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The thermal sense has been shown to be diffuse and in-
capable of providing precise spatial information. Thermal
sensations are mediated by the small-fiber spinothalamic 
system, and the neurons on which the spinothalamic fi-
bbers terminate have huge receptive fields (Bowsher, 2005; 
Craig, Chen, Bandy, & Reiman, 2000; Han, Zhang, &
Craig, 1998; Mountcastle, 1961; Mountcastle & Powell, 
1959; Rose & Mountcastle, 1959). In addition, the ther-
mal sense summates spatially separate inputs, such that 
the perceived thermal intensity is a function of the total
area of the stimulation, and our capacity to distinguish 
spatially separate inputs is limited (Cain, 1973; Marks
& Stevens, 1973). As a consequence, when a noncontact
thermal stimulus, such as radiant heat, is applied to the
skin, the spatial features of the thermal stimulus, such as
its location, area, and shape, are poorly resolved (Cain, 

1973; Marks & Stevens, 1973; Stone, 1937; Taus, Stevens,
& Marks, 1975).

It is commonly believed that concurrent tactile in-
puts facilitate thermal localization. For example, when 
the hand makes contact with an object, the change in
skin temperature and the deformation of the skin acti-
vate thermo nreceptors and mechanoreceptors located in
the skin, and the firing of these receptors transmits the
thermal and tactile1 inputs to the central nervous sys-

ftem (Kenshalo, 1976). The cross-modal processing of 
these thermal and tactile inputs facilitates the localiza-

 tion of thermal sensations and is indicated as well by the
thermal referral phenomenon, in which the concurrent
tactile inputs modify the thermal localization. When ob-
servers touched three stimulators simultaneously with

 the middle three fingers (D2, D3, and D4) but only the
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They were attached to the optical table, and the distance between them 
could be adjusted as shown in Figure 1. In the present experiment, the 
thermal displays were either adjacent to one another or separated by a
distance of 400 mm. The participants made contact with the stimula-
tors by moving their hands toward the thermal displays from the side.
The participants’ hands were therefore perpendicular to the optical 
table during contact with D2 (index finger) at the top and D5 (little 
finger) at the bottom. The optical table was covered with fabric to
cushion and thermally insulate the hands, and the participants’ wrists
were supported by a sponge pad during contact.

Each thermal display consisted of three Peltier devices with a 
surface area of 20 20 mm (FPH1-7106M, Fujitaka Co., Kyoto,
Japan) and one dividing spacer with a width of 20 mm. The Peltier 
devices were housed in plastic holders (labeled P1, P2, and P3). The
positions of the holders could be adjusted distally to accommodate 
different hand shapes and expose a constant surface area of 300 mm2

of the Peltier devices to the participant’s fingerpad. In the present 
experiment, the spacer was placed either next to P3 or between P2 
and P3 to manipulate the spatial relationship between the Peltier 
devices. A platform installed in front of the Peltier devices served as
the preparation area for finger positioning before contact.

Two digital–analog converters (ADI16-16 and DA16-16, Contect
Co., Osaka, Japan) and a PI control loop programmed in VB.NET 
were employed to control the surface temperatures of the Peltier 
devices. The temperature feedback was provided by thermistors 
(457 m in diameter and 3.18 mm in length; 56A1002-C8, Alpha
Technics, CA) sandwiched between the Peltier devices and plastic 
holders. The maximum rate of temperature change was 10ºC/sec
for cooling and 18ºC/sec for heating. Achieving a steady state 
took about 1 sec. After a steady state had been reached, the tem-
perature of each Peltier device could be maintained within 0.5ºC
of the desired temperature. To facilitate heat dissipation, the Peltier 
devices were placed on top of a copper heat sink (P-200S, Takagi
Mfg. Co., Tsukuba, Japan) connected to a water-cooling system 
(ResaratorXT, Zalman, Seoul, Korea).

To maintain the skin temperature of the hand at 33ºC, a hot plate 
was constructed by sandwiching a heating wire (YELK-AS, Yagami
Inc., Nagoya, Japan) between a 180 180 mm copper plate and a
cupboard. A 0.3-mm-thick white sheet of plastic was attached to the
top of the copper plate with glue to prevent oxidation of the copper 
due to constant contact. The surface temperature of the hot plate was
controlled with a commercial PID temperature controller (YD-15, 
Yagami Inc., Nagoya, Japan).

Procedure
The effects of thermal referral under both cooling and warming

were tested with the baseline temperature of the hand maintained at 
33ºC. In the cooling session, the participants were presented with
one neutral tactile stimulator and a pair of cold stimulators at 25ºC. 
In the warming session, the participants were presented with one
neutral tactile stimulator and a pair of warm stimulators at 39ºC. We 
chose 25ºC and 39ºC as the temperatures of the cooling and warm-
ing stimuli because they had been reported to arouse cooling and 
warming sensations with similar perceived thermal intensity (Green-
span, Roy, Caldwell, & Farooq, 2003). In addition, the temperature
difference between the thermal stimulators and the natural tactile 
stimulator (8ºC for cooling and 6ºC for warming) are well above 
the thermal discrimination thresholds, which is less than 1ºC on the
fingers and hand (Stevens & Choo, 1998), so the participants were 
expected to be able to discriminate the thermal sensations elicited by
the stimulators if there was no thermal referral effect.

Three somatotopic distances and two spatiotopic relationships 
were investigated, giving a total of six experimental conditions, as 
shown in Figure 2. The somatotopic distances were manipulated by 
presenting the stimulators to different sets of three fingers of both 
hands. The levels in the order of increasing somatotopic distance 
are D2, D3, and D4 of the right hand (S1), D2, D3, and D5 of the 
right hand (S2), and D2 and D4 of the right hand and D3 of the left
hand (S3), in which the stimulated sites in S1 and S2 were ipsilateral, 

outer two stimulators were cooled or heated, the central 
(neutral) stimulator was also perceived to be cold or 
warm (Green, 1977). Interestingly, this illusory thermal
sensation disappeared when D3 was withdrawn from the
central (neutral) stimulator, clearly indicating that this
mislocalization of thermal sensation was induced by the
concurrent tactile input received from D3.

In this study, we investigated the cross-modal processing
of the thermal and tactile inputs under thermal referral;
more specifically, we sought to determine whether the 
localization under thermo-tactile interaction is processed 
somatotopically or spatiotopically. Tactile inputs have 
been shown to be coded somatotopically at early stages
of processing and, subsequently, to be processed in spa-
tiotopic space (Azañón & Soto-Faraco, 2008). The influ-
ences from the somatotopic distance have been reported 
in simple temporal tasks, such as tactile simultaneity 
judgment (Clark & Geffen, 1990; Kuroki, Watanabe, 
Kawakami, Tachi, & Nishida, 2010) and tactile apparent 
motion detection (Kuroki et al., 2010; Sherrick, 1968), 
and in tactile learning (Harris, Harris, & Diamond, 2001). 
The influences of spatiotopic distance have been shown 
in the tasks that require more elaborated processing, such
as tactile identification tasks (Haggard, Kitadono, Press,
& Taylor-Clarke, 2006) and tactile spatial attention tasks
(Soto-Faraco, Ronald, & Spence, 2004). The thermal
modality has not been studied as thoroughly as the tactile
modality, although physiological studies have suggested 
that thermal sensations are represented somatotopically
(Craig, 2002; Craig et al., 2000). As for thermo-tactile 
interaction, to our knowledge, no study has investigated 
its frame of reference (somatotopic or spatiotopic). One
clue was provided by the study that demonstrated that in-
creasing distance between the stimulated sites reduces the
effect of thermal referral (Green, 1978). If the somatotopic
distance determines the size of the effect, the localization 
under thermo-tactile interaction should be represented 
somatotopically in the early cortical areas whose orga-
nization conserves the topographic information. If it is 
the spatiotopic distance, the localization under thermo-
tactile interaction should be processed in late cortical 
areas where the spatial coordinate of the environment is 
defined. Therefore, in the present study, the somatotopic
and spatiotopic distances between the stimulated sites were 
manipulated in order to clarify whether the localization of 
thermal sensations under thermo-tactile interaction is rep-
resented somatotopically or spatiotopically.

METHOD

Participants
Ten normal healthy adults (5 men and 5 women) between 25 and 

39 years of age participated in this experiment. They had no known 
abnormalities of their tactile and thermal sensory systems, and they 
were all right-handed. The experiment was conducted in accordance 
with the ethical standards in the 1964 Declaration of Helsinki. The 
participants gave their informed consent to participate in the study 
before the start of the experiment.

Apparatus
Two thermal displays were constructed to present individually con-

trolled thermal stimuli to different sets of three fingers of two hands. 
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temperature were also included, giving a block of 18 trials that were
presented in randomized order. Each block of trials lasted for about 
15 min, and there was at least a 20-min break between the blocks.
With this experimental design, three sets of data were gathered for 
each experimental condition: the participants’ responses with the 12 
experimental trials under cooling and warming and the responses 
with the 12 control trials.

The ambient temperature of the experimental room was main-
tained at 25ºC. The participants washed their hands with warm water 
prior to participating in the experiment. Their initial skin tempera-
tures were measured with a thermistor (56A1002-C8, Alpha Tech-
nics, CA) and ranged from 30.17ºC to 33.37ºC.

The participants were informed that two of the three stimulators
were at the same temperature and that the temperature of the dif-ff
ferent one (neutral one) was less cold (warm) than the other two in
the cooling (warming) session. The task was to make contact with
the three stimulators with the palm side of the first phalanx of their 
fingers simultaneously. The participants were instructed to bend 
their fingers to ensure that all the fingerpads were in good con-
tact with the stimulators. A three-alternative forced choice (3AFC)
procedure was adopted, in which the participants were instructed 
to localize the stimulator that felt different from the other two in
terms of thermal changes perceived on the fingerpads. The strength
of referral was estimated from the participants’ performance in 
localizing the neutral tactile stimulator, with poor performance 
indicating a strong effect and accurate performance indicating a
small effect. To eliminate visual cues, the participants were asked 
to gaze at a fixation point in front of them, and the thermal displays
were arranged in a way that prevented the participants’ seeing their 

whereas those in S3 were bilateral. There were many possible finger 
combinations for the bilateral condition. The present combination
was selected because it ensured that the fingers involved were all
somatotopically separated, not only bilaterally (D2 and D4 vs. D3)
between the two hands, but also ipsilaterally within the right hand 
(D2 vs. D4).

The spatiotopic relationship of the stimulated sites was either 
adjacent or separated. The relationship was manipulated with a
spacer in the ipsilateral conditions or with the distance between
the thermal displays in the bilateral condition. Under the adjacent
condition, the fingers in S1 were at their normal positions. In S2, the
participants lifted their D4 and moved their D5 next to the D3 during
contact. In S3, the two thermal displays were placed side by side so
that the fingers of both hands were adjacent to one another. In the
separated condition, the distance between D3 and D4 was increased 
to 20 mm in S1. In S2, the fingers were at their normal positions with 
D3 and D5 spatially separated. In S3, the two thermal displays were 
400 mm apart, so that D3 of the left hand was 400 mm from D2 and 
D4 of the right hand.

Each participant came to the lab for 2 days and participated in the 
cooling session on one day and the warming session on the other. 
The order of the sessions was counterbalanced among the partici-
pants so that half of the participants were tested under cooling and 
half were tested under warming on the first day. In each session, the
six experimental conditions were tested separately in a randomized 
order. For each experimental condition, the position of the neutral 
tactile stimulator varied among P1, P2, and P3, and each neutral
stimulator position was repeated four times, to give 12 experimental
trials. Six control trials with all the stimulators set to the neutral

Figure 1. Schematic representation of the experimental setup.TwoTT  thermal displays 
were attached to the optical table. The distance between them could be adjusted. The 
participants made contact with the stimulators by moving their hands toward the 
thermal displays from the side. Each thermal display consisted of three Peltier devices 
and one spacer that was used to manipulate the spatial relationship between the Pel-
tier devices. A preparation area was designed to facilitate finger positioning before
contact.
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on the hot plate to adapt their skin temperature to 33ºC. When the
participants felt thermal neutrality with the hot plate, they made 
contact with the stimulators, which had been preset to 33ºC to 
establish the temperature corresponding to thermal neutrality. The 
temperatures of the stimulators were adjusted slightly (on the order 
of 0.1ºC) if 33ºC evoked a thermal sensation. Once the neutrality
had been established, the experiment began. Each trial began with 
the participants’ placing their hands on the hot plate to maintain their 
skin temperature at 33ºC. Upon hearing a sound cue, the participants 
positioned their fingers in the preparation area with the help of the
guide wires. A second sound cue was then presented, and the par-

own hands and fingers during contact. Given that it was difficult 
to blindly make contact with the stimulators, guide wires were
prepared for each of the experimental conditions, as shown in Fig-
ure 2. The participants were instructed to position their fingers by
tracing the guide wires before making contact with the stimulators. 
The experimenter monitored the participants’ skin temperatures
and their hand movements with an IR camera (SC 640, FLIR)
throughout the experiment.

At the beginning of an experimental block, the participants
practiced in order to ensure that they were able to blindly make 
correct contact with the stimulators. Then they placed their hands

Figure 2. Experimental conditions in the present study. Three somatotopic distances (S1, S2, and S3) and two spatiotopic 
relationships (adjacent and separated) were investigated, giving a total of six experimental conditions. The participants
made contact with the stimulators blindly, so guide wires were used to assist in finger positioning.The task was to report
which stimulator felt different from the other two.The photos for conditions S1 and S2 were taken from the side, and those 
for condition S3 were taken from the top.
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Somatotopic Versus Spatiotopic
Our results showed that somatotopic distance had a 

significant effect on participants’ ability to localize the 
target. Separate ANOVAs with somatotopic distance and 
spatiotopic relationship as the within-subjects factors and 
d as the dependent variable were conducted for cooling and 
warming, and both revealed main effects of somatotopic
distance [F(2,18) 12.53, p  .001, for cooling;
F(2,18)FF 13.19, p  .001, for warming], indicating that 
the effect of thermal referral is dictated by the somatotopic
distance. The absence of significance for the main effect 
of the spatiotopic relationship ( p .28 for cooling; p
.75 for warming) and no interaction between effects of the 
somatotopic distance and spatiotopic relationship ( p
.57 for cooling; p  .12 for warming) indicated that the 
effect of thermal referral was not influenced by whether 
the stimulated sites were spatiotopically adjacent or sepa-
rated. As is indicated in Table 2 and Figure 3, participants’
discriminability improved with increasing somatotopic
distance. Repeated contrast tests revealed that, for cooling, 
the improvement was not significant when changing from
S1 to S2 ( p .20) but reached significance from S2 to 
S3 ( p .001). For warming, the improvement was close
to significance when the somatotopic distance changed 
from S1 to S2 ( p  .05) and reached significance when it 
changed from S2 to S3 ( p  .03). These findings indicate 
that the bilateral increment in somatotopic distance (from
S2 to S3) has a more pronounced effect than the ipsilateral 
increment in the somatotopic distance (from S1 to S2).

Cooling Versus Warming
Besides the influence from the somatotopic distance, 

Figure 3 also indicates that the sensory discriminability
tended to be lower under warming. An ANOVA comparing 
sensory discriminability under cooling and warming con-
firmed that there were main effects of thermal stimulation d
[F(1,9) 7.52, p .02] and somatotopic distance
[F(2,18) 28.05, p  .001], along with a significant 
three-way interaction among the effects of the thermal 
stimulation, somatotopic distance, and spatiotopic rela-
tionship [F(2,18)FF 4.40, p .03]. The significant three-
way interaction was driven by the significant simple two-
way interaction between the effects of the somatotopic
distance and thermal stimulation under the separated 
condition [F(2,18)FF 5.17, p  .02]. To understand the 

ticipants made contact with the stimulators for 5 sec. At the end of 
the contact, another sound cue was presented, and the participants 
reported the stimulator that felt different from the other two, using a 
numerical pad in front of them. The three stimulators were labeled 
as P1, P2, and P3 from top to bottom, as shown in Figure 1. No feed-
back was given regarding the correctness of their judgments. The
participants then returned their hands to the hot plate to await the
start of the next trial. The intertrial interval was around 20 sec.

Data Analysis
The responses to the experimental trials were analyzed in terms 

of the counts and proportion of correct responses, in which the neu-
tral tactile stimulator—hereafter, termed the target—was correctly tt
localized. Sensory discriminability, d , was then estimated from the 
proportion of correct responses by means of Thurstonian modeling 
for sensory discrimination, which assumes that two different stimuli 
generate two sensory distributions with different mean sensations. 
The standard distance between the two means of the distributions can
be used as a measure of sensory discriminability (Bi, 2006; Ennis, 
1993). The illusory thermal sensation perceived on the target under 
thermal referral would introduce confusion to the localization task. 
The values of d  therefore reflect the effect of the thermal referral, 
with low values indicating a strong effect and high ones indicating a 
small effect. The d  data are approximately normally distributed (Bi, 
2006), which allows parametric statistical analyses. The significant 
level of the statistical analyses was set at .05. All analyses were per-
formed with SPSS and the MATLAB Statistics Toolbox.

RESULTS

Position Bias
Although the 3AFC procedure can avoid response bias

(O’Mahony, 1995; Wickens, 2002), position bias might 
exist because the participants prefer one of the spatial po-
sitions (P1, P2, or P3). To determine whether there was 
any consistent position bias in the present experiment,
we analyzed the number of times a given position was 
reported as being different int  the control trials (all the stim-
ulators set to the neutral temperature). Table 1 shows the
pooled data for all the participants. For each experimental
condition, the control trials were presented 120 times 
in total (6 repetitions 2 sessions  10 participants),
and the expected number of times a given position was 
reported as being different under the assumption of no bias t
was 40. A chi-square test was used to compare the data in 
Table 1 with the expected values, and the results indicated 
that there was no consistent position bias across the six
experimental conditions ( p  .52).

Table 1TT
Number of Times a Given Position Was Reported As Being Different in the Control t TrialsTT

S1 S2 S3

Stimulator Position Adjacent Separated Adjacent Separated Adjacent Separated

P1 45 40 39 39 38 45
P2 37 33 42 49 37 38
P3 38 47 39 32 45 37
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Confusion Matrices
Given that there was no consistent position bias, as

was shown in the previous analysis, and that the thermal
sensitivities among the fingers were similar (Schoen,
Marks, & Green, 2004), we analyzed the confusion ma-
trices of the participants’ responses to find clues as to
whether the thermal referral effect depended on which
finger was making contact with the neutral tactile stimu-

nature of this interaction, we tested for simple main effects 
between cooling and warming under each somatotopic
distance in the separated condition. The results indicated
that the discriminability was significantly worse under 
warming than under cooling in S1 [F(1,18)FF  16.58, p
.001] and S3 [F(1,18)FF 42.64, p  .001]. These findings 
suggest that the effect of thermal referral is stronger 
under warming.

Table 2TT
Group Mean Proportion of Correct Responses, p(c), and the Corresponding Sensory 

Discriminability, d , in Localizing the Target, Regardless of Target Position

Spatiotopic p(c) d

Somatotopic Distance Relationship Cooling Warming Cooling Warming

S1 Adjacent .73 .58 1.55 0.82

Separated .73 .57 1.58 0.78

S2 Adjacent .80 .65 2.05 1.15

Separated .80 .75 2.02 1.63

S3 Adjacent .93 .82 2.81 2.18

Separated .96 .82 3.22 1.92
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Figure 3. Group mean discriminability (d ) in localizing the target as a function of the somatotopic distance and spatiotopic
relationship under cooling (A) and warming (B). Trials in which the stimulators wereTT spatiotopically adjacent are shown in black;
those in which they were separated are shown in white. Error bars show the standard errors of the means.
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between thermal and tactile modalities for localization re-
sides in early cortical areas whose organization conserves
the topographic information.

Whether the stimulated sites are spatiotopically ad-
jacent or separated was shown to exert no influence on
the strength of thermal referral, indicating that thermal 
sensations are represented somatotopically, rather than
spatiotopically. yy Although we typically associate the ther-
mal sensations elicited upon making contact with an object
and use this information for object recognition, thermal 
sensations are ultimately feelings from the body that signal 
the physiological conditions (Craig, 2002). This functional 
significance is reflected in the somatotopic, rather than
spatiotopic, representation of the thermal sensations.

Difference Between Cooling and Warming
Under Thermal Referral

The difference in spatial acuity presumably contributes
to the difference between cooling and warming under 
thermal referral. Our sense of warmth has been shown to
be more diffuse than our sense of cold in a spatial discrim-
ination task (Hensel, 1982; Lee, McGillis, & Greenspan, 
1996), and the spatial summation is greater for warming 
stimuli than for cooling stimuli (Greenspan & Kenshalo,
1985). It is also known that cold receptors are always more 
numerous than warm receptors in different body regions 
(Darian-Smith, 1984) and that cooling the skin activates 
certain mechanoreceptors that are sensitive to touch (Hen-
sel, 1981; Spray, 1986). All of these factors can contribute
to the relative good spatial acuity of the cold and the
limited thermal referral under cooling.

Finger Selectivity Under Thermal Referral
Thermal sensations were referred more strongly toward 

D3 in the ipsilateral conditions. Replacing the ipsilateral 
D3 with the contralateral D3 in S3 completely removed the 
effect, indicating that the finger selectivity is associated 
with the somatotopic representation of the fingers. The 
preference for D3 reflected that the strength of thermal 
referral is determined by the degree of overlap between and 
among the finger representations in the cortical areas. When
the neutral site is located at the center, it is overlapped by 
the cooled/heated sites on either side. However, when the 
neutral site is moved to the side, the degree of overlapping 
decreases, and, as a result, the effect of thermal referral 
is reduced. The tendency to mislocalize D3 to D2, rather 
than to D4 or D5, under warming could be explained 
by the fact that D3 and D2 are innervated by the same 
nerve (median nerve), whereas D4 is innervated by both 
the median and ulnar nerve and D5 is innervated by the 
ulnar nerve alone. It has been shown that both cooling and 
warming stimuli are more precisely localized when they are 
separated transdermatomally than when they are separated
intradermatomally (Lee et al., 1996). However, the same 
tendency was not found under cooling in the present study.

Possible Cortical Representation
It still remains unclear which cortical areas are in-

volved in this cross-modal processing. It has been shown 

lator—hereafter, termed the target finger. Given that the
spatiotopic relationship did not have a significant effect,
the participants’ responses were pooled for the adjacent
and separated conditions under each somatotopic dis-
tance, and the scores in the confusion matrices were 
expressed as the proportions of times a given finger wasr
reported as the target finger. As is shown in Figure 4, we
used radar plots to visualize the confusion matrices. Each
spoke in the plots represents the proportion of times the
corresponding finger was reported as the target finger,
and the shaded area represents the participants’ responses
with a given target finger. If the participants performed
accurately, the shaded area would be shaped like a spike
with its tip located at the spoke of the target finger. On
the other hand, if there was confusion in localization, the 
shaded area would be shaped like a triangle.

Figure 4 indicates that the participants’ performance
depended on the target finger and that they performed
worst when the target finger was D3. Chi-square tests 
were conducted to examine target finger dependence by
comparing the observed confusion matrix with the one
expected under the assumption of no dependence.2 The
results revealed that the dependence was significant in 
S1 and S2 under both cooling and warming ( p .001 for 
all conditions). These results indicated that the thermal 
referral effect was strongest when the thermal sensations 
were referred toward D3 in the ipsilateral conditions (S1
and S2). In addition, a difference in how the participants
mislocalized the target was found between cooling and 
warming. Under warming, the participants’ responses
were biased toward D2, whereas under cooling, such bias 
did not exist.

Chi-square tests also indicated that there was no target 
finger dependence in the bilateral condition (S3) under 
both cooling and warming. In addition, the performance
with D3 of the contralateral hand was almost perfect (96%
correct for cooling; 90% correct for warming), indicating
that the thermal sensations did not occur across hands. 
The performance with D2 and D4 of the right hand as 
the target fingers was quite different under cooling and 
warming, with 91% and 95% correct under cooling but
only 83% and 73% correct under warming. These find-
ings revealed that thermal referral had virtually no effect
between D2 and D4 under cooling but a small effect under 
warming, demonstrating that thermal referral under cool-
ing was more limited by the somatotopic distance.

DISCUSSION

Principal Findings
Under the present experimental conditions, the strength

of the mislocalization under thermal referral was a func-
tion of somatotopic distance—more specifically, the dis-yy
tance between and among the sites represented in the cor-
tical topography. Whereasyy the ipsilateral increment of the
somatotopic distance (within one hand) reduced the ef-ff
fect, the increment of the somatotopic distance across the
midline (across hands) diminished the effect completely. 
These findings indicate that the cross-modal processing
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Figure 4. Confusion matrices of each somatotopic distance under cooling and warming, with scores expressed in proportions 
and their corresponding radar plots. “Other” indicates the finger of the opposite hand.
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that thermal and tactile sensory systems have physiologi-
cally separate ascending sensory pathways (Darian-Smith, 
1984) and that their representations in the brain occupy 
different cortical areas: Discriminative tactile sensations 
are mediated by the somatosensory cortex, whereas the
haptic capacity of thermal sensations is subserved by the
dorsal posterior insular cortex (Craig et al., 2000; Hua,
Strigo, Baxter, Johnson, & Craig, 2005). The simultane-
ous tactile and thermal inputs received from touch are
therefore represented in two distinct somatotopic maps, 
indicating that this cross-modal processing occurs some-
where beyond the primary thermal and tactile sensory cor-
tices. It is speculated that the median insula is involved,
given that the thermoreceptive neurons at lamina I pro-
ject topographically to the mid/posterior dorsal insula by
way of the ventromedial nucleus, VMpo (Craig, Bushnell,
Zhang, & Blomqvist, 1994; Craig et al., 2000), and that
the median insula has been shown to respond to integra-
tive inputs, such as those from the tactile and premotor re-
gions (Augustine, 1996; Olausson et al., 2002). However,
further neurophysiological investigations are needed to 
identify the exact cortical areas involved.

Role of Touch in TT Thermal Perception
The phenomenon of thermal referral investigated in

the present study demonstrated the influence of touch
on thermal localization. The study conducted by Green
(2009) also showed that active touch can attenuate the
innocuous and nociceptive thermal sensations on the
hand. These phenomena demonstrate that haptic thermal
perception is not determined solely by the properties of 
the thermal stimulus. Touch also plays a fundamental role
in how we perceive temperature. It is thus important to
understand the cross-modal processing between thermal
and tactile modalities in order to deepen our knowledge
about information processing during manual exploration,
which is essential for acquiring information from the ex-
ternal world.
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APPENDIX
Derivation of the Expected Confusion Matrix Under the “No Dependence” Assumption

As an example, we show in Table A1 the confusion matrix for S1 under cooling, with the scores expressed in counts.
(The bold values in the tables below indicate the correct responses.)

TableTT A1
Confusion Matrix for S1

Under Cooling

Target Response

Finger D2 D3 D4

D2 74 3 3
D3 24 39 17
D4 10 9 61

The pooled proportion of correct responses is first calculated by dividing the total number of correct responses 
by the number of trials presented in the given condition. In this example, it is (74  39  61) / 240  0.725. With
80 trials for each target finger, the expected proportion of correct responses is 0.725  80 58, and the expected 
confusion matrix is defined in Table A2.

TableTT A2
Expected Confusion Matrix 

for S1 Under Cooling

Target Response

Finger D2 D3 D4

D2 58 11 11
D3 11 58 11
D4 11 11 58

(Manuscript received January 16, 2009; 
revision accepted for publication March 25, 2010.)
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