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ABSTRACT

Several neuroimaging studies have analyzed the neural networks involved in thermal sensation. In some of these studies, participants were instructed to evaluate and
report the thermal sensation using a point scale, visual analog scale, or other psychophysical rating tool while the imaging data were obtained. Therefore, the imaging
data may reflect signals involved in the processes of both sensation and evaluation. The present study aimed to discriminate the neural networks involved in
identifying different temperature stimuli and the two different processes by using functional magnetic resonance imaging (fMRI). We applied four different thermal
stimuli (“hot,” 40C; “warm,” 36 °C, “cool,” 27 °C; and “cold,” 22 °C) to the left forearm using Peltier apparatus. During the stimuli, participants were instructed to
either evaluate (evaluation task) or not evaluate (no-evaluation task) and report the thermal sensation. We found brain activation in the medial prefrontal cortex/
anterior cingulate gyrus, inferior frontal gyrus, bilateral insula, and posterior parietal cortex during the four thermal stimuli both with and without the evaluation
task. Additionally, the stimuli with the evaluation task induced stronger and broader activation, including the right fronto-parietal and anterior insula regions. These
results indicate that thermal stimulation activates the common neural networks, independent of the thermal conditions and evaluation process. Moreover, the

evaluation process may increase the attention to the thermal stimuli, resulting in the activation of the right lateralized ventral attentional network.

1. Introduction

Conscious thermal perception is reportedly divided into thermal
sensation (i.e., discriminative component) and thermal pleasantness/
unpleasantness (i.e., hedonic component) (Cabanac, 1971; Hensel,
1981). Based on behavioral experiments, it is considered that the two
components of thermal perception are processed independently. For
example, Nakamura et al. (2008) reported that, in a hot environment,
local cooling of the facial skin induced thermal comfort, but that of the
abdominal skin induced thermal discomfort, although there were no
regional differences in the thermal sensation.

The neural networks underlying thermal perception have been
investigated by using neuroimaging approaches such as functional
magnetic resonance imaging (fMRI) and positron emission tomography.
These studies have indicated that the cingulate cortex, insula, thalamus,
prefrontal cortex, primary and secondary somatosensory cortices, pos-
terior parietal cortex, lentiform nucleus, midbrain, and retrosplenial

cortex contribute to the discriminative component of the thermal
perception as core neural networks (Casey et al., 1996; Craig et al.,
2000; Davis et al., 1998; Egan et al., 2005; Oi et al., 2017; Olausson
et al., 2005; Peltz et al., 2011; Tseng et al., 2010). Other studies have
identified brain regions associated with the hedonic component of
thermal perception, including the amygdala,
mid-orbitofrontal/cingulate cortex, and ventral striatum (Farrell et al.,
2011; Kanosue et al., 2002; Oi et al., 2017; Rolls et al., 2008).

We previously showed that different brain regions are involved in the
discriminative and hedonic components, using an experimental para-
digm that activated the two components separately (Aizawa et al.,
2019). Several shared brain regions related to thermal sensation—such
as the anterior cingulate cortex, insula, and inferior parietal lobe—were
activated irrespective of the temperature of the local and whole-body
thermal stimuli. Moreover, the evaluation process, which was con-
ducted immediately after the local stimulus to assess thermal percep-
tion, activated brain regions such as the medial prefrontal cortex to the
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Fig. 1. (A) Scheme of experimental design. Each fMRI run consisted of 16 stimulation blocks with a 25-s duration each, interleaved with a 5-s evaluation and a 15-s
rest periods. In the evaluation task, the participants were instructed to rate how cold or hot they perceived the thermal stimulation to be during the 15-s green cue. In
the no-evaluation task, the participants were instructed to not rate the thermal stimulation and to move and stop a bar at an arbitrary position. (B) A thermal stimulus
was delivered to the anterior plane of the left forearm with a Peltier apparatus. The thermode baseline temperature was set at 32 °C, and the target temperatures were

22°C, 27 °C, 36 °C, and 40 °C.

anterior cingulate cortex, insula, middle frontal cortex, and parietal
lobes, overlapping the brain regions activated during thermal stimuli.
These results may suggest that thermal stimulation simultaneously
activated the evaluation process. Furthermore, the evaluation process
may have masked the brain activation reflecting the temperature of the
local and whole-body thermal stimuli.

In daily life, temperature information arises from several parts of the
body such as the skin, central nervous system, and visceral organs
continuously and simulutaneously. This information is not always
consciously accepted, which may characterize the nature of thermal
perception, although the mechanism remains unclear. Previous fMRI
studies that sought to clarify the neural networks associated with ther-
mal perception, often instructed participants to evaluate thermal
perception to the local and/or whole-body stimuli with psychophysical
rating tools such as a point scale or visual analog scale (VAS). However,
this evaluation process and/or the attention needed for the evaluation
may have activated specific neural networks (e.g., attention network),
which could be, at least partially, involved in the conscious acceptance
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of the thermal stimulus.

In this study, we aimed use fMRI to identify the neural networks
involved in the discriminative component of thermal perception during
thermal stimulus to the forearm. To exclude or assess the influence of the
evaluation and/or attention process on the involved neural networks,
we applied four different local thermal stimuli to the skin of the par-
ticipants’ forearms which induced hot, warm, cool, or cold sensations.
Participants were instructed to both evaluate and report the thermal
stimulus (evaluation task) and not do so (no-evaluation task). We hy-
pothesized that 1) there are specific neural networks specific to the 4
different thermal stimuli, which are found during the stimuli with no-
evaluation task, and 2) the evaluation task activates brain regions in
addition to those associated with the thermal stimuli per se (i.e., thermal
stimuli with no-evaluation task).
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2. Materials and methods
2.1. Participants

Twenty-two healthy, right-handed, and non-smoking volunteers (11
men and 11 women; aged 26.0 + 6.1 years (mean =+ SD)) participated in
the present study, in which all the participants were given local thermal
stimulations to their left forearm. The participants received reimburse-
ment for participating in the study. None of the participants had a his-
tory of neurological or psychiatric illness.

2.2. Thermal stimulation

A local thermal stimulation was applied to the anterior plane of the
left forearm (Fig. 1). The local stimulation was delivered by a Peltier
apparatus (3-cm diameter, covered with a thin copper board; Intercross
2000, Tokyo, Japan). The Peltier apparatus was attached to the skin
surface with paper adhesion tape. The computer-controlled (LabVIEW
2013; National Instruments, Texas, USA) apparatus temperature was
initially held at 32 °C for 20 s. Subsequently, the temperature underwent
25-s decrements to 22 °C or 27 °C (2 °C/s for the 25 s; i.e., the two local
cold stimulation conditions) or increments to 36 °C or 40 °C (1.6 °C/s for
the 25 s; i.e., the two local hot stimulation conditions). Baseline period
consisting in 15-s 32 °C stimulation was added at the beginning and end
of each experimental run and between trials, as the local temperature of
32 °C induces neither hot nor cold sensations (i.e., thermoneutral tem-
perature) (Kingma et al., 2012).

2.3. Experimental procedure

All the 22 participants performed four experimental runs: two for the
evaluation task (i.e., evaluation runs) and two for the no-evaluation task
(i.e., no-evaluation runs). During the evaluation runs, local thermal
stimulation was applied to the participants’ left forearms, and they were
instructed to rate the stimulation in terms of cold or hot. During the no-
evaluation runs, local thermal stimulation was also applied to their left
forearms, but they were instructed to not explicitly rate the stimulation.
The four experimental runs were conducted in counterbalanced order
across the participants.

In each experimental run, each of the four thermal conditions (i.e.,
22 °C, 27 °C, 36 °C, and 40 °C) was repeated four times in a randomized
order, with a baseline period of 32 °C stimulation inserted between
trials. In each 25-s local thermal stimulation trial, the participants were
given a 5-s start cue, a 15-s green fixation period, and a 5-s end cue.
Within a subsequent 5-s evaluation period in the evaluation runs, the
participants were instructed to rate how cold or hot they perceived the
local thermal stimulation to be during the 15-s green cue with a VAS,
indicating the left or right side of the VAS as very cold or very hot,
respectively. The participants held a button box with their right hand
and responded by pressing two buttons with their right index and middle
fingers to move and stop a bar at an appropriate position on the VAS.
Participants held a button box with their right hand and responded by
pressing two buttons with their right index and middle fingers to move
and stop a bar at an appropriate position on the VAS, with the bar
continuously moving with every button press. In the no-evaluation runs,
the participants were instructed not rate the thermal simulation and to
move and stop a bar at an arbitrary position on the VAS. We included
button pressing in the no-evaluation condition so we could subtract the
neural activities related to it from those in the evaluation condition in
the fMRI data analysis. A 15-s white fixation period was applied
following the 5-s evaluation period, both at the temperature of 32 °C to
serve as a baseline. (Fig. 1).

All visual stimuli were presented at the center of the screen by using
Presentation software (Neurobehavioral Systems, Albany, CA). They
were projected onto a half-transparent viewing screen located behind
the MRI scanner head coil. The participants viewed the projected stimuli
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through a mirror attached to the head coil. Their responses were also
recorded using Presentation software.

2.4. fMRI data acquisition

We used a 3-Tesla MRI scanner (MAGNETOM Verio, Siemens,
Erlangen, Germany) equipped with a 32-channel phased array head coil.
Functional brain images were obtained in an axial-oblique position
covering the whole brain with a multiband Echo-Planar Imaging
sequence (Moeller et al., 2010) (repetition time (TR) = 1000 ms; echo
time (TE) = 35 ms; flip angle = 63°; field of view (FOV) = 192 mmz; 60
slices; in-plane resolution =2 x 2mm; slice thickness = 2.5 mm
including 0.5 mm gap; and multiband factor = 6) that was sensitive to
blood-oxygen-level-dependent contrast. The number of T2 * -weighted
images was 740 for each fMRI run. A high-resolution anatomical
T1-weighted image (MPRAGE; TR = 1.8 s; TE = 1.98 ms; flip angle = 9°;
FOV = 256 mm?; 176 slices; and voxel size = 1 x 1 x 1 mm) was also
acquired for each participant. Foam padding was placed around each
participant’s head to minimize head movement.

2.5. Statistical analysis of psychological data

Participants’ VAS scores were recorded as a range from — 50 to + 50
indicating very cold or very hot, respectively. We calculated the mean
VAS scores for each task and thermal conditions for each participant.
The VAS scores of the thermal sensation in the left forearm were sub-
mitted to two-way analysis of variance (ANOVA) with repeated-
measures using task (evaluation and no-evaluation) and thermal con-
dition (22 °C, 27 °C, 36 °C, and 40 °C) as within-subjects factors. In all
repeated-measures factors with more than two levels, we tested whether
Mauchly’s sphericity assumption was violated. If the result of Mauchly’s
test was significant and the assumption of sphericity was violated, the
Greenhouse-Geisser adjustment was used to correct sphericity by
altering the degrees of freedom using a correction coefficient epsilon.
When a significant main effect was identified, Bonferroni post-hoc
multiple comparison tests were conducted to evaluate differences
among conditions. Statistical evaluations were performed using the IBM
SPSS Statistics 22 software (IBM, Chicago, USA). All values are pre-
sented as means + SD, and significant difference was set at a level of
p < 0.05.

2.6. fMRI data analysis

The MRI data were analyzed with SPM8 software (Wellcome
Department of Imaging Neuroscience, London, UK) implemented in
MATLAB R2012a (MathWorks, Sherborn, MA, USA). The first ten vol-
umes were discarded due to unsteady magnetization, and all the
remaining images were spatially realigned to the mean image. After a
high-resolution image was co-registered onto the mean image, all vol-
umes were normalized to the Montreal Neurological Institute (MNI)
space (using the MNI template) using a transformation matrix obtained
from the normalization process of the high-resolution image of each
individual participant to the MNI template. The normalized and resliced
images were then spatially smoothed with Gaussian kernel of 8 mm (full
width at half-maximum) in the x, y, and z axes.

After preprocessing, statistical analysis for each participant was
conducted using a general linear model (Friston et al., 1995). At the first
level, the 5-s first period (i.e., the onset period), the 10-s middle period
running from 8 s to 18 s (i.e., the sustained period), and the 5-s last
period (i.e., the offset period) of the 20-s local thermal stimulation were
modeled separately for each of the four thermal stimulation conditions
(i.e,, 22°C, 27 °C, 36°C, and 40 °C), convolving a hemodynamic
response function. In the present study, we focused on the 10-s middle
period (i.e., the sustained period), in which the temperature of the local
thermal stimulation remained stable. The period of explicit evaluation of
the thermal sensation (for the evaluation runs) or that of simply moving
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Fig. 2. Thermal sensation ratings for the left forearm in the (A) evaluation and
(B) no-evaluation tasks. The x-axis indicates the temperature of the thermal
stimuli and the y-axis indicates the mean VAS scores (—50 and +50 as very cold
and very hot, respectively) using an arbitrary unit. * **: p < 0.001.

27 °C

a bar on the VAS without subjective rating (for the no-evaluation runs)
was also modeled separately with a 5-s duration, convolving a hemo-
dynamic response function. Furthermore, six regressors for movement
parameters obtained in the realignment process were entered in the
design matrix. An additional regressor of the mean signal from the ce-
rebrospinal fluid was also included in the design matrix. High-pass filters
(128 s) were applied to the time-series data. An autoregressive model
was used to estimate the temporal autocorrelation. The image signals
were scaled to a grand mean of 100 overall voxels and volumes within
each run. For each of the evaluation and no-evaluation condition, the
parameter estimate for the 10-s sustained period of local thermal stim-
ulation was computed for each of the four thermal stimulation condi-
tions from the least-square fit of the model to the time-series data at each
voxel. For the period of explicit evaluation of the thermal sensation (for
the evaluation runs) or that of simply moving a bar on the VAS without
subjective rating (for the no-evaluation runs), the parameter estimate
was computed combining all the four thermal stimulation conditions.
Images of the parameter estimates representing related neural activities
(i.e., contrast images) were created for each participant.

In the second-level analysis, the contrast images obtained from each
participant were entered into the group analyses with a random-effect
model. First, to examine whether local thermal stimulation with a
given temperature was processed in dissociable brain regions and
whether the evaluation and no-evaluation runs involved different brain
regions, a one-way within-subjects ANOVA was conducted with the
contrast images pertaining to the four thermal stimulation conditions for
the evaluation and no-evaluation runs. To examine shared brain regions
between the evaluation and no-evaluation runs, a conjunction analysis
was also performed including all four thermal stimulation conditions
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together. The statistical thresholds were set at uncorrected p = 0.001 for
multiple comparisons at the voxel level, and at family-wise error (FWE)-
corrected p = 0.05 for multiple cluster-level comparisons (Slotnick,
2017). All the coordinates were reported in the MNI space. Brodmann
areas and brain regions were identified based on the Talairach Atlas
(Talairach and Tournoux, 1988) after converting MNI coordinates to
Talairach space with a nonlinear transformation. To identify differences
in activated brain regions during the thermal stimuli with the evaluation
and no-evaluation tasks, one-way ANOVA with within-subject factor
was applied.

3. Results
3.1. Rating of thermal sensation

Fig. 2 shows the rating of thermal sensation in the forearm for the
evaluation and no-evaluation tasks. ANOVA analysis showed significant
main effects for task (F (1, 21) = 8.108, p < 0.05) and condition (F (3,
63) =109.133, p < 0.001) and task-condition interactions (Green-
house-Geisser correction: F (1.724, 36.194) = 85.357, p < 0.001, ]
= 0.575). The post-hoc test demonstrated that the rating of thermal
sensation for the evaluation task was significantly higher in the 40 °C
condition compared to the 22°C, 27°C, and 36 °C conditions
(p < 0.001). It was also significantly higher in the 36 °C condition
compared to the 22 °C and 27 °C conditions (p < 0.001) and in the
27 °C condition compared to the 22 °C condition (p < 0.001). These
differences were not observed for the no-evaluation task.

3.2. fMRI results

During thermal stimuli with the evaluation task, neural networks
including the medial prefrontal cortex/anterior cingulate gyrus, inferior
frontal gyrus, bilateral insula, and posterior parietal cortex (superior and
inferior parietal lobules) were involved across all thermal conditions
(Table 1 and Fig. 3A). Similar brain regions were activated during the
no-evaluation task (Table 1 and Fig. 3B). Conjunction analysis for acti-
vated regions in common during the evaluation and no-evaluation tasks
revealed significant activation in the neural networks (Table 2 and
Fig. 4C).

We found differences in activated brain regions during the evalua-
tion and no-evaluation tasks related to the thermal stimuli. Activities in
the right inferior/middle frontal gyrus, anterior insula, and posterior
parietal cortex were significantly stronger during the evaluation
compared to the no-evaluation task (Table 3 and Fig. 4).

We also found significantly less brain activation in the right anterior
insula for the 40 °C compared to 22 °C stimuli, and the dorsal medial
prefrontal cortex and the left inferior frontal gyrus for the 40 °C
compared to 36 °C stimuli in the no-evaluation task (Table 4). There was
no significant difference in brain activity among the 4 different thermal
stimuli in the evaluation task. We found that brain activation during the
40 °C stimuli was significantly smaller in the no-evaluation task
compared to the evaluation task (Table 4).

4. Discussion

This study investigated differences in the neural networks activated
during local stimulus with and without an evaluation task using fMRI.
We applied local hot (40 °C), warm (36 °C), cool (27 °C), or cold (22 °C)
stimuli to the left forearm and asked participants to evaluate or to not
evaluate the thermal sensation. A common brain network was activated
for the four different thermal stimuli whether or not an explicit evalu-
ation was required. However, there was no brain region specific to each
of the four different thermal stimuli, but there was less activation for the
40 °C condition in the no-evaluation task. We also found broader and/or
stronger activities in a right-lateralized brain network during the ther-
mal stimuli with the evaluation task.
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Table 1

Brain regions involved in perception of four thermal local stimuli to the left forearm during the evaluation and no-evaluation tasks.
FWE-corrected Cluster size Z-value X y z BA Brain area
p-value (voxels) (peak-level) (mm) (mm) (mm)

(cluster-level)

Evaluation task

22°C
<0.001 6663 7.68 34 18 4 Rt. anterior insula
* 7.56 62 -18 18 43 Rt. postcentral gyrus
* 7.17 42 2 -2 Rt. posterior insula
* 5.57 52 12 12 44 Rt. inferior frontal gyrus
* 5.48 56 -34 46 40 Rt. inferior parietal lobe
* 5.36 44 48 0 10/46 Rt. inferior/middle formal gyrus
* 5.34 24 34 -14 11 Rt. middle frontal gyrus
<0.001 3664 6.79 -34 18 8 Lt. anterior insula
* 6.10 -42 -4 0 Lt. posterior insula
* 5.99 -22 30 -14 11 Lt. middle frontal gyrus
* 5.35 -44 46 6 10/46 Lt. inferior/middle formal gyrus
* 4.21 -48 4 14 44 Lt. inferior frontal gyrus
<0.001 2191 7.07 4 22 50 6/32 Rt. medial frontal gyrus/anterior cingulate gyrus
* 4.57 -8 28 46 6/32 Lt. medial frontal gyrus/anterior cingulate gyrus
0.002 454 5.89 -64 -20 20 43 Lt. postcentral gyrus
0.022 280 4.29 -36 -54 46 7 Lt. superior parietal lobe
27 °C
<0.001 1830 6.67 -8 4 58 6/32 Lt. medial frontal gyrus/anterior cingulate gyrus
* 6.28 8 14 52 6/32 Rt. medial frontal gyrus/anterior cingulate gyrus
<0.001 1596 5.42 54 10 8 44 Rt. inferior frontal gyrus
* 4.51 32 18 8 Rt. anterior insula
* 4.38 48 38 8 10/46 Rt. inferior/middle formal gyrus
683 5.46 -32 18 8 Lt. anterior insula
* 4.33 -54 8 10 44 Lt. inferior frontal gyrus
640 4.94 50 -32 40 40 Rt. inferior parietal lobe
* 4.29 44 -42 58 7 Rt. superior parietal lobe
36 °C
<0.001 9907 Inf 6 20 48 6/32 Rt. medial frontal gyrus/anterior cingulate gyrus
* 7.63 -4 8 54 6/32 Lt. medial frontal gyrus/anterior cingulate gyrus
* 7.62 34 22 4 Rt. anterior insula
7.22 50 10 22 44 Rt. inferior frontal gyrus
* 6.11 42 2 40 6 Rt. precentral gyrus
* 5.92 62 -18 24 43 Rt. postcentral gyrus
* 5.87 40 -46 48 40 Rt. inferior parietal lobe
* 4.51 46 42 8 10/46 Rt. inferior/middle formal gyrus
<0.001 2646 Inf -32 16 8 Lt. anterior insula
* 5.07 -48 6 26 44 Lt. inferior frontal gyrus
* 3.56 -44 42 8 10/46 Lt. inferior/middle formal gyrus
<0.001 1332 6.15 -34 -52 44 40 Lt. inferior parietal lobe
40°
<0.001 6786 6.97 60 -16 16 43 Rt. postcentral gyrus
* 6.66 34 20 6 Rt. anterior insula
* 6.26 52 14 18 44 Rt. inferior frontal gyrus
* 5.75 52 -32 46 40 Rt. inferior parietal lobe
* 4.74 44 44 8 10/46 Rt. inferior/middle formal gyrus
<0.001 3205 7.38 -32 16 8 Lt. anterior insula
* 5.56 -54 8 10 44 Lt. inferior frontal gyrus
* 4.26 -60 -20 18 43 Lt. postcentral gyrus
<0.001 2281 7.04 6 20 48 6/32 Rt. medial frontal gyrus/anterior cingulate gyrus
* 4.14 -6 24 34 6/32 Lt. medial frontal gyrus/anterior cingulate gyrus
<0.001 665 5.36 -48 -32 44 40 Lt. inferior parietal lobe
The no-evaluation task
22°C
<0.001 3394 7.11 -36 14 6 Lt. insula
* 5.00 -50 14 -4 44 Lt. inferior frontal gyrus
* 4.58 -42 46 10 10/46 Lt. inferior/middle formal gyrus
<0.001 2698 5.91 4 20 50 6/32 Rt. medial frontal gyrus/anterior cingulate gyrus
* 5.19 -2 24 36 6/32 Lt. medial frontal gyrus/anterior cingulate gyrus
<0.001 2200 6.28 44 -4 0 Rt. posterior insula
* 5.92 36 16 4 Rt. anterior insula
4.79 56 14 4 44 Rt. inferior frontal gyrus
<0.001 892 4.76 -54 -40 40 40 Lt. inferior parietal lobe
<0.001 852 4.85 56 -24 18 43 Rt. postcentral gyrus
* 4.32 54 -30 38 40 Rt. inferior parietal lobe
0.041 235 3.74 36 46 24 10/46 Rt. inferior/middle formal gyrus
27 °C
<0.001 2181 6.46 -2 6 54 6/32 Lt. medial frontal gyrus/anterior cingulate gyrus
* 5.56 2 16 44 6/32 Rt. medial frontal gyrus/anterior cingulate gyrus
<0.001 2095 5.74 50 6 2 44 Rt. inferior frontal gyrus
* 5.17 32 22 10 Rt. anterior insula

(continued on next page)
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Table 1 (continued)

IBRO Neuroscience Reports 13 (2022) 274-283

FWE-corrected Cluster size Z-value X y z BA Brain area
p-value (voxels) (peak-level) (mm) (mm) (mm)
(cluster-level)
* 4.69 62 -28 20 43 Rt. postcentral gyrus
<0.001 826 5.84 -34 14 8 Lt. anterior insula
* 5.45 -56 8 4 44 Lt. inferior frontal gyrus
0.004 410 4.64 -32 52 22 10 Lt. middle frontal gyrus
36 °C
<0.001 3823 7.25 -38 14 6 Lt. anterior insula
* 6.48 -48 14 0 44 Lt. inferior frontal gyrus
* 5.56 -38 30 26 9/46 Lt. middle frontal gyrus
<0.001 2985 6.25 0 20 48 6/32 medial frontal gyrus/anterior cingulate gyrus
<0.001 1461 4.79 56 14 6 44 Rt. inferior frontal gyrus
* 4.54 38 22 6 Rt. anterior insula
0.004 404 4.91 -56 -42 42 40 Lt. inferior parietal lobe
0.033 250 4.67 32 -66 -34 Rt. cerebellum
40°C
0.001 553 4.33 -2 22 44 6/32 Lt. medial frontal gyrus/anterior cingulate gyrus
0.003 426 4.97 -14 -70 50 7 Lt. superior parietal lobe
0.009 347 4.58 -34 -54 46 40 Lt. inferior parietal lobe

Coordinates (%, y, z) are of the voxel of local maximal significance in each brain region, according to the Montreal Neurological Institute (MNI) template. Brain areas
were identified based on the stereotaxic coordinate system of Talairach and Tournoux (1988). Voxel dimension = 2 x 2 x 2 mm. *, a peak was included in a large
cluster. BA, Brodmann Area; FWE, family-wise error; Lt., left brain hemisphere; Rt., right brain hemisphere.

4.1. Psychological assessment

Psychological assessment has been conducted in many previous
studies of thermal perception. For example, the thermal sensation of
local heat or cold (i.e., discriminative component) is initially determined
by the skin temperature, without the influence of the core body tem-
perature or environmental conditions (i.e., hot or cold) (Attia, 1984;
Cabanac, 1971; Chatonnet and Cabanac, 1965; Kuno, 1987; Mower,
1976; Nakamura et al., 2008, 2013). Similarly, in the present study we
conducted the evaluation task using VAS while the four thermal stim-
ulations were administered to the participants’ left forearms. In the
evaluation task, the ratings significantly differed among the 22 °C,
27 °C, 36 °C, and 40 °C conditions. However, in the no-evaluation task,
no significant differences were observed among the different conditions.
These results indicated that the participants could adequately classify

(A) Evaluation task
22de

the thermal sensation in the evaluation task, while they randomly
selected the VAS ratings in the no-evaluation task. These psychological
data supported the differences in fMRI findings between the evaluation
and no-evaluation tasks.

4.2. Differences in brain activities between the evaluation and no-
evaluation tasks

We found stronger brain activation in the right fronto-parietal and
anterior insula regions during thermal stimulation with than without the
task (Table 3 and Fig. 4). These activations may be related to a key
component of the right-lateralized ventral attention network that in-
cludes structures such as the inferior frontal gyrus and posterior parietal
cortex (Corbetta et al., 2008; Kucyi et al., 2012; Ptak, 2012). Anatomi-
cally, a diffusion-weighted MRI study has shown a larger fronto-parietal

Fig. 3. Brain regions activated under the four thermal stimulation conditions (i.e., 22 °C, 27 °C, 36 °C, and 40 °C) as rendered on the medial and lateral surfaces of
the brain for the (A) evaluation task and(B) no-evaluation task. The statistical threshold was set to uncorrected p < 0.001 at the voxel level and to FWE-corrected
p < 0.05 for multiple cluster-level comparisons. Lt indicates the left side of the brain.
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Table 2

Shared brain regions in the evaluation and no-evaluation tasks.
FWE-corrected Cluster size Z-value X y z BA Brain area
p-value (voxels) (peak-level) (mm) (mm) (mm)

(cluster-level)

<0.001 4450 6.89 56 12 2 44 Rt. inferior frontal gyrus
* 6.67 36 20 8 Rt. anterior insula
5.46 64 -18 14 43 Rt. postcentral gyrus
5.04 52 -36 44 40 Rt. inferior parietal lobe
<0.001 4155 Inf -38 14 6 Lt. anterior insula
* 7.29 -48 12 0 44 Lt. inferior frontal gyrus
* 5.03 -34 54 10 10/46 Lt. inferior/middle formal gyrus
<0.001 3510 Inf 0 20 48 6/32 Medial frontal gyrus/anterior cingulate gyrus
4.24 28 4 50 6 Rt. precentral gyrus
<0.001 1124 6.39 -34 -52 44 7 Lt. superior parietal lobe
* 5.68 -48 -40 38 40 Lt. inferior parietal lobe

Coordinates (%, y, z) are of the voxel of local maximal significance in each brain region, according to the Montreal Neurological Institute (MNI) template. Brain areas
were identified based on the stereotaxic coordinate system of Talairach and Tournoux (1988). Voxel dimension = 2 x 2x2 mm. *, a peak was included in a large
cluster. BA, Brodmann Area; FWE, family-wise error; Lt., left brain hemisphere; Rt., right brain hemisphere.

(A) Evaluation task (B) NoEvaluation task
[22 + 27 + 36 + 40deg] [22 + 27 + 36 + 40deg]

Z=+25 Z=+50 Z=0 Z2=+25 Z=+50

(C) Evaluation N NoEvaluation (D) Evaluation > NoEvaluation
[22 + 27 + 36 + 40deqg] [22 + 27 + 36 + 40deqg]

Fig. 4. Brain regions activated across the four thermal stimulation conditions as rendered on the medial and lateral surfaces of the brain and superimposed onto axial
sections (Z = 0, 25 and 50 mm) of an SPM standard brain for the (A) evaluation task and (B) no-evaluation task. (C) Shared activated brain regions across the two
tasks and (D) more activated regions for the evaluation task compared to the no-evaluation task as rendered on the medial and lateral surfaces of the brain and
superimposed onto axial sections (Z = 0, 25 and 50 mm) of an SPM standard brain. The statistical threshold was set to uncorrected p < 0.001 at the voxel level and
FWE-corrected p < 0.05 for multiple comparisons for (A), (B), and (C). The statistical threshold was set to uncorrected p < 0.005 at the voxel level and FWE-
corrected p < 0.05 for multiple cluster-level comparisons for (D).
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Table 3
Brain regions more activated in the evaluation task compared to the no-
evaluation task.

FWE- Cluster Z- X y z BA Brain area

corrected size value (mm) (mm) (mm)

p-value (voxels) (peak-

(cluster- level)

level)

0.001 1083 3.93 32 18 -2 Rt.
anterior
insula

3.75 42 34 22 10/ Rt
46 inferior/
middle
frontal
gyrus
* 3.45 52 12 18 44 Rt. inferior
frontal
gyrus

0.002 1006 4.17 42 -40 56 7 Rt.
superior
parietal
lobet

The statistical threshold was set to uncorrected p < 0.005 at the voxel level and
family-wise error (FWE)-corrected p < 0.05 for multiple cluster-level compari-
sons. f, a significantly activated region at uncorrected p < 0.001 at the voxel
level and FWE-corrected p < 0.05 for multiple cluster-level comparisons.

network in the right than in the left hemisphere, and a significant cor-
relation between the degree of anatomical lateralization and the asym-
metry of performance on visuospatial tasks (Thiebaut de Schotten et al.,
2011). Further, some previous studies have reported right-lateralized
processing for pain stimulation, regardless of the side of stimulation
(Coghill et al., 2001; Symonds et al., 2006).

However, in previous neuroimaging studies, the participants evalu-
ated thermal perception through psychophysical rating tools such as
VAS and pleasantness/unpleasantness ratings, and fMRI data were
recorded while the thermal stimulation was administered. These find-
ings may suggest that the activated neural networks were influenced by
attention to the thermal stimulus. Indeed, several studies have reported
that the right-lateralized regions involved in thermal stimulation
include the middle frontal gyrus, anterior cingulate, inferior frontal
gyrus, medial/superior frontal gyri, and inferior parietal lobule (Coghill
et al., 2002; Symonds et al., 2006). This is consistent with our findings
for the stimulus with the evaluation task (Table 3 and Fig. 4).
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Additionally, the reduced brain activation during the 40 °C stimulus
with the no-evaluation task may have reflected the difference in atten-
tion levels between temperatures (i.e., the cold stimulus induces greater
attention than the warm stimulus, even when the evaluation task was
not conducted). Since we only observed right-lateralized processing in
the thermal stimuli with the evaluation task, we propose that the find-
ings in previous neuroimaging studies that indicated right-lateralized
processing reflected the influence of the evaluation process rather
than the thermal (pain) stimulation per se. This notion might be sup-
ported by Bingel et al. (2003). They recorded fMRI during pain laser
stimulation to the left or right hand and did not request participants to
rate the perceived pain intensity. They reported no hemispheric later-
alization, irrespective of the stimulated hand.

We also found greater activation in the anterior insula during ther-
mal stimulus with the evaluation task. The anterior insular exhibits
functional properties that are not limited to pain and emotional pro-
cessing but also encompass various cognitive processes such as attention
(Corbetta et al., 2008), saliency (Menon and Uddin, 2010), human body
scheme representation (Karnath and Baier, 2010), social interactions
expressed by gaze (Ethofer et al., 2011), and social empathy (for
meta-analyses, see Kurth et al., 2010). The anterior insula is also
involved in the ventral attention network, and a rightward asymmetry in
connectivity strength between the posterior parietal cortex and insula
was reported (Kucyi et al., 2012). Based on these findings, since the
anterior insular plays an important integrative role in human cognitive
function, it is not surprising that the anterior insula showed greater
activity during the thermal stimulus with the evaluation task in this
study.

Our previous study using fMRI also showed the activation of brain
regions during the evaluation of thermal sensation, which was con-
ducted after thermal stimulation (Aizawa et al., 2019). This study
identified more activated brain regions during the thermal stimuli with
the evaluation task than that with no-evaluation task. Therefore, this is
the first study to show that the attention to thermal stimulus induces
greater and broader activation of the brain regions involved in thermal
sensation.

4.3. Shared regions activated during the evaluation and no-evaluation
tasks

In the four trials with the evaluation task (i.e., 22 °C, 27 °C, 36 °C,
and 40 °C), the neural networks involved the medial prefrontal cortex/
anterior cingulate gyrus, inferior frontal gyrus, bilateral insula, and

Table 4
Difference in brain region activity among the different local thermal stimuli.
FWE-corrected Cluster size Z-value X y z BA Brain area
p-value (voxels) (peak-level) (mm) (mm) (mm)
(cluster-level)
No-evaluation task
22 °C > 40 °C with an inclusive mask of 22 °C (uncorrected p < 0.001 at the voxel level)
0.002 476 4.19 40 12 6 Rt. anterior insula
No-evaluation task
36 °C > 40 °C with an inclusive mask of 36 °C (uncorrected p < 0.001 at the voxel level)
0.023 277 3.94 4 12 60 8 Rt. medial frontal gyrus
0.047 225 4.37 -42 16 8 44/45 Lt. inferior frontal gyrus
40°C
Evaluation task > No-evaluation task with an inclusive mask of Evaluation task (uncorrected p < 0.001 at the voxel level)
<0.001 969 4.30 38 18 -8 Rt. anterior insula
0.003 448 4.09 54 -16 30 1 Rt. postcentral gyrus
4.00 60 -12 14 43 Rt. postcentral gyrus
* 3.71 42 -36 48 40 Rt. inferior parietal lobe

Coordinates (%, y, z) are of the voxel of local maximal significance in each brain region, according to the Montreal Neurological Institute (MNI) template. Brain areas

were identified based on the stereotaxic coordinate system of Talairach and Tournoux (1988). Voxel dimension = 2x2 x 2 mm. *

, a peak was included in a large

cluster. BA, Brodmann Area; FWE, family-wise error; Lt., left brain hemisphere; Rt., right brain hemisphere.
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posterior parietal cortex (superior and inferior parietal lobules). Similar
brain regions were activated in trials with no- evaluation task. There-
fore, these regions may reflect the basic neural mechanism involved in
thermal sensation. The activated brain regions identified in the present
study mostly coincide with those in previous reports (Becerra et al.,
1999; Casey et al., 1996; Craig et al., 2000; Hua et al., 2005).

An interesting point was that the neural networks were independent
of the degree of thermal temperature delivered to the left forearm. This
indicates that even if the participants perceived a cold or hot sensation
from the thermal stimulation, the basic neural activities were almost the
same. Another possibility is that fMRI recording cannot dissociate the
neural activities between cold and hot stimuli. In our previous fMRI
study (Aizawa et al., 2019), we applied a local thermal stimulus of either
41.5°C or 18.0 °C to the left forearm during a whole-body thermal
stimulus of 47.0 °C, 32.0 °C, or 17.0 °C. Local thermal stimulation
activated specific brain regions such as the anterior cingulate cortex,
insula, and inferior parietal lobe, irrespective of the temperature of the
local and whole-body stimuli. However, no specific activation corre-
sponding to hot or cold sensations was observed, indicating the current
limitation in fMRI research on thermal sensation.

4.4. Different brain activities between temperatures of the thermal stimuli

Despite the similar brain activity during the four different thermal
stimuli with the evaluation task, we found decreased brain activations
during the 40 °C stimulus compared to both the 22 °C and the 36 °C
stimuli in the no-evaluation task (Table 4). These regions include the
right anterior insula, left inferior frontal gyrus, and dorsal medial pre-
frontal cortex, which overlapped with the brain regions commonly
activated for the four different thermal stimuli. We speculate that the
cold stimulus automatically induced greater attention than the hot
stimulus when an explicit evaluation was not required. However, the
evaluation task may have strongly activated the attention neural net-
works in the same manner among the four thermal stimuli, decreasing
the specific influence of the stimulating temperature. Still, more elabo-
rative research is needed to verify this speculation.

4.5. Limitations of the present study

In the present study, we applied local hot, warm, cool, or cold stimuli
to the left forearm and instructed the participants to evaluate or not to
evaluate the thermal sensation. To the best of our knowledge, no pre-
vious neuroimaging studies on the thermal sensation have examined the
difference in body sides between the left and right forearms (hand), even
though many pain studies have reported hemispheric lateralization on
the pain matrix (Bingel et al., 2003; Coghill et al., 2001; Schlereth et al.,
2003; Symonds et al., 2006; Youell et al., 2004). Further studies are
needed to clarify this issue.

5. Conclusion

The present study compared the neural networks during thermal
stimulus where the participants evaluated or did not evaluate the ther-
mal sensation delivered to the left forearm. We clarified that thermal
stimulation activated the medial prefrontal cortex/anterior cingulate
gyrus, inferior frontal gyrus, bilateral insula, and posterior parietal
cortex, irrespective of the temperature of thermal stimulus, whether or
not the explicit evaluation process was required. Furthermore, the
evaluation task involved stronger and broader brain activation in the
regions. The regions included the right fronto-parietal and anterior
insula regions, which may be involved in a right-lateralized attention
network mechanism. Such a response may enhance our thermal
perception, such as discriminating the temperature of materials and/or
living environment.
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