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Abstract

Background: Interoception, the processing and integration of bodily signals, is crucial for emotional experiences and overall well-being.
The interoceptive network, including the somatosensory cortices, has been recognized for its role in interoceptive and emotional pro-
cessing. High-definition transcranial, direct-current stimulation (HD-tDCS) has been demonstrated to modulate brain activity in the
primary somatosensory cortex (S1). Based on those findings, we hypothesized that anodal HD-tDCS over the right S1 would enhance
interoceptive abilities and heighten emotional perception. Methods: Thirty-six healthy adults participated in two sessions separated by
at least one week. A 20-min HD-tDCS stimulation (2 mA), and a sham stimulation, were applied in randomized order. Both conditions
involved pre-tDCS physical activation by ergometer cycling. Interoceptive abilities were assessed before and after both sessions using
a heartbeat-perception and respiratory-load task. Emotional perception was measured using four matched international affective picture
system (IAPS) picture sets presented randomly. Results: Active HD-tDCS did not significantly improve interoceptive accuracy, intero-
ceptive emotion evaluation, or interoceptive sensibility. However, a notable increase in cardiac interoceptive awareness was observed
after active HD-tDCS. The expected enhancement of emotional processing was not observed. Conclusions: This study represents the
first attempt to modulate interoceptive and emotional processing using HD-tDCS over S1. Although consistent enhancement was not
observed, our findings provide insights into the modulation of interoceptive and emotional processes with HD-tDCS, suggesting avenues
for further research. Further studies should consider the nuanced effects of stimulation techniques and the complex interplay between
interoception and emotion.

Keywords: heartbeat perception; non-invasive neurostimulation; physical activation; primary somatosensory cortex; transcranial direct-
current stimulation

1. Introduction [6,7]. Humans rely on interoception for the detection and
understanding of physical sensations such as hunger or
pain, most of the time without awareness of the process [5].
However, we are able to consciously perceive interoceptive
processes, for instance by paying attention to the sensation
of our heart beating. Three distinct interoceptive dimen-
sions have been postulated and supported with empirical
evidence [8,9]. As described by Garfinkel et al. [9], these
dimensions are (1) interoceptive accuracy: the ability to
accurately detect physical sensations, measurable with ob-
jective tests; (2) interoceptive awareness: a metacognitive
ability for insight on one’s interoceptive accuracy, measur-
able as confidence regarding accuracy; and (3) interocep-
tive sensibility: the subjectively perceived extent of being
internally self-focused and detecting internal bodily signals,
measurable through self-report. The most commonly re-
searched interoceptive ability is heartbeat perception, usu-
ally measured with a heartbeat-perception task [10]. More
recently interoceptive abilities in other modalities, such as
respiratory or gastrointestinal sensations, have been inves-
tigated, suggesting a connection of interoceptive abilities
across several physical systems [11-13].

We tend to describe our emotions through physical
sensations, as illustrated by expressions such as “having a
lump in your throat” when experiencing anxiety, or “but-
terflies in the stomach” when in love. This emphasizes
the idea that interpretation of physical sensations is closely
linked to emergence, detection, and processing of emotions.
The idea that emotions depend on bodily changes has been
around for well over a century. It was first proposed by
William James [ 1], and has shaped emotion research signifi-
cantly ever since. Of course, emotion theories have evolved
since the controversial James-Lange theory of emotion [2].
Although more recent theories like Schachter and Singer’s
two-factor emotion-theory [3] or Damasio’s somatic marker
theory [4] integrate other factors such as cognition and ap-
praisal into emotion processing, physical changes are still
considered crucial.

The ability to process and integrate such bodily states,
or interoception, has also been found to be essential to a
wide range of other psychological and physiological pro-
cesses [5,6]. Interoceptive processes are responsible for
integrating afferent information about the body into con-
scious physical sensations through mental representation
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Interoceptive abilities have proven essential for main-
taining mental health [7,14—16]. Interoceptive abilities dif-
fer individually, but alterations in interoceptive processes
have been found to be associated with lower cognitive func-
tion, anxiety, depression, eating disorders, addictive disor-
ders, and psychosomatic disorders [6,16—22]. Fortunately,
interoceptive abilities have also been found to improve with
training [23]. For instance, integrating mindfulness into
depression treatments is a concept that is growing in pop-
ularity, and a connection between mindfulness treatment
success and concurrent increasing interoceptive awareness
has been observed [24]. In an overview evaluating inte-
roceptive aspects for mental health interventions, the au-
thors reported finding symptom reductions in anxiety disor-
ders, eating disorders, as well as psychosomatic and addic-
tive disorders [25]. Improvements in eating-disorder treat-
ment [20] and a reduction of anxiety symptoms in autists
[26] could also be observed after interoceptive training.
Thus, strong evidence suggests that interoceptive abilities
are amenable to improvement.

Empirical evidence also supports the commonly pos-
tulated role that physical changes, and therefore interocep-
tive processes, play in emotion, whether in perceiving an
emotion or in emotional-language processing [14,27,28]. In
individuals with alexithymia, a disorder affecting detection
and expressing of emotions, there is often also a decrease in
interoceptive abilities [29]. Furthermore, higher interocep-
tive abilities are strongly associated with a higher intensity
of emotional experience, as well as higher neural activity,
during emotional paradigms [14,30-32].

In line with this, recent research has attempted to iden-
tify and understand the neural substrates of interoception
and emotion [6,33]. Evidence widely suggests that the in-
sular cortex is part of a neural network involving both in-
teroceptive and emotional processing [6,34—38]. The in-
sula is a highly networked brain structure with connec-
tions to the prefrontal and orbitofrontal cortex, thalamus,
amygdala, anterior cingulate cortex, and somatosensory
cortex [6]. Cortical activity during interoceptive process-
ing has already been documented in somatosensory cortex
[34,35,39-42], so interoceptive pathways that include both
insular and somatosensory activity have been postulated
[33,43,44]. A growing body of work additionally supports
the assumption that due to its role in physiological percep-
tion, the somatosensory cortex is also strongly involved in
emotional processing [45]. Empirical evidence has shown
somatosensory activation in visual emotion recognition, the
actual experience of emotions, and emotion regulation [45—
47]. The primary somatosensory cortex (S1), in particular,
seems to be involved in interoceptive cardiac perception,
as well as in the processing of aversive emotional stim-
uli [38,43]. The S1 comprises Brodman Areas 1, 2, and
3 and is located on the postcentral gyrus, representing the
entire body and processing afferent information in somato-

topically organized neurons [48,49]. The main function of
the S1 is responding to somatosensory sensation [48].

In addition to cortical activity being found in the
S1 during interoceptive and emotional processing, neu-
rostimulation techniques targeting this brain region have
been found to affect bodily perception [50-52]. Changes
in cardiac-interoceptive accuracy could be produced us-
ing transcranial magnetic stimulation (TMS) over the right
somatosensory cortex, [52], highlighting the role of the
somatosensory cortex in interoception. Changes in pain
perception, temperature detection, and tactile spatial per-
ception have also been observed after transcranial direct-
current stimulation (tDCS) over the S1 [53-55]. TMS over
interoceptive networks has also been found to alter emo-
tional perception [56]. These findings illustrate both the in-
terconnectivity of interoceptive and emotional processing,
and their susceptibility to being changed by neurostimula-
tion.

tDCS is a non-invasive neurostimulation method with
growing popularity that can be used to modulate cortical
excitability in humans [57-59]. Different effects can be
observed with positive current (anodal tDCS) and nega-
tive current (cathodal tDCS). Anodal tDCS has been found
to facilitate spontaneous and evoked cortical potentials,
whereas cathodal tDCS robustly inhibits cortical excitabil-
ity [51,57,60]. Conventionally, tDCS is accomplished by
applying one target electrode and one reference electrode to
the scalp of a participant [57]. Electrodes then emit a weak
electrical direct current into the participant’s brain, creat-
ing electric fields that modulate the somas and axon termi-
nals of affected neurons [61]. Traditionally, sponge elec-
trodes are used for tDCS application [51]. However, over
the past 15 years, studies have been evaluating the use of
ring electrodes, observing that they offer a higher degree of
spatial focality than do traditional sponge or disc electrodes
[62,63]. More specifically, so called High-Definition tDCS
(HD-tDCS) using such ring electrodes has been the direct-
current-stimulation method of choice recently, with advan-
tages over conventional tDCS including greater spatial pre-
cision and longer lasting after-effects [60,64—-66]. HD-
tDCS provides a safe, effective, non-invasive neurostimu-
lation method, and has proven to be effective in randomized
controlled trials [66—68].

Interoceptive abilities and emotional perception are
evidently modifiable and linked, as well as is specific,
equally modifiable, cortical activity; because transcranial
magnetic stimulation has been successfully used to mod-
ify both interoception and emotion perception [52,56], the
question arises as to whether tDCS over the associated cor-
tical regions can also achieve modulation of interoceptive
abilities. Recently, effective modulation of hunger was
achieved using cathodal tDCS over the tongue motor-cortex
area [69]. Given the connection of the tongue motor cortex
to the interoceptive neural network [33,70], and the impor-
tance of interoception in hunger [71], this is evidence for the
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potential of modulating interoception with tDCS. Although
the insula is commonly considered the interoceptive center
of the brain, the S1 is linked to both interoception and emo-
tion processing. As the S1 is located closer to the scalp than
is the insula [6], the S1 also provides a more easily acces-
sible target for brain stimulation than the insular cortex. To
date, no studies evaluating an attempt to affect interoceptive
abilities and emotional perception using HD-tDCS over the
somatosensory cortex are known to us.

In the present study, we attempted to enhance intero-
ceptive abilities and emotional perception by applying an-
odal HD-tDCS over the right S1. We hypothesized that
interoceptive accuracy, interoceptive awareness, and inte-
roceptive sensibility would increase after active tDCS. We
also applied a physical pre-activation task, consisting of er-
gometer cycling, in order to activate bodily signal process-
ing from the bottom up. Based on the established connec-
tion between interoceptive and emotional processing, and
the overlapping neural substrates, we further expected emo-
tional experience to intensify after active tDCS, but not after
sham tDCS.

2. Materials and Methods
2.1 Participants

G-Power analysis indicated an ideal sample size of 34
participants for our planned analysis of a two-factor, fac-
torial, repeated-measures analysis of variance (ANOVA)
for continuous dependent variables, at an expected effect
of small to medium size (0.25), with a targeted power of
0.80. Sixty adults were recruited through local advertise-
ments at Ulm University. After screening for tDCS con-
traindications and due to non-responsiveness, 24 partici-
pants were excluded and the remaining 36 healthy, native
German speaking, adults (61.1% female), aged 18-30 yr (M
= 23.5, SD = 2.903) participated in this study. Exclusion
criteria and the inclusion process are depicted in Fig. 1. All
participants gave written informed consent prior to partici-
pation. At the completion of the study, subjects were com-
pensated with €45 or by course credit, according to their
choice. The ethics commission of Ulm University approved
the research protocol. The study was conducted in accor-
dance with the Declaration of Helsinki.

2.2 Study Protocol

The experiment was conducted using a within-subject
design with repeated measures, following the protocol de-
picted in Fig. 2.

Participants responded to an online survey from home
in the first part of the study. We first assessed demographic
information on each participant, and then measured hand-
edness (Edinburgh Handedness Inventory, [72]), depressive
symptom severity (Beck’s Depression Inventory II; [73]),
anxious symptom severity (State-Trait Anxiety Inventory,
Trait-Scale; [74]), and physical activity levels (Freiburg
Questionnaire on Physical Activity; [75]). We also mea-
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Fig. 1. Participant selection.

sured baseline interoceptive sensibility using the Body Per-
ception Questionnaire [76] and the Anxiety Sensitivity In-
dex (ASI-3; [77]), and administered a questionnaire asking
subjects to rate their general subjective perception of car-
diac, respiratory, and gastrointestinal sensations, trembling,
and temperature/sweating (Trait Interoceptive Awareness,
TIA). After the online assessment, the second part of the
study consisted of two laboratory sessions that each lasted
around 2 h. The two sessions were conducted at least one
week apart. The experimental protocol was identical in both
sessions, except for variation of the tDCS condition. Each
participant received the active tDCS condition once and re-
ceived the sham tDCS condition once. Participants were
blind to the type of condition, which was randomized using
Research Randomizer software (version 4.0, web-based ap-
plication, https://www.randomizer.org) [78]. Each labora-
tory pre- and post-assessment block began with a question-
naire on current anxiety severity (State-Trait Anxiety Inven-
tory, State-Scale; [74]), and in the pre-assessment block,
also pre-tDCS mood state (Profile of Mood States, POMS,
German short-form; [79]).

A questionnaire on state interoceptive awareness
(SIA) was used to assess interoceptive sensibility; subjects
were asked to rate their current subjective perception of car-
diac, respiratory, and gastrointestinal sensations, trembling,
and temperature/sweating. Assessment of interoceptive ac-
curacy was conducted using two paradigms. For cardiac in-
teroceptive accuracy, participants completed the heartbeat
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Fig. 2. Study protocol. SIA, state interoceptive awareness; POMS, Profile of Mood States; tDCS, transcranial direct current stimulation;

STAI-S, State-Trait Anxiety Inventory, state scale.

perception task [10]. Four intervals (25, 35, 45, and 60 s)
were presented in randomized order. During each inter-
val, participants tracked their heartbeats mentally without
actively feeling their pulse, and then indicated the num-
ber of heartbeats they counted in each interval, in accor-
dance with a published protocol [80]. For respiratory inte-
roceptive accuracy, subjects performed a respiratory-load-
estimation task which was successfully used in the past
[13,52]. Using a POWERbDreathe® KS5 respiratory training
device (model K5, POWERbreathe®, Warwickshire, Eng-
land, UK), we modified respiratory load, creating seven lev-
els with varying inspiratory resistance (3, 5, 7, 10, 13, 19
and 25 cm H,O). Participants first inhaled through each re-
sistance level once, in increasing order, to become familiar
with them. Then, seven trials were conducted, in which
all resistance levels were presented in a randomized order,
each occurring once. This randomized order was created
using Random Allocation Software (version 1.0, Mahmood
Saghaei, Isfahan, Iran) [81]. For each trial, participants
were instructed to inhale once, and report the subjective res-
piratory load on a 7-point Likert scale. Scores for cardiac
and respiratory interoceptive accuracy were calculated us-
ing the formulas described by Pollatos et a/. [52], and range
from O to 1, with higher values indicating higher interocep-
tive accuracy.

Interoceptive awareness was assessed as described by
Pollatos et al. [52]. Participants rated confidence after
each trial, cardiac and respiratory alike, on a nine-point
Likert scale ranging from ‘no confidence at all’ to ‘com-

plete confidence’. Interoceptive evaluation measurement
was also based on the protocol of Pollatos et al. [52]. For
both the cardiac and respiratory tasks, participants were in-
structed, after each trial, to rate on 9-point Likert scales
the valence (ranging from ‘negative’ to ‘positive’), arousal
(ranging from ‘calm’ to ‘nervous’), and anxiety (ranging
from ‘not at all’ to ‘very’). The Self-Assessment Manikin
[82] score was used to complement the valence and arousal
Likert scales.

Using the International Affective Picture Set (IAPS
[83]), we created four subsets of pictures, each containing
10 pictures of positive valence, 10 of neutral valence, and
10 of negative valence. We ensured that the average rat-
ings of all four sets were identical for positive, neutral, and
negative pictures, so as to make rating of the pictures com-
parable. In both assessment sessions, participants were pre-
sented with one set before and one set after tDCS stimula-
tion. The order in which the four sets were presented to par-
ticipants was also randomized. Each picture was presented
for 2 s. Participants were asked to rate each picture as to
their perceived valence and arousal, during picture presen-
tation, on 9-point Self-Assessment Manikin (SAM) scales
ranging from ‘negative’ to ‘positive’, and ‘no arousal’ to
‘very high arousal’.

We used a paradigm to control for tDCS effective-
ness of cortical modulation of the S1, in which we assessed
whether our stimulation setup affected somatosensory per-
ception of a tactile stimulation. The upper sternum was
chosen as the location for this tactile stimulation due to
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Fig. 3. HD-tDCS Setup. (A) Electrode configuration used for HD-tDCS. (B) HD-tDCS-induced electric fields in the brain. HD-tDCS,

High-definition transcranial direct-current stimulation.

the overlap of the cortical representation of thoracic der-
matomes and our tDCS target, both of which are located
within Brodman Area 3 and thus the S1 [49,84,85]. We
designed our control paradigm based on tactile-stimulation
procedures that were previously linked to somatosensory
cortical activity [86—89]. We used a soft, 1-cm-wide artist
brush to make vertical strokes, 5-cm long, on the skin, mov-
ing the brush up and down along the T2-T3 dermatomes at
a frequency of 2 Hz. This stimulation was applied manually
for two intervals of 30 s, with a 10-s pause in between. Af-
terward, participants were presented with two 9-point Lik-
ert Scales and asked to rate subjectively sensed intensity
(ranging from ‘not at all intense’ to ‘very intense’) and dis-
comfort (ranging from ‘very comfortable’ to ‘very uncom-
fortable’).

In the active tDCS condition, we applied 20 min of
anodal HD-tDCS over the right postcentral gyrus, where
the S1 is located. Specifically, we targeted Brodman Area
3. HD-Targets™ software (available at: https://soterixm
edical.com/research/software/hd-targets) [90] was used to
determine the most suitable electrode configuration for the
target region. We used only anodal tDCS in our stimulation
protocol, because we wanted to elicit heightened interocep-
tive and emotional processing. We were thus looking to
facilitate cortical potentials, as is achieved by anodal tDCS,
rather than inhibit cortical excitability, which is produced
by cathodal tDCS. Fig. 3 presents the chosen configuration
for electrode placement and the modeled electrical fields it
elicits in the brain. We used ring electrodes with a diameter
of 1 cm and applied conductive electrolyte gel around each
electrode, after first moving participant’s hair to the side
and roughening the skin using cotton swabs. In the sham
tDCS condition, HD-tDCS was prepared and initiated for
the same stimulation configuration, set up in the same way
as in the active tDCS condition, but was shut off 2 min af-
ter stimulation onset. This allowed scalp sensations to be
identical to active tDCS, making the two conditions indis-
tinguishable for participants, without reaching stimulation
effects in the sham condition [91-95].
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In both conditions, participants cycled on an ergome-
ter immediately after stimulation onset. We instructed par-
ticipants to adhere to a cycling frequency of 60/min and we
increased cycling resistance once each minute, until partic-
ipants reached a heart rate of 150 bpm. We tracked the par-
ticipant’s heart rate during the pre-activation phase using an
Apple Watch Series 8 (Cupertino, San Francisco, CA, USA)
around the wrist of the participant. Once the target heart rate
was reached, we asked participants to continue cycling for
one more minute, but now kept resistance steady. This pre-
activation was conducted to elevate stimulation effects; ex-
ercise with a heart rate over 150 bpm is associated with in-
sular activation, and insular representation of bodily states
is connected with somatosensory cortices [39,96].

Lower heart rates during exercise and faster heart rate
recovery after exercise are both associated with cardiovas-
cular fitness [97]. We therefore expected more physically
fit participants to cycle longer until reaching the target heart
rate and to recover from the physical strain faster than phys-
ically unfit participants. We began the post-assessment
block 12 min after stimulation onset for every participant.
This allowed enough time for highly trained participants to
reach the target heart rate, and allowed for less-trained par-
ticipants a longer heart rate recovery, while standardizing
the duration of exposure to stimulation all participants re-
ceived before post-assessment. Additionally, this enabled
us to measure post-assessment during active stimulation,
while allowing stimulation effects to be established prior
to post-assessment [50,51,60].

2.3 Statistical Analysis

Data analysis was performed in SPSS (version 28.0,
IBM Corp., Armonk, NY, USA) [98]. A decision was made
against calculating a regression analysis due to autocorre-
lated residuals as a consequence of our repeated-measures
design. We opted to analyze all outcomes measured for
the within-subject factors Time (pre tDCS, post tDCS) and
Condition (sham, active tDCS) with a 2-factor repeated-
measures ANOVA. This includes cardiac and respiratory
measures for interoceptive accuracy, interoceptive sensi-
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bility, interoceptive evaluation, somatosensory perception,
and state anxiety measures, as well as ratings of emotional
pictures. Reported F-values are all uncorrected F-values,
as we only compared two levels for each factor. The ¢-tests
for paired samples were calculated to compare Condition
(sham, active tDCS) in cycling time, average and maximum
heart rate on the ergometer, and pre-tDCS mood state. Sta-
tistical significance levels reported correspond to p < 0.05.
Due to technical malfunction, scores for the respiratory-
load estimation task could not be computed for two par-
ticipants, and data for emotional picture ratings had to be
excluded for four participants. Analysis of interoceptive
accuracy, interoceptive awareness, and interoceptive eval-
uation of the respiratory-load estimation task, was therefore
conducted with n =34, and analysis of emotional evaluation
with n = 32.

3. Results
3.1 Baseline Characteristics

The baseline characteristics of the subjects are sum-
marized in Table 1.

3.2 Comparison of Active and Sham tDCS Characteristics

Mean differences between sham and active tDCS con-
dition are presented in Table 2. Baseline heart rate, average
and maximum heart rate during cycling, and average cy-
cling load and time did not differ between conditions. The
interaction of Condition x Time was also not statistically
significant (£ 35 <1.0). We also found no statistically sig-
nificant differences between active tDCS and sham tDCS
measurement of mood states regarding POMS-Dejection,
POMS-Vigor, POMS-Fatigue or POMS-Anger. Anxiety
symptoms did not differ significantly between conditions
(F1,35 <1.0) or between before and after measurements
(F1,35 <1.0). We observed no significant mean differences
in physical sensations during the stimulation protocol be-
tween the conditions.

3.3 Interoceptive Abilities

Mean interoceptive accuracy scores for heart beat per-
ception and respiratory load estimation task are presented in
Table 3.

Analysis of cardiac interoceptive accuracy revealed a
significant main effect of Condition (F; 35 = 7.675, p <
0.01, partial n2 = 0.18). Bonferroni-adjusted post-hoc anal-
ysis indicated significantly higher accuracy scores in the
sham tDCS condition than in the active tDCS condition only
in post-measurement [Mp;g = 0.052, 95% confidence inter-
val (CI) (0.013; 0.092), p =0.011. We found no significant
interaction of Condition x Time (F'; 35 <1.0).

Exploratory data analysis on respiratory interoceptive
accuracy revealed an outlier with a respiratory interocep-
tive accuracy of 0.4 (>3 SD below M) in the active tDCS
condition for pre-measurement. We deemed this observa-
tion a genuine outlier. So as not to lower statistical power,

Table 1. Baseline characteristics.

Variable

Sociodemographic characteristics
Age, mean (SD)
Female sex, n (%)
Educational level
High, n (%)
Middle, n (%)
Occupation
University student, n (%)
Psychology, n (%)
Medicine, n (%)
Employed, n (%)
Handedness
Right-handed, n (%)
Ambidextrous, n (%)
Left-handed, n (%)
Health & fitness statistics
BMI, mean (SD)
Weekly minutes of moderate physical activity,
mean (SD)
Weekly minutes of intense physical activity,
mean (SD)
Baseline heart rate
Active tDCS session, mean (SD)
Sham tDCS session, mean (SD)
Depressive symptom severity (BDI-II)
No depression (0-8), n (%)
Minimal depression (9—13), n (%)
Mild depression (14-19), n (%)
Anxious symptom severity
STAI-T (range 20—80), mean (SD)
Anxiety Sensitivity (ASI-3)
Cognitive concerns
Normative AS, n (%)
Moderate AS, n (%)
High AS, n (%)
Physical concerns
Normative AS, n (%)
Moderate AS, n (%)
Social concerns, mean (SD)
Normative AS, n (%)
Moderate AS, n (%)
Interoceptive Sensibility
TIA, mean (SD)
BPQ
Body Awareness, mean (SD)
Supradiaphragmatic Symptoms, mean (SD)
Subdiaphragmatic Symptoms, mean (SD)

23.50 (2.903)
22 (61.1)

35(97.2)
1(2.8)

33(91.7)
13 (36.1)
12 (33.3)
3(8.3)

30 (83.3)
1(2.8)
5(13.9)
22.77 (3.05)

171.36 (132.50)

177.92 (157.50)

75.53 (13.71)
75.76 (12.36)

34 (94.4)
1(2.8)
1(2.8)

44.75 (4.91)
25 (69.4)
9 (25.0)

2(5.6)

35(97.2)
1(2.8)

31 (86.1)
5(13.9)

2.14 (0.51)
69.67 (16.87)

21.39 (5.28)
9.86 (3.25)

ASI-3, Anxiety Sensitivity Index; SD, standard deviation; BMI, body
mass index; BDI-II, Beck Depression Inventory; STAI-T, State-Trait

Anxiety Inventory, trait scale; AS, anxiety sensitivity; TIA, trait inte-

roceptive awareness; BPQ, Body Perception Questionnaire.
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Table 2. Mean comparisons between active and sham tDCS.

Active tDCS Sham tDCS

t-test p-value
M (SD) M (SD)
Baseline heart rate 75.17(13.73) 7576 (12.35)  t(34) =-0.327 0.746
Average cycling heart rate 127.62 (7.67) 127.66 (7.84) f(28) = 0.037 0.971
Maximum cycling heart rate 156.91 (4.84) 15778 (4.937)  t(31) = 1.059 0.298
Cycling load 6.94 (2.00) 6.64 (2.24) t(35) =—1.429  0.162
Cycling time 5.5(2.08) 5.17 (2.25) t(33) = 1.580 0.124
POMS-Dejection 10.72 (8.55) 12.39 (12.01) t(35) = 0.949 0.349
POMS-Vigor 21.67 (7.41) 21.39(7.27) t(35y =-0.255  0.800
POMS-Fatigue 14.72 (7.33) 15.11 (6.63) t(35)y = 0.317 0.753
POMS-Anger 6.03 (6.26) 6.00 (6.512) t(35y =-0.025  0.980
tDCS electrode sensation 1.94 (0.23) 1.89 (0.32) t(35y =—1.00 0.324
tDCS intensity 5.58 (1.67) 5.65(1.91) t(30) = 0.174 0.863
tDCS (dis)comfort 4.78 (1.38) 5.19 (1.75) t(35) = 1.324 0.194
tDCS wellbeing 7.50 (1.42) 7.25(1.87) t(35) = 0.782 0.439
tDCS pain 2.89 (1.80) 3.03 (1.80) t(35y = 0.531 0.599
POMS, Profile of Mood States.
Table 3. Interoceptive accuracy.
Active tDCS Sham tDCS
Pre Post Pre Post
M (SD) M (SD) M (SD) M (SD)
Cardiac interoceptive accuracy 0.637 (0.17)  0.625(0.20) 0.686 (0.18)  0.677 (0.19)
Respiratory interoceptive accuracy ~ 0.833 (0.10)  0.824 (0.05)  0.823 (0.08)  0.823 (0.06)

Means and standard deviations for interoceptive accuracy by time of measurement and tDCS con-

dition.

we decided to include it in data analysis. Analysis showed
no significant interaction for Condition x Time (F; 33 =
<1.0).

Mean confidence ratings for heartbeat perception and
respiratory-load estimation task are presented in Fig. 4.

Confidence ratings regarding the heart beat perception
task did not differ significantly between conditions (1 35
<1.0), but we did find a significant main effect of Time
(F1,35 =7.507, p=0.01, 772 =0.177). Bonferroni-adjusted
post-hoc analysis revealed significantly higher (p < 0.01)
confidence in post-measurement than in pre-measurement
only in the active tDCS condition [Mpig = 0.799, 95% CI
(0.306; 1.291)]. The Condition x Time interaction was not
statistically significant (F' 35 <1.0). Analysis of respira-
tory confidence ratings revealed no significant interaction
of Condition x Time (F1,33 <1.0), but a significant main
effect of Time (F'1,33 = 3.426, p = 0.073).

Mean scores for the state interoceptive sensibility
questionnaire are depicted in Fig. 5. We found no signif-
icant interaction of Condition x Time (£ 35 <1.0), but the
main effect of Time was statistically significant (/' 35 =
25271, p < 0.001, % = 0.419). Bonferroni-adjusted post-
hoc tests revealed significantly higher interoceptive sensi-
bility scores in post-measurement than in pre-measurement
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in the active tDCS condition [M p;g = 0.269, 95% CI (0.150;
0.388), p < 0.001] as well as in the sham tDCS condition
[Mpigr = 0.276, 95% CI (0.139; 0.413), p < 0.001].

Emotional evaluation ratings for the heartbeat percep-
tion and the respiratory-load estimation task are presented
in Fig. 6. Results of statistical analysis are listed in Table 4.
The only significant effect we observed was a main effect
for Time regarding arousal in the heartbeat perception task.
Exploratory data analysis revealed several outliers in car-
diac and respiratory anxiety ratings. Violins in Fig. 6 rep-
resent sample distribution in emotion ratings, illustrating
clearly the very low variance in anxiety ratings. Exclusion
of the identified outliers would result in near-zero variance.
We therefore decided to include all outliers regarding car-
diac or respiratory interoceptive anxiety in our analysis.

Mean rating scores for emotional pictures are depicted
in Fig. 7. As expected, ratings differed significantly be-
tween picture types, with higher ratings on the valence scale
for positive pictures and lower ratings for negative pictures.
Emotional pictures also elicited higher indicated arousal
than did neutral pictures. For each picture type, we ob-
served no significant interaction of Condition x Time in
valence ratings F'1 3o <1.0) or arousal ratings (F'; 32 <1.0).

Mean ratings for the tactile stimulation regarding per-
ceived intensity and discomfort are depicted in Table 5.
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Fig. 4. Interoceptive awareness. Sample distribution and mean + 95% confidence interval (CI) for pre and post tDCS confidence

ratings regarding (A) heart beat perception task and (B) respiratory load task, compared for active tDCS and sham tDCS. ** p < 0.01.
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Fig. 5. Interoceptive sensibility. Sample distribution and mean
=+ 95% CI for state interoceptive awareness questionnaire scores,
comparing pre and post tDCS measurements in the active and
sham tDCS condition. *** p < 0.001.

Intensity-rating analysis determined that there were
no significant main effects of Condition (F135 <1.0) or
Time (F1 35 <1.0). The Condition x Time interaction for
perceived intensity also showed no statistical significance

(£1,35 <1.0). Results of discomfort-rating analysis also in-
dicate no significant main effects of Condition (/1 35 <1.0)
or Time (1 35 <1.0). The Condition x Time interaction
was not statistically significant either (F'; 35 <1.0).

4. Discussion

The present study found diverse effects of HD-tDCS
over the right S1 on various dimensions of interoceptive
and emotional processing. Contrary to expectations, we
did not observe improvement in either cardiac or respira-
tory interoceptive accuracy after active tDCS. For intero-
ceptive sensibility, we observed an increase in both active
and sham tDCS. This finding can be easily explained: par-
ticipants completed the questionnaire shortly after undergo-
ing ergometric pre-activation. The questionnaire assessed
the participant’s current awareness levels of various bod-
ily sensations, including cardiac sensations, respiratory sen-
sations, trembling, and temperature/sweating, all of which
can be influenced by physical exercise. It is possible that
the interval between ergometric activation and the response
to the state interoceptive awareness questionnaire was too
short to capture the effects elicited by tDCS. To address
this, future studies may need to lengthen the interval be-
tween pre-activation and the completion of the question-
naire in order to observe potential tDCS effects more accu-
rately. This adjustment could provide valuable insights into
the impact of tDCS on interoceptive accuracy and sensibil-
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Table 4. Interoceptive evaluation.

Valence Arousal Anxiety
Cardiac Respiratory Cardiac Respiratory Cardiac Respiratory

ANOVA Condition F(1’35> =0.188 F(1’33) =0.023 F(1’35) =0.176 F(1’33) =0.050 F(1735) =0.473 F(1733) =0.069

p=0.667 p=0.880 p=0.677 p=0.825 p=0.496 p=0.795
ANOVA Time F(1,35) =2.532 F(1y33) =1.273 F(1’35) =14.957 F(1’33) =3.002 F(1,35) =0.572 F(1’33) =0.240

p=0.121 p=0.109 p <0.001* p=0.092 p=0.455 p=0.628
ANOVA Condition x Time F(1135) =0.486 F(1,33> =0.028 F(1,35> =0.552 F(1,33) =0.718 F(1735) =1.205 F(1733) =0.003

»=0.490 p=0.867 p=0.463 »=0.403 »=0.280 p=0.958

Repeated-measures analysis of variance (ANOVA) results for emotional ratings regarding cardiac and respiratory interoceptive
tasks. *p < 0.001.

valence arousal anxiety
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Fig. 6. Interoceptive evaluation. Sample distribution and mean £ 95% CI for ratings of (A) valence, (B) arousal and (C) anxiety for
heartbeat perception task and ratings of (D) valence, (E) arousal and (F) anxiety for respiratory load task, comparing pre and post tDCS

measurements in the active and sham tDCS conditions. * p < 0.05.
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Fig. 7. Emotion processing. Sample distribution and mean + 95% CI for valence ratings of (A) positive, (B) neutral and (C) negative

emotional pictures and arousal ratings of (D) positive, (E) neutral and (F) negative emotional pictures.

ity, and further our understanding of the potential benefits
of tDCS in this context. Regarding interoceptive aware-
ness, we noticed an improvement in the heartbeat percep-
tion task from before to after measurements for both tDCS
conditions. However, we found statistical significance only
for the increase after active tDCS. Unfortunately, the ex-
pected interaction of measurement time and condition was
not statistically significant, and we did not observe a signifi-
cant increase in active tDCS for respiratory awareness. The
robust pre-to-post improvement in both the cardiac and res-
piratory tasks may be attributed to the participants’ aware-
ness that they had previously performed the interoceptive
tasks in the pre-assessment. This knowledge could have
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increased their confidence in their performance during the
post-measurement. Although this phenomenon could have
influenced the results, it is essential to consider it as a poten-
tial confounding factor in the interpretation of the findings.
To gain a comprehensive understanding of the impact of
tDCS on interoceptive awareness, future studies may con-
sider incorporating control measures to account for the ef-
fect of previous task experience. This way, we can fur-
ther investigate the true effects of tDCS on interoceptive
accuracy and ensure more robust and accurate conclusions.
This is consistent with evidence of experienced meditators
who rate confidence regarding cardiac interoceptive accu-
racy higher than do people with no experience in attending
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Table S. Rated somatosensory sensations.

Active tDCS Sham tDCS
Pre Post Pre Post ANOVA condition x time
M (SD) M (SD) M (SD) M (SD)
Intensity 5.25(1.61)  542(1.92)  531(1.72) 5.39(1.87) Fi1,35 <1.0
Discomfort/comfort ~ 0.833 (0.10)  0.824 (0.05)  0.823 (0.08)  0.823 (0.06) F1,35 <1.0

Mean, standard deviations, and ANOVA results for intensity and (dis)comfort ratings of somatosensory stimulation.

to body signals, even with no increase in actual cardiac-
perception accuracy [99]. Ergometric pre-activation may
also contribute to pre-to-post improvements, affecting con-
fidence ratings by increasing awareness of physical sensa-
tions [100] or through the expectation that heart rate must
be elevated after physical exercise [101]. However, these
influential factors should be present equally in both condi-
tions and therefore do not sufficiently explain the signifi-
cant increase of cardiac interoceptive awareness in the ac-
tive tDCS condition only. This finding provides support, al-
beit limited, for our hypothesis that HD-tDCS over the right
somatosensory cortex can improve interoceptive awareness
for the heartbeat-perception task. Regarding emotional per-
ception, again contradicting our initial hypothesis, we ob-
served no changes after active tDCS in valence or arousal
ratings for either perception of interoceptive tasks, or rating
of emotional pictures. Overall, we were therefore unable to
produce consistent enhancement of interoceptive abilities
or emotional experience in this study.

Possible explanations for these findings range from
methodological aspects referring to interoceptive-accuracy
measurements both in the cardiac as well as respiratory do-
main, to the design of our tDCS protocol, and to HD-tDCS
effectiveness itself.

Methodological aspects of the heartbeat-perception
task mainly relate to factors affecting heartbeat perception
other than interoceptive accuracy itself, thereby threaten-
ing the validity of the heartbeat-perception task. For in-
stance, we did not account for participants’ beliefs about
their own heart rate, as well as cardiac processes such as
blood pressure, which have both been found to be influ-
ential in heartbeat perception [101,102]. If differences be-
tween participants occurred in these factors, the factors
potentially influenced cardiac interoceptive-accuracy and
awareness scores and thereby, could have overpowered ef-
fects elicited by HD-tDCS. Taking heartbeat beliefs and car-
diodynamics into account may strengthen further investi-
gations on the effects of HD-tDCS over the S1 on cardiac
interoception.

Compared to cardiac-interoception-measurement
methods, there are few methods available for measuring
respiratory interoception, and no standardized method
has yet been established. We designed our paradigm
based on previously used protocols, asking participants
to rate which of several inspiratory loads at different
levels they are presented with, and calculating accuracy
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scores [13,52]. However, there are newly developed
paradigms for evaluating respiratory interoception that
might contribute to a higher reliability and standardization
of respiratory-interoceptive measurements. For instance,
variation of the length of inspiratory occlusion rather, than
of the intensity of inspiratory load, has been proposed
[103]. A respiratory-resistance-sensitivity task has also
been presented in which subjects are presented with two
inhales at different inspiratory loads in each trial, and
asked to indicate which of the two inhales required more
effort, using a two-interval forced-choice protocol [104].
A custom 3D-printed apparatus and adaptive algorithm for
this task allows for automated and standardized measure-
ment of the minimal stimulus an individual can reliably
discriminate from a regular inhale [104]. Future studies
assessing tDCS effects on interoception might implement
such novel tasks to improve respiratory interoceptive
assessment.

Regarding study design, future investigations may
benefit from alterations to our ergometric pre-activation.
With this paradigm, we aimed to add a bottom-up activa-
tion in interoceptive neural networks to the expected top-
down activation from active HD-tDCS. The pre-to-post in-
crease for both active and sham tDCS conditions that we
observed for cardiac- and respiratory-interoceptive aware-
ness supports the notion that this bottom-up activation was
successful. We chose a target heart rate of 150 bpm for
our pre-activation, as it has been found to elicit higher cor-
tical activity in interoception related brain structures than
did exercise with a lower intensity [96]. However, a mod-
erate level of physical strain may be more effective for im-
provement in interoceptive perception than a high level of
physical strain [100]. Additionally, a fixed target of 150
bpm does not necessarily result in equal levels of physi-
cal strain for every participant. Exercise intensity depends
more on the relation of exercise heart rate to maximum heart
rate, rather than absolute exercise heart rate itself[105]. As
maximum heart rate differs individually depending on fac-
tors such age, sex, and body mass index, a fixed heart rate
of 150 bpm likely results in a different exercise intensity for
different people [105,106]. It might therefore be preferable
to calculate maximum heart rate for each participant and
set a fixed percentage of maximum heart rate as the target
heart rate, to ensure that all participants reach a compara-
ble level of exercise intensity. Taking these considerations
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into account, adapted ergometric pre-activation may be bet-
ter suited for supporting tDCS effects with a lower risk of
overpowering them.

Future studies should also examine the suitability of
different aspects of tDCS application itself. The high vari-
ability in methods of existing tDCS research creates a wide
range of possible application conditions. Reviews and
meta-analyses [50,60,107,108] show that there is great vari-
ability in many factors of tDCS application: for instance,
there is great variety in stimulation duration, which can
last from under 10 min to a full 30 min, and current inten-
sity, which varies between 1| mA and 2 mA. In our study,
we applied the maximum current intensity (2 mA) for the
most commonly used duration (20 min) [50]. Our post-
assessment was designed to begin 12 min after stimula-
tion onset. Previous studies began assessment of stimula-
tion effects as early as stimulation onset, and many authors,
like us, conducted post-assessment during active stimula-
tion, with a varying amount of time passing between stud-
ies [50,107]. Although this procedure has led to significant
tDCS effects in the past, several studies targeting the S1
opted to measure post-assessment offline instead, yet still
observed effects [50]. Perhaps the most significant differ-
ence in tDCS methods lies in the number of administered-
stimulation sessions. With more recent work, it seems that
administering multiple, more precisely 5 to 10 sessions, is
increasingly considered the appropriate approach [60,108].
Therefore, a wide range of possible stimulation designs
is offered, and it might be beneficial to explore tDCS ef-
fects on interoceptive abilities and emotional experience
with the application of multiple sessions and assessments
conducted after the full duration of stimulation. It is im-
portant that meta-analyses show great variability not only
in tDCS administration protocols, but also in effectiveness
[60,107,109,110]. If future investigations continue to fail to
observe consistent tDCS-induced changes in interoception
and emotion, even with adjusted stimulation protocols as
discussed, it may be necessary to discuss the utility and ef-
fectiveness of HD-tDCS in this area altogether. tDCS, as a
neurostimulation method, delivers a weak electric current to
the scalp, creating weak electric fields in the brain that can
alter neuronal transmembrane potentials and thereby influ-
ence cortical excitability [111]. In contrast, TMS adminis-
ters magnetic pulses that elicit focused currents in the brain,
directly affecting and depolarizing neurons [111]. For alter-
ing interoceptive abilities and emotional processing, there
is evidence emphasizing the utility of repetitive theta-burst
TMS protocol [52,56]. Whether this approach is generally
more suitable for stronger effects in neuromodulation will
need to be evaluated continuously in the future.

The most critical point to be discussed is the possi-
bility that our tDCS stimulation was ineffective. Since we
observed no significant changes in somatosensory percep-
tion as a result of active tDCS, the question arises whether
the stimulation protocol achieved the expected neuromod-
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ulation of the S1. Explanations for a possibly unsuccess-
ful neuromodulation of the S1 are several. For one, HD-
Targets™ electrode configurations [90], which are based
on male head models, may only be inappropriate for our
60% female sample, as brain size differences in respect to
sex are consistently found [112]. Beyond sex differences,
neuroimaging research from past decades has found robust
interindividual structural differences in size and location of
structures in human brains [113,114]. Interindividual neu-
roanatomic variability at the stimulation target point is an
even bigger risk using HD-tDCS, as it provides higher fo-
cality than traditional tDCS [115]. In future studies, using
brain-imaging methods like an functional magnetic reso-
nance imaging (fMRI) to determine the exact location of
a target area may be useful to achieve higher precision in
electrode placement and to ensure successful stimulation.
Additionally, as the S1 comprises all of Brodman Area 1, 2,
and 3 [48], and the HD-Targets™ software offers multiple
configurations for each area, a different configuration may
prove more effective for observing the expected changes in
interoceptive abilities.

The lack of changes in our somatosensory-perception
measurement is not necessarily rooted in an unsuccessful
neuromodulation. Although tactile stimulation has been
found to elicit cortical activity [86], evidence for a causal re-
lation between cortical activity and somatosensory percep-
tion is lacking. Animal studies on the relationship between
neural activity and behavior illustrate that there is variabil-
ity in behavior that cannot be conclusively explained solely
through neural activity [116]. Furthermore, there is no es-
tablished measuring instrument for somatosensory percep-
tion, and a self-report measure, as used by us, may be sus-
ceptible to numerous biases and response sets [ 117]. Tactile
stimulation in this study was also applied manually, which
may have caused slight differences in the application of the
tactile stimuli, therefore possibly threatening the validity of
our somatosensory measurement. All of these aspects lend
credibility to the conclusion that despite not observing al-
terations in the somatosensory perception, the targeted neu-
romodulation in our study may very well have succeeded.

All aspects discussed are important when explaining
why we did not observe a significant change in emotion
processing. As many theories emphasize the role of intero-
ception for emotional perception [ 1—4], a failure to improve
interoceptive processing by neuromodulation may also ac-
count for the lack of effects on emotion processing. Empiri-
cally, reduced interoceptive accuracy, after TMS inhibition
of interoceptive networks surrounding the frontotemporal
anterior insula and somatosensory cortex, was found to be
associated with a flattened emotional experience [56]. This
indicates a causal relationship between interoceptive and
emotion processing, which supports the idea that it is un-
likely that changes in emotion processing can be observed,
as long as there is no alteration in interoceptive process-
ing, as we observed in this study. Furthermore, induction
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of emotion may not have been entirely successful using the
IAPS, as it consists of pictures that are several decades old,
including violent and erotic pictures that may not produce
the same effect on emotional arousal nowadays. The fact
that the arousal measurements elicited by positive and neg-
ative pictures in our study were lower than reference values
of the IAPS [118], supports this notion. Weaker emotional
induction may limit the chance to observe tDCS-induced
changes in emotional perception. Future studies may need
to assess suitability of the IAPS for emotion induction 20
years after measurement of reference ratings.

For the first time, we attempted to enhance intero-
ceptive abilities and emotional experience using HD-tDCS
over the right S1, and our study design has several strengths.
For instance, conducting a randomized trial with repeated
measurements so that each participant would be exposed to
both tDCS conditions eliminated any possible confounding
of group-specific variables with the observed effects. We
met criticism of varying sham protocols in previous tDCS
studies [92] by assessing the physical sensations elicited by
tDCS. This allowed us to conclude that participants experi-
enced comparable physical sensations in both active tDCS
and sham tDCS, and were unable to distinguish between the
two. Even though investigators were not blind to the order
in which participants received tDCS, risk of bias in stimula-
tion effects in our study was very low, as our main outcome
of interoceptive accuracy was assessed by objective mea-
surement [119]. Another strength of our study lies in our
meaningful group size, in comparison to many other tDCS
studies in which sample sizes were seldom as large as 30
subjects [50,60].

Based on the insights our study provides, opportuni-
ties for improvement in future studies are created, as previ-
ously discussed. To extend these, we should mention that
we did not include a subjective measure of interoceptive
awareness such as the Multidimensional Assessment of In-
teroceptive Awareness (MAIA-2 [120]), which could have
provided important insight into the awareness effect we ob-
served. Furthermore, although the size of our sample is sat-
isfactory, sample heterogeneity is not. We conducted this
study with a very young, highly educated, physically active
group of participants. Our results might therefore not be
generalizable to populations with lower education levels or
older age. Further studies with more diverse samples will
be necessary to continue reliable examination of the poten-
tial for somatosensory tDCS stimulation on interoception
and emotion.

5. Conclusions

The present study was the first to evaluate the effects
of HD-tDCS over the right S1 on interoceptive abilities
and emotional experience. Although we attempted to de-
sign and conduct the experiment with the utmost care and
consideration of previous findings, we were unable to pro-
vide convincing evidence to support our initial hypothe-
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ses. We observed no changes attributable to active HD-
tDCS in interoceptive accuracy, interoceptive sensibility,
or emotional experience. Only cardiac interoceptive aware-
ness increased significantly after active HD-tDCS. Despite
the findings largely not supporting our assumptions, the
present study contributes to the growing body of research on
the association of interoception and emotion, and opens up
new avenues for their potential modulation by non-invasive
brain stimulation. Future studies may benefit by increasing
the number of stimulation sessions, adjusting the electrode
configuration, lowering the ergometric pre-activation inten-
sity, and assessing additional variables with the potential
to influence HD-tDCS effects. Overall, the present study
provides an exciting novel approach to modulation of inte-
roceptive and emotional processes, sheds light on potential
areas of improvement, and thus creates meaningful grounds
for future investigations.
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