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Introduction: While self-referential attention is thought to enhance interoceptive 
sensitivity, its effect on cardiac modulation of corticospinal excitability remains 
unexplored. This pilot study investigated how viewing one’s own face (self-face 
processing) modulates the cardiac-phase coupling of motor output and whether 
this heart-brain coupling depends on interoceptive accuracy (heartbeat 
perception).
Methods: In 15 healthy adults, motor-evoked potentials (MEPs) were elicited via 
transcranial magnetic stimulation (TMS) at three fixed time points following the R- 
peak (0, 250, and 500 m) during presentation of either self-face or other-face 
pictures. A Modulation Index was derived from log-transformed MEPs to quantify 
cardiac-phase modulation strength. Interoceptive accuracy was assessed via a 
heartbeat-counting task.
Results: Contrary to the hypothesis that self- face viewing would enhance 
cardiac–motor coupling through inward attentional focus, self-face processing 
significantly reduced the overall magnitude of cardiac-phase modulation. This 
attenuation was most pronounced at 0 m and 250 m post-R-peak, corresponding 
to systolic phase. Across conditions, higher interoceptive accuracy predicted 
stronger modulation, though this relationship showed a tendency toward 
attenuation during self-face viewing (interaction p = 0.059).
Discussion: The results of this pilot TMS study suggest that, in a task requiring 
explicit evaluation of facial stimuli, self-face viewing acts as a potent exteroceptive 
stimulus that diverts attention away from interoceptive signals, thereby weakening 
the cardiac-cycle influence on motor excitability. These findings highlight the 
context-dependency of self-processing effects and suggest a possible link 
between HCT-based interoceptive accuracy and heart-brain- body coupling.
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1 Introduction

The sense of self is a core aspect of human experience. A growing 
body of research suggests it is deeply rooted in the signals coming 
from inside our bodies. Modern theories propose that interoception 
(the perception of internal bodily states) is fundamental for self- 
awareness, emotion, and the feeling of inhabiting one’s own body 
(Craig, 2002; Seth, 2013; Tsakiris, 2017; Seth and Tsakiris, 2018; Park 
and Blanke, 2019a). According to these views, the brain constantly 
creates a model of the self by predicting bodily states and comparing 
these predictions with actual sensory feedback from within (Barrett 
and Simmons, 2015). Among these internal signals, the rhythmic 
activity of the cardiovascular system is one of the most persistent and 
basic, providing a temporal framework that influences brain 
function and cognition (Garfinkel and Critchley, 2016; Park and 
Blanke, 2019b; Al et al., 2020).

Strong evidence shows that the cardiac cycle does more than just 
pump blood; it actively shapes how the brain processes information. 
With each heartbeat, baroreceptors send signals to the brain 
changing cortical activity. This rhythm affects the perception of 
touch and pain (Edwards et al., 2009), emotional responses (Gray 
et al., 2012; Garfinkel and Critchley, 2016; Legrand et al., 2021), and 
the baseline cortical excitability (Potts and Li, 1998; Pramme et al., 
2014; Rae et al., 2018; Al et al., 2021).

Cardiac phase differentially modulates excitability in sensory 
versus motor cortical areas: while excitability in the somatosensory 
cortex appears to be suppressed during systole compared to diastole 
(Edwards et al., 2009; Wilkinson et al., 2013; Al et al., 2020), motor 
cortex excitability tends to be heightened during the systolic phase 
(Konttinen et al., 2003; Galvez-Pol et al., 2020).

An important factor that can change how we process bodily 
signals is our focus of attention. Shifting attention towards self- 
relevant information (self-focused attention) activates brain regions 
involved in self-awareness and interoception, such as the medial 
prefrontal cortex and the anterior insula (Northoff et al., 2006; Qin 
and Northoff, 2011). Viewing one’s own face is a powerful way to 
induce this state (Devue and Brédart, 2011). This internal focus is 
thought to make us more aware of bodily sensations, potentially 
amplifying the brain’s response to interoceptive signals like the 
heartbeat (Ainley et al., 2013; Farb et al., 2013). Importantly, the 
motor cortex is not just an output system for movement; it is 
increasingly recognized as part of a broader network involved in 
bodily self-awareness and agency - the sense of being the initiator of 
one’s actions. Activity in motor and premotor areas is linked to the 
subjective experience of body ownership (Gentile et al., 2015) and 
self-other distinction (Jeannerod, 2003; Legrand, 2006; Galvez-Pol 
et al., 2020).

However, a key question remains unanswered: can this 
psychological state of self-focus change the basic physiological 
dialogue between the heart and the motor cortex? One plausible 
mechanism is that self-focused attention enhances the precision 
weighting (or salience) of interoceptive signals within the brain’s 
predictive models (Seth, 2013; Barrett and Simmons, 2015). This 
increased precision could lead to a stronger top-down amplification 
of cardiac-afferent signals, making the rhythmic modulation of 
downstream cortical areas, like the motor cortex, more pronounced.

To address this, we designed an experiment combining single- 
pulse TMS with electrocardiogram (ECG) gating to probe 

corticospinal excitability at three precise, time-locked phases of 
the cardiac cycle (0, 250, and 500 m post-R-wave). Concurrently, 
we sought to manipulate attentional focus by presenting participants 
with either a picture of themselves or one of a gender-matched 
stranger. We measured MEP amplitude from the right first dorsal 
interosseous (FDI) muscle as our primary index of corticospinal 
excitability.

We hypothesized that the magnitude of cardiac-phase 
modulation of MEPs - the fluctuation in excitability across 
systole and diastole - would be significantly greater when 
participants viewed their own face compared to when they 
viewed another’s face. We further predicted that this effect of 
self-focused attention would be more pronounced in individuals 
with higher interoceptive accuracy, as assessed by a heartbeat 
perception task.

2 Materials and methods

2.1 Participants

Twenty-two healthy male volunteers were initially 
recruited for the study. All participants were right-handed 
according to self-report. For two subjects, the session was 
not completed due to adverse effects. Due to technical 
issues, five participants were excluded, resulting in a final 
sample of fifteen participants for analysis (age 18–31 years 
old, mean = 22.33, SD = 3.87).

To ensure safety and protocol consistency, we did not include 
individuals with: a history of neurological or psychiatric disorders, 
any regular medication intake, and any contraindications for 
transcranial magnetic stimulation (TMS) or magnetic resonance 
imaging (MRI) procedures (e.g., history of seizures, epilepsy, stroke, 
severe head injury, fainting, metal in the head, implanted devices, 
frequent headaches, or possible pregnancy to prevent potential 
health risks) (Rossi et al., 2021).

Participants were instructed to refrain from caffeine 
consumption for at least 4 h prior to the experiment, as well as 
from sleep deprivation and strenuous physical activity for at least 
24 h beforehand. Nine participants were entirely TMS-naïve.

After the stimulation was completed, to assess the unintended 
sensations and adverse effects, the subjects were asked to answer 
questions from the TMSense_Q questionnaire (Section IV- 
Stimulation related sensations) (Giustiniani et al., 2022) (see 
Supplementary Material S1). The questions were adapted for the 
Russian-speaking sample.

The study was approved by the HSE University Committee for 
Interuniversity Surveys and Ethical Assessment of Empirical 
Research (Protocol No. 80, dated 07.02.2022). All participants 
provided written informed consent after being fully informed 
about the nature and purpose of the study.

2.2 Stimuli

A total of 70 pictures were used as stimuli. Thirty-five images 
depicting a neutral facial expression were selected from the 
Karolinska Directed Emotional Faces (KDEF) database (publicly 
available at: https://www.kaggle.com/datasets/tom99763/testtt). The 
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remaining 35 pictures were taken of the participants by the 
researchers prior to the experiment.

For the participant photos, individuals were seated against a 
neutral white background. Images were captured from a distance of 
50 cm under controlled laboratory lighting conditions using a 
standard smartphone digital camera. Participants were instructed 
to maintain a neutral facial expression and to look directly at the 
camera (frontal pose). Each photographic session yielded 35 images, 
all capturing the participant’s neutral state with slight variations 
in head tilt.

All images, both from the KDEF database and those of the 
participants, underwent identical post-processing. The background 
was digitally removed, and the images were cropped to a uniform 
size of 562 × 762 pixels. To ensure visual consistency, the color 
balance and luminance of the KDEF images were digitally adjusted 
to match the lighting conditions of the laboratory-acquired 
participant photographs.

2.3 Overall experimental procedure

At the beginning of the experiment, each participant completed 
an informed consent form, after which his pictures were taken. 
While the pictures were being processed and uploaded to the 
presentation computer, the setup phase was conducted. This 
included the placement of ECG and EMG electrodes, participant 
registration within the neuronavigation system, and other necessary 
preparatory steps.

Subsequently, the experiment was initiated on the presentation 
computer using PsychoPy 3 version 2022.2.4. Following 
introductory instructions, participants were required to complete 
an interoceptive assessment test. Three training trials were provided, 
after which the experimental trials commenced.

Then, the main part of the experiment, involving ECG-triggered 
TMS stimulation, began. At the start of each trial, a white fixation 
cross was presented in the center of a gray screen. The duration of 
this presentation was randomly selected from a range of values 2.0, 
2.2, 2.4, 2.6, 2.8, 3.0 s. Next, a picture displaying either the 
participant’s own face or the face of another person was 
presented; these stimuli were presented in a randomized order. 
The picture remained on screen until the TMS pulse was delivered.

To maintain attentional focus, following the presentation of 
each picture, a question regarding a personality trait of the person in 
the picture was displayed (e.g., “Rate how sociable the person in the 
photograph is”). These trait descriptors were generated in advance 
and presented in random order. Participants were required to 
provide a rating on a Likert scale from 0 to 5. The personality- 
rating task was included primarily to maintain participants’ 
attention on the photographs throughout the experimental 
session; no priori hypotheses were formulated regarding a 
relationship between self-evaluation ratings and the physiological 
effects of interest. Nonetheless, the rating data were analyzed and the 
results are reported in Supplementary Material S2.

Once the participant provided their rating, an inter-trial interval 
ensued, randomly selected from the same range of durations 2.0, 2.2, 
2.4, 2.6, 2.8, 3.0 s. This cycle was then repeated until all 210 stimuli 
had been delivered.

In total, 70 pictures were presented: 35 of the participant’s own 
face and 35 of an unfamiliar one. This set of stimuli was presented 

under three different timing conditions relative to the R-peak of the 
cardiac cycle: at 0 m, 250 m, and 500 m following the R-peak, 
capturing early, mid-, and late phases of the cardiac cycle based on 
previous work on cardiac-phase modulation of corticospinal 
excitability (Otsuru et al., 2020).

2.4 Structural MRI for TMS navigation

In a separate session preceding the experimental procedure, 
individual anatomical T1-weighted magnetic resonance images were 
obtained for use in neuronavigated TMS (nTMS). The structural 
images were acquired on a 1.5 T MR scanner (Optima CT 660, GE 
Medical Systems) with a high-resolution protocol (1 mm isotropic 
voxel size).

2.5 ECG and EMG recordings

Electrophysiological signals were recorded using the NVX-52 
amplifier (LLC “Medical Computer Systems”, Russia, https://mks. 
ru) with a sampling frequency of 1,000 Hz.

To monitor heart rate and blood flow parameters, an 
electrocardiogram (ECG) and an impedance cardiogram (ICG) 
were recorded using surface Ag/AgCl electrodes (d = 26 mm, 
Medico). Electrodes were placed to form a standard V6 lead: the 
current and impedance electrodes were positioned on the ribs at the 
V6 level and on both sides of the neck, respectively.

Motor-evoked potentials (MEPs) from the right first dorsal 
interosseous (FDI) muscle were recorded using surface Ag/AgCl 
electrodes (0.6-cm2, 3 M Red Dot) in a belly-tendon montage. The 
active electrode was placed over the muscle belly of the FDI, the 
reference electrode was positioned on the tendon of the index finger, 
and the ground electrode was secured on the ipsilateral wrist.

This configuration ensured reliable MEP detection while 
minimizing electrical noise. Data quality was controlled offline; 
trials were excluded from analysis if the pre-stimulus EMG 
activity (peak-to-peak amplitude during the 1-s window 
preceding the TMS pulse) exceeded 20 μV, which is considered 
the threshold for reliable separation of MEPs from background 
EMG noise (Machetanz et al., 2020; Memarian Sorkhabi et al., 2022).

2.6 TMS setup

Stimulation was delivered using a figure-eight C-B60 coil 
connected to a MagVenture R30 + M stimulator (MagVenture, 
Denmark) for biphasic pulse generation. MRI-guided 
neuronavigation system (Localite GmbH, Germany) was used for 
optimization, recording, and consistent targeting of the cortical 
stimulation site. The entire procedure was performed in 
accordance with established international safety guidelines (Rossi 
et al., 2021).

The procedure began with identifying the cortical representation 
and searching for the “hotspot” of the target muscle through “rough 
mapping” (Krieg et al., 2017; Nazarova et al., 2021). The coil was 
systematically moved over the contralateral primary motor cortex 
(M1) hand area while delivering single TMS pulses until a site was 
found that consistently elicited motor-evoked potentials (MEPs) of 
500–800 µV in the first dorsal interosseous (FDI) muscle. Following 
hotspot localization, the resting motor threshold (RMT) for the FDI 
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muscle was determined using the automated Stochastic 
Approximation Motor Threshold (SAMT) algorithm (v1.8.0, 
https://tms-samt.github.io/, Wang et al., 2023). The stimulation 
intensity for the main experiment was set to 110% of the 
individual’s RMT.

During the experimental session, single-pulse cardiac-triggered 
TMS was delivered using the HarPULL system for real-time ECG- 
tracking (Makarova et al., 2025). TMS pulses were triggered at three 
fixed latencies following the R-peak of the cardiac cycle: 0 m, 250 m, 
and 500 m, ensuring synchronization with specific phases of 
cardiac activity.

To verify that the fixed post-R-peak delays corresponded to the 
intended cardiac phases, the angular phase of the cardiac cycle 
(0°–360°, where 0° = R-peak) was computed for each TMS pulse. 
Heart rate and R–R interval statistics were derived from these 
phase estimates.

2.7 Heartbeat perception test

Interoceptive accuracy (IAc) was assessed using a modified 
heartbeat counting task (Schandry, 1981). The task required 
participants to silently count their own heartbeats during six 
experimental intervals, without taking their pulse, crossing their 
arms or legs, or using any other physical strategies to facilitate 
heartbeat detection. The intervals were presented in a 
randomized order, with durations of 25, 30, 35, 40, 45, and 
50 s. Participants were instructed to sit comfortably in a chair 
and not to cross their arms or legs or to use any other physical 
strategies (e.g., taking their pulse) to facilitate heartbeat 
detection. The task consisted of six trials. At the beginning of 
each trial, a brief auditory tone signaled the start of a counting 
period. At the end of the counting period, a second auditory tone 
signaled them to stop. Immediately afterward, a response field 
appeared on the screen, prompting participants to enter the 
number of heartbeats they had counted.

Throughout the entire task, an electrocardiogram (ECG) was 
recorded continuously. The actual number of heartbeats 
(R-peaks) during each counting period was extracted from 
the ECG for comparison with the participant’s subjective 
count. Due to a technical issue at the start of the session, all 
participants severely underestimated their heartbeats during the 
first trial of the heartbeat counting task. Therefore, we calculated 
two separate interoceptive accuracy (IAc) scores for each 
participant: one based on all six trials and another based on 
the last five trials only, excluding the first (IAc_5trials). A 
standard IAc score was calculated for each trial using the 
following transformation formula to account for individual 
differences in heart rate:

IAc = 1/N (trials) × Σ[1 - |Recorded Heartbeats - Counted 
Heartbeats|/Recorded Heartbeats].

While these two scores were strongly correlated (r = 0.98, p < 
0.001), we conservatively chose to use IAc_5trials as the primary 
measure for all subsequent analyses to ensure the integrity of the 
accuracy measure. This decision did not alter the pattern of the main 
results. Therefore, all further references to interoceptive accuracy 
(IAc) in this manuscript pertain to the score derived from the 5- 
trial block.

2.8 Data processing

2.8.1 Modulation index

All analyses were conducted using Python 3.10. Motor-evoked 
potential (MEP) amplitudes were first transformed with the base-10 
logarithm to reduce positive skew and approximate a normal 
distribution. To quantify the magnitude of cardiac-phase 
modulation independent of its direction (i.e., facilitation or 
suppression), a Modulation Index (MI) was computed for each 
participant, experimental condition, and cardiac time point. For a 
given target cardiac delay (e.g., 0 m), the MI was defined as the 
absolute deviation of the log-transformed MEP at that delay from 
the average of the other two delays, normalized by the sum of all 
three log-MEP values. The formula for the delay of 0 m was. 

MI0 �
log10 MEP0( )− log10 MEP250( ) + log10 MEP500( )

2

􏼌􏼌􏼌􏼌􏼌

􏼌􏼌􏼌􏼌􏼌

log10 MEP0( ) + log10 MEP250( ) + log10 MEP500( )

Analogous indices were calculated for the 250 m and 500 m 
delays. For each experimental condition (Self-face, Other-face), the 
three delay-specific MI values were averaged to yield a single 
aggregate Modulation Index per participant per condition, 
representing the overall strength of cardiac-phase modulation. 
We chose MI as our primary outcome measure because it 
quantifies the magnitude of cardiac-phase modulation 
independently of its direction (facilitation vs. suppression). At the 
individual level, cardiac phase can lead to either increases or 
decreases in corticospinal excitability, and our main interest was 
in how strongly excitability is coupled to the cardiac cycle rather 
than in the sign of this effect.

2.8.2 Cardiac pre-ejection period (PEP) and stroke 
volume (SV) computation

PEP represents the time interval between the beginning of 
ventricular depolarization and the opening of the aortic valve, 
when left ventricular blood ejection occurs. PEP is a non-invasive 
marker of cardiac sympathetic nervous system activity; shorter PEP 
means stronger sympathetic drive (faster heart response), while 
longer PEP indicates reduced contractility or increased load. PEP 
is measured as the time interval between the Q-wave of the ECG and 
the B-point of the impedance cardiogram (Forouzanfar et al., 2018). 
For signal processing, a 4th-order Butterworth bandpass filter was 
applied: 1–40 Hz for ECG and 0.5–25 Hz for ICG. The signals were 
then segmented into epochs ranging from −1–5 s relative to the 
stimulus onset. Within each epoch, the time of the Q-peaks during 
the presentation of the stimulus was identified. Subsequently, 
periods from −0.1–0.4 s relative to the Q-peaks were extracted 
for both ECG and ICG signals.

In the present study, the NeuroKit package was used to 
determine the Q-peak time in the ECG. The timing of the 
B-point on the impedance cardiogram (ICG) was determined 
using the algorithm described by (Forouzanfar et al., 2018).

Stroke volumе is the amount of blood the heart’s left ventricle 
pumps out with each beat. It can be computed non-invasively by 
integrating the ICG waveform between the B- and X-points.
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The interval corresponding to each stimulus presentation 
typically encompassed between one and three Q-peaks. The PEP 
and SV values derived from these cardiac cycles were then averaged 
per stimulus.

2.9 Statistics

2.9.1 Primary hypothesis testing: mixed-effects 
models

Our primary hypothesis was that directing attention 
to one’s own versus another’s face modulates cardiac- 
phase dependent auditory processing, and that this 
modulation is influenced by individual differences in 
interoceptive accuracy.

To formally test this hypothesis, we fitted a linear mixed-effects 
model using the mixedlm function from the statsmodels package 
(Version 0.14.6 (Seabold and Perktold, 2010)) in Python. Before the 
main analysis, the interoceptive accuracy (IAc) score was grand- 
mean centered to create the predictor Iac_centered.

The core linear mixed-effects model examined the fixed effects 
of Face Condition (Self-face vs. Other-face), centered interoceptive 
accuracy (Iac_centered), and their interaction on the log- 
transformed absolute modulation index (MI) averaged across 
three post-R-peak intervals (0, 250, 500 m), which reflected the 
strength of cardiac-phase modulation.

The model was specified as: 

MI ~ C FaceCondition( ) × Iac_centered + 1 | Participant ID( 􏼁,

with a by-participant random intercept (re_formula = “1”) included 
to account for individual baseline differences. This model 
corresponded to a random-intercept structure with a within- 
subject factor (Face Condition) and a between-subject covariate 
(Iac_centered).

As a complementary, non-parametric validation of the mixed- 
model results, a Wilcoxon signed-rank test was performed on 
subject-wise mean MI values (Self-face vs. Other-face).

To address the phase-specific effects of TMS timing relative to 
the R-peak, we fitted a single mixed-effects model with delay as a 
within-subject factor. The model included the main effects of 
condition, delay, and Iac_centered (a participant-level covariate), 
as well as the interaction between condition and delay: 

MI ~ C FaceCondition( ) × delay + Iac_centered

+ 1 | Participant ID( 􏼁

Both mixed-effects models were evaluated using standard 
diagnostics, including inspection of residual normality (Q–Q 
plots; Shapiro–Wilk test), homoscedasticity (Breusch–Pagan test), 
and influence of individual participants (leave-one-subject- 
out refits).

As an exploratory analysis aimed at improving the physiological 
interpretability of our findings and facilitating comparison with 
previous cardiac-phase TMS studies, we additionally fitted a 
separate mixed-effects model to the raw log-transformed MEP 
amplitudes: 

amplitude lg ~ C Face Condition( ) × delay + Iac centered

+ 1 | Participant ID( 􏼁

This model provided signed phase differences in corticospinal 
excitability by estimating (1) the effect of Face Condition (Self-face 
vs. Other-face) at each post-R-peak delay, and (2) within-condition 
contrasts between systolic and diastolic intervals (e.g., 500 m − 
250 m). Linear contrasts of the fixed effects (Wald tests) were used to 
obtain these signed differences and their associated confidence 
intervals and p-values.

2.9.2 Correlational analysis

To analyze the relationship between interoceptive accuracy and 
modulation strength within each condition, separate Spearman 
rank-order correlations were computed between Iac and MI 
averaged across all cardiac phases for the Self-face and Other- 
face conditions. Because both correlations were obtained from 
the same participants and shared a common variable 
(interoceptive accuracy), we additionally compared them using 
Steiger’s Z test for dependent correlations.

3 Results

3.1 Cardiac modulation of corticospinal 
excitability

To investigate how self-referential processing interacts with 
cardiac rhythms in modulating corticospinal excitability, we 
assessed the effect of face condition (self vs. other) and 
interoceptive accuracy on the absolute index of cardiac-phase 
modulation (averaged over 0, 250 and 500 m post-R-peak). 
Model diagnostics indicated residuals deviated from normality 
(Shapiro–Wilk: W = 0.896, p = 0.007), but showed no systematic 
bias (mean ≈0); homoscedasticity was supported (Breusch–Pagan: 
p = 0.126), and leave-one-subject-out analyses indicated robust 
effects (condition coefficient range: 0.0146 to −0.0107). The 
mixed-effects model yielded a significant main effect, 
demonstrating that self-face viewing suppresses the cardiac-cycle 
modulation of corticospinal excitability observed during other-face 
viewing (β = −0.014, SE = 0.004, z = −3.682, p < 0.001). This 
suppression effect was highly consistent across participants, as 
validated by a follow-up Wilcoxon signed-rank test (W = 4.000, 
p = 0.0004) (Figure 1).

Second, we observed a significant positive main effect of 
interoceptive accuracy (β = 0.183, SE = 0.054, z = 3.379, p = 
0.001). This indicates that, overall, individuals with higher 
interoceptive accuracy show stronger cardiac-phase modulation 
of corticospinal excitability across both face conditions.

The model yielded a trend-level interaction between face 
condition and interoceptive accuracy (β = −0.085, SE = 0.045, 
p = 0.059). The negative coefficient indicates that the otherwise 
positive association between interoceptive accuracy and modulation 
strength might be reduced in the self-face condition. This finding 
raises the possibility that self-face viewing was associated with 
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reduced cardiac-phase modulation under the current task 
conditions.

To further illustrate the relationship between interoceptive 
accuracy and cardiac-phase modulation strength, separate 
Spearman rank-order correlations were computed for each 

attentional condition. For both conditions strong positive 
correlation was revealed (other-face condition: ρ = 0.668, p = 
0.007; self-face condition: ρ = 0.711, p = 0.003). A Steiger’s Z test 
confirmed that these correlations did not differ significantly between 
conditions (z = −0.62, p = 0.54), indicating that the strength of the 

FIGURE 1 
Modulation strength differs between face conditions. Violin plots depict the distribution of cardiac-phase modulation index for other-face (blue) and 
self-face (orange) viewing. Lines connect paired measurements from the same participants (N = 15). Modulation was significantly reduced for self-face 
processing (Wilcoxon signed-rank test: W = 4.000, p = 0.0004). Probability density is shown by violin width, medians by horizontal lines, and data ranges 
by thin vertical lines.

FIGURE 2 
Interoceptive accuracy predicts modulation strength in both attentional conditions. Scatter plots show the relationship between interoceptive 
accuracy (Iac) and cardiac-phase modulation index for other-face (blue) and self-face (orange) viewing. Dashed lines represent linear regression fits. 
Separate Spearman rank-order correlations revealed significant positive associations in both conditions: for other-face viewing (ρ = 0.668, p = 0.007) and 
for self-face viewing (ρ = 0.711, p = 0.003). Each point represents one participant (N = 15 per condition). The similarity in correlation magnitudes 
suggests that individual differences in cardiac perception ability consistently relate to modulation strength across attentional states.
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relationship between interoceptive accuracy and modulation 
strength is statistically comparable across self-face and other-face 
viewing (Figure 2).

3.2 Phase-specific analysis of cardiac-phase 
modulation

To verify that the fixed post-R-peak delays corresponded to the 
intended cardiac phases in our sample, we computed the angular 
phase of the cardiac cycle at the moment of each TMS pulse. The 
mean heart rate during the experiment was 71.6 bpm (SD = 8.5, 
range: 54.7–88.0), corresponding to a mean R–R interval of 850 m 
(SD = 103). Angular phase analysis confirmed that the 250 m delay 
fell within the systolic phase for all participants (M = 107.5°, SD = 
12.8°, range: 82.5°–130.6°; all values <180°), whereas the 500 m delay 
fell within the diastolic phase for all participants (M = 214.9°, SD = 
25.6°, range: 163.5°–267.0°; all values >180°). The angular phase at 
the time of stimulation did not differ between conditions at either 
delay (250 m: p = 0.92; 500 m: p = 0.48), confirming that conditions 
were comparable in cardiac-phase timing.

To determine whether the reduction in modulation strength 
during self-face viewing was specific to particular cardiac phases, we 

conducted a single mixed-effects model with delay as a within- 
subject factor. Residuals deviated from normality (Shapiro–Wilk: 
W = 0.881, p < 0.001), but there was no systematic bias (mean 
residual ≈0), homoscedasticity was supported (Breusch–Pagan: 
p = 0.054), and leave-one-subject-out analyses indicated 
stable effects.

At the 0 m delay, the suppression of modulation for the self-face 
condition showed a trend toward significance (β = −0.010, SE = 
0.006, z = −1.683, p = 0.092). The suppressive effect was significant at 
the 250 m delay (β = −0.021, SE = 0.006, z = −3.342, p < 0.001), a 
timeframe that coincides with the systolic period. At the 500 m 
delay, which falls within the diastolic phase, the reduction in 
modulation strength during self-face viewing was not statistically 
significant (β = −0.010, SE = 0.006, z = −1.552, p = 0.121) (Figure 3). 
The interaction between delay and condition was not statistically 
significant (delay_250 × condition: β = −0.010, z = −1.173, p = 0.241; 
delay_500 × condition: β = 0.001, z = 0.093, p = 0.926). However, the 
pattern of simple effects suggests that the suppressive effect of self- 
face viewing may be most pronounced during the systolic phase 
(250 m delay), where it reached statistical significance, compared to 
the early (0 m) and late (500 m) phases, where effects were weaker 
and non-significant. Together, these results suggest that the 

FIGURE 3 
Cardiac-phase modulation of corticospinal excitability during self-face and other-face viewing. (A) Mean modulation index (±SEM) as a function of 
time after the R-peak (0, 250, and 500 m) for other-face (blue) and self-face (orange) conditions. Shaded areas represent the standard error of the mean 
(SEM). (B) Mean difference in modulation index (Self − Other) for each post-R interval. Bar colors indicate the direction and statistical significance of the 
difference between conditions (Self − Other): red indicates that self-face modulation is significantly lower than other-face modulation (p < 0.01); gray 
indicates non-significant differences (p ≥ 0.05). Colors are based on the fixed effect of Face Condition in the linear mixed-effects model at each delay. 
Error bars represent the standard error of the difference. Asterisks denote statistical significance: p < 0.01. The overall reduction in modulation strength 
during self-face viewing was most pronounced at 250 m after the R-peak. N = 15 participants.
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attentional modulation of cardiac–cortical coupling may be 
phase-dependent, with the effect of viewing one’s own face 
being strongest during the systolic phase, peaking around 
250 m after the R-peak.

To facilitate comparison with prior work that reports signed 
phase differences, we additionally examined phase-specific raw 
log-MEP amplitudes using this exploratory mixed-effects model. 
Mean log-MEP amplitudes for each condition and phase were as 
follows: other-face condition (0 m: M = 2.708, SD = 0.596; 250 m: 
M = 2.714, SD = 0.549; 500 m: M = 2.666, SD = 0.593); self-face 
condition (0 m: M = 2.674, SD = 0.615; 250 m: M = 2.675, SD = 
0.593; 500 m: M = 2.662, SD = 0.612). The effect of Face Condition 
on log-MEP amplitude showed trends toward lower excitability 
in the self-face relative to the other-face condition at 0 m 
(β = −0.036, SE = 0.022, z = −1.66, p = 0.097) and 250 m 
(β = −0.040, SE = 0.022, z = −1.84, p = 0.066), but not at 
500 m (β = −0.006, SE = 0.022, z = −0.28, p = 0.78). Within- 
condition signed contrasts between systolic and diastolic phases 
revealed a significant reduction in log-MEP amplitude from 
250 m to 500 m in the other-face condition (500 m − 250 m: 
β = −0.048, SE = 0.022, z = −2.23, p = 0.026), whereas the 
analogous contrast in the self-face condition was not 
significant (β = −0.015, SE = 0.022, z = −0.67, p = 0.50).

3.3 Cardiac impedance parameters

To assess whether the observed modulation of corticospinal 
excitability could be attributed to changes in cardiac contractility, an 
additional analysis of impedance cardiography parameters was 
performed, focusing on pre-ejection period (PEP) and stroke 
volume (SV). PEP and SV were estimated for heartbeats 
occurring between the onset of face presentation and the TMS 
pulse in each trial and then averaged within each TMS-delay 
condition, as trials were intermixed and participants could not 
predict the delay.

For the main comparison of interest, PEP and SV values were 
further averaged within the Self-face and Other-face conditions, 
and paired Wilcoxon signed-rank tests were conducted on these 
subject-wise means. This analysis revealed no significant 
differences between Self-face and Other-face viewing periods 
for either PEP (Wilcoxon signed-rank test: W = 51, z = 0.384, 
p = 0.735) or SV (Wilcoxon signed-rank test: W = 27, z = -1.293, 
p = 0.216), indicating that differences in corticospinal 
modulation were unlikely to be driven by changes in cardiac 
contractility.

4 Discussion

The present study investigated how self-referential visual processing, 
particularly viewing one’s own face, modulates the cardiac-phase 
influence on corticospinal excitability, and whether this modulation 
depends on individual interoceptive accuracy. Contrary to our initial 
hypothesis, which predicted that self-face viewing would enhance 
cardiac–motor coupling by fostering an inward attentional focus, we 
found a significant reduction in cardiac-phase modulation during self- 
face compared to other-face processing. This effect was temporally 
specific, being strongest at 0 m and 250 m after the R-peak - time 

points that correspond to early- and mid-systolic phases, when 
baroreceptor firing and corticospinal excitability are typically 
heightened (Al et al., 2023; Engelen et al., 2025; Lucarelli et al., 
2025). Consistent with this, an exploratory analysis of signed phase 
contrasts on raw log-MEP amplitudes confirmed that in the other-face 
condition corticospinal excitability was significantly higher during 
systole (250 m after R-peak) than diastole (500 m after R-peak), 
replicating the well-documented systolic facilitation of motor 
excitability (Al et al., 2023). Critically, this phase difference was 
absent during self-face viewing, indicating that self-referential 
processing selectively attenuates the cardiac-phase modulation of 
corticospinal excitability that is otherwise present under neutral 
attentional conditions.

Moreover, whereas interoceptive accuracy positively correlated 
with modulation strength in both conditions, this relationship 
tended to be attenuated during self-face viewing.

Our primary finding that self-face viewing weakens cardiac 
modulation of motor excitability seems to contrast with previous 
work suggesting that self-referential stimuli can direct attention 
inward and enhance the processing of interoceptive and other body- 
related signals ((Weisz et al., 1988; Mirams et al., 2010; Ainley et al., 
2013; Farb et al., 2013; Maister and Tsakiris, 2014; Sacchetti et al., 
2020)). We propose that this discrepancy depends on the 
experimental paradigm.

In previous studies reported enhanced interoceptive accuracy, 
participants were instructed to focus inward on bodily sensations to 
count the heartbeats without competing external demands (Weisz et al., 
1988; Ainley et al., 2013; Farb et al., 2013; Maister and Tsakiris, 2014). 
Conversely, in our task, participants were required to make an explicit 
external judgment about each photograph immediately after its 
presentation. This was done to keep participants focused on the 
pictures and avoid distraction during the 1-h experimental session. 
This requirement likely oriented attention toward the exteroceptive, 
visual, and evaluative features of the stimulus. Therefore, rather than 
serving as a cue for inward focus, the self-face may have acted, at least in 
part, as an exteroceptive attractor, capturing attention away from 
internal cardiac signals. This shift from interoceptive to exteroceptive 
attention could explain the observed decoupling of cardiac rhythms 
from corticospinal excitability.

This interpretation aligns with the contextual nature of self-face 
processing. Self-faces are highly salient stimuli that automatically engage 
cortical networks specialized for self-recognition and socio-emotional 
evaluation (Kircher et al., 2001; Kelley et al., 2002; Northoff and 
Bermpohl, 2004; Platek et al., 2008; Kim and Johnson, 2015; Yin 
et al., 2019). However, the relationship between self-face processing 
and activation of brain regions involved in bodily awareness appears to 
be dynamically modulated by task demands and experimental context 
(Gusnard et al., 2001). Importantly, this contextual modulation extends 
to self-referential processing in general. When self-referential judgments 
involve personal value assignment and affective evaluation, such as 
assessing one’s traits, medial prefrontal regions, including ventromedial 
prefrontal cortex (vmPFC), show robust activation (Northoff and 
Bermpohl, 2004; Denny et al., 2012; D’Argembeau, 2013). These 
same regions integrate interoceptive signals with self-representations, 
serving as a key hub for somatic marker processing and the embodied 
sense of self (Damasio, 1996; Candia-Rivera et al., 2024). In contrast, 
when self-evaluation tasks demand explicit social comparison or 
objective reflection on one’s characteristics, lateral prefrontal cortex 
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and dorsolateral regions show enhanced engagement, reflecting a shift 
toward controlled, abstract reasoning (Northoff and Bermpohl, 2004). 
Our experimental paradigm can be primarily characterized as a task of 
explicit social evaluation and trait judgment. The requirement to 
analytically assess the degree to which a photographed person 
possesses specific positive traits (e.g., “charismatic,” “intelligent”) 
aligns it with cognitive operations classically supported by lateral 
prefrontal cortical (LPFC) networks, which subserve controlled 
reasoning and social-cognitive analysis.

In neural terms, this context-dependent shift in network 
engagement reflects a fundamental principle of competitive resource 
allocation in the brain. Thus, from a mechanistic perspective, our results 
can be framed within resource-competition models of attention (Chun 
et al., 2011). Processing a salient self-relevant stimulus likely consumes 
cognitive resources, leaving fewer available for monitoring interoceptive 
signals. The consequent attenuation of cardiac modulation was most 
pronounced during early systolic timepoints (0 and 250 m post-R-peak), 
a period when baroreceptor firing normally facilitates motor cortex 
excitability (Al et al., 2023; Engelen et al., 2025; Lucarelli et al., 2025). This 
specificity suggests that externally cued attention can effectively gate the 
integration of phasic cardiovascular signals into motor 
planning processes.

However, attentional competition is likely only one of several 
mechanisms that may contribute to the observed attenuation of 
cardiac-phase modulation during self-face viewing. Self-face 
stimuli carry heightened affective salience: they automatically 
elicit stronger emotional and arousal responses than unfamiliar 
faces (Devue and Brédart, 2011), and affective arousal has been 
shown to modulate cardiac afferent processing independently of 
attentional allocation (Luft and Bhattacharya, 2015; Candia- 
Rivera et al., 2022). In addition, the self-evaluative demands 
inherent in judging one’s own traits may engage additional 
cognitive processes, such as social comparison, self-reflection, 
and self-discrepancy monitoring, that are not present when 
evaluating another person (Northoff and Bermpohl, 2004; 
Denny et al., 2012). These evaluative processes recruit 
prefrontal networks that may interfere with interoceptive 
processing through mechanisms distinct from simple 
attentional diversion. The present design does not allow us to 
disentangle these mechanisms, and future studies that 
orthogonally manipulate attentional load, affective content, and 
self-relevance would be needed to isolate their relative 
contributions to the modulation of cardiac–cortical coupling.

In summary, the direction of self-relevance’s effect (enhancing 
versus reducing bodily coupling) may be critically determined by 
whether the attentional set is inward- or outward-directed. Future 
studies could test this moderator directly by manipulating task 
instructions (e.g., “focus on your heartbeat” versus “judge the 
photograph”) within the same paradigm.

The second key finding of the study is the strong positive 
association between interoceptive accuracy, measured by the 
heartbeat-counting task (HCT), and cardiac modulation of 
motor excitability. This indicates that in our sample, 
individuals with better heartbeat-detection ability exhibit 
stronger cardiac-phase coupling of corticospinal excitability, 
irrespective of attentional focus. This finding extends 
previous work linking interoceptive accuracy to physiological 
markers of interoceptive processing (e.g., heartbeat-evoked 

potentials (Mai et al., 2018; Coll et al., 2021); by 
demonstrating that such accuracy also predicts the functional 
impact of cardiac signals on motor output. In other words, 
higher interoceptive acuity is associated with a greater 
magnitude of heartbeat-driven modulation of corticospinal 
excitability, establishing a direct link between subjective 
interoceptive ability and objective neurophysiological 
coupling. A closely related finding was reported by (Otsuru 
et al., 2020), who also examined the relationship between 
interoceptive accuracy and cardiac-phase modulation of 
corticospinal excitability using TMS. However, their analysis 
quantified the directional pattern of phase-specific effects, 
revealing positive correlations at 200 m and negative 
correlations at 400 m post-R-peak. By contrast, our approach 
measured the overall strength of modulation across all cardiac 
phases, independent of whether excitability increased or 
decreased. Thus, while Otsuru et al. (2020) identified which 
phases show phase-dependent enhancement or suppression as a 
function of heartbeat perception, our metric quantifies how 
pronounced the cardiac modulation is regardless of direction. 
Both approaches converge on the conclusion that interoceptive 
accuracy is functionally linked to heart-brain coupling.

This result suggests a potential avenue for future research. State- 
dependent TMS protocols, which deliver stimulation at specific phases 
of physiological cycles, represent a promising approach for enhancing 
the efficacy of clinical TMS interventions (Zrenner et al., 2018; Zrenner 
et al., 2019; Rösch et al., 2023; Makarova et al., 2025). Given that higher 
interoceptive accuracy is associated with more pronounced cardiac 
modulation of corticospinal excitability, interoceptive training 
designed to improve accuracy (Sugawara et al., 2024; Rusinova et al., 
2025) could be incorporated into clinical protocols prior to stimulation 
to potentially enhance its physiological and therapeutic effects. However, 
it is important to emphasize that the present study was conducted in a 
healthy pilot sample and did not test any clinical, or therapeutic 
outcomes. Whether improving interoceptive accuracy would translate 
into enhanced stimulation effects remains an open and important 
question for future empirical studies, rather than a direct implication 
of the current data.

Moreover, given the small sample size (n = 15) and the known 
limitations of the HCT as a measure of interoceptive ability, this 
finding should be interpreted with caution and requires replication 
in a larger sample.

The trend-level interaction (p = 0.059) between face condition 
and HCT-based interoceptive accuracy provides preliminary, 
exploratory evidence that the positive relationship between 
accuracy and modulation strength might be attenuated during 
self-face viewing. One speculative explanation is that the high 
salience of the self-face attenuates the expression of individual 
differences in interoceptive sensitivity, resulting in a more 
uniform, externally-focused attentional state.

Finally, impedance cardiography indices of cardiac 
contractility, namely, pre-ejection period (PEP) and stroke 
volume (SV), did not differ between viewing one’s own and 
another person’s face. This pattern indicates that cardiac 
activity per se is unlikely to account for the observed cardiac- 
phase modulation of MI, which is more plausibly attributed to 
central processes, such as differential attention to self-versus 
other-related stimuli.
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5 Limitations

Several limitations of this pilot study warrant consideration. 
First, the relatively small sample size (n = 15) limits the 
generalizability of our findings and reduces confidence in the 
stability of effect estimates, particularly for complex effects such 
as the trend-level interaction between condition and 
interoceptive accuracy. Additionally, the all-male composition 
of our sample further restricts generalizability, as hormonal 
fluctuations across the menstrual cycle are known to influence 
cortical excitability and plasticity (Zoghi et al., 2015; Hernandez- 
Pavon et al., 2023; Ramdeo et al., 2024). While this choice was 
made to minimize variability in our already complex ECG–TMS 
protocol, it precludes extrapolation of the findings to female 
populations. Replication in a larger cohort is essential to confirm 
the robustness of the primary effects and would allow for a more 
nuanced investigation of potential moderators, including 
psychological factors such as subjective body awareness or the 
affective appraisal of one’s own appearance, which may influence 
responses to self-face stimuli. In addition, the heartbeat-counting 
task used to assess interoceptive accuracy is known to be 
influenced by non-interoceptive factors, including beliefs 
about one’s heart rate and time-estimation strategies (Ring 
and Brener, 1996; Desmedt et al., 2018, p. 20), and the 
observed associations between HCT-based interoceptive 
accuracy and cardiac-phase modulation should therefore be 
considered exploratory. Second, the cardiac-phase analysis 
used fixed post-R-peak delays (0, 250, and 500 m) rather 
than an adaptive algorithm that accounts for individual 
heart-rate variability. While this allows for consistent 
targeting of specific cardiac phases across participants, it 
does not reflect potential inter-individual differences in 
cardiac dynamics. Future studies employing real-time, heart- 
rate-adjusted stimulation protocols could determine whether 
the observed modulation patterns are consistent across 
variations in individual cardiac timing.

6 Conclusion

Contrary to the hypothesis that self-face viewing would 
enhance cardiac-motor coupling via inward attentional focus, 
we found that self-referential processing reduced the influence 
of cardiac phase on corticospinal excitability, most 
prominently during systolic intervals. This reduction may 
involve a shift of attentional resources from interoceptive 
signals to the salient external stimulus of one’s own face, 
particularly under task conditions requiring explicit 
evaluation of that stimulus, although other mechanisms 
could also contribute. At the same time, individual 
differences in interoceptive accuracy positively predicted the 
strength of cardiac-phase modulation across conditions, 
indicating that heartbeat-counting task performance was 
associated with objective heart–brain–body coupling in this 
sample. These results highlight the context-dependency of self- 
processing effects on interoception and underscore the 
importance of task demands in determining whether self- 
focus amplifies or attenuates bodily awareness.
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