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Abstract
Purpose  The purpose of this study was to compare cutaneous heat pain thresholds using the method of limit and level.
Methods  Sixteen young males (23.2 ± 3.2 year, 174.9 ± 4.9 cm, and 70.1 ± 8.6 kg) participated in this study. The thermode 
temperature increased at a constant rate of 0.1 °C s−1 from 33 °C for the method of limit, whereas the method of level con-
sisted of 3 s heat pulses increasing from 44 °C to 50 °C in 100 s separated by 5 s intervals. All measurements were conducted 
on 14 body regions (the forehead, neck, chest, abdomen, upper back, upper arm, forearm, waist, hand, palm, thigh, calf, foot, 
and sole) in 28 °C, 35% relative humidity.
Results  The results are as follows. Heat pain thresholds were on average 3.2 ± 2.1 °C higher for the method of level than 
for the method of limit (P < 0.05). Second, the correlation coefficient between values by two methods was 0.819 (P < 0.01). 
Third, lower body regions (thigh, calf, and sole) had higher heat pain thresholds than upper body regions (chest) by the 
method of level only (P < 0.05). Fourth, body regional subcutaneous fat thickness showed no relationship with heat pain 
thresholds except the upper arm.
Conclusion  These results indicated that cutaneous heat pain thresholds vary based on the type of heat stimuli and body 
regions. The method of limit could be applied for predicting accumulated thermal pain starting from moderate heat, whereas 
the method of level may be applicable for predicting acute heat pain to flames or high heat.

Keywords  Heat pain thresholds · Method of limit · Method of level · Subcutaneous fat thickness · Body regional 
difference · Burn

Abbreviations
ASTM	� American Society for Testing and Materials
ISO	� International Organization for Standardization
SG	� Substantia gelatinosa
Tre	� Rectal temperature
Tsk	� Skin temperature

TC	� Thermal comfort
TRP	� Transient receptor potential (TRP)
TS	� Thermal sensation

Introduction

Pain is defined as “an unpleasant sensory and emotional 
experience associated with actual or potential tissue dam-
age” and classified as nociceptive, inflammatory, or neuro-
pathic pain (IASP 1994). The three stimulations for pain are 
thermal, mechanical, and chemical. Among the three types 
of pain, heat pain sensitivity has been explored by multiple 
testing algorithms, which could be divided into the method 
of limit and level. The method of limit measures thermal 
thresholds providing continuous heat stimulation, whereas 
the method of level measures thermal thresholds providing 
intermittent heat stimulation. The method of limit is a time-
dependent protocol and subjects are asked to push a but-
ton as soon as a change in linearly increasing or decreasing 
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temperature is perceived. The method of level is a time-
independent protocol that presents a trapezoid waveform, 
which is called ‘forced choice’, because subjects are forced 
to choose with specific thermode temperatures presented 
(Bakkers et al. 2013).

Accumulated studies suggest that transient receptor 
potential (TRP) channels are the main attributor for the dis-
tinct thermal sensitivities. TRPV1 is a noxious heat-acti-
vated channel with a thermal activation threshold of about 
43 °C and marks a population of unmyelinated C fibers 
(Caterina et al. 1997; Julius 2013). TRPV2 is activated by 
high temperatures with a threshold of ~ 52 °C (Tominaga 
2007) and expressed in the myelinated sensory Aδ fibers, 
which transmit nociceptive information much faster than C 
fibers (Tominaga 2007). Heat pain sensations are mediated 
by medium-diameter myelinated Aδ and small-diameter 
unmyelinated C fibers (Meyer et al. 1994). Along with those 
studies at molecular levels, holistic studies with human sub-
jects have been conducted on cutaneous thermal thresholds, 
but deviations are wide according to the experimental condi-
tions. Heat sensations have been reported to occur at 43 °C 
(Burnett and Dallenbach 1927), 40–46 °C (Lowenstein and 
Dallenbach 1930), or 45 °C skin temperature (Hensel 1981; 
Nafe and Wagoner 1936), whereas heat pain sensation has 
been reported to occur from 43 to 51 °C (Lowenstein and 
Dallenbach 1930). Thermal sensation is evoked due to the 
change of skin temperature in the range of 13–45 °C and heat 
pain sensation occurs at temperatures above 45 °C (Jones 
and Berris 2002). For human subjects, the difficulty remains 
that heat sensation is not able to be clearly separated from 
heat pain (Hensel 1981). A low-temperature burn can occur 
at approximately 44 °C when the skin sustains exposure for 
approximately 6 h (ASTM C1055 2003). From 44 °C to 
about 51 °C, the time required for skin damage decreases 
by approximately 50% for each 1 °C (ASTM C1055 2003).

As described above, great variability of heat pain thresh-
olds was found and the differences are attributed to dif-
ferences in the experimental conditions of body regions, 
adapting temperature, intensity and amount of the previous 
stimulation, duration and rates of stimulation, and hour and 
date of measurement (Chery-Croze 1983; Jones and Ber-
ris 2002). For example, values obtained from most human 
subject studies were from a couple of body sites such as the 
forearm, face, hand, or foot, but cutaneous thermal thresh-
olds had body regional differences. Moreover, cutaneous 
pain serves to warn for extreme thermal exposure. Lee et al. 
(2010) tested cutaneous warm thresholds using the method 
of limit and found that the calf is the most thermally insen-
sitive and the face is the most sensitive body site among 
12 body sites tested. Although several studies have already 
compared regional distribution of heat pain sensitivity, lit-
tle is known on regional variations across the whole body. 
Defrin et al. (2006) found that heat pain thresholds from 

five body sites (chest, forearm, thigh, hand, and foot) were 
the lowest on the chest (mean 42 °C) and peaked on the 
foot (44.5 °C) with the method of limit, but there were no 
regional differences in the pain thresholds when adopting 
the method of level.

Although both the methods of limit and level are com-
monly used in heat pain thresholds measurement, the dif-
ference in values between two methods has rarely been 
examined. Bakkers et al. (2013) conclude that the method 
of limit is less time consuming, but several studies favor 
the method of level, because its reproducibility is better. As 
mentioned before, Defrin et al. (2006) found significant dif-
ferences in heat pain thresholds among five regions with the 
method of limit, but no regional differences were found with 
the method of level. The differences between two methods 
may be explained by a phenomenon of the first and second 
heat pain. According to Julius and Basbaum (2001), the first 
onset of pain is related to A fibers, which are fast and thick, 
while the second pain is related to C fibers. Aδ fibers, which 
are thicker than C fibers, have conduction velocities in the 
range of 12–30 m s−1, whereas C fibers have velocities in the 
ranges of 0.5–2 m s−1. Because the method of level is quick 
to respond to fast and high intensity heat, and the method 
of limit is good for catching accumulated heat starting from 
low-intensity heat, it can be assumed that methodological 
characteristics may distinguish the first from second pain.

Although studies on thermal pain have been done exten-
sively for a long time, the understanding of methodological 
and regional differences in cutaneous heat pain is still far 
from clear. Defrin et al. (2006) investigated the five regions 
(the chest, forearm, thigh, and the dorsal surface of the hand 
and foot), but no pain thresholds on the head, back, calf, or 
other body regions were compared with the two methods. 
Therefore, the purpose of the present study was to investi-
gate body regional heat pain thresholds over numerous body 
parts covering each segment using the method of limit and 
level. We hypothesized that cutaneous heat pain threshold 
by the method of level would be higher than those by the 
method of limit, and the differences would vary according 
to body regions.

Methods

Subjects and experimental conditions

Sixteen healthy Korean young males (23.2 ± 3.2 years in 
age, 174.9 ± 4.9 cm in height, 70.1 ± 8.6 kg in body weight, 
and 1.85 ± 0.12  m2 in body surface area) participated 
in this study. Subcutaneous fat thickness was measured 
three times on the posterior neck (11.6 ± 1.5 mm), chest 
(8.8 ± 2.6 mm), abdomen (16.9 ± 6.9 mm), upper back (scap-
ular) (11.3 ± 1.6 mm), upper arm (triceps)(9.4 ± 2.3 mm), 
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anterior forearm (6.3 ± 1.4 mm), lower back (10.9 ± 1.3 mm), 
medial thigh (8.0 ± 1.7 mm), and lateral calf (9.6 ± 3.6 mm)
(P < 0.05 between regions) using a ultrasound measurement 
device (BFI SM 506, SEIKOSHA, Japan), and the mean and 
standard deviation of the nine body areas was 9.8 ± 3.2 mm. 
Body surface area was calculated using Lee et al. (2015). All 
subjects were free of skin disorders, neurological illnesses, 
and other medical conditions. Subjects visited the laboratory 
twice. On the first visit, heat pain threshold detection was 
practiced, and then, the both methods of limit and level were 
performed. On the second visit, cutaneous fat thickness and 
other anthropometric items were measured. All tests were 
performed in a climate room and subjects (wearing shorts 
and undershorts only) were seated in a comfortable recliner 
posture at an air temperature of 28 °C and 35%RH. The room 
was kept quiet, so that subjects could concentrate on their 
perceptions. All tests were performed between 9:00 AM and 
1:00 PM to avoid any possible effects of circadian rhythm. 
Measurement sites, if necessary, were shaved. Standardized 
instructions, purpose, and potential risks of this study were 
given, and a training session for every test was performed. 
Subjects were prohibited from consuming alcohol and heavy 
exercise 24 h prior to their participation. All subjects were 
volunteers and signed the informed consent form prior to 
the participation. This study was approved by the Institu-
tional Review Board of Seoul National University (IRB No. 
1704/003-009).

Measurements

All measurements were conducted using a thermal stimula-
tor (Intercross-210, Intercross Co., Japan, stimulating probe 
surface area: 1 × 1 cm2) and repeated three times at each of 
the 14 body sites. The values of three repetitions were aver-
aged. The order of measurements of the 14 sites was rand-
omized to avoid the order effect. We had at least 1-min inter-
val between stimulating different body regions. For safety, 
the cut-off temperature of the stimulating probe was set at 
50 °C at which point the test automatically terminated at that 
point. When the subject did not report any pain sensation 

and the limit of 50 °C was reached, the heat pain threshold 
on the body region was regarded as over 50 °C. For the 
measurements on the neck, upper back, and waist regions, 
subjects sat on the recliner and we measured the heat pain in 
the rear side of the subjects. The probe was put on the skin 
to the direction of gravity without any artificial pressure by 
hand, but for the neck, back, and waist regions, the probe 
was contacted to the skin in the vertical direction. To keep 
the contact pressure of the probe in a similar range, the same 
researcher held and put the probe on the skin throughout the 
experiment, while the other researchers managed the main 
body of the device for starting, stopping, and recording in 
the climate room. All researchers wore their lab gowns dur-
ing the measurements to minimize any possible influence of 
touch or body scents. The male and female researchers were 
present during the tests in the climate room.

All pain thresholds were measured by both methods of 
limit and the method of level. Subjects practiced several 
times with the thermal stimulator until they were able to dis-
cern what the heat pain sensation for both methods of limit 
and level. For the method of limit, the stimuli of the probe 
started from baseline skin temperature (33 °C) and increased 
at a constant rate of 0.1 °C s−1 until the subject reported 
feeling pain sensation by pressing a button (Fig. 1, left). The 
rate of 0.1 °C s−1 was based on the previous studies (Kim 
et al. 2017; Lee et al. 2010). To avoid any confusion between 
cutaneous warmth, hotness, and pain sensations, we pro-
vided a standardized instruction to subjects. In the instruc-
tion, warm sensation was defined as initially sensed warmth, 
hot sensation was a hotness on the skin after perceiving the 
warm sensation, and heat pain sensation was defined as a 
mixed sensation of hotness and pain (like stinging) (Fig. 1, 
left). Subjects pushed the button of the thermal stimulator 
as soon as they felt heat pain (initial heat pain). The method 
of limit has previously been utilized by Verdugo and Ochoa 
(1992), Yarnistky et al. (1992), Reulen et al. (2003), Lee 
et al. (2010), and Kim et al. (2017).

For the method of level, the stimuli of predetermined 
levels of intensity and duration were utilized. The starting 
baseline temperature was set at 33 °C which is reflective 

Fig. 1   Method of limit (left) and 
method of level (right). In the 
left figure, points when warmth, 
heat, and heat pain sensations 
are perceived over time are 
represented as points A, B, and 
C. In the present study, subjects 
expressed all the three points for 
the trials of the method of limit 
to avoid any confusion between 
the heat and heat pain sensation. 
The point C was regarded as 
the heat pain threshold for the 
method of limit
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of mean skin temperature in comfort. The thermode tem-
perature increased from the baseline temperature of 33 °C 
to the first stimuli of 44 °C at the rate of 10 °C s−1. The 
method of level consisted of 3 s heat pulses increasing from 
44 to 50 °C in 100 s separated by 5 s intervals. Subsequent 
stimuli were of progressively 0.5 °C higher intensity (Fig. 1, 
right). There might be a variety for the method of level in 
terms of baseline temperature, the first and last stimuli tem-
peratures, the speed of temperature change, inter-stimulus 
intervals, the duration of stimulus, or gradual increase in 
stimulus temperature. Reulen et al. (2003) recommended a 
trapezoid temperature–time graph (a graph that temperature 
is maintained for several seconds on the upper temperature) 
over a triangle graph (a graph that lowering temperature as 
soon as reaching the upper temperature) for the method of 
level. In particular, the 3-s duration of stimulus and the 5-s 
interval were chosen as being appropriate through pilot tests 
(e.g., when the thermode was put on the skin for 1 or 2 s, 
subjects did not recognize the heat stimuli, whereas heat 
could be accumulated in the skin during over 4-s stimulat-
ing. To get rid of previously perceived heat, at least 5 s were 
required). The subject was instructed to press the button as 
soon as pain was perceived. At the first stimuli, the subject 
was asked about thermal sensation as none, slightly warm, 
warm, or hot. If the subject pressed the button as soon as 
the thermode with the first stimuli of 44 °C was contacted 

felt on different body sites. The initial thermal sensation was 
scaled as none (1), slightly warm (2), warm (3), and hot (4).

Data analysis

Statistical analysis was performed using SPSS v. 24.0. Nor-
mality was confirmed by Kolmogorov–Smirnov and Shapiro 
test (P > 0.05). Differences in pain thresholds by methods 
(two methods) and body regions (14 regions) were tested 
using a repeated-measures two-way ANOVA with Tukey’s 
post hoc test. Pearson’s correlation coefficients between 
measured items were performed. Values were presented as 
mean and standard deviation (SD). A P value of 0.05 or 
less was considered statistically significant. Heat accumu-
lated on the skin surface through conductive heat transfer 
between the thermode and the skin layer was calculated by 
Fourier’s law of thermal conduction (Eq. 1). The heat flow 
was compared through the methods of limit and level. For 
the calculation, we used the thickness of 75 µm and thermal 
conductivity of 0.6155 W·m−1·K−1 of the skin epidermis, 
according to ISO 13506 (2014). We assumed that there was 
no heat loss to the air while contacting the thermode to the 
skin, the specific heat of the skin was identical on the 14 
body regions, and the specific heat and density of the skin 
were identical during heating. The surface area of the ther-
mode contacting the skin was 1 cm2:

where, J: heat flux in Joule, k: thermal conductivity in W/m 
K, T: temperature in K, x: displacement, dT = −0.1 sK (⟶ 
0.1 °C/s), and SA: surface area.

Results

There was no significant interaction effect between meth-
ods and body regions (F = 0.430, P = 0.959). Cutaneous heat 
pain thresholds with the method of level were 3.2 ± 0.5 °C 
higher when compared to values by the method of limit 
(Fig. 2; Table 1; on average 46.7 ± 0.8 °C for the method of 
level and 43.6 ± 0.5 °C for the method of limit). We re-cal-
culated heat pain thresholds by the method of level of which 
the values expressing as 44 °C and 50 °C were removed. For 
the initial stimuli of 44 °C for 3 s by the method of level, 
there were 24 cases of 224 cases (10.7%) that responded 

J = −k
dT

dx
[Method of limit] [Method of level]

[Eq. 1] Q = ∫ J × (SA)dt Q = J × (SA) × (3s)

J = −k × (−0.1t) × (75 �m)−1 J = −k × Δ(Tf − Ti) × (75 �m)−1,

Q = � [−k × (−.01t) × (1 cm × 1 cm) × (75 �m)−1

= 1∕15 × k × t2

t ∶ ΔT∕0.1

Q = J × (SA) × (3s)

= −k × Δ(Tf − Ti) × (1 cm × 1 cm) × (75 �m)−1,

to the skin, the heat pain threshold on the body region was 
regarded below 44 °C.

Along with pain threshold, skin temperature was continu-
ously measured on the 14 sites using a data logger (LT-8A, 
Gram Corporation, Japan, 0.01 °C of resolution; 5 s interval) 
during the pain threshold measurement. The initial skin tem-
perature was recorded at the beginning of the measurement 
of heat pain thresholds with the method of level. All meas-
urements for skin temperature were performed on the left 
side of the body except for the forehead, neck, upper back, 
and waist which were measured on the center of the body. 
When measuring heat pain thresholds with the method of 
level, the subjects were asked for their initial thermal sensa-
tion. The purpose of asking for their initial thermal sensation 
was to ascertain how the initial stimuli of 44 °C for 3 s were 
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as heat pain, whereas 12 cases of 224 cases (5.4%) showed 
no responses at the maximum temperature of 50 °C. That 
showed on average 46.9 ± 0.6 °C with no difference with the 
originally calculated values (Table 1). Higher pain thresh-
olds for the method of level corresponded to all 14 body 
regions (all P < 0.05). The greatest and smallest differences 
between the two methods were on the calf (3.9 °C differ-
ence) and the chest (2.2 °C difference), respectively. Heat 
pain thresholds with the method of level showed significant 
differences by body regions (P < 0.05, Fig. 2). Values on 
the chest (45.3 ± 1.5 °C) were significantly lower than those 
on the thigh (48.0 ± 1.9 °C, P = 0.006), calf (47.7 ± 2.0 °C, 
P = 0.031), and sole (48.0 ± 2.0  °C, P = 0.008). For the 
method of limit, no significant difference in the pain thresh-
olds was found among the 14 body sites, although the lower 
leg showed relatively higher thresholds than the other body 
regions (Fig. 2; Tables 1, 2).

High agreements were found between the two meth-
ods, showing that the correlation coefficients (r) between 
pain thresholds from the two methods were 0.82 (14 body 
regions, P < 0.001, Fig. 3a) and 0.58 (16 subjects, P = 0.017, 
Fig. 3b). There were significant differences in the initial 
thermal sensation for the 14 body sites (P < 0.05). Subjects 
felt warmer on the chest and less warm on the back, calf, 
foot and sole. We calculated total heat flow accumulated 
in the skin until the pain thresholds by the method of limit 
and level. On all 14 body regions, total heat flow required to 
cause cutaneous pain sensation was higher for the method of 

Fig. 2   Heat pain thresholds with the method of level and limit and 
initial skin temperatures on the 14 body sites. Values were expressed 
as mean and SD of 16 subjects. *Significant difference between the 
chest and the other 13 body sites. Differences in pain thresholds 
between the method of level and limit were all significant on the 14 
body sites (*P < 0.05, **P < 0.01, and ***P < 0.001)

Table 1   Heat pain thresholds with the method of level and limit on the 14 body sites

Values were expressed as mean and SD of 16 subjects. For the method of level, the case numbers of expressing as 44 °C and 50 °C are presented
† Homogeneous subsets in the results by the method of level were classified by the Tukey’s post hoc test, where a, b, and c represent statistically 
different groups among the 14 body regions

Body region Heat pain threshold 
method of limit (°C)

Method of level

Heat pain 
threshold 
(°C)

Heat pain threshold 
without the cases of a and 
b (°C)

Cases of expressing the 
heat pain at 44 °C stimu-
lus (n)a

Cases of non-expressing 
the heat pain at 50 °C 
stimulus (n)b

Homo-
geneous 
subsets†

Forehead 44.0 ± 2.1 46.6 ± 2.0 47.2 ± 1.7 2 0 abc
Neck 42.9 ± 3.0 45.9 ± 1.8 46.4 ± 1.7 2 0 a
Chest 43.1 ± 1.7 45.3 ± 1.5 45.8 ± 1.4 4 0 a
Abdomen 43.6 ± 2.1 46.4 ± 2.1 47.0 ± 1.9 2 0 abc
Back 43.5 ± 2.7 47.0 ± 2.1 47.1 ± 1.7 2 2 abc
Upper arm 44.1 ± 2.0 47.2 ± 2.3 47.1 ± 1.4 3 4 abc
Forearm 42.9 ± 1.8 46.3 ± 1.6 46.6 ± 1.4 2 0 abc
Waist 43.1 ± 2.5 45.9 ± 1.7 46.2 ± 1.6 2 0 a
Hand 43.6 ± 2.0 46.4 ± 1.9 46.7 ± 1.8 2 0 abc
Palm 43.0 ± 1.9 46.6 ± 1.5 46.8 ± 1.3 1 0 abc
Thigh 44.3 ± 2.1 48.0 ± 1.9 48.0 ± 1.6 1 2 bc
Calf 43.8 ± 2.5 47.7 ± 2.0 47.6 ± 1.9 0 1 abc
Foot 43.6 ± 2.1 46.8 ± 2.2 47.2 ± 2.0 1 0 abc
Sole 44.6 ± 1.3 48.0 ± 2.0 47.5 ± 1.9 0 3 c
Mean ± SD 43.6 ± 0.5 46.7 ± 0.8 46.9 ± 0.6 Total 24 cases Total 12 cases
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level than the method of limit (P < 0.001, Table 1). However, 
the values per unit time showed no significance difference 
between the methods (1.74 J s−1 for the method of limit vs. 
1.51 J s−1 for the method of level). Subcutaneous fat thick-
ness did not show any correlation with heat pain thresholds 
obtained by the method of level or limit, except for the upper 
arm (r = 0.60, P = 0.015, N = 16).

Discussion

Method of level vs. method of limit

We found that cutaneous heat pain thresholds over 
the numerous body parts covering each segment were 
43.6 ± 0.5 °C for the method of limit and 46.7 ± 0.8 °C 

Table 2   Heat flow accumulated in the skin by the method of limit and level, and relationships between subcutaneous fat thickness and heat pain 
thresholds

a Converted to 1.74 J/s (an average of 106 s passed starting from 33 °C until perceiving heat pain)
b Converted to 1.51 J/s (3 s were contacted to the skin)
c Based on the values from method of level

Body region Subcutaneous fat 
thickness (mm)

Heat flow Correlation coefficients 
between subcutaneous 
fat and pain thresholdsc

Method of limit (J)a Method of level (J/3 s)b P value r2 P value

Forehead 174.1 ± 65.2 4.27 ± 0.71 < 0.001
Neck 11.6 ± 1.5 160.1 ± 90.1 4.18 ± 0.71 < 0.001 0.075 0.783
Chest 8.8 ± 2.6 173.0 ± 59.8 4.13 ± 0.59 < 0.001 − 0.248 0.355
Abdomen 16.9 ± 6.9 187.4 ± 68.3 4.45 ± 0.71 < 0.001 0.174 0.519
Back 11.3 ± 1.6 169.5 ± 70.9 4.47 ± 0.76 < 0.001 0.353 0.181
Upper back 9.4 ± 2.3 221.4 ± 76.6 4.89 ± 0.78 < 0.001 0.596 0.015
Forearm 6.3 ± 1.4 151.8 ± 54.4 4.34 ± 0.59 < 0.001 0.050 0.855
Waist 10.9 ± 1.3 158.9 ± 70.3 4.14 ± 0.61 < 0.001 − 0.331 0.211
Hand 179.5 ± 63.5 4.38 ± 0.67 < 0.001
Palm 151.2 ± 59.3 4.35 ± 0.47 < 0.001
Thigh 8.0 ± 1.7 222.9 ± 72.0 5.11 ± 0.66 < 0.001 − 0.032 0.906
Calf 9.6 ± 3.6 201.2 ± 72.1 4.95 ± 0.66 < 0.001 − 0.156 0.565
Foot 199.0 ± 66.1 4.68 ± 0.77 < 0.001
Sole 236.6 ± 48.6 5.14 ± 0.74 < 0.001
Mean ± SD 184.7 ± 66.9 J 4.53 ± 0.67 J < 0.001

N.S

Fig. 3   Relationships between 
heat pain thresholds by the 
methods of limit and level for 
the 14 body regions (a) and 
subjects (b)

a b
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for the method of level. Our findings from the method of 
limit are slightly lower compared to the previous research. 
For example, van den Bosch et al. (2017) showed that heat 
pain threshold on the hand using a method of limit was 
45.9 ± 4.2 °C (N = 69 children and adolescents, 3 × 3 cm2, 
1 °C·s−1). Method of limit for heat pain thresholds has 
been studied by Verdugo and Ochoa (1992), Yarnisky 
et al. (1994), and others, while the reports based on the 
method of level (Dyck et al. 1993) are relatively rare. Levy 
et al. (1989) and Reulen et al. (2003) have compared both 
methods for warm and cool thermal thresholds with simi-
lar interests as the present study. Their conclusions are, 
however, not sufficient to make a decision on whether one 
method is better than another method, because there are 
differences in reaction time, the effect of rate of tempera-
ture change of the thermode, thermode size, or the number 
of examiners. Levy et al. (1989) tested diabetic patients 
and concluded both methods are suitable for clinical ther-
mal testing, though the method of limits is quicker and, 
thus, may be more appealing in its application. Reulen 
et al. (2003) concluded that using the method of level with 
the trapezoid temperature–time graph as used in the pre-
sent study is preferred in practice, but application of the 
method of limit with different speed of stimuli combined 
gives comparable results. However, in the present study, 
heat pain threshold with the method of level was, on aver-
age, 3.2 °C higher than those with the method of limit. 
The present study suggests that using the method of limit 
would be more appropriate when dealing with thermal 
pain related to therapeutic or thermal use of heat such as 
hot packs where heat gradually accumulates, whereas the 
method of level would be better for cases involving sudden 
large changes in temperature such as flash fire or flames, 
which is related that the sensory fibers involvement differs 
between the method of limit and the method of level.

Values by the method of level are less dependent to sur-
face area stimulated compared to the values by the method of 
limit. We set the rate of increasing speed at 0.1 °C·s−1 for the 
method of limit, which could be regarded as a low rise rate. 
At low rise rates of the stimulus temperature (< 2.0 °C·s−1), 
pain threshold responses may be based on the activation of 
C fibers (Yarnitsky and Ochoa 1990; Yeomans and Proud-
fit 1996), whereas, at high rise rates, they may be based 
on the activation of thin Aδ fibers (Defrin et al. 2006a, b; 
Pertovaara et al. 1988). Temporal and spatial summation is 
more pronounced for the C fiber mediated second pain than 
for the Aδ fiber mediated first pain (Arendt-Nielsen 1998). 
Aδ fibers elicit a rapid, first phase of pain, which is sharp in 
nature, whereas C fibers evoke a second wave of dull pain 
(Belemonte and Cervero 1996).

More discussion concerning the influence of tem-
perature change rate on the cutaneous pain thresholds is 
needed. Lower thresholds were found for 0.2 °C·s−1 than 

for 2.0 °C·s−1 in rabbits (Lynn 1979). The surface tem-
perature thresholds were found to be 41.9 °C for stimulus 
ramp rates of 5.8 °C·s−1, 40.1 °C for rate of 0.85 °C·s−1, 
and 39.6 °C for rate of 0.095 °C·s−1 (Tillman et al. 1995). 
Defrin et al. (2006a, b) found that the pain threshold dif-
ference was as large as 4  °C measured in the range of 
0.5–40  °C·s−1. Although Nielsen and Arendt-Nielsen 
(1998) did not find any change in human C nociceptor firing 
thresholds between the three rates of temperature rise used 
(0.3 °C·s−1, 2.0 °C·s−1, and 6.0 °C·s−1), the relatively low 
rate of 0.1 °C s−1 in the present study should be considered 
if comparing to the other studies.

In addition, we calculated total heat flow accumulated 
in the skin until perceiving cutaneous pain sensation using 
Fourier’s law of thermal conduction. The total heat was 
approximately 41 times greater for the method of limit than 
for the method of level, which is related to time passed by 
the pain thresholds. For the method of limit, subjects felt 
the sense of pain after 106 s, on average, but only 3 s for the 
method of level. These results indicate that heat pain sensa-
tion is close to a function of temperature, itself, rather than 
a function of heat flow accumulated. Of course, the 3.1 °C 
difference between the two methods cannot be explained 
by the function of temperature, but the role of accumulated 
heat flow should be required on the basic role of temperature 
stimulated. It seems that the heat flow accumulated in the 
skin would be a more critical factor for burn prediction than 
pain prediction.

Body regional differences of heat pain thresholds

As discussed above, the regional differences were more 
obvious for the method of level than the method of limit. 
We found that heat pain thresholds were higher for the lower 
body and foot when compared to the face and upper body for 
both methods of limit and level. The neck, chest, and waist 
had significantly lower heat pain thresholds than the thigh 
or sole in the present study. As mentioned, very few studies 
compared the heat pain thresholds over the whole body, but 
several studies agreed to that the lower legs, especially feet, 
had higher thresholds than the head or trunk (Dyck 1993; 
Hardy et al. 1952). Hardy et al. (1952) found that the highest 
pain thresholds were on the heel of the foot and the low-
est thresholds on the lower back, buttocks, and thighs when 
using a thermal radiant method. Similarly, the highest values 
were found in the legs and feet (Dyck et al. 1993; Lynn and 
Perl 1977; Meh and Denislic 1994) or the hand and foot 
(Taylor et al. 1993), but the lowest thresholds were in the 
face and arms (Dyck et al. 1993; Meh and Denislic 1994), 
the neck and abdomen (Lynn and Perl 1977), or the fore-
arm and calf (Taylor et al. 1993). Cold pain showed lower 
thresholds in the foot than hand (Greenspan et al. 1993), but 
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contradictory results with no differences between the hands 
and feet were found in Yarnitsky et al. (1994).

Body regional differences of heat pain thresholds are con-
sidered to be affected by the biomechanical characteristics of 
the skin. The previous studies (Zahorska-Markiewicz et al. 
1988) have suggested altered pain sensitivity with obesity. 
Price et al. (2013) found decreased heat pain sensitivity only 
on excess subcutaneous fat (the abdomen area) in the obese 
groups compared to non-obese groups. In this regard, we 
examined the relationships between subcutaneous fat thick-
ness and pain thresholds, but significant relationships were 
not found except the upper arm. Because the cutaneous heat 
pain receptors are located in the dermis over the subcutane-
ous fat, no relationship could be predictable. However, when 
taking together previous and the present studies, it needs that 
the real relationship should be explored in sufficient sample 
size with the wide range of subcutaneous fat thickness.

Another factor for the regional differences might be 
explained to some extent by the characteristics of non-
glabrous (i.e. hairy skin) and glabrous skin. The heat pain 
threshold for non-glabrous skin in human is lower than those 
for glabrous skin (Greenspan et al. 1993; Harrison and Davis 
1999). Glabrous skin is fivefold thicker and has more epider-
mal layers compared to non-glabrous skin (Cormack 1987), 
which may affect the rate of heat transfer to the nociceptors 
in the previous studies. Tillman et al. (1995) found that the 
heat threshold for C fiber heat nociceptors was determined 
by receptor depth. However, we did not found any tendency 
of having lower heat pain sensitivity on the non-glabrous 
skin than the glabrous skin.

Along with the subcutaneous fat thickness and non-gla-
brous skin, the third explanation for the regional difference 
could lie in the differences between the peripheral innerva-
tion densities of the nerves subserving the two skin types. 
There is a ‘silent’ nociceptor which is defined as a receptor 
that cannot be activated (Xu and Lu 2011) and differences in 
the density of the silent nociceptors may be one of reasons 
for the regional differences. Furthermore, latency might be 
another reason for the regional difference. There is a clear 
latency in that the time to detect temperature stimuli had 
a range of 0.7–1.1 s for the fingertip and 0.4–1.1 s for the 
arm (Campbell and Lamotte 1983). However, relatively 
little regional differences in pain thresholds were found 
unlike cutaneous warm or cold thresholds. Non-glabrous 
skin seems more sensitive to pain than glabrous skin (Tay-
lor et al. 1993; Pertovaara et al. 1996), but less sensitive for 
warm and cold detection (Greenspan et al. 1993). However, 
there should be more discussion in further studies, because 
we did not measure peripheral nerve innervation or latency 
to detect cutaneous heat pain.

Limitations

The strength of the present study is that all values were from 
the numerous body parts covering each segment using both 
representative methods of limit and level. One of the limita-
tions is, however, that the minimum temperature of 44 °C 
and maximum temperature of 50 °C were set for the method 
of level: Out of the total, 10.7% (24 of 224 cases) reported 
heat pain sensation early at 44 °C and 5.4% (12 of 224 cases) 
were automatically terminated at 50 °C. Even though the 
percentages of 5.4% and 10.7% in the present study are not 
that severe when compared to the 41% which showed no 
response at 50 °C from van den Bosch et al. (2017), such 
set temperatures should be discussed in advance in further 
studies.

Most of all, values of cutaneous pain sensitivity obtained 
from the present study differ from the previous studies 
because of differences in stimulus intensity, duration, area, 
and modality. There are various stimulus modalities avail-
able to induce cutaneous pain, such as electrically trans-
duced heat pain, radiant heat pain, contact heat pain using 
a thermode, or chemically induced heat pain (capsaicin or 
mustard oil). The surface area of thermodes differs between 
studies showing 5, 7, 9, 12, and 26 cm2 (Bakkers et al. 2013). 
As it is reported that a larger thermode results in lower 
thresholds, the present results use a relatively smaller sized 
thermode (1 cm2). This may be why higher thresholds were 
found in this study. The mean heat pain threshold decreased 
significantly from 45.6 to 43.5 °C as the stimulus dermatome 
area increased from 3.14 to 15.70 cm2 (Nielsen and Arendt-
Nielsen 1997). Such spatial summation refers to an increase 
in pain perception when larger areas of stimulation are used 
(Bakkers et al. 2013; Raja et al. 1999).

We used the 3-s stimulus at every step in the method 
of level, and found that a longer stimulus duration leads to 
a lower heat pain threshold (Nielsen and Arendt-Nielsen 
1998; Pertovaara et al. 1996). For the method of limit, the 
rate of temperature change during testing affects thresholds. 
A higher rate results in higher thresholds (Pertovaara and 
Kojo 1985; Pertovaara et al. 1996; Yarnitsky and Ochoa 
1990, 1991) and greater intra-subject variability (Hilz et al. 
1995; Nielsen and Arendt-Nielsen 1998). As most previous 
studies using the method of limits set the rate of increase 
at 1–4 °C·s−1 (Bakkers et al. 2013), the rate of increase at 
0.1 °C·s−1 in the present study may cause relatively lower 
thresholds. The smaller size of the thermode with both meth-
ods and lower rate of increase with the method of limit in 
the present study compared to the other studies should be 
considered. Baseline temperature of the thermode and envi-
ronmental temperature may affect pain thresholds, but it was 
reported that skin temperature within the range of 25–35 °C 
seem to be have a little influence on cutaneous pain sensitiv-
ity (Pertovaara et al. 1996). Due to the lack of standardized 



779European Journal of Applied Physiology (2019) 119:771–780	

1 3

methods to test cutaneous pain thresholds, the present results 
should be interpreted within the present experimental set-
tings with healthy young males.
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