–0.821) (NRS
1) to 0.787 (95% CI = 0.643–0.836) (NRS 2) when low heat
stimulations were preceded by low heat stimulations, i.e., Low–
Low condition. The values of the ICC of the NRS rating ranged
from 0.765 (95% CI = 0.588–0.862) (NRS 5) to 0.774 (95% CI =
0.624–0.783) (NRS 6) under the Low–High condition. On the
other hand, the ICC values of NRS rating for low heat stimu-
lations preceded by high heat stimulations, i.e., High–Low
condition, ranged from 0.695 (95% CI = 0.597–0.755) (NRS 1) to
0.757 (95% CI = 0.629–0.814) (NRS 3). The values of ICC were
found to range from 0.699 (95% CI = 0.654–0.731) (NRS 5) to
0.792 (95% CI = 0.606–0.794) (NRS 7) under High–High condi-
tion. This suggested an overall good level of reliability (Table 2).

3.3 | Reliability of Subjective Pain Rating in the
Low-Sensitivity Group

The ICC revealed the reliability of subjective pain rating using
NRS in the low-sensitivity group to range from (Table 3). The
values of ICC of the NRS ranged from 0.744 (95% CI = 0.619–
0.800) (NRS 1) to 0.783 (95% CI = 0.687–0.825) (NRS 3) when low
heat stimulations were preceded by low heat stimulations, i.e.,
Low–Low condition. Furthermore, the values of the ICC of the
NRS rating ranged from 0.738 (95% CI = 0.695–0.780) (NRS 7) to
0.788 (95% CI = 0.663–0.801) (NRS 5) under Low–High condi-
tions. On the other hand, the ICC values of NRS rating for low

heat stimulations preceded by high heat stimulations, i.e., High–
Low condition, ranged from 0.645 (0.599–0.558) (95% CI = 0.472–
0.804) (NRS 2) to 0.695 (95% CI = 0.603–0.754) (NRS 1). Fur-
thermore, the values of ICC were found to range from 0.724 (95%
CI = 0.546–0.887) (NRS 6) to 0.786 (95% CI = 0.650–0.876) (NRS
7) under High–High condition. This suggested that the reliability
is generally satisfactory regardless of the levels of contact heat
(Table 2).

3.4 | Reliability of Subjective Pain Rating in the
High-Tolerance Group

The ICC revealed the reliability of the subjective pain rating
using NRS in the high heat-tolerance group to range from
(Table 3). The values of ICC of the NRS rating ranged from 0.724
(95% CI = 0.580–0.860) (NRS 1) to 0.818 (95% CI = 0.705–0.912)
(NRS 3) when low heat stimulations were preceded by low heat
stimulations, i.e., Low–Low condition. The values of the ICC of
the NRS rating ranged from 0.725 (95%CI = 0.557–0.855) (NRS 5)
to 0.801 (95% CI = 0.68–0.903) (NRS 7) under Low–High con-
ditions, suggesting good to excellent reliability regardless of the
contact-heat intensity (Cicchetti, 1994). There was an exception
in that the ICC value was found to be fair for NRS 6 in Low–High
condition, i.e., 0.264 (95% CI = 0.134–0.481). On the other hand,
the ICC values of NRS for low heat stimulations preceded by high
heat stimulations, i.e., High–Low condition, ranged from 0.635
(95% CI = 0.472–0.804) (NRS 1) to 0.747 (95% CI = 0.609–0.873)
(NRS 3). The values of ICC were found to range from 0.551 (95%
CI = 0.385–0.745) (NRS 5) to 0.662 (95% CI = 0.506–0.821) (NRS
7) under High–High condition. This suggested a fair to good level
of reliability (Table 3 and Figure 2).

3.5 | Reliability of Subjective Pain Rating in the
Low-Tolerance Group

The reliability pattern appeared to be diferent in the low heat-
tolerance group. The values of ICC were found to range from
0.683 (95% CI = 0.496–0.867) (NRS 3) to 0.702 (95% CI = 0.519–
0.877) (NRS 1) when low heat stimulation preceded by low heat
intensity, i.e., Low–Low conditions. Besides, the values of ICCs
were found to range between 0.738 (0.565–0.894) (NRS 7) and
0.787 (95% CI = 0.631–0.917) (NRS 6) under Low–High condi-
tions, suggesting a good reliability level. Besides, for low heat
stimulations preceded by high heat intensity, i.e., High–Low
condition, the ICC values obtained ranged from 0.595 (95%
CI = 0.393–0.819) (NRS 1) to 0.605 (95% CI = 0.407–0.824) (NRS
3), suggesting fair reliability. The value of ICC of NRS 2 under the

TABLE 1 | Participants’ scores in sensory and neuropsychological tests.

Scale HST LST LHT HHT
Mean (SD) Mean (SD) Mean (SD) Mean (SD)

2PD test 6.8 (1.4) 7.2 (2.1) 6.7 (1.5) 7.4 (2.7)
STAI-State 37.0 (5.2) 35.9 (7.3) 37.0 (7.6) 36.4 (7.8)
STAI-Trait 45.1 (5.5) 43.9 (5.8) 44.6 (6.7) 42.6 (5.0)
PCS 17.8 (8.8) 19.1 (9.2) 18.0 (9.9) 18.9 (10.2)
Chinese Stroop test: time interference score 30.2 (10.4) 43.7 (6.7) 31.9 (12.4) 42.6 (5.0)

Note: LHT= low heat-tolerance group; 2PD= static two-point discrimination. Time interference score = (score of colour-word test)− (score of colour test+ score of word
test)/2.
Abbreviations: HH Group, high heat-tolerance group; HS Group, High-sensitivity group; LS Group, low-sensitivity group; PCS, Pain Catastrophising Scale; SD, standard
deviation; STAI, State-Trait Anxiety Inventory.

Pain Research and Management, 2026 5 of 11

 7040, 2026, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1155/prm

/3402006 by T
he H

ong K
ong Polytechnic U

niversity, W
iley O

nline L
ibrary on [10/03/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



High–Low condition was found to be particularly low at 0.245
(95% CI = 0.100–0.528). Under High–High conditions, the values
of ICC were revealed to range between 0.724 (0.546–0.887) (NRS
6) and 0.806 (95% CI = 0.660–0.926) (NRS 7). This suggested that
the reliability appeared to be at a good to excellent level (Table 3
& Figure 3).

To sumup, the reliability of theNRS rating on high and low contact-
heat stimuli was generally found to be higher in the high heat-
tolerance group compared with the low-tolerance group.Within the
high-tolerance group, the reliability of NRS rating appeared to be
lowered when the heat stimuli were preceded by those with higher
intensity compared with those with lower intensity. Such a trend
was not as conspicuous in the low heat-tolerance group.

4 | Discussion

This study investigated the reliability of pain rating perception
induced by diferent intensity levels of contact heat stimulation
preceded by another stimulation with diferent intensity and

examined how painful threshold or heat tolerance would afect
the pain rating reliability. The results showed that the partici-
pants’ high and low heat tolerance would have a mediating efect
on the reliability of their pain rating of diferent contact heat
intensities. Such a mediating factor is not observed when
grouping participants based on their sensitivity to the painful
threshold. The main fndings of this study were that the temporal
summation efect was shown more conspicuously in the high-
tolerance group. The reliability of their pain perception in terms
of ICC values on contact-heat stimulations appeared to be lower
when the stimulations were preceded by higher intensity (i.e.,
High–Low and High–High conditions) when compared with
those with lower intensity (i.e., Low–Low and High–High con-
ditions). Another observation was that the reliability of the NRS
rating on contact heat stimuli tended to be lower within the low
heat-tolerance group, regardless of the heat intensity.

This study demonstrated that higher contact heat intensity with
a fxed ISI of 2 s would induce a certain level of temporal
summation as refected by the lowered stability of subjective pain

TABLE 2 | Intraclass correlation coefcient (ICC) (95% confdence interval) of numerical rating scale in high-sensitivity (minimal painful threshold
< 42°C) (n= 17) and low-sensitivity (minimal painful threshold ≥ 42°C) (n= 13) groups.

Condition NRS High-sensitivity group Low-sensitivity group
ICC (95% CI) ICC (95% CI)

LL
1 0.702 (0.590–0.821) 0.744 (0.619–0.800)
2 0.787 (0.643–0.836) 0.737 (0.655–0.796)
3 0.768 (0.698–0.812) 0.783 (0.687–0.825)

LH
5 0.765 (0.588–0.862) 0.788 (0.663–0.801)
6 0.774 (0.624–0.783) 0.782 (0.691–0.884)
7 0.770 (0.693–0.880) 0.738 (0.695–0.780)

HL
1 0.695 (0.597–0.755) 0.695 (0.603–0.754)
2 0.716 (0.658–0.769) 0.645 (0.599–0.558)
3 0.757 (0.629–0.814) 0.685 (0.697–0.830)

HH
5 0.699 (0.654–0.731) 0.781 (0.670–0.854)
6 0.702 (0.634–0.757) 0.724 (0.546–0.887)
7 0.792 (0.606–0.794) 0.786 (0.650–0.876)

Note: LL = Low–Low condition; LH= Low–High condition; HL =High–Low condition; HH=High–High condition; NRS =Numerical Pain Rating Scale.

TABLE 3 | Intraclass correlation coefcient (ICC) (95% confdence interval) of numerical rating scale in high-tolerance (NRS of 7 ≥ 47°C) (n= 18)
and low-tolerance (NRS of 7 < 47°C) (n= 12) groups.

Condition NRS High-tolerance group Low-tolerance group
ICC (95% CI) ICC (95% CI)

LL
1 0.724 (0.580–0.860) 0.702 (0.519–0.877)
2 0.757 (0.622–0.878) 0.705 (0.522–0.878)
3 0.818 (0.705–0.912) 0.683 (0.496–0.867)

LH
5 0.725 (0.557–0.855) 0.767 (0.603–0.908)
6 0.264 (0.134–0.481) 0.787 (0.631–0.917)
7 0.801 (0.682–0.903) 0.738 (0.565–0.894)

HL
1 0.635 (0.472–0.804) 0.595 (0.393–0.819)
2 0.706 (0.558–0.849) 0.245 (0.100–0.528)
3 0.747 (0.609–0.873) 0.605 (0.407–0.824)

HH
5 0.551 (0.385–0.745) 0.781 (0.624–0.914)
6 0.625 (0.463–0.797) 0.724 (0.546–0.887)
7 0.662 (0.506–0.821) 0.806 (0.660–0.926)

Note: LL = Low–Low condition; LH= Low–High condition; HL =High–Low condition; HH=High–High condition; NRS =Numerical Pain Rating Scale.
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perception. The study conducted by Vierck et al. [9] suggested
that temporal summation of phasic contact-heat stimulus could
be achieved by an ISI of 3 s or less and the onset latency could last
for 2 s or more. According to these factors for temporal sum-
mation, it is speculated that the nociceptors under contact-heat
stimulation with higher intensity may have longer ofset time to
the resting state [4]. This might reduce the interstimulus interval
with the subsequent stimulus, leading to an efect of temporal
summation. The wind-up efect from the primary nociceptor
would lead to instability in pain perception as refected by the
NRS ratings on contact-heat stimuli preceded by higher heat
intensity (ICC = 0.551–0.747) when compared with those on
lower heat intensity (ICC = 0.724–0.818) in the high heat-
tolerance group. As for the low heat-tolerance group, such an
instability of pain NRS rating for higher heat intensity was not as
obvious. It could be possibly because the absolute temperature
received by the low heat-tolerance groups was not high relatively

and the ofset of the bottom-up nociceptive signals was long
enough to induce temporal summation.

The more obvious temporal summation found in the high heat-
tolerance group appears to be consistent with previous studies on
the characteristics of temporal summation [4, 5, 9, 40]. It was
found that temporal summation appeared to be more intensifed
when the temperature of the contact heat ranges between 45°C
and 47°C. For example, in a recent study conducted by Eckert
et al. [9], the temporal summation efect was found to be greater
under intermittent contact stimulation when contact heat tem-
perature of 45°C or above was applied either on hairy or glabrous
skin. Another study conducted by Weissman-Fogel and col-
leagues [5] revealed that the absolute temperature of contact-heat
stimulation, regardless of self-perceived pain intensity, afected
the magnitude of TSSP under a constant heat paradigm. Par-
ticularly among those with high heat tolerance, temperatures at
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FIGURE 2 | Intraclass correlation coefcients of subjective pain rating in the high heat-tolerance group. Error bars denote 95% confdence interval.
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FIGURE 3 | Intraclass correlation coefcients of subjective pain rating in the low heat-tolerance group. Error bars denote 95% confdence interval.
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or above 47°C would induce the intensifcation of the bottom-up
nociceptive signal to the higher cortical regions. Though further
investigations are needed, it is speculated that top-down mod-
ulation or adaptation of those with higher heat tolerance might
be outweighed by bottom-up, stimulus-driven processes in the
presence of high temperature or salient stimuli, leading to the
instability of pain rating. Thus, it is reasoned that the participants
in high heat-tolerance group would give pain ratings with lower
reliability when a higher contact-heat stimulus was preceded by
another higher one.

The distinctiveness of this study has been to examine the efect of
intensity of the preceding contact-heat stimuli on the perception
of the subsequent one without altering the onset or ofset latency
or interstimulus interval. Other studies have investigated the
temporal summation efect through manipulating the onset la-
tency [8, 9] and ofset latency [41]. Furthermore, a higher
temporal summation efect would lead to instability of pain
perception as indicated by less reliable pain rating, suggesting
that the preceding contact heat with stronger intensity may have
an efect to evoke temporal summation. The underlying mech-
anism of temporal summation afected by the preceding contact-
heat intensity could be explained by the change in the membrane
potential of postsynaptic neurons [42, 43]. According toMannion
and Woolf [42], a higher postsynaptic potential was generated
when more neurotransmitters bind with the receptors on the
membrane of postsynaptic neurons of the nociceptors. Several
studies have reported that action-potential fring frequency at the
postsynaptic terminal would increase inside the nociceptive
neurons under higher contact-heat intensity 45, 46]. Besides,
Volgushev, Vidyasagar, Chistiakova and Eysel [44] also pointed
out that there has been a positive correlation between excitatory
postsynaptic potential amplitude and increasing temperature.
Based on the evidence, the excitatory postsynaptic potential of
preceding stimuli may stay longer in the postsynaptic neuron
than the interstimulus interval when receiving the next sub-
sequent stimuli, which would in turn prolong membrane exci-
tation and intensify pain perception.

During the training prior to the experiment procedure, internal
representations of diferent levels of contact heat intensity were
supposed to be developed in the long-term storage of the par-
ticipant’s mind [45]. When an individual tries to rate a noci-
ceptive stimulation after receiving it at the cortical level, he or she
needs to disengage from the external nociceptive stimulus, shift
attention to the internal representations retrieved from long-term
storage and re-engage the external stimuli to discriminate the
level of pain perception [45]. When an individual re-engages the
stimuli externally for comparison with the corresponding in-
ternal representation for rating the pain perception, mental efort
would be required when comparing the internal representations
of thermal stimulations with low salience [45]. This may lead to
a less stable perception of the external stimuli which in turn
afects the reliability of subjective pain rating. This phenomenon
would be expected to be accentuated in the high heat-tolerance
group when the contact heat stimuli were preceded by the one
with high intensity (i.e., High–Low and High–High conditions).
Based on the premise that higher temperature will lead to higher
bottom-up temporal summation efect, the NRS of 7 pain per-
ception of High–High condition should have the lowest ICC
when compared to other NRS levels when preceded by a low heat
intensity (Low–Low and Low–High) in the high heat-tolerance

group. However, the ICC of NRS of 7 pain perception was not the
lowest. This suggests that the reliability of subjective pain rating
was not merely afected by the bottom-up temporal summation
efect. A top-down approach may also afect the reliability of
subjective pain rating due to the salience of thermal stimulations.
NRS 7 was the highest corresponding temperature received by
the participants which created high salience of the thermal
stimulation. Stimulations with higher salience may require fewer
mental eforts when the participants matched the internal rep-
resentations to the pain perception felt from external stimuli in
the re-engaging process, which may lead to a higher chance of
correct perception. This may result in higher reliability of pain
rating, thus higher reliability of NRS 7 in High–High condition.

In contrast to the high heat-tolerance group, the reliability of
subjective pain rating of the low heat-tolerance group was found
to be higher. This suggests that the reliability of subjective pain
rating was less afected by the temporal summation efect. In the
low heat-tolerance group, the highest temperature of contact
heat stimuli they received was below 47°C, whereas in the high
heat-tolerance group, the highest temperature of contact heat
stimuli they received was above 47°C. This result is in line with
the fndings of Weissman-Fogel, Drorand and Defrin [5] that 47°
C is the temperature which initiates pain intensifcation. This
suggests that contact heat stimulation at 47°C is the level of
temperature that may evoke temporal summation in healthy
participants. It is noteworthy that the ICCs of pain rating were
relatively lower for the NRS rating of 2 in the High–Low con-
dition of the low heat-tolerance group and the NRS rating of 6 in
Low–High condition of the high heat-tolerance group. This
suggested that the reliability of the NRS rating of a contact-heat
stimulus seemed to be undermined when it was preceded by
another stimulus with diferent types of intensity, i.e., High–Low
or Low–High and with a tolerance level diferent from stimulus.
It is speculated that NRS of 2 and 6 may not have a clear mental
anchor on the scale for perceptual rating, and the preceding
contact-heat stimuli, which are of diferent tolerance levels, may
require the participants to put extra mental efort to perceive the
intensity, leading to lower reliability of the subsequent stimulus.
Further electrophysiological studies would be needed to allow
a better understanding of the interference phenomenon.

The results of this study provide insights for applying contact-
heat stimulation during sensory testing, such as quantitative
sensory tests [46]. Clinically, hot and cold discrimination kits are
commonly used to assess the ability of neurological defcits in
patients to discriminate temperature, which is an important
factor for protective touch [47]. The administration of this as-
sessment involves the application of contact heat stimuli to the
evaluatee’s skin. The reliability of this thermal discrimination
assessment may be infuenced by the temporal summation efect.
When thermal stimulus of the probe for hot temperature is
applied to the evaluatee’s skin, temporal summation may be
evoked if the duration of the probe applied is too long, the
temperature is too high, or the interstimulus interval is too short.
These factors will afect the reliability of the assessment results.
This study provides insight for the evaluator to obtain more
accurate thermal discrimination assessment results.

The possibility that our results were infuenced by the top-down
processes is worth considering. The attention and rehearsal of
internal representations of high- and low-salience thermal
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sensations, which were associated with the mental conficts in
the re-engaging process, may infuence the reliability of sub-
jective pain rating. This study, however, did not focus on these
top-down processes by monitoring the evoked potential in the
neural pathways involved in these brain activities. As a result,
some possible interactions between the bottom-up temporal
summation efect and top-down attention processes were not
captured in this study. Besides, though the pattern of reliability of
pain rating of same groups of participants with diferent levels of
sensitivity or tolerance appeared to be dependent on each other,
future studies could be conducted to clarify whether the phe-
nomenon of heat sensibility and tolerance are related to the
neurological process using neurophysiological methods. The
quantitative methods could confrm whether top-down regula-
tion is being overloaded by high-intensity stimulation. As the
study only requires participants to give subjective ratings on pain
perception, it is worthwhile to consider the reliability of pain
rating that would be diferent between men and women, con-
sidering the latter appears to have higher tolerance. Besides, this
study only used an experimental paradigm with a fxed duration
of contact-heat stimuli with constant ISI. The diferent timing
combinations of the stimuli and the ISI could be adopted in the
paradigm in future studies. This would further enhance the
applicability of the study fndings. Another limitation of this
study is the lack of comparison of the results with the patient
group. As mentioned previously, the TSSP efect may infuence
the reliability of thermal discrimination assessment, which is
generally used among patients with neurological defcits. The
previous study by Potvin, Paul-Savoie, Morin, Bourgault, and
Marchand [43] pointed out that temporal summation efects are
more prominent in fbromyalgia patients when compared to
healthy participants. Since only healthy participants with a rel-
atively small sample size (n= 30) were recruited in the present
study, this limits the generalisability to other groups, such as
individuals with chronic pain.

5 | Conclusion

This study showed that preceding contact heat stimuli with
higher contact heat intensity had an infuence on the reliability of
pain perception on thermal sensation as refected by subjective
pain rating in the high heat-tolerance group. Moreover, the
fndings suggest that 47°Cwas the level of temperature that could
evoke temporal summation in healthy participants. This study
may be benefcial to the prescription of pain-related assessments,
especially in enhancing the accuracy of assessments or designing
experimental protocols associated with temporal summation for
those with neurological defcits. However, the present results
only refect the temporal summation efect in the bottom-up pain
pathway and in healthy participants. Further studies may con-
sider incorporating an electroencephalogram assessment to
monitor the potential variations among the participants in top-
down attention processes. Relevant follow-up researchmay focus
on exploring the diference in temporal summation among
healthy participants and patients.
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