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Abstract

Background: The neural representation of the body is easily altered by inte-
grating multiple sensory signals in the brain. The “Rubber Hand Illusion”
(RHI) is one of the most popular experimental paradigms to investigate this
phenomenon. During this illusion, ownership of a rubber hand is temporarily
induced. It was shown that external and continuous cooling of the palm en-
hanced the RHI, suggesting an association between altered the autonomic
nervous system regulation and altered the sense of ownership of a specific
limb. Purpose: To investigate whether artificially cooling the entire hand for
a short period affects the magnitude of the illusion. Methods: Participants
immersed their entire hand in cool, cold, or warm water for 1 min before the
RHI procedure. Results: We found that cooling the entire hand enhanced the
proprioceptive drift during the RHI but not the subjective feeling of owner-
ship. In contrast, warming and intense cooling of the entire hand did not af-
fect the RHI strength. Conclusion: Our results suggest that transient and
moderate cooling of the entire hand was sufficient in enhancing the illusory
disembodiment of one’s own hand.

Keywords

Hand Temperature, Cooling, Rubber Hand Illusion, Ownership,
Proprioceptive Drift

1. Introduction

Neural representation of the body in the brain can be briefly and easily altered
by delivering multiple integrated sensory signals to the brain. One of the most
popular experimental paradigms to investigate this phenomenon, the rubber
hand illusion (RHI), was introduced by Botvinick and Cohen [1]. In the para-
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digm, watching a fake rubber hand being stroked by a paintbrush in synchrony
and the same direction as one’s own concealed hand creates the perception of
owning the rubber hand, although the participant is aware of not having a rub-
ber hand. Furthermore, the perceived position of the real hand drifts toward the
rubber hand (proprioceptive drift) [1] [2]. Therefore, when visual and tactile
signals conflict, the visual sense overrides the tactile one, and the brain incorpo-
rates a non-corporeal object into the body representation [2].

Moseley et al. [3] have reported that the RHI was accompanied by a decrease
in the skin temperature of the real hand. The decrease was specific to the limb
where the illusion occurred. Furthermore, the magnitude of the skin tempera-
ture decrease was positively correlated with the vividness of the illusion. Similar
findings were obtained in other studies [4]-[6]. The decreases in hand skin tem-
perature following modulation of body ownership have also been observed in
the mirror-box illusion paradigm [7]. However, many other studies found no
modulation of the real hand temperature during the RHI [8]-[11]. Factors that
may cause differences in findings include the exact type of stroking or the pres-
sure of tactile stimuli [12]. Since reports on the hand temperature change during
the RHI seemed inconsistent, it is important to clarify whether a physiological
change such as decreased hand temperature can be one of the suitable biomark-
ers for the illusion strength.

Kammers ef al [4] have demonstrated a link in the opposite direction; exter-
nal manipulation of the body temperature influenced body ownership as meas-
ured by the RHI. They found that the RHI strength increased while they exter-
nally and continuously cooled the palm of the participants’ hand, but not while
the hand was warmed. They also proposed that cooling the limb may be useful
when one desires to decrease the awareness of the limb, as during training to use
a teleoperated prosthesis instead of one’s limb, or when attention to and use of a
healthy limb is discouraged as part of constraint-induced therapy for paresis. In
their experimental paradigm, the participants’ hand was placed on a thermoe-
lectric metal plate while the plate temperature was continuously adjusted elec-
tronically. Although the above idea presents a new possibility for therapy that
requires changes in bodily awareness, practically, it would be easier to cool the
hand in a simple manner and for a short time, e.g., by immersing the entire hand
in cold water. However, it is unclear whether transient cooling of the entire hand
by water could replicate the findings reported by Kammers et al [4]. This study
addressed this issue in order to develop a treatment that is easily applied in the
field. To this end, we investigated the effects of immersing the entire hand in
cool (Experiment 1), cold (Experiment 2), or warm (Experiment 3) water for 1
min on the strength of the RHI.

2. Methods
2.1. Participants

This study recruited 41 university students, aged 20 to 23 years (17 women and
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24 men). All participants had normal physical and neurological examination
findings, in particular, they had no peripheral pathologies, such as Raynaud’s
syndrome. All participants were provided written informed consent. The Hu-
man Research Ethics Committee of the Faculty of Education, Kumamoto Uni-
versity, approved this study (receipt number: 28 - 9). The experiments were

conducted following the Declaration of Helsinki.

2.2. Room Temperature

During the experiments, the room temperature and humidity were adjusted at
24.7°C £ 0.8°C and 58.2% * 5.7%, respectively.

2.3. Experiment 1

Fourteen participants (six female, 21.8 + 0.4 years) participated in Experiment 1,
conducted in a dimly lit room. The participants sat on a chair throughout the
experiment. The participants’ left hand and the fake left hand (see below) wore
identical light blue colored rubber gloves to eliminate differences in appearance
between them [13].

The participants’ hand skin temperature at rest (base temperature; Figure 1)
was measured by a hand-held Auto Pro laser thermometer (Raytek Minitemp
MT, Raytek Corp., Santa Cruz, CA, USA). Three skin temperature readings were
taken from the skin over the first dorsal interosseous muscle. Subsequently, the
participants placed their left hand and forearm inside a wooden frame, with the
forearm in the prone position. A rubber left hand was placed in a prone position
19 cm medial to the participants’ concealed left hand. The experimenter placed
black clothes over the participants’ left upper arm and the forearm of the fake
hand. Consequently, the participants could only see the fake hand during the

experiment.

no cooling condition

> pre-illusion pre-position congruent or incongruent post-position | | post-illusion answer to
temperature test stroking (2 min) test temperature questionnaire
base ]
temperature
cooling condition
Ly

hand cooling

(1min)

pre-illusion pre-position congruent or incongruent post-position | | post-illusion answer to

temperature test stroking (2 min) test temperature questionnaire

XX Fre

f measuring hand temperature (3 times)

Figure 1. The design of Experiment 1. For the cooling condition, the participants’ hand was immersed in water (25°C + 1°C) for 1

min. Each condition was repeated three times.
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The experiment included no cooling and cooling conditions (Figure 1). For
the no cooling condition, the experimenter measured the pre-illusion skin tem-
perature and the perceived position of the participants’ left hand (pre-position
test) before inducing the illusion. The participants were asked to close their eyes.
The experimenter placed a large blackboard (21 cm x 91 cm) on a frame, hiding
the rubber hand and the participant’s hand from the participant’s view. The
board had a horizontal white line drawn across its surface with equally spaced
marks, visible to the experimenter only, making it possible to measure distances
in millimeters. After placing the blackboard, the experimenter asked the partici-
pants to open their eyes and then traced the white line with a stick starting from
the participant’s lateral to medial side. The participants were asked to verbally
indicate when the stick was above the perceived position of their left index fin-
ger. The participants were allowed to correct the perceived position after their
first verbal response, and the position on the scale was recorded.

After the pre-position test, the participants closed their eyes, the blackboard
was removed, and the participants were asked to reopen their eyes and watch the
fake hand. The experimenter delivered manual simultaneous stimulations to the
real and rubber hands for 2 min using two identical paintbrushes. These were
congruent (identical strokes to stroke locations) or incongruent (unmatched
stroke timing and locations). The congruent and incongruent stroking events
were repeated three times each in random order with 5 min rest between strok-
ing events. After each stroking event, the perceived position of the left index
finger (post-position test) and the left hand temperature (post-illusion tempera-
ture) were measured as described above.

Subsequently, the participants were asked to answer the RHI questionnaire,
consisting of eight statements adopted based on Botvinick and Cohen’s original
report [1]. The statements were as follows: (S1) it seemed as if I were feeling the
touch of the paintbrush in the location where I saw the rubber hand touched,
(S2) it seemed as though the touch I felt was caused by the paintbrush touching
the rubber hand, (S3) I felt as if the rubber hand were my hand, (S4) it felt as if
my (real) hand were drifting towards the rubber hand, (S5) it seemed as if I
might have more than one left hand or arm, (S6) it seemed as if the touch I was
feeling came from somewhere between my hand and the rubber hand, (S7) it felt
as if my (real) hand were turning “rubbery”, (S8) it appeared (visually) as if the
rubber hand was drifting towards my hand. These questions were used in many
previous studies dealing with the RHI and were most appropriate for a subjective
assessment of the illusion [1] [14]. The participants responded by choosing a
value on a 10-point scale ranging from 1 (strongly disagree) to 10 (strongly
agree).

For the cooling condition, the participants’ left hand was first immersed in a
basin of cold water (25°C + 1°C) for 1 min. There were two reasons for adopting
the duration of immersion. First, we wanted to decrease the participants’ hand
temperature by approximately 4°C, almost the same as the previous study [4].

Second, we wanted to maintain the reduction of the hand temperature at least
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for 2 min which was the time for procedure of the RHI. As a result of a prelimi-
nary experiment, immersion of the entire hand for 1 min was sufficient to satisfy
both of the above. The remainder of the procedure was identical to the no cool-
ing condition (Figure 1). This procedure was repeated three times.

The no cooling and the cooling conditions were conducted in random order

for each participant.

2.4. Experiment 2

Fourteen participants (seven female, 21.6 + 0.6 years) participated in Experiment
2. The experimental procedure was the same as in Experiment 1, except that the

water temperature was very cold (10°C = 1°C).

2.5. Experiment 3

Thirteen participants (four female, 21.6 + 0.7 years) participated in Experiment
3. The cooling conditions in Experiments 1 and 2 were replaced by a warming
condition in which the participants immersed their left hand in a 38°C +
1°C-water bath for 1 min. Otherwise, the experimental procedures were identical

to Experiment 1.

2.6. Data Analysis and Statistics

For each stimulation (congruent or incongruent stroking), the shift in the per-
ceived hand position toward the rubber hand (proprioceptive drift) was calcu-
lated based on the difference between the perceived hand positions in the
pre-position and post-position tests. The proprioceptive drift was measured
three times for each congruent and incongruent stroking and the obtained three
values were averaged. We used the proprioceptive drift as an objective measure
of the illusion strength, as previously done [1] [13] [15]. In addition, we sub-
tracted the magnitudes of the proprioceptive drift in the incongruent stroking
from those in congruent stroking. We defined these values as the “net” magni-
tude of the illusion [16].

The questionnaire statement ratings were obtained six times in each of the no
cooling and the cooling conditions (three times for congruent stroking and three
times for incongruent stroking). The statement ratings obtained for each strok-
ing were averaged.

For the comparison between base temperature and pre- or post-illusion tem-
peratures using the one-sample t-test, all temperatures were normalized by base
temperature.

Data are expressed as mean + standard deviation. The significance level was
set at p < 0.05. IBM SPSS Statistics for Windows, Version 27 (IBM Corp., Ar-
monk, NY, USA) was used for all statistical analyses. All the variables were
tested for normal distribution using the Kolmogorov-Smirnov test (significance
threshold p < 0.05), and nonparametric tests were used when one or more data

sets were not normally distributed.
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3. Results
3.1. Experiment 1

Figure 2(a) presents the hand temperature modulation during the experiment.
Kolmogorov-Smirnov tests showed that the data for hand temperatures were
normally distributed. The one-sample #test demonstrated that under the no
cooling condition, the respective pre- and post-illusion temperatures of the con-
gruent (p = 0.005 and p = 0.001) and incongruent (p < 0.001 for both) stroke
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N
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Figure 2. (a) Skin temperatures during Experiment 1. Asterisks indicate significant dif-
ferences from the base temperature value. * p < 0.05, ** p < 0.01, *** p < 0.001. (b) The
magnitude of the proprioceptive drift in Experiment 1. Proprioceptive drift was measured
by calculating the difference between the perceived hand positions in the pre- and
post-position tests. Values > 0 indicate drift toward the rubber hand. (c) The “net” mag-
nitude of the proprioceptive drift in Experiment 1. The ordinate indicates the magnitude
of the proprioceptive drift that was the difference between congruent and incongruent
stroking. Positive and negative values indicate that the magnitudes of the proprioceptive
drift in congruent stroking were larger and smaller than those in incongruent stroking,
respectively.
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types were significantly higher than the base temperature. Under the cooling
condition, a group mean of the pre-illusion temperatures after 1-min cooling
and before congruent and incongruent stroking, respectively, decreased by 3.8°C
+ 1.0°C and 3.7°C £ 1.0°C (p < 0.001 for both). The hand temperatures re-
mained lower than the base temperature at the post-illusion assessment (con-
gruent stroking, p = 0.003; incongruent stroking, p = 0.017). Paired-samples
t-test demonstrated that the post-illusion temperatures were significantly higher
than the pre-illusion ones in all combinations (no cooling: congruent stroking, p
= 0.001; incongruent stroking, p = 0.005; cooling: p < 0.001 for congruent and
incongruent stroking).

Figure 2(b) shows the proprioceptive drift under all conditions. Kolmogo-
rov-Smirnov tests showed that the data were not normally distributed. Friedman
test demonstrated significant modulation of the proprioceptive drift across the
four assessments (Chi-squared = 10.80, p = 0.013). However, the Bonferroni
multiple comparisons did not show that the proprioceptive drift induced by
congruent stroking under the cooling condition was significantly higher than
under the no cooling condition (p = 0.143). To compare the value as the “net”
magnitude of the proprioceptive drift, we subtracted the magnitudes of the pro-
prioceptive drift in the incongruent stroking from those in congruent stroking.
Wilcoxon signed-rank test showed that the net magnitude of the proprioceptive
drift in cooling condition was significantly higher than that in no cooling condi-
tion (p = 0.041, Figure 2(c)).

The questionnaire statement ratings are shown in Table 1. Statement items 1,
2, and 3 in the congruent stroking tended to be higher than other statement
items both in no cooling and cooling conditions. Wilcoxon signed-rank test
showed that the ratings after congruent stroking under the cooling and no cool-
ing conditions were not different for all eight statements (S1: p = 0.546; S2: p =
0.603; S3: p=0.589; S4: p=1.00; S5: p=0.436; S6: p=0.577; S7: p=0.157; S8: p
=0.705).

Table 1. The questionnaire statement ratings.

condition stroke S1 S2 S3 S4 S5 S6 S7 S8
congruent 79+21 7.7+22 71+24 19+09 2015 1.7+1.1 15+11 15%0.8
no cooling .
Exo. 1 incongruent 2.0x16 19+19 16+10 1.7+12 18+x17 13+x11 11%x05 14+0.8
Xp.
P . congruent 75+24 7.6+28 69+27 19+11 24+13 16+09 14+08 14+0.8
coolin
8 incongruent 2.0+1.7 2.6+26 20+18 17+14 16+16 13+06 1.8+15 1.2+0.8
. congruent 72+25 58+33 73+x27 29+20 19+09 19+13 17+x10 18=%13
no cooling .
B incongruent 2.7+25 26*18 33+28 32+25 21+£19 23%x16 16%x12 14+0.6
Xp. 2
P i congruent 64+35 61x35 69+30 24+1.7 19+x12 17+x08 18*x1.0 1.5+0.9
coolin
8 incongruent 3.4+29 26*21 36%+27 37+25 19+25 24+17 14+08 14+09
congruent 7919 82+£20 79%£22 20+14 23+14 22+15 20%x13 1.5%+1.0
no warming
incongruent 1.6+0.7 15+07 18+0.7 1.5+0.7 12+x06 13+x11 16%+08 12+0.6
Exp. 3
P congruent 80+22 7.8+22 78+25 18+09 25+13 16+08 18+x1.0 18%1.2
warming
incongruent 1.8+x0.7 17+15 1509 14+05 10+x00 12+06 18*+1.0 1.2+0.8
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Figure 3 compared the cooling and no cooling conditions for the differences
between the actual and perceived left index finger positions during the pre-position
test. The paired-sample #test demonstrated that no significant difference be-
tween them (p = 0.444).

12 A n.s.
€]
10 A °
£ 87
X
— J o
s °© .
w, .
2 A © l
-
0
no cooling cooling

Figure 3. Differences in the actual and perceived left index finger positions during the
pre-position test. Positive values indicate that the perceived hand position moved toward
the rubber hand than the actual position.

3.2. Experiment 2

Figure 4(a) shows changes in the hand temperature during the experiment.
Kolmogorov-Smirnov tests showed that the data for hand temperatures were
normally distributed. The one-sample #test demonstrated that under the no
cooling condition, the pre- and post-illusion temperatures of both stroke types
were significantly higher than the base temperature (congruent stroking: pre-illusion,
p = 0.009; post-illusion. p < 0.001; incongruent stroking: pre-illusion, p = 0.012;
post-illusion, p = 0.003). The hand temperature after cooling and before the
congruent and incongruent stroking (pre-illusion temperatures) were 13.8°C +
1.9°C and 13.3°C £ 2.6°C lower than the base temperature, respectively (p <
0.001 for both). The post-illusion temperatures following congruent and incon-
gruent stroking remained lower than the base temperature (p < 0.001 for both).
Paired-samples #test demonstrated that the post-illusion temperatures were sig-
nificantly higher than the pre-illusion ones under all situations (no cooling:
congruent stroking, p = 0.001; incongruent stroking, p = 0.02; cooling: congru-
ent and incongruent stroking, p < 0.001).

The magnitude of the proprioceptive drift under all conditions is shown in
Figure 4(b). Kolmogorov-Smirnov tests showed that the data were not normally
distributed. Friedman test demonstrated no significant modulation of the pro-
prioceptive drift across the four assessments (Chi-squared = 7.40, p = 0.060). To
compare the value as the “net” magnitude of the proprioceptive drift, we sub-
tracted the magnitudes of the proprioceptive drift in the incongruent stroking
from those in congruent stroking. Wilcoxon signed-rank test did not show that
the net magnitude of the proprioceptive drift in cooling condition was signifi-

cantly higher than that in no cooling condition (p = 0.177, Figure 4(c)).
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Figure 4. (a) Skin temperatures during Experiment 2. Asterisks indicate significant dif-
ferences from the base temperature value. * p < 0.05, ** p < 0.01, ** p < 0.001. (b) The
magnitude of the proprioceptive drift in Experiment 2. Proprioceptive drift was measured
by calculating the difference between the perceived hand positions in the pre- and
post-position tests. Values > 0 indicate drift toward the rubber hand. (c) The “net” mag-
nitude of the proprioceptive drift in Experiment 2. The ordinate indicates the magnitude
of the proprioceptive drift that was the difference between congruent and incongruent
stroking. Positive and negative values indicate that the magnitudes of the proprioceptive
drift in congruent stroking were larger and smaller than those in incongruent stroking,
respectively.
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The questionnaire statement ratings are shown in Table 1. Statement items 1,
2, and 3 in the congruent stroking tended to be higher than other statement
items both in no cooling and cooling conditions. Wilcoxon signed-rank test
showed that ratings after congruent stroking under the no cooling and cooling
conditions did not significantly differ in all eight statements (S1: p = 0.356; S2: p
= 0.502; S3: p=0.669; S4: p = 0.443; S5: p=1.00; S6: p = 0.414; S7: p=0.792; S8:
p=0.453).

3.3. Experiment 3

Figure 5(a) shows changes in the hand temperature during the experiment.
Kolmogorov-Smirnov tests showed that the data were not normally distributed.
Wilcoxon signed-rank test demonstrated that under the no warming condition
and congruent stroking, the pre-illusion and base temperatures were not differ-
ent (p = 0.156). The post-illusion temperature with congruent stroking was sig-
nificantly higher than the base temperature (p = 0.020) and the pre-illusion (p =
0.041). The pre- and post-illusion temperatures under the incongruent stroking
condition were not different (p = 0.090). Under the warming condition, the
pre-illusion temperatures before the congruent and incongruent stroking were,
respectively, 3.7°C £ 1.0°C and 3.7°C + 0.9°C higher than the base temperature
(p < 0.001 for both). The higher hand temperatures were maintained through
the post-illusion assessment (congruent stroking, p = 0.003; incongruent strok-
ing, p < 0.001). The post-illusion temperatures following congruent and incon-
gruent stroking were significantly lower than the pre-illusion temperatures (p <
0.001 for both).

Figure 5(b) presents changes in the proprioceptive drift. Kolmogorov-Smirnov
tests showed that the data were not normally distributed. Friedman test demon-
strated significant modulation of the proprioceptive drift across the four assess-
ments (Chi-squared = 13.41, p = 0.004). However, the Bonferroni multiple
comparisons did not show that the proprioceptive drift induced by congruent
stroking under the warming condition was significantly higher than under the
no warming condition (p = 0.421). To compare the value as the “net” magnitude
of the proprioceptive drift, we subtracted the magnitudes of the proprioceptive
drift in the incongruent stroking from those in congruent stroking. Wilcoxon
signed-rank test did not show that the net magnitude of the proprioceptive drift
in warming conditions was significantly higher than that in no warming condi-
tions (p = 0.875, Figure 5(c)).

The questionnaire statement ratings are shown in Table 1. Statement items 1,
2, and 3 in the congruent stroking tended to be higher than other statement
items both in no warming and warming conditions. Wilcoxon signed-rank test
showed that the ratings after congruent stroking under the no warming and
warming conditions were not different for all eight statements (S1: p = 0.340; S2:
P =1.00; S3: p=0.516; S4: p = 0.257; S5: p = 0.666; S6: p = 0.161; S7: p = 0.461;
S8: p=0.083).
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Figure 5. (a) Skin temperatures during Experiment 3. Asterisks indicate significant dif-
ferences from the base temperature value. * p < 0.05, ** p < 0.01, ** p < 0.001. (b) The
magnitude of the proprioceptive drift in Experiment 3. Proprioceptive drift was measured
by calculating the difference between the perceived hand positions in the pre- and
post-position tests. Values > 0 indicate drift toward the rubber hand. (c) The “net” mag-
nitude of the proprioceptive drift in Experiment 3. The ordinate indicates the magnitude
of the proprioceptive drift that was the difference between congruent and incongruent
stroking. Positive and negative values indicate that the magnitudes of the proprioceptive
drift in congruent stroking were larger and smaller than those in incongruent stroking,
respectively.

DOI: 10.4236/jbbs.2024.147013

220 Journal of Behavioral and Brain Science


https://doi.org/10.4236/jbbs.2024.147013

M. Sakamoto et al.

4. Discussion

This study investigated the effects of external hand temperature manipulations
by immersing the entire hand in cool, cold, or warm water on the RHI strength.
Questionnaire statement items 1, 2, and 3 in the congruent stroking tended to be
higher than other statement items in all conditions (Table 1) which suggests that
the RHI was successfully induced properly in this study [1]. We found that
cooling the hand enhanced the proprioceptive drift, while warming and intense
cooling did not. These results are almost consistent with those reported by
Kammers et al [4]. Our results partially support the association between the
RHI occurrence and the drop in the hand skin temperature.

In Experiment 1, we achieved a reduction of the participants’ hand skin tem-
perature by approximately 4°C, almost the same as previously reported [4]. The
pre- and post-illusion skin temperatures under the no cooling condition were
slightly but significantly higher than in the base temperature, even though no
external temperature manipulation was applied (Figure 2). This temperature
increase was probably because of the heat buildup in the glove worn by the par-
ticipants throughout the experiment. The warming effect wearing the glove had
on the skin temperature also occurred under the cooling condition. Despite the
skin warming effect of wearing gloves, the pre-illusion temperatures were signif-
icantly lower than the base temperature. These temperatures remained lower at
the post-illusion assessment, although recovery of the temperature over time was
noted. Therefore, the RHI could occur when the skin temperature was lowered
under the cooling condition, although the temperature decrease was underesti-
mated due to the warming effect of wearing the glove.

Cooling the hand did not affect the difference between the actual and per-
ceived hand positions during the pre-position test (Figure 3). This indicated that
a skin temperature drop did not merely modulate the perceived position of the
hand but also enhanced the illusory disembodiment of one’s own hand by inte-
grating the visual and somatosensory information. Although this study could
not clarify the neural mechanisms underlying the effect, we infer central and pe-
ripheral mechanisms were involved in enhancing the RHI. For the central me-
chanism, artificial cooling of the hand placed a strain on the participants’ ther-
moregulatory mechanisms that may have contributed to the altered disembodi-
ment of their hands. Previous studies have shown that disruption of the sense of
body ownership is a characteristic of many pathological states, including schi-
zophrenia [17], autism [18], epilepsy [19], and neuropathic pain [20]. Further-
more, many of these pathological conditions are also characterized by disruption
of temperature regulation [21]-[23]. These findings suggest that body ownership
and temperature regulation are partially shared by the same brain region.

As for the peripheral mechanism, the cooling stimulus might be modulating
the transmission efficiency of afferent inputs. Cooling the hand decreases the
conduction velocity and transmission efficiency of somatosensory afferent

nerves [24]. In contrast, warming increases the conduction velocity and trans-
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mission efficiency of these nerves [25]. These suggest that the RHI is more likely
to occur when the somatosensory signals are weakened. Makin et al [26] men-
tioned that during the RHI, the integration of sensory information leans heavily
in favor of vision, likely reducing the weight of the somatosensory inputs. This
idea was partially supported by behavioral [27] [28] and neurophysiological [29]
[30] studies. Therefore, weakening the somatosensory inputs by cooling the
hand might augment the capturing of visual over somatosensory information,
enhancing the proprioceptive drift during the RHI.

Cooling the hand did not affect the subjective feeling that the rubber hand was
one’s own (Table 1), as reported by Kammers et al. [4]. The hand proprioceptive
drift and the subjective ratings for the questionnaire are typically used as an in-
dex for evaluating changes in the sense of body ownership [1]. Furthermore, the
magnitude of the proprioceptive drift was shown to correlate with the strength
of the ownership feeling reported in the questionnaire [1]. However, some stu-
dies have failed to detect such a correlation [31]-[34]. Rohde et al. [34] indicated
that proprioceptive drift was a spatial update of the body in space according to
the synchronous visuotactile stimulation; therefore, the process underlying pro-
prioceptive drift was independent of that underlying the subjective feeling of
limb ownership in the RHI. Considering these findings, the effect of cooling the
hand in the RHI paradigm of this study was probably associated with the per-
ceived hand position drift rather than the feeling of ownership of the rubber
hand. Therefore, cooling the hand may be more effective when one wants to al-
ter the perceived position of the hand toward an object located outside the body,
for example, controlling a robotic arm by connecting brain activities to a com-
puter [35] or using a rake to manipulate out-of-reach objects [36]. It is not ne-
cessary to create a sense of ownership of the objects in such cases.

The intense cooling (-10°C) in Experiment 2 that decreased the skin temper-
ature by around 13°C did not modulate the RHI strength, supporting the results
reported by Kammers et al. [4]. Cold stimulation below 17°C activates the nox-
ious cold sensation sensors [37] [38]. Therefore, many participants were likely to
feel pain in their hands due to the intense cooling. Kammers et al. [4] stated that
pain reminds us of our “real” body. During the RHI, pain neither abolishes nor
enhances the relocation of one’s hand or subjective feeling of ownership. We
consider this the reason the RHI was not strengthened in Experiment 2.

Warming the hand in Experiment 3 did not affect the RHI strength, although
the skin temperature modulation by warming was almost the same as that of the
cooling stimulus in Experiment 1 (—3.7°C). This finding differed from Kammers
et al. [4], who showed that warming the hand attenuated the strength of the RHI.
One reason for the difference between the studies might be the difference in the
external temperature stimuli used; the entire hand was stimulated in this study,
while only the palm was stimulated in the previous study. The finding that sensi-
tivity to thermal stimuli on glabrous skin differed from that on hairy skin [39]

partially supports this idea.
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There were some limitations in this study. First, the participants wore the
rubber glove to eliminate differences in appearance between the fake hand and
the participants’ hand, which may affect the results. Despite the skin tempera-
ture of the hand was kept lower compared with the base temperature in the
cooling condition, the temperature increased during the procedure of the RHI.
The alteration might attenuate the strength of the proprioceptive drift or prevent
the generation of the feeling of ownership of the rubber hand. It is necessary to
verify whether the same results can be obtained without the rubber glove.
Second, we measured the participants’ hand skin temperature at only one point.
However, previous studies have recorded the skin temperature from multiple
points on the same hand [3] or from both sides of the hand [7] [40]. To elucidate
the relationship between body ownership and thermoregulation in detail, more
accurate skin temperature measurements are needed. Finally, we did not collect
quantitative data about pain sensation in Experiment 2. Therefore, it is difficult
to distinguish whether the no modulation of the proprioceptive drift was due to
substantial decrease in hand skin temperature or due to generation of the pain
by the intense cooling of the hand. Further research is needed to resolve this
point.

In conclusion, this study demonstrated that cooling the entire hand by im-
mersing it in water for 1 min is sufficient for enhancing the illusory disembodi-
ment of one’s hand. In contrast, warming or intense cooling of the entire hand
did not affect the RHI strength. These findings suggest that an externally in-
duced decrease in body temperature may be useful for therapies or training that
require changes in the perceived position of the limb. Further research is needed

to clarify detailed conditions for practical application.
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