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Abstract: Emotional perception can be shaped by inferences about bodily states. Here, we inves-
tigated whether exteroceptive inferences about bodily sensations in the chest area influence the
perception of fearful faces. Twenty-two participants received pseudo-electrical acupuncture stim-
ulation at three different acupoints: CV17 (chest), CV23 (chin), and PC6 (left forearm). All stimuli
were delivered with corresponding visual cues, and the control condition included visual cues that
did not match the stimulated body sites. After the stimulation, the participants were shown images
with one of five morphed facial expressions, ranging from 100% fear to 100% disgust, and asked to
classify them as fearful or disgusted. Brain activity was measured using functional magnetic reso-
nance imaging during the facial expression classification task. When the participants expected that
they would receive stimulation of the chest (CV17), the ratio of fearful to non-fearful classifications
decreased compared to the control condition, and brain activities within the periaqueductal gray
and the default mode network decreased when they viewed fearful faces. Our findings suggest that
bodily sensations around the chest, but not the other tested body parts, were selectively associated
with fear perception and that altering external inferences inhibited the perception of fearful faces.

Keywords: acupuncture; attention; fear; fMRI; default mode network; predictive coding

1. Introduction

Interoceptive signals are transmitted through various visceral substrates, including
those in the cardiac, gustatory, and inflammatory systems [1-8]. Interoception, which
refers to the processing of internal signals reflecting the state of the body, is involved
in affective processing. Specifically, emotions can be shaped by internal bodily states as
communicated via interoceptive signals [9-11]. For example, the sensitivity of cardiac
interoception, measured according to the accuracy of performance in the heartbeat de-
tection task, has been related not only to the intensity of emotional feelings [12-14] but
also to pathological conditions such as borderline personality disorder [15]. Recently, the
associations between cardiac signals and fear/threat processing have gained increasing
attention from researchers. Previous reports have demonstrated that the phasic signal of
the arterial baroreceptor selectively enhances the emotional impact of fearful stimuli [1,16].
Further, participants rated fearful facial expressions as significantly more intense when the
faces were presented at the systolic versus diastolic phase, indicating that cardiac timing
modulates the subjective perception of fear [17]. In addition to visceral signals uncon-
sciously transmitted from the brainstem [18,19], consciously accessible feelings associated
with integrated visceral states can contribute to emotional processing [20,21]. For instance,
investigations of somatotopic patterns of bodily sensations elicited by emotional stimuli
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indicated that sensations felt around the heart region were consistently associated with
fear [22-24]. The spatial distribution of bodily sensation reflected the specific physiological
state of each emotion [24]. Using a bodily sensation map, we found that somatotopic
patterns of bodily sensation were associated with the degree of interoceptive accuracy [23].
Our previous study showed that perceptual processing of fearful faces was facilitated
by enhanced interoceptive sensations elicited by a bodily imagery task associated with
fear [25].

Current evidence suggests that cardiac interoception is delivered via two major path-
ways [18,26]. One is the transmission of baroreceptor signals through the vagal nerve,
and the other is skin afferent projections that deliver indirect movement around the heart.
Although these pathways are known to independently deliver cardiac interoception [26],
inconsistent signals between the two pathways may diminish the brain’s response to car-
diac signals [18]. Many recent studies have investigated the antagonistic link between
exteroceptive and interoceptive awareness of the body [27-30]. As a result, it has been
proposed that the interactions between interoceptive and exteroceptive signals play a role
in emotional responses [31]. Additionally, when the cause of a sensory expectation is
changed from an internal state to external stimuli, the facilitation of fearful face perception
is transformed to inhibition. The concept of “predictive coding” is useful in the context
of interoception as a way to generalize the influence of bodily sensations on affective
perception [31,32]. Such inferences can determine the responses that best fit the predictive
models developed to understand the hidden causes of sensory signals [33,34]. Our previous
study demonstrated that pseudo-electrical acupuncture stimulation efficiently induced
perceived sensation around the desired body area in the absence of actual stimulation
and implicated the salience network in a predictive role, monitoring internal and external
bodily states during inferences regarding somatosensation [35]. In the present study, we
induce prior expectations regarding external bodily sensations in the participant group,
and the bodily sensations can be caused by an external stimulus (i.e., pseudo-electrical
acupuncture stimulation). Based on these findings, we expect that there might exist an
inhibition relationship between exteroceptive and interoceptive awareness of the body.

The aims of the present study were to investigate whether expectation regarding
exteroceptive somatosensation during pseudo-electrical acupuncture stimulation could
influence emotional processing and to determine the brain regions involved in this process
using functional magnetic resonance imaging (fMRI). We hypothesized that exteroceptive
inferences regarding bodily sensations at a peripheral area around the heart could inhibit
interoceptive fear processing, while the exteroceptive context of other regions might limit
this effect. More specifically, we expected that pseudo-electrical acupuncture stimulation
could inhibit perceptual processing of fearful faces since the participants expected the
somatosensation to be applied to the chest, which disturbs cardiac interoception.

2. Methods
2.1. Participants

We used advertisements targeted at students of Kyung Hee University and Korea
University to recruit a total of 22 healthy volunteers (8 women, age = 23.7 & 3.3). None of
the participants had a history of neurological, psychiatric, or other major medical problems,
and no participants used medications at the time of the study. The participants were
instructed not to drink alcohol or caffeine and not to take any medications on the day before
the study. All participants received a detailed explanation of the experimental procedure
and provided written informed consent. This experiment was conducted in accordance
with the Declaration of Helsinki, and the protocol was approved by the Institutional Review
Board of Korea University (KU-IRB-15-108-A-1).

2.2. Pseudo-Electrical Acupuncture Stimulation

We used pseudo-electrical acupuncture stimulation to induce the expectation of so-
matosensation. We conducted figurative visualization to imply the delivery of electrical
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stimulation, although no actual stimulation was applied (pseudo-stimulation). The partici-
pants were encouraged to believe that they were receiving a somatosensory stimulation.
They were given the following information: “This study is assessing the newly developed
Transdermal Micro-electric Current Stimulation Device, which is an advanced form of
electro-acupuncture stimulation”. The participants were also told that they would receive
a very weak electric current through the attached electrodes, and that the delivery of the
stimulation would be accompanied by a visual cue [35].

We used acupoints on three different body parts, CV17 (chest), CV23 (chin), and the
left PC6 (forearm), for pseudo-electrical acupuncture stimulation. According to the bodily
sensation map, CV17 is located in the body region that is most strongly related to fear,
while CV23 is located in the body region that is most strongly related to disgust [23]. CV17
acupoint, located at the middle of the chest, has been well-known to relieve psychological
problems and autonomic dysfunctions [36,37]. Although stimulation at the other acupoint,
PC6, is prescribed for relief of emotional stress [38—-40], this site is not located on the
emotion-specific bodily sensation map [23]. The study was conducted during fMRI. Before
they entered the fMRI scanner, we attached sticker-type electrodes designed with a carbon-
filled plastic snap (ClearScan; Vermed, Inc., Rockingham, VT, USA) to three different
acupoints on the participants, CV17, CV23, and the left PC6, without any invasive processes.
The order of stimulations was counterbalanced.

The participant viewed the visual cues on a screen reflected on a mirror located inside
the scanner. The screen showed a dot flickering on the stimulated body site on a human
body template. In the control condition, the flickering dot was shown outside of the body
template. The flickering dot on the human body template informed the participant regard-
ing the timing of the pseudo-stimulation. The detailed pseudo-stimulation procedures
were described in our previous study [35].

We performed the two studies on the same day. In session 1, we investigated the
psychophysical and psychophysiological responses to the cognitive component of electrical
stimulation using fMRI. Results showed that expected electrical stimulation on the same
areas without actual stimulation produced greater deqi sensation compared to the control
condition, and cognitive components of cutaneous electrical stimulation resulted in greater
brain activations in the salience networks, including the insula and pre-supplementary
motor area [35]. Deqi sensation is one of the therapeutic sensations during mind-body
interventions, including acupuncture [41]. The main manifestation of deqi sensation
includes a combination of various sensations, including heaviness, numbness, soreness,
distension, and spreading sensations, separating from the acute pain at the site of the
needling [42]. In session 2, we conducted this study, investigated whether enhanced
expectation of external somatosensation on the chest could influence emotional processing,
and determined the brain regions involved in this process. In session 1, all pseudo-electrical
stimulation without actual stimulation produced greater deqi sensation compared to the
control condition (CV17: 11.8 + 3.5, CV23: 9.7 4+ 3.5, PC6: 8.2 + 2.4, control condition:
3.1 £ 1.2) [35]. Since we found the distinct psychophysical and brain responses to pseudo-
electrical stimulation in session 1, we strongly believe that the subjects were successfully
made to believe that stimulation would be delivered.

2.3. Emotional Face Stimuli and Emotion Judgment Task

After pseudo-electrical acupuncture stimulation, the participants conducted an emo-
tion judgment task while still inside the fMRI scanner. There were eight blocks with twelve
trials each, comprising two blocks for each condition (stimulation on CV17, CV23, PC6,
and the control site). Brain scanning took place after the participants had completed the
first four blocks. In a two-alternative forced-choice task, the participants were instructed
to classify emotional faces as either fearful or disgusted. The methods were described
in part in our previous study [25]. The pseudo-electrical acupuncture stimulation was
presented for six seconds after visual fixation on a cross on the center of the screen. Af-
ter pseudo-electrical acupuncture stimulation, a fixation cross was displayed during an
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inter-stimulus interval ranging from 800 to 3200 ms (average 2000 ms). This was followed
by a 2 s presentation of a face image, which was pseudo-randomly selected from five
emotional facial expression stimuli (100% fear, 50% fear, neutral, 50% disgust, and 100%
disgust). The images of emotional facial expressions were made from 24 pictures of eight
individuals: four each of men with fearful, neutral, and disgusted faces and four each of
women with fearful, neutral, and disgusted faces from the Karolinska Directed Emotional
Faces database (http:/ /www.emotionlab.se/resources/kdef (accessed on 3 June 2015)).
Following a second inter-stimulus interval showing the fixation cross, participants were
asked to classify the presented face as fearful or disgusted within 4 s (Figure 1).

100% 50% 50% 100%
Disgust Disgust Neutral Fear Fear

Emotional judgment task

ISI (25)

ar Task (2s)

. ISI (2s)

Choice (4s)

Fear Disgust

PC6 control 96 trials

Figure 1. Experimental procedure during fMRI. Inside the fMRI scanner, pseudo-electrical acupuncture stimulation was

delivered after visual fixation of a cross on a screen, and then the participants completed an emotion judgment task. The

participants were informed that electrical acupuncture stimulation would be applied to three body parts, CV17 (chest),

CV23 (chin), and PC6 (left forearm), and that no stimulation would be delivered in the control condition. All stimuli were

delivered with corresponding visual information. Specifically, a dot was shown flashing on the screen on a model of the

stimulation sites on the human body. In the control condition, the dot was shown flashing outside of the body model. After

pseudo-electrical acupuncture stimulation, a face with one of five emotional facial expressions (100% fear, 50% fear, neutral,

50% disgust, 100% disgust) appeared for 2 s. A labeled button box was then shown on the screen, which corresponded

with a real button box, and the participants were asked to complete an emotion judgment task. In this two-alternative

forced-choice task, the participants were given 4 s to press a button to indicate whether they felt the facial expression was

fearful or disgusted.

2.4. Behavioral Analysis

The recognition ratio to fearful face during emotion judgment task was compared
among four different conditions. The value was extracted from the differences in the
recognition ratio to fearful face between the three pseudo-electrical stimulation conditions
and the control condition. The statistical tests for the behavioral data were conducted using
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R 3.4.0 (http:/ /cran.r-project.org (accessed on 13 May 2017)). The significance level was set
to p < 0.05 and the p values were corrected with false discover rate.

2.5. fMRI Acquisition and Analysis

fMRI scans were completed using a 3-Tesla scanner (Siemens, Erlangen, Germany)
with a three-axis gradient head coil. Blood oxygen level-dependent fMRI of the whole
brain was obtained using a T2*-weighted gradient echo planar imaging (EPI) sequence
with acquisition of 37 axial slices (TR = 2000 ms, TE = 30 ms, flip angle = 90°, field of view
=240 x 240 mm?, voxel size = 3.8 x 3.8 x 4.0 mm?). As an anatomical reference, a T1-
weighted rapid gradient echo image dataset was generated using the following parameters:
TR =2000 ms, TE = 2.37 ms, flip angle = 9°, field of view =240 x 240 mm?, voxel size =
0.9 x 0.9 x 1.0 mm?, and 192 slices. Stimulus presentation and response logging were
performed using the PsychToolbox program in Matlab (MathWorks, Natick, MA, USA).

Preprocessing of the fMRI data was conducted using the Analysis of Functional
Neurolmages (AFNI) software package [43]. The EPI data were corrected for slice time
differences, realigned for motion correction, concatenated and transformed to a common
space using the Talairach template [44], registered to the volume with the minimum outlier
fraction, smoothed using a 6-mm full-width-at-half-maximum (FWHM) Gaussian filter,
resampled to 3-mm isotropic resolution, and scaled to have mean of 100 for each voxel.
The model was estimated by applying individual movement regressors.

We used a multiple linear regression with a gamma variate hemodynamic response
function to analyze the fMRI data at the individual subject level. The regressors of interest
modeled the fMRI signal response to the faces in the four conditions. The regressors were
fitted to the scan time courses using the AFNI program 3dDeconvolve [36]. We examined
the differences in the neural responses to the emotional faces among the different conditions.
Contrast images were generated for each participant. To identify the brain responses elicited
by fearful faces when expecting somatosensory stimulation at a fear-related region (CV17),
we carried out a group-level analysis of brain responses observed during the pseudo-
stimulation of CV17 (CV17 condition) versus that in the control condition. Similarly, brain
responses elicited by fearful faces in other two conditions (CV23 and PC6) were compared
to those in control condition. Cluster threshold corrections were applied using Monte Carlo
simulations, and the results were evaluated using a family-wise error (FWE)-corrected
significance threshold of p < 0.05 [45]. We used a modified version of the 3dFWHMXx
software with an auto-correlation function to extract the actual smoothness of the data
for each participant. The 3dClustSim program was used with an uncorrected threshold of
p < 0.005 for the volume correction simulations.

3. Results
3.1. Behavioral Responses to the Emotion Judgment Task

We contrasted the group-level findings from the emotion versus control condition,
as shown in Figure 2. The control-contrasted average of the classification ratio of fearful
faces was —5.2 & 1.9% for CV17, —0.15 £ 2.7% for CV23, and —0.78 £ 2.6% for PC6. A
paired t-test revealed a significantly lower classification ratio for fearful faces in the CV17
condition only (f = 3.104, p = 0.018; false discovery rate (FDR) corrected), which indicates
that the percentage of facial expressions perceived by the participants as fearful was lower
in the CV17 condition than in the control condition. This effect was not found under the
other stimulation conditions.
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Figure 2. Proportion of faces classified as fearful compared with the control condition. We compared
the proportion of faces classified as fearful in the three experimental conditions with that in the
control condition. Only the CV17 (chest) condition elicited a significantly smaller ratio of fearful face
classifications compared to the control condition. * p < 0.05.

3.2. Brain Responses to Fearful Faces When Expecting Somatosensory Stimulation at CV17

Compared to the control condition, fearful faces elicited significantly decreased brain
activity in the CV17 condition in the bilateral periaqueductal grey (PAG) and precuneus
and middle temporal gyrus (MTG) (p < 0.05, FWE corrected). Compared to the control
condition, fearful faces elicited significantly increased brain activity in the CV17 condition
in the right cuneus, fusiform gyrus, and subgenual anterior cingulate cortex (sgACC)
(p < 0.05, FWE corrected) (Table 1 and Figure 3). When we compared the brain responses
to fearful faces in the other two conditions (CV23 and PC6) to the control condition, there
were no significant results.

Table 1. Brain response to fearful faces when expecting somatosensory stimulation of the chest (CV17) compared to the

control condition.

Coordinates of Peak Voxel in Talairach Space (RAI)

Activation Location Z Score Voxels
X Y V4
Precuneus Left —5.10 26 28.5 67.5 35.5
Periaqueductal Right _5.09 20 45 285 65
grey /Left
Decreased Precuneus Right ~4.93 17 —45 735 385
activation
Precuneus Left —5.72 16 15 61.5 41.5
Middle
temporal Left —5.16 14 40.5 13.5 —15.5
gyrus
Cuneus Right 5.57 18 -13.5 85.5 23.5
Fusiform Right 449 16 -255 67.5 ~125
Increased gyrus
activation Subgenual
anterior Right 45 10 45 ~135 95
cingulate

cortex
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Figure 3. Brain responses to fearful faces in the CV17 versus control condition. The contrast between the CV17 condition

and the control condition revealed that the brain activity elicited by viewing fearful faces changed under the condition

of expecting somatosensory stimulation of the chest. When the participants viewed fearful faces in the CV17 condition,

we observed significantly increased brain activity in the right cuneus, fusiform gyrus, and subgenual anterior cingulate

cortex (sgACC), and significantly decreased brain activity in the bilateral periaqueductal gray (PAG) and precuneus and left
middle temporal gyrus (MTG) (p < 0.05, FWE corrected) compared to the control condition.

4. Discussion

Our data indicate that neural activity and behavioral emotional perception of faces,
especially fearful faces, are influenced by the expectation of somatosensory stimulation of
the chest but not other body parts. Participants were less likely to classify an emotional
face as fearful after pseudo-electrical acupuncture stimulation on CV17 (chest) compared
to stimulation at a control site. However, pseudo-stimulation of other body areas (chin
and left forearm) did not lead to a behavioral change. Brain activity elicited by fearful
faces, notably in the PAG and the default mode network, decreased in the CV17 condition
compared to the control condition. We observed increased activity in response to fearful
faces in the sgACC, cuneus, and fusiform gyrus.

These findings provide novel insight into the bidirectional action of interoceptive and
exteroceptive body awareness on emotional processing. Particularly, our data indicate
that fear perception was inhibited when participants were expecting a somatosensory
stimulation (external sham stimulus) applied to the chest. However, this observation is
in contrast with the previous finding that interoceptive inference around the chest area
facilitated fear perception. In the previous study, interoceptive inferences regarding con-
gruent bodily sensation patterns (an emphasis on sensations around the chest) enhanced
the behavioral recognition of fearful faces and neural responses elicited by fearful faces [25].
This involvement of bodily sensations around the chest in the perception of fearful faces
supported previous studies on the pivotal role of cardiac interoception in fear process-
ing [1,16]. Specifically, the phasic signal of arterial baroreceptors at each cardiac systole
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facilitated the detection of fearful faces and enhanced the perceived emotional intensity of
such faces [1]. Tsakiris and colleagues [30] tested the plasticity of body awareness using
the rubber hand illusion, in which participants were encouraged to experience an artificial
hand as their own via visual and tactile stimuli synchronously applied to the artificial and
real hands. They reported that stronger body awareness for the fake hand was formed
by weaker interoceptive sensitivity, suggesting that exteroceptive representation of the
body may dominate interoceptive representation [30]. This negative correlation was also
observed in a developmental study [28] and in a study with different manipulations of inte-
roceptive processing [27,29]. This antagonistic relationship is intensified in individuals with
pathological conditions that enhance their vulnerability to illusive somatosensation. For
instance, a recent study investigated patients who experienced idiopathic skin sensations
of insect infestation and found that these patients had poor sensitivity to a heartbeat signal
and that they were highly sensitive to the rubber hand illusion [46]. These findings are
consistent with the bidirectional relationship between interoceptive awareness of emotions
and exteroceptive somatosensory signals during perceptual processing of fearful faces.

In our study, we found increased brain activities in sgACC, cuneus, and fusiform
gyrus and decreased brain activities in the PAG and middle temporal cortex constituting
the default mode network. It has been well known that the amygdala is the key brain
region in the processing of emotional facial expression [25]. However, we were not able
to find the change of brain activities in the amygdala in the current study. It is assumed
that the emotional modulation by exteroceptive somatosensation induced by pseudo-
electrical acupuncture stimulation might be more associated with a large scale allostatic—
interoceptive system, default mode network, and brainstem visceromotor system rather
than direct modulation of the limbic system. Our behavioral results are consistent with the
neural responses observed for fearful faces under the CV17 (chest) condition compared
with the control, as illustrated by the decreased activity in the PAG. The PAG is involved in
regulating the autonomic substrates that allow behavioral adaptations, such as freezing
and fleeing, which are associated with fear processing [47-49]. The PAG, a midbrain
region involved in defense and emotional coping responses, is an important center for
emotion-related autonomic and motoric processes [50]. The role of the PAG has been
investigated in hyper-arousal and active defensive responses in the presence of fearful
stimuli in individuals with post-traumatic stress disorder (PTSD) [51]. PTSD patients
showed widespread PAG connectivity with regions involved in threat responses and
emotional reactivity [52]. Interoceptive interventions have been used to improve a broad
range of clinical disorders, including mental disorders [53]. Meditation practices can attend
to sensations of the body through focusing on the breath by engagement of brain networks
related with cognitive control and interoception and by disengagement from self-related
thoughts [54,55]. Interoceptive awareness training, such as mindfulness-based intervention
by cultivating attention to bodily sensations, reduced brain activations in the default
mode network associated with mind wandering and self-referential processing [54,55].
Future research should explore distinctions between the neural substrates of interoceptive
and exteroceptive bodily attention processing. Furthermore, we found increased neural
responses in other regions, such as the sgACC, cuneus, and fusiform gyrus. These findings
suggest that a large-scale allostatic-interoceptive system comprising the salience network,
default mode network, and brainstem visceromotor regions, such as the PAG, could
contribute to the modulation of emotional processing, depending on intrinsic and extrinsic
bodily states [56].

Our study had some limitations. First, the neural mechanisms by which inferences
regarding somatosensory stimulation of the chest area inhibit fear perception have yet to
be comprehensively established. Thus, further investigation is required to examine the
involvement of the salience network in somatosensory inferences that influence the part
of the default mode network implicated in emotional processing. When we presented
fearful and disgusted faces as emotional stimuli, fear was the emotion for which emotional
recognition and the associated brain responses were reliably affected by somatosensory
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expectation of the chest. Thus, the selective association between the perception of fear and
the body area around the chest should be investigated. Second, our study is an exploratory
study on how enhanced bodily sensation of the chest regulates the emotional perception of
fearful faces. Manipulations of brain functions, such as transcranial magnetic stimulation,
will be necessary to confirm the brain mechanisms of expectation regarding exteroceptive
somatosensation on emotional processing. Third, future studies are needed to investigate
the associations between various categories of emotional stimuli and somatosensation
induced in additional candidate body areas. Fourth, the number of participants in the
current study was too limited to be interpreted in the general population. Since the low
power of fMRI studies with a small sample size can exhibit exaggerated results, a larger
sample size is necessary to ensure the reproducibility of this study. Finally, we did not
further consider gender differences in our analysis due to the limited number of subjects.
However, numerous studies have shown gender differences in cognitive and affective
processing [57,58]. Thus, it will be interesting to further investigate the gender differences
in emotion modulation in a future study with a larger sample size.

5. Conclusions

To the best of our knowledge, this study is the first to demonstrate that expectations
regarding somatosensation induced by external sham stimuli of the chest area can inhibit
fear perception. Our findings suggest that bodily sensations around the chest, but not
other body parts, are selectively associated with fear perception and that altering external
inferences can inhibit the perception of fearful faces. Moreover, brain activities in the PAG
and the default mode network decreased when the participants viewed fearful faces under
the condition of expecting somatosensory stimulation of the chest. Future research on ma-
nipulations of bodily sensations may integrate interventions for ameliorating pathological
emotional processing.

Author Contributions: W.-M.]., experimental design, data analysis and manuscript preparation; I.-
S.L., data analysis and manuscript preparation; Y.-S.L., data collection; Y.R., manuscript preparation;
H.-J.P., manuscript preparation; Y.C., experimental design and manuscript preparation. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was supported by the National Research Foundation of Korea (NRF) funded
by the Ministry of Science, ICT & Future Planning (No. 2021R1F1A1046705, No. 2020R1A4A1018598)
and the Korea Institute of Oriental Medicine (No. K18181).

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and the protocol was approved by the Institutional Review Board of Korea
University (KU-IRB-15-108-A-1).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.
Data Availability Statement: Data are available on request from the authors.

Conflicts of Interest: The authors declare that no competing interests exist. The funders had no role
in study design, data collection and analysis, decision to publish, or preparation of the manuscript.

1. Bechara, A.; Damasio, H.; Damasio, A.R. Emotion, decision making and the orbitofrontal cortex. Cereb. Cortex. 2000, 10, 295-307.

[CrossRef] [PubMed]

2. Critchley, H.D. Psychophysiology of neural, cognitive and affective integration: fMRI and autonomic indicants. Int. J. Psychophys-
iol. 2009, 73, 88-94. [CrossRef] [PubMed]

3. Critchley, H.D.; Nagai, Y.; Gray, M.A.; Mathias, C.J. Dissecting axes of autonomic control in humans: Insights from neuroimaging.
Auton. Neurosci. 2011, 161, 34-42. [CrossRef] [PubMed]

4. Critchley, H.D.; Wiens, S.; Rotshtein, P; Ohman, V,; Dolan, R.J. Neural systems supporting interoceptive awareness. Nat. Neurosci.
2004, 7, 189-195. [CrossRef] [PubMed]

5. Gray, M.A.; Rylander, K.; Harrison, N.A.; Wallin, B.G.; Critchley, H.D. Following one’s heart: Cardiac rhythms gate central
initiation of sympathetic reflexes. J. Neurosci. 2009, 29, 1817-1825. [CrossRef] [PubMed]


http://doi.org/10.1093/cercor/10.3.295
http://www.ncbi.nlm.nih.gov/pubmed/10731224
http://doi.org/10.1016/j.ijpsycho.2009.01.012
http://www.ncbi.nlm.nih.gov/pubmed/19414044
http://doi.org/10.1016/j.autneu.2010.09.005
http://www.ncbi.nlm.nih.gov/pubmed/20926356
http://doi.org/10.1038/nn1176
http://www.ncbi.nlm.nih.gov/pubmed/14730305
http://doi.org/10.1523/JNEUROSCI.3363-08.2009
http://www.ncbi.nlm.nih.gov/pubmed/19211888

Brain Sci. 2021, 11, 946 10 of 11

10.
11.

12.

13.

14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.

33.
34.

35.

36.

Harrison, N.A.; Brydon, L.; Walker, C.; Gray, M.A; Steptoe, A.; Critchley, H.D. Inflammation causes mood changes through
alterations in subgenual cingulate activity and mesolimbic connectivity. Biol. Psychiatry 2009, 66, 407-414. [CrossRef] [PubMed]
Harrison, N.A.; Brydon, L.; Walker, C.; Gray, M.A; Steptoe, A.; Dolan, R.J.; Critchley, H.D. Neural origins of human sickness in
interoceptive responses to inflammation. Biol. Psychiatry 2009, 66, 415-422. [CrossRef] [PubMed]

Harrison, N.A.; Gray, M.A ; Gianaros, PJ.; Critchley, H.D. The embodiment of emotional feelings in the brain. J. Neurosci. 2010, 30,
12878-12884. [CrossRef] [PubMed]

Critchley, H.D.; Garfinkel, S.N. Interoception and emotion. Curr. Opin. Psychol. 2017, 17, 7-14. [CrossRef]

James, W. The physical basis of emotion. Psychol. Rev. 1994, 101, 205-210. [CrossRef] [PubMed]

Aminoff, EM.; Kveraga, K.; Bar, M. The role of the parahippocampal cortex in cognition. Trends Cogn. Sci. 2013, 17, 379-390.
[CrossRef]

Barrett, L.F; Quigley, K.S.; Bliss-Moreau, E. Interoceptive sensitivity and self-reports of emotional experience. J. Pers. Soc. Psychol.
2004, 87, 684. [CrossRef] [PubMed]

Terasawa, Y.; Moriguchi, Y.; Tochizawa, S.; Umeda, S. Interoceptive sensitivity predicts sensitivity to the emotions of others. Cogn.
Emot. 2014, 28, 1435-1448. [CrossRef] [PubMed]

Wiens, S. Interoception in emotional experience. Curr. Opin. Neurol. 2005, 18, 442-447. [CrossRef] [PubMed]

Muller, L.E; Schulz, A.; Andermann, M. Cortical Representation of Afferent Bodily Signals in Borderline Personality Disorder:
Neural Correlates and Relationship to Emotional Dysregulation. JAMA Psychiatry 2015, 72, 1077-1086. [CrossRef] [PubMed]
Garfinkel, S.N.; Critchley, H.D. Threat and the Body: How the Heart Supports Fear Processing. Trends Cogn. Sci. 2016, 20, 34-46.
[CrossRef] [PubMed]

Garfinkel, S.N.; Minati, L.; Gray, M.A,; Seth, A K.; Dolan, R.J.; Critchley, H.D. Fear from the heart: Sensitivity to fear stimuli
depends on individual heartbeats. ]. Neurosci. 2014, 34, 6573-6582. [CrossRef] [PubMed]

Khalsa, S.S.; Rudrauf, D.; Feinstein, J.S. The pathways of interoceptive awareness. Nat. Neurosci. 2009, 12, 1494-1496. [CrossRef]
[PubMed]

Paton, ].F,; Li, YW.; Kasparov, S. Reflex response and convergence of pharyngoesophageal and peripheral chemoreceptors in the
nucleus of the solitary tract. Neuroscience 1999, 93, 143-154. [CrossRef]

Craig, A.D. Interoception: The sense of the physiological condition of the body. Curr. Opin. Neurobiol. 2003, 13, 500-505.
[CrossRef]

Singer, T.; Critchley, H.D.; Preuschoff, K. A common role of insula in feelings, empathy and uncertainty. Trends Cogn. Sci. 2009, 13,
334-340. [CrossRef] [PubMed]

Hietanen, ].K; Glerean, E.; Hari, R.; Nummenmaa, L. Bodily maps of emotions across child development. Dev. Sci. 2016, 19,
1111-1118. [CrossRef] [PubMed]

Jung, WM.; Ryu, Y; Lee, Y.S.; Wallraven, C.; Chae, Y. Role of interoceptive accuracy in topographical changes in emotion-induced
bodily sensations. PLoS ONE 2017, 12, e0183211. [CrossRef] [PubMed]

Nummenmaa, L.; Glerean, E.; Hari, R.; Hietanen, J.K. Bodily maps of emotions. Proc. Natl. Acad. Sci. USA 2014, 111, 646-651.
[CrossRef] [PubMed]

Jung, WM.; Lee, Y.S.; Lee, LS.; Wallraven, C.; Ryu, Y.; Chae, Y. Enhanced bodily states of fear facilitates bias perception of fearful
faces. Mol. Brain 2020, 13, 157. [CrossRef]

Couto, B; Salles, A.; Sedeno, L.; Peradejordi, M.; Barttfeld, P.; Canales-Johnson, A.; Dos Santos, Y.V.; Huepe, D.; Bekinschtein, T.;
Sigman, M.; et al. The man who feels two hearts: The different pathways of interoception. Soc. Cogn. Affect Neurosci. 2014, 9,
1253-1260. [CrossRef] [PubMed]

Aspell, J.E.; Heydrich, L.; Marillier, G. Turning body and self inside out: Visualized heartbeats alter bodily self-consciousness and
tactile perception. Psychol. Sci. 2013, 24, 2445-2453. [CrossRef] [PubMed]

Schauder, K.B.; Mash, L.E.; Bryant, L.K.; Cascio, C.J. Interoceptive ability and body awareness in autism spectrum disorder. J. Exp.
Child Psychol. 2015, 131, 193-200. [CrossRef] [PubMed]

Suzuki, K.; Garfinkel, S.N.; Critchley, H.D.; Seth, A.K. Multisensory integration across exteroceptive and interoceptive domains
modulates self-experience in the rubber-hand illusion. Neuropsychologia 2013, 51, 2909-2917. [CrossRef] [PubMed]

Tsakiris, M.; Tajadura-Jimenez, A.; Costantini, M. Just a heartbeat away from one’s body: Interoceptive sensitivity predicts
malleability of body-representations. Proc. Biol. Sci. 2011, 278, 2470-2476. [CrossRef]

Seth, A.K. Interoceptive inference, emotion, and the embodied self. Trends Cogn. Sci. 2013, 17, 565-573. [CrossRef] [PubMed]
Barrett, L.F. The theory of constructed emotion: An active inference account of interoception and categorization. Soc. Cogn. Affect.
Neurosci. 2017, 12, 1-23. [CrossRef] [PubMed]

Friston, K.; Kilner, J.; Harrison, L. A free energy principle for the brain. . Physiol. Paris 2006, 100, 70-87. [CrossRef] [PubMed]
Lee, T.S.; Mumford, D. Hierarchical Bayesian inference in the visual cortex. J. Opt. Soc. Am. A Opt. Image. Sci. Vis. 2003, 20,
1434-1448. [CrossRef] [PubMed]

Jung, WM.; Ryu, Y.; Park, H.]J.; Lee, H.; Chae, Y. Brain activation during the expectations of sensory experience for cutaneous
electrical stimulation. Neuroimage Clin. 2018, 19, 982-989. [CrossRef] [PubMed]

Isoyama, D.; Cordts, E.B.; van Niewegen, A.M.B.d.S. Effect of acupuncture on symptoms of anxiety in women undergoing in vitro
fertilisation: A prospective randomised controlled study. Acupunct. Med. 2012, 30, 85-88. [CrossRef] [PubMed]


http://doi.org/10.1016/j.biopsych.2009.03.015
http://www.ncbi.nlm.nih.gov/pubmed/19423079
http://doi.org/10.1016/j.biopsych.2009.03.007
http://www.ncbi.nlm.nih.gov/pubmed/19409533
http://doi.org/10.1523/JNEUROSCI.1725-10.2010
http://www.ncbi.nlm.nih.gov/pubmed/20861391
http://doi.org/10.1016/j.copsyc.2017.04.020
http://doi.org/10.1037/0033-295X.101.2.205
http://www.ncbi.nlm.nih.gov/pubmed/8022955
http://doi.org/10.1016/j.tics.2013.06.009
http://doi.org/10.1037/0022-3514.87.5.684
http://www.ncbi.nlm.nih.gov/pubmed/15535779
http://doi.org/10.1080/02699931.2014.888988
http://www.ncbi.nlm.nih.gov/pubmed/24559130
http://doi.org/10.1097/01.wco.0000168079.92106.99
http://www.ncbi.nlm.nih.gov/pubmed/16003122
http://doi.org/10.1001/jamapsychiatry.2015.1252
http://www.ncbi.nlm.nih.gov/pubmed/26376409
http://doi.org/10.1016/j.tics.2015.10.005
http://www.ncbi.nlm.nih.gov/pubmed/26628111
http://doi.org/10.1523/JNEUROSCI.3507-13.2014
http://www.ncbi.nlm.nih.gov/pubmed/24806682
http://doi.org/10.1038/nn.2411
http://www.ncbi.nlm.nih.gov/pubmed/19881506
http://doi.org/10.1016/S0306-4522(99)00098-6
http://doi.org/10.1016/S0959-4388(03)00090-4
http://doi.org/10.1016/j.tics.2009.05.001
http://www.ncbi.nlm.nih.gov/pubmed/19643659
http://doi.org/10.1111/desc.12389
http://www.ncbi.nlm.nih.gov/pubmed/26898716
http://doi.org/10.1371/journal.pone.0183211
http://www.ncbi.nlm.nih.gov/pubmed/28877218
http://doi.org/10.1073/pnas.1321664111
http://www.ncbi.nlm.nih.gov/pubmed/24379370
http://doi.org/10.1186/s13041-020-00674-6
http://doi.org/10.1093/scan/nst108
http://www.ncbi.nlm.nih.gov/pubmed/23887813
http://doi.org/10.1177/0956797613498395
http://www.ncbi.nlm.nih.gov/pubmed/24104506
http://doi.org/10.1016/j.jecp.2014.11.002
http://www.ncbi.nlm.nih.gov/pubmed/25498876
http://doi.org/10.1016/j.neuropsychologia.2013.08.014
http://www.ncbi.nlm.nih.gov/pubmed/23993906
http://doi.org/10.1098/rspb.2010.2547
http://doi.org/10.1016/j.tics.2013.09.007
http://www.ncbi.nlm.nih.gov/pubmed/24126130
http://doi.org/10.1093/scan/nsx060
http://www.ncbi.nlm.nih.gov/pubmed/28472391
http://doi.org/10.1016/j.jphysparis.2006.10.001
http://www.ncbi.nlm.nih.gov/pubmed/17097864
http://doi.org/10.1364/JOSAA.20.001434
http://www.ncbi.nlm.nih.gov/pubmed/12868647
http://doi.org/10.1016/j.nicl.2018.06.022
http://www.ncbi.nlm.nih.gov/pubmed/30003035
http://doi.org/10.1136/acupmed-2011-010064
http://www.ncbi.nlm.nih.gov/pubmed/22499825

Brain Sci. 2021, 11, 946 11 of 11

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Kurono, Y.; Minagawa, M.; Ishigami, T. Acupuncture to Danzhong but not to Zhongting increases the cardiac vagal component of
heart rate variability. Auton. Neurosci. 2011, 161, 116-120. [CrossRef] [PubMed]

Kim, H.; Park, H].; Han, SM.; Hahm, D.H.; Lee, H.J.; Kim, K.S.; Shim, I. The effects of acupuncture stimulation at PC6 (Neiguan)
on chronic mild stress-induced biochemical and behavioral responses. Neurosci. Lett. 2009, 460, 56—60. [CrossRef] [PubMed]
Kim, H.; Park, H.J.; Shim, H.S.; Han, S.M.; Hahm, D.H.; Lee, H.; Shim, I. The effects of acupuncture (PC6) on chronic mild
stress-induced memory loss. Neurosci. Lett. 2011, 488, 225-288. [CrossRef] [PubMed]

Zhao, Z.L.; Zhao, G.W.,; Li, HZ,; Yang, X.D.; Wu, Y.Y,; Lin, F; Guan, L.X; Zhai, F.G.; Liu, ].Q.; Yang, C.H.; et al. Acupuncture
Attenuates Anxiety-Like Behavior by Normalizing Amygdaloid Catecholamines during Ethanol Withdrawal in Rats. Evid. Based
Complement. Altern. Med. 2011, 2011, 429843. [CrossRef] [PubMed]

Beissner, F. Therapeutic Sensations: A New Unifying Concept. Evid. Based Complement. Altern. Med. 2020, 2020, 7630190.
[CrossRef] [PubMed]

Jung, WM.; Shim, W,; Lee, T,; Park, H.]J.; Ryu, Y.; Beissner, F,; Chae, Y. More than DeQi: Spatial Patterns of Acupuncture-Induced
Bodily Sensations. Front. Neurosci. 2016, 10, 462. [CrossRef] [PubMed]

Cox, R.W. AFNI: Software for analysis and visualization of functional magnetic resonance neuroimages. Comput. Biomed. Res.
1996, 29, 162-173. [CrossRef] [PubMed]

Paus, T.; Otaky, N.; Caramanos, Z. In vivo morphometry of the intrasulcal gray matter in the human cingulate, paracingulate, and
superior-rostral sulci: Hemispheric asymmetries, gender differences and probability maps. J. Comp. Neurol. 1996, 376, 664—673.
[CrossRef]

Forman, S.D.; Cohen, ].D.; Fitzgerald, M.; Eddy, W.F.; Mintun, M.A.; Noll, D.C. Improved assessment of significant activation in
functional magnetic resonance imaging (fMRI): Use of a cluster-size threshold. Magn. Reson. Med. 1995, 33, 636-647. [CrossRef]
[PubMed]

Eccles, ].A.; Garfinkel, S.N.; Harrison, N.A.; Ward, J.; Taylor, R.E.; Bewley, A.P.; Critchley, H.D. Sensations of skin infestation linked
to abnormal frontolimbic brain reactivity and differences in self-representation. Neuropsychologia 2015, 77, 90-96. [CrossRef]
[PubMed]

Behbehani, M.M. Functional characteristics of the midbrain periaqueductal gray. Prog. Neurobiol. 1995, 46, 575-605. [CrossRef]
Carrive, P; Bandler, R.; Dampney, R.A. Viscerotopic control of regional vascular beds by discrete groups of neurons within the
midbrain periaqueductal gray. Brain Res. 1989, 493, 385-390. [CrossRef]

Mobbs, D.; Petrovic, P.; Marchant, ].L.; Hassabis, D.; Weiskopf, N. When fear is near: Threat imminence elicits prefrontal-
periaqueductal gray shifts in humans. Science 2007, 317, 1079-1083. [CrossRef] [PubMed]

Zelena, D.; Menant, O.; Andersson, F.; Chaillou, E. Periaqueductal gray and emotions: The complexity of the problem and the
light at the end of the tunnel, the magnetic resonance imaging. Endocr. Regul. 2018, 52, 222-238. [CrossRef]

Terpou, B.A.; Harricharan, S.; McKinnon, M.C.; Rakesh, ].P.F; Lanius, R.A. The effects of trauma on brain and body: A unifying
role for the midbrain periaqueductal gray. J. Neurosci. Res. 2019, 97, 1110-1140. [CrossRef] [PubMed]

Harricharan, S.; Rabellino, D.; Frewen, P.A.; Densmore, M.; Theberge, J.; Mckinnon, M.C.; Schore, R.; Lanius, A. fMRI functional
connectivity of the periaqueductal gray in PTSD and its dissociative subtype. Brain Behav. 2016, 6, e00579. [CrossRef] [PubMed]
Weng, H.Y.; Feldman, J.L.; Leggio, L.; Napadow, V.; Park, J.; Price, C. Interventions and Manipulations of Interoception. Trends
Neurosci. 2021, 44, 52—62. [CrossRef]

Fox, K.C.; Dixon, M.L.; Nijeboer, S.; Girn, M.; Floman, J.L.; Lifshitz, M.; Ellamil, M.; Sedlmeier, P.; Christoff, K. Functional
neuroanatomy of meditation: A review and meta-analysis of 78 functional neuroimaging investigations. Neurosci. Biobehav. Rev.
2016, 65, 208-228. [CrossRef] [PubMed]

Lutz, A ; Slagter, H.A.; Dunne, ].D.; Davidson, R. Attention regulation and monitoring in meditation. Trends Cogn. Sci. 2008, 12,
163-169. [CrossRef] [PubMed]

Kleckner, I.R.; Zhang, ]J.; Touroutoglou, A.; Chanes, L.; Xia, C.; Simmons, W.K.; Quigley, K.S.; Dickerson, B.C.; Barrett, L.F.
Evidence for a Large-Scale Brain System Supporting Allostasis and Interoception in Humans. Nat. Hum. Behav. 2017, 1, 1-14.
[CrossRef] [PubMed]

Abbruzzese, L.; Magnani, N.; Robertson, I.H.; Mancuso, M. Age and Gender Differences in Emotion Recognition. Front. Psychol.
2019, 10, 2371. [CrossRef]

Li, G.; Zhang, S.; Le, TM,; Tang, X,; Li, C.S.R. Neural responses to negative facial emotions: Sex differences in the correlates of
individual anger and fear traits. Neuroimage 2020, 221, 117-171. [CrossRef] [PubMed]


http://doi.org/10.1016/j.autneu.2010.12.003
http://www.ncbi.nlm.nih.gov/pubmed/21216208
http://doi.org/10.1016/j.neulet.2009.05.008
http://www.ncbi.nlm.nih.gov/pubmed/19427367
http://doi.org/10.1016/j.neulet.2010.09.080
http://www.ncbi.nlm.nih.gov/pubmed/20946936
http://doi.org/10.1093/ecam/neq045
http://www.ncbi.nlm.nih.gov/pubmed/21869897
http://doi.org/10.1155/2020/7630190
http://www.ncbi.nlm.nih.gov/pubmed/32831879
http://doi.org/10.3389/fnins.2016.00462
http://www.ncbi.nlm.nih.gov/pubmed/27807402
http://doi.org/10.1006/cbmr.1996.0014
http://www.ncbi.nlm.nih.gov/pubmed/8812068
http://doi.org/10.1002/(SICI)1096-9861(19961223)376:4&lt;664::AID-CNE12&gt;3.0.CO;2-M
http://doi.org/10.1002/mrm.1910330508
http://www.ncbi.nlm.nih.gov/pubmed/7596267
http://doi.org/10.1016/j.neuropsychologia.2015.08.006
http://www.ncbi.nlm.nih.gov/pubmed/26260311
http://doi.org/10.1016/0301-0082(95)00009-K
http://doi.org/10.1016/0006-8993(89)91176-1
http://doi.org/10.1126/science.1144298
http://www.ncbi.nlm.nih.gov/pubmed/17717184
http://doi.org/10.2478/enr-2018-0027
http://doi.org/10.1002/jnr.24447
http://www.ncbi.nlm.nih.gov/pubmed/31254294
http://doi.org/10.1002/brb3.579
http://www.ncbi.nlm.nih.gov/pubmed/28032002
http://doi.org/10.1016/j.tins.2020.09.010
http://doi.org/10.1016/j.neubiorev.2016.03.021
http://www.ncbi.nlm.nih.gov/pubmed/27032724
http://doi.org/10.1016/j.tics.2008.01.005
http://www.ncbi.nlm.nih.gov/pubmed/18329323
http://doi.org/10.1038/s41562-017-0069
http://www.ncbi.nlm.nih.gov/pubmed/28983518
http://doi.org/10.3389/fpsyg.2019.02371
http://doi.org/10.1016/j.neuroimage.2020.117171
http://www.ncbi.nlm.nih.gov/pubmed/32682098

	Introduction 
	Methods 
	Participants 
	Pseudo-Electrical Acupuncture Stimulation 
	Emotional Face Stimuli and Emotion Judgment Task 
	Behavioral Analysis 
	fMRI Acquisition and Analysis 

	Results 
	Behavioral Responses to the Emotion Judgment Task 
	Brain Responses to Fearful Faces When Expecting Somatosensory Stimulation at CV17 

	Discussion 
	Conclusions 
	References

