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ABSTRACT

Purpose/Aim: The thermal grill illusion is a paradoxical pain sensation induced by simultaneous
exposure to spatially separated, non-painful, cold, and warm stimuli. This study aimed to determine
whether paradoxical sensations are also evoked by simultaneous exposure to painful cold-heat stimuli
and whether the mechanism involves modulation by segmental and extra-segmental spatial
integration.

Materials and Methods: Sensory perceptions were triggered by simultaneous application of painful
cold-heat pulse stimuli using a developed bedside tool equipped with quantitative thermal stimulator
devices. Four conditions were investigated: (1) one device placed on the forearm (condition 1, control);
(2) two devices placed on the forearm (condition 2, ipsilateral segmental integration); (3) two devices
placed on the forearm and ipsilateral thigh (condition 3, extra-segmental integration); and (4) two
devices placed bilaterally on the forearms (condition 4, contralateral segmental integration). The
evoked perceptions of paradoxical heat sensation and the loss of cold or heat sensation
were evaluated.

Results: The aforementioned phenomena were experienced by 11(35.4%), 3(9.7%), 3(9.7%), and
0(0.0%) subjects for conditions 1-4, respectively. Fisher's exact test revealed significant differences
(p=.001) among the four conditions. However, Bonferroni post hoc analysis revealed significant differ-
ences only between conditions 1 and 4 (p=.005).

Conclusions: Simultaneous painful cold-heat pulse stimulation can induce paradoxical sensations simi-
lar to those shown for non-painful thermal (cold and heat) stimuli. They were predominantly evoked
by ipsilateral integration. Paradoxical sensations have diagnostic value, and quantifying them using a
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simple bedside tool may be useful in the clinical setting.

Introduction

Quantitative sensory testing (QST) is used to assess the pro-
gression of certain diseases, such as neuropathic pain, and to
evaluate conditions involving sensory loss (small and large
nerve fibre dysfunction) and gain (hyperalgesia, allodynia,
and hyperpathia) (Rolke et al. 2006). QST is considered to be
useful for delineating the underlying mechanisms of neuro-
pathic pain and other chronic pain entities (Rolke et al.
2006). The German Research Network on Neuropathic Pain
recommends a QST battery consisting of seven sensory tests
that measure 13 parameters (Rolke et al. 2006), one of which
is paradoxical heat sensation (PHS) experienced during the
thermal sensory limen procedure in which the applications
of warm and cold stimuli are alternated (Rolke et al. 2006).
This PHS can be evaluated separately for specific diagnostic
purposes (Lang et al. 2006; Rolke et al. 2006).

The “thermal grill illusion” (TGI) is a paradoxical pain sen-
sation induced by the simultaneous application of non-pain-
ful cold and warm stimuli using a grill-like apparatus that
applies the stimuli in close proximity (Craig and Bushnell
1994; Bach et al. 2011; Lindstedt et al. 2011). Although cen-
tral modulation is a component of the mechanism underly-
ing the TGI (Craig and Bushnell 1994; Craig et al. 1996; Davis
et al. 2004; Kern et al. 2008; Lindstedt et al. 2011), the per-
ipheral contribution of this sensation has been examined in
less detail. The central modulation aspect of the TGI has
been shown in patients with borderline personality disorder,
and N-methyl-D-aspartate (NMDA)-mediated neurotransmis-
sion has been suggested to be involved (Bekrater-Bodmann
et al. 2015). Additionally, another study reported that the TGl
is experienced in patients with schizophrenia (Boettger
et al 2013).
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PHS and the TGI are influenced by individual variability
(Rolke et al. 2006), although few studies have investigated
the contributing factors. As the traditional TGl is evoked by
non-painful thermal pulses, it is currently unknown if expos-
ure to painful thermal pulses can likewise provoke paradox-
ical sensations. It is also unknown which central integration
strategy is optimal for provoking a possible paradox-
ical sensation.

This study had the following three aims: (1) to develop a
simple bedside tool for evoking responses to the simultan-
eous application of painful cold and heat stimuli; (2) to
determine if the simultaneous application of spatially sepa-
rated, painful cold and heat stimuli can evoke paradoxical
sensations; and (3) to study the influence of spatial integra-
tion in the neural mechanism by altering the spatial separa-
tions between stimuli within the same ipsilateral segment
(ipsilateral segmental integration), between two different spi-
nal segments (extra-segmental integration), and between
contralateral segments (contralateral segmental integration).

Materials and methods
Subjects

The study was conducted at the Division of Dental
Anaesthesiology, Department of Diagnostic and Therapeutic
Sciences, Meikai University School of Dentistry. Written
informed consent was obtained from all subjects before
inclusion in the study, which was conducted in accordance
with the Declaration of Helsinki and approved by the Ethics
Committee of Meikai University (A1507). The study was regis-
tered as a University Hospital Medical Information Network
Clinical Trials Registry (UMIN-CTR) Clinical Trial (Unique ID:
UMIN000037547).

Subjects were eligible to be included in the study if the
following criteria were satisfied: (1) more than 20 years old;
(2) healthy and pain-free; and (3) able to provide informed
consent. The exclusion criteria were as follows: (1) the pres-
ence of a serious medical condition, such as any acute or
chronic pain, or neurological, psychiatric, or neuromuscular
diseases; (2) current use of any pain medication within the
24 hours prior to the start of the investigation; and (3) the
inability to provide informed consent.

Quantitative thermal stimulator device

A customized quantitative thermal stimulator device (VTH-
3500; VICS, Tokyo, Japan) was developed to deliver tonic
painful pulse stimulation (Figure 1). The quantitative thermal
stimulator device consisted of a ceramic contact plate
(30 x 30 mm) that was cooled or heated with a Peltier elem-
ent. The temperature was continuously measured by a
thermometer placed on the surface of the Peltier element.
The baseline temperature was 32°C (neutral temperature).
Temperatures ranging from 10°-40°C were obtained with a
ramp time of 5°C/s, whereas temperatures ranging from 0 to
10°C and 40 to 45°C were obtained with a ramp time of
0.5°C/s.

Assessment of temperatures for cold and heat stimuli
(“decision period”)

The subjective assessment of temperatures for the cold and
heat stimuli was determined on the non-dominant forearm
using a quantitative thermal stimulator device in a rando-
mised order. The probe temperature was set at a neutral
temperature (32.0°C), then manually increased or decreased
via a personal computer (PC) (Figure 2). For the continuous
evaluation of subjective assessments of pain intensity
induced by hot and cold temperatures, a custom-made elec-
tronic visual analogue scale (VAS) (0-100 mm) was applied,
employing sliding electric resistance and a PC. The left end-
point (0) of the electronic VAS indicated “no pain”, and the
right endpoint (100) indicated the “worst pain imaginable”.
Subjects who did not experience a pain intensity of 70/
100 mm on the VAS before reaching the cut-off temperature
of 0 or 45°C were excluded from the study. The tempera-
tures that induced cold and heat pain at an intensity of
approximately 70/100mm on the VAS were applied in the
subsequent experiment (“pulse period”).

Four conditions of simultaneously applied painful
thermal pulse stimulation (“pulse period”)

Condition involving painful thermal pulse stimulation at
one site (condition 1, control)

Painful cold-heat pulse stimulation was applied to the non-
dominant forearm, 5cm from the fossa (“site 1”), for 5min
(Figure 3(a)). The painful cold-heat pulse stimulation con-
sisted of a sequence of repeatedly alternating cold and hot
temperatures, delivered over 20s intervals (Figure 3(b)). The
pulse duration was 40s (0.025 Hz).

Conditions involving painful thermal pulse stimulation at
two sites (conditions 2, 3, and 4)

Two quantitative thermal stimulator devices (device 1 and
device 2) applied cold and heat stimuli to three different
sites in the three conditions (Figure 3(a)). In condition 2, the
two devices were placed at “site 2” (non-dominant forearm,
5cm apart; ipsilateral segmental integration). In condition 3,
they were placed at “site 3” (non-dominant forearm and ipsi-
lateral thigh; extra-segmental integration). In condition 4, the
devices were placed at “site 4” (bilateral forearms; contralat-
eral segmental integration). In conditions 2, 3, and 4, quanti-
tative thermal stimulator devices were placed 5cm from the
fossa of the forearm or knee. The painful cold-neutral pulse
stimulation consisted of a sequence of repeated alternations
between a temperature causing cold pain and the neutral
temperature (32°C), whereas the painful heat-neutral pulse
stimulation consisted of a sequence of repeated alternations
between a temperature causing heat pain and the neutral
temperature (32°C) (Figure 3(b)). For all three conditions (2,
3, and 4) the stimuli were delivered repeatedly at 20s inter-
vals for 5min, with a pulse duration of 40s (0.025Hz).
Cold-neutral and heat-neutral pulse stimulations were ran-
domly assigned to two sites in each of the three conditions,
as were devices 1 and 2.
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Figure 1. Quantitative thermal stimulating device (VICS, Tokyo) (a) consisting of a controller box (b) and a probe (c). (a) A broader overview of the device, with (b)
representing the controller power unit and (c) representing the probe. Electric current to the Peltier element is controlled by a microcomputer in a controller box
(b) connected to a PC via serial communication. Probe of the quantitative thermal stimulating device (c).

Experimental protocol

All experiments were performed at a constant room tem-
perature (25°C) (Figure 4). During the decision period, tem-
perature assessments for the cold and heat stimuli were
conducted in a randomizeds order at 10 min intervals using
a quantitative thermal stimulator device. Initiations of the
painful thermal pulse stimulation sequence (pulse period)
occurred 30 min after the decision period.

In the test session, painful thermal pulse stimulation was
applied, whereas the same protocol was performed in the
control session but at a neutral temperature (32 °C).

Subjective sensations were evaluated by an open-ended
interview question after assessing the temperatures for the
cold and heat stimuli in the decision period, and for every

20s interval in the pulse period. The phrasing of the open-
ended interview question was as follows: “Please describe
the sensation evoked by the thermal stimuli.” The pain inten-
sity resulting from painful thermal pulse stimulation was
rated continuously using the custom-designed electronic VAS
(0-100 mm). Subjects were instructed to move the VAS indi-
cator to describe the pain evoked by painful thermal pulse
stimulation. The temperature of each quantitative thermal
stimulator device was continuously recorded.

The four conditions (conditions 1, 2, 3, and 4) were ran-
domly assigned, with a 20 min break between conditions. All
subjects participated in two sessions of experiments (test
session and control session) one week apart, with the order
decided randomly.
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Figure 2. Layout of the PC display for adjusting the parameters of the cold and heat stimuli. (1) The area of the display showing the probe temperature (thick line)
and the electronic visual analogue scale (VAS) values for cold stimulation, heat stimulation, and cold-heat pulse stimulation (thin line). (2) The areas of the display
indicating the probe temperature. (3) The electronic VAS values for pain assessments. (4) Settings for the p value and | value. (5) Settings for cold and heat stimula-

tion. (6) Settings for cold-heat pulse stimulation.

Data analysis

One-way analysis of variance (ANOVA) and Tukey’s multiple
comparison tests were used for the statistical analysis of tem-
perature and VAS values for thermal pulse stimulation
among the four conditions during the pulse period. To iden-
tify differences in the manifestation of the thermal pain illu-
sion (TPl) among the four conditions, the data were analysed
using Fisher’s exact test, followed by a Bonferroni post hoc
correction. Statistical analyses were performed using EZR
(version 1.54) (Kanda 2013). Statistical significance was
defined as p<.05. Temperatures and VAS values are pre-
sented as the mean + standard deviation.

Sample size calculation

A priori power analysis was performed to establish the
necessary sample size for this study using G*Power (Faul
et al. 2007) (version 3.1.9.7), with a probability of type | error
of 0.05, a power of 0.8, an effect size of 0.3, and three
degrees of freedom. Based on these parameters, the power
analysis demonstrated that a total sample size of 122 was
required for this study.

Results
Subjects

One subject who did not report VAS values over 70 mm on
the 0-100 VAS for the cold and heat stimuli was excluded
from the study, resulting in a total of 31 subjects (19 men
and 12 women, aged 25-45 years) included in the final ana-
lysis. Therefore, 124 samples across the four conditions were

sufficient for ensuring statistical power based on the sample
size calculation.

Decision period

Temperature for the cold and heat stimuli

In the test session, the temperature for the cold and heat
stimuli were 3.6+ 1.1°C and 43.7 £0.8 °C, respectively. In the
control session, the neutral temperatures of the two meas-
urements were 31.9+0.2°C and 31.9+0.1 °C, respectively.

VAS values for the cold and heat stimuli

In the test session, the VAS values for the cold and heat stimuli
were 744 +3.0mm and 77.3 +5.4 mm, respectively. In the control
session, the VAS values for the neutral temperatures of the two
measurements were 0.1£04mm and 0.1 £0.5 mm, respectively.

Assessment of subjective perceptions
All subjects reported cold, heat, and neutral sensations in
response to cold, heat, and neutral stimuli, respectively.

Pulse period

The peak temperatures for the cold and heat stimuli in condi-
tions 1-4 in the test and control sessions are shown in Table 1.
The VAS values for the cold and heat stimuli in conditions 1-4
in the test and control sessions are shown in Table 2.
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Figure 3. Conditions for the simultaneous application of painful thermal pulse stimulation. (a) Painful cold-heat pulse stimulation (pulse duration: 405), with one
quantitative thermal stimulator device (device 1; A: hatched square) applied 5cm from the fossa of the non-dominant forearm (site 1) (condition 1, control).
Conditions with two quantitative thermal stimulator devices (devices 1 and 2; B or C: black square or white square) placed in the following locations: (1) on the
non-dominant forearm, 5 cm apart (site 2) (condition 2, ipsilateral segmental integration); (2) on the non-dominant forearm and ipsilateral thigh (site 3) (condition
3, extra-segmental integration); and (3) on the bilateral forearms (site 4) (condition 4, contralateral segmental integration). Quantitative thermal stimulator devices
were positioned 5cm from the fossa of the forearm or knee. (b) Wave 1 shows an example of cold—heat pulse stimulation at temperatures of 0°C and 45 °C,
respectively (condition 1). Wave 2 shows an example of painful heat-neutral pulse stimulation (pulse duration: 40s) at a heat temperature of 45°C and painful
cold-neutral pulse stimulation (pulse duration: 40's) with a cold temperature of 0°C. The neutral temperature was set at 32 °C (conditions 2, 3 and 4). Subjective
sensations were assessed via open questioning for every 20 interval. Devices 1 and 2 were randomly assigned as B or C.

Comparison of temperatures for the four conditions dur-
ing the pulse period

There was no significant difference in the temperatures for
the cold stimuli among the four conditions (p=.09).
However, one-way ANOVA revealed a significant difference
in the temperatures for the heat stimuli among the four con-
ditions (p=.001). Tukey’s multiple comparison tests revealed
that the temperature for the heat stimulus in condition 1
(43.2+1.1°C) was significantly lower that of condition 2
(43.9+£0.8°C, p<.01), condition 3 (44.0+0.7°C, p<.01), and
condition 4 (44.0+0.7 °C, p<.01) (Table 1).

VAS values for the four conditions during the pulse period
Among the four conditions, one-way ANOVA and Tukey’s multiple
comparison tests revealed no significant difference in VAS values
for the cold or heat stimuli (p>.05 and p=.25, respectively).

Assessment of subjective perceptions

Condition 1

The following symptoms were reported by some participants:
(1) heat sensation during the cold stimulus phase (PHS) (2/31
subjects), and (2) loss of cold and/or heat sensation during
painful cold-heat pulse stimulation (9/31 subjects) (Table 3).

Condition 2
PHS was experienced by 3/31 subjects during the cold stimu-
lus phase.

Condition 3

The following symptoms were reported by some of the par-
ticipants: (1) heat sensation experienced during the cold
stimulus phase (PHS) (one of 31 subjects); (2) heat sensation
experienced at a neutral temperature during painful cold--
neutral pulse stimulation (PHS) (one of 31 subjects); and (3)
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Figure 4. Timeline of the study. In the test session, assessment of temperatures for the cold and heat stimuli were conducted in a random order using a quantita-
tive thermal stimulator device (device 1) 10 min apart (decision period). The painful thermal pulse stimulation sequence (pulse period) was initiated 30 min after
the decision period. Subjective sensations were assessed via open questioning after evaluating the temperatures for the cold and heat stimuli during the decision
period and for every 20-s interval in the pulse period (total duration of 5 min). The order of the four conditions (condition 1, condition 2, condition 3 and condition
4) was randomly assigned, with a 20 min break between conditions. The pain intensity resulting from painful thermal pulse stimulation was rated continuously
using the electronic visual analogue scale (VAS). In the control session, a neutral temperature (32 °C) was applied and the same protocol was performed. C or H:
Assessment of temperature for cold and heat stimuli, VAS: visual analogue scale. C1 (condition 1, control): One quantitative thermal stimulator device was placed
on the non-dominant forearm. C2 (condition 2, ipsilateral segmental integration): Two quantitative thermal stimulator devices were placed on the non-dominant
forearm, 5 cm apart. C3 (condition 3, extra-segmental integration): Two quantitative thermal stimulator devices were placed on the non-dominant forearm and ipsi-

lateral thigh. C4 (condition 4, contralateral segmental integration): Two quantitative thermal stimulator devices were placed on the bilateral forearms.

Table 1. The peak temperatures for the cold and heat stimuli in conditions 1-4 in the test and control sessions (pulse period).

Condition 1 Condition 2 Condition 3 Condition 4
Test session
The peak temperature for cold stimulus (°C) 6.3+29 6.1+24 49+20 55+2.2
The peak temperature for heat stimulus (°C) 432+1.1 439+0.8* 440+0.7* 44.0+0.7*
Control session
The neutral temperature for device 1 (°C) 31.9+0.2 31.9+0.2 31.9+0.1 31.9+0.2
The neutral temperature for device 2 (°C) - 32.0+0.1 32.0+0.0 32.0+0.0

n=31; data are displayed as the mean £ SD. *p<.01 vs. condition 1. SD: standard deviation.

Condition 1: One quantitative thermal stimulator device was placed on the forearm. Condition 2: Two quantitative thermal stimula-
tor devices were placed on the forearm, 5cm apart. Condition 3: Two quantitative thermal stimulator devices were placed on the
forearm and ipsilateral thigh. Condition 4: Two quantitative thermal stimulator devices were placed bilaterally on the forearms.

Table 2. The VAS values for the cold and heat stimuli in conditions 1-4 in the test and control sessions (pulse period).

Condition 1 Condition 2 Condition 3 Condition 4
Test session
VAS values for cold stimulus (mm) 553+12.3 63.6+15.7 59.8+12.7 64.2+13.0
VAS values for heat stimulus (mm) 69.6 +13.7 61.1+20.0 65.1+15.8 66.0+15.7
Control session
VAS values for neutral stimulus for device 1 (mm) 0.0+0.0 0.0+0.0 0.0+0.0 0.0+0.0
VAS values for neutral stimulus for device 2 (mm) - 03+1.6 0.0+0.0 0.0+0.0

n=31; data are expressed as the mean + SD. SD: standard deviation; VAS: visual analogue scale.

Condition 1: One quantitative thermal stimulator device was placed on the forearm. Condition 2: Two quantitative thermal stimulator devi-
ces were placed on the forearm, 5cm apart. Condition 3: Two quantitative thermal stimulator devices were placed on the forearm and ipsi-
lateral thigh. Condition 4: Two quantitative thermal stimulator devices were placed bilaterally on the forearms.



Table 3. Numbers and percentages of subjects who experienced the thermal
pain illusion.

Condition 1 Condition 2 Condition 3 Condition 4
TPI (+) 11 (35.4 %) 3 (9.7 %) 3(9.7 %) 0 (0.0 %)
TPI (=) 20 (64.5 %) 28 (90.3 %) 28 (90.3 %) 31 (100.0 %)

n=31, TPI: thermal pain illusion.

Condition 1: One quantitative thermal stimulator device was placed on the
forearm. Condition 2: Two quantitative thermal stimulator devices were placed
on the forearm, 5cm apart. Condition 3: Two quantitative thermal stimulator
devices were placed on the forearm and ipsilateral thigh. Condition 4: Two
quantitative thermal stimulator devices were placed bilaterally on
the forearms.

loss of cold sensation experienced during painful cold-neu-
tral pulse stimulation (one of 31 subjects).

Condition 4

No subjects reported paradoxical or loss of cold and/or heat
sensations. Fisher's exact test revealed a statistically signifi-
cant difference (p=.001) among the four conditions.
Bonferroni post hoc analysis showed a significant difference
only between conditions 1 and 4 (p=.005); there were no
significant differences between the other conditions (p>.05).

Discussion

In the present study, a simple bedside tool was employed
for evoking responses to the simultaneous spatial application
of painful cold and heat stimuli, which led some subjects to
experience a paradoxical thermal sensation or a loss of ther-
mal sensation. Specifically, the following phenomena were
observed; (1) PHS during the cold stimulus phase in condi-
tions 1, 2, and 3; (2) PHS at a neutral temperature during
painful cold-neutral pulse stimulation in condition 3; (3) loss
of cold or heat sensation during cold-heat pulse stimulation
in condition 1; and (4) loss of cold sensation during painful
cold-neutral pulse stimulation in condition 3. These paradox-
ical phenomena were defined as the TPI. No subject reported
cold sensation during a heat stimulus phase or at a neutral
temperature during painful heat-neutral pulse stimulation.
To our knowledge, the present study is the first to report
that the TPl can be triggered by painful cold-heat pulse
stimulation in healthy human subjects.

Comparison of TPI, TGl, and PHS

Peripheral spatial integration might be critical when stimuli
are delivered within a small skin area (Herget et al. 1941;
Price et al. 1989). To limit such peripheral summation, the
TPI was induced by applying only two stimuli, which were
separated by at least 5cm (conditions 2-4). Conversely, cor-
tical mechanisms might contribute to the TPl in the case of
multisensory integration (condition 1). For example, a previ-
ous study reported that the illusion was modulated by inter-
actions between thermal and proprioceptive inputs (Marotta
et al. 2015). Thalamic activity is increased in response to the
TGI, but not to the constituent innocuous warm and cold
temperatures (Lindstedt et al. 2011). Similarly, a right insular
region was shown to be active in response to paradoxical
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heat stimulation, but was unaffected by dynamic cooling of
the skin (Davis et al. 2004). These results imply that integra-
tion in the TGl can occur before the temperature-related
neural signals reach the thalamic and insular regions.
However, thermosensory perception is enabled by an exten-
sive network of frontoparietal regions, indicating that supra-
spinal interactions are also fundamental for the generation
of thermosensory perceptual experiences in both the non-
painful (Fardo et al. 2017) and painful range (Davis et al.
2002). Interestingly, the centrally-mediated aspect of the TGl
has been observed in patients with borderline personality
disorder, and N-methyl-D-aspartate neurotransmission is
believed to be involved (Bekrater-Bodmann et al. 2015). In
addition, another study reported that the TGl is influenced in
patients with schizophrenia (Boettger et al. 2013).

Nociceptors respond to painful thermal stimuli, generating
action potentials that are propagated via the dorsal horn of
the spinal cord to higher brain centres, resulting in a sensa-
tion of pain (Vay et al. 2012). PHS was reported during skin
cooling as early as 1912 (Susser et al. 1999) and has been
found in 10-12% of healthy individuals (Hamalainen et al.
1982; Hansen et al. 1996). In addition, the identification of
PHS may be useful for specific diagnostic purposes; for
instance, for peripheral arterial disease (Lang et al. 2006;
Rolke et al. 2006). The TPI is similar to PHS in that the para-
doxical sensation is triggered via cold and heat stimulation.
One study in healthy subjects demonstrated that PHS is con-
ducted peripherally via slow, unmyelinated C-fibres and not
via the faster Ad-fibres, with some groups proposing that
PHS is encoded via the heat sensing pathway (Susser et al.
1999). Demyelination sites located in the central nervous sys-
tem have been reported in patients with multiple sclerosis
who experienced PHS (Hansen et al. 1996), suggesting that
supraspinal sites are important for the integration of tem-
perature sensation and may trigger the perception of PHS
(Hansen et al. 1996). Overall, both peripheral and central
mechanisms contribute to PHS.

The TGl refers to paradoxical sensations of heat and pain
resulting from the simultaneous application of interlaced
non-painful warm and cold stimuli on the skin (Craig and
Bushnell 1994). The TPl is a paradoxical phenomenon in
which a sensation of heat or a loss of sensation is elicited by
painful cold-heat pulse stimulation of the skin, with a con-
tact area of 30 x 30 mm. There are several important differen-
ces between the TGl and TPI that should be noted: (1) the
TGl is induced by innocuous stimuli, whereas the TPI is
induced by painful cold and hot stimuli; and (2) the TGl is
caused by a grill, whereas the TPI is caused by pulse stimula-
tion. Although there are differences in the stimulus modality
between the TGl and TPI, the TPI is similar to the TGl in that
both paradoxical phenomena are caused by cold and heat
stimulation.

Possible mechanism to provoke the TPI

In the present study, the protocols of condition 1, condition
2, and condition 3 triggered the TPIl. Condition 2 was
designed to evaluate the role of ipsilateral segmental
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integration, whereas condition 3 was designed to assess the
role of extra-segmental integration. The finding that condi-
tions 2 and 3 resulted in some subjects experiencing the TPI
means that it might be caused by ipsilateral central
integration.

However, it is possible that both peripheral and central
mechanisms could be involved in PHS (Hansen et al. 1996;
Susser et al. 1999) and the TGI (Craig and Bushnell 1994;
Craig et al. 1996; Green 2002; Davis et al. 2004; Defrin et al.
2008; Kern et al. 2008; Lindstedt et al. 2011; Fardo et al.
2018; Ferre et al. 2018), a phenomenon similar to the TPI. It
is also important to note that complex crosstalk among sev-
eral cold and warm thermosensitive pathways shapes ther-
mal perception, as the appearance of the TGl and PHS were
shown to be altered by capsaicin application (Schaldemose
et al. 2015). In addition to the central mechanisms, these
results suggest that a role of peripheral mechanisms in the
TPI cannot be ruled out.

Polymodal-nociceptive neurons responds to painful cold
and heat stimulation (Campero et al. 1996; Simone and
Kajander 1997; Cain et al. 2001; Story et al. 2003; Moran
et al. 2011; Vay et al. 2012). However, the receptors involved
in cold stimulation differ from nociceptors (Vay et al. 2012).
In addition, the temperature threshold for cold pain is more
ambiguous than the temperature threshold for heat pain
(Pertovaara and Kojo 1985). While some subjects experienced
the sensation of heat during exposure to a cold stimulus, no
subject reported experiencing a cold sensation during expos-
ure to a hot stimulus, consistent with the findings of previ-
ous reports (Pertovaara and Kojo 1985). Thus, when both
cold and heat receptors are co-expressed in the same sen-
sory nerve, temperature is thought to be distinguished by
differences in the mechanisms underpinning the activation
of thermoreceptors, subsequent information processing, and
integration (Rossi and Neubert 2009). However, the details of
the mechanisms underlying this process remain unclear, and
there are several possible explanations for the finding that
the TPl was evoked during cold-heat pulse stimulation.

The current results demonstrated that the TPl was not
induced in all subjects. This individual variability may have
resulted from differences in the responses of peripheral poly-
modal receptors or differences in the responses of the cen-
tral pathway mediating the perception of cold and heat
pain. In the present study, the protocol for condition 1
resulted in 35.4% (11/31) of subjects experiencing the TPI
during painful cold-heat pulse stimulation, whereas the pro-
tocols for conditions 2 and 3 resulted in fewer subjects expe-
riencing the TPI, and the protocol for condition 4 resulted in
no TPl. The protocol for condition 1 appeared to provide
sensitive discrimination that facilitated the perception of the
TPI. The temperature for the heat stimulus in condition 1
was significantly lower than that of conditions 2, 3, and 4,
despite the absence of statistically significant differences
among the four conditions in terms of the VAS values for
the cold and heat stimuli.

Overall, the protocol of condition 1 is the most suitable
for clinical use because it results in the most sensitive dis-
crimination for the TPI. The TPI is easier to evaluate with one

device, and the temperature for the heat stimulus is lower
than that of the other conditions.

Clinical implications

Elucidating the mechanism through which painful cold-heat
pulse stimulation might lead to paradoxical sensations could
improve the understanding of the processes driving neuro-
pathic pain, postoperative pain, and other chronic pain enti-
ties. It could also help identify these diseases early and
improve clinical outcome predictions.

Conclusion

The present study provided evidence that the simultaneous
application of painful thermal (cold and heat) stimuli can
induce paradoxical sensations, as was previously shown for
non-painful thermal (cold and heat) stimuli. The paradoxical
sensation was predominantly evoked by ipsilateral integra-
tion. Identifying paradoxical sensations is of diagnostic value;
therefore, the simple bedside tool presented in this study
may be useful in the clinical setting for the evaluation of
sensations in patients with neuropathic pain, postoperative
pain, and other chronic pain conditions.
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