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Introduction: Acute pain elicits distinct autonomic responses. Electroencephalography (EEG) and heart rate variability (HRV)
provide insights into autonomic and cortical activity to pain, but they often fail to capture the integrated dynamics of brain—heart
connectivity. This exploratory study used raw electrocardiogram (ECG) and EEG signals to investigate brain—heart coherence during
resting and tonic experimental pain, aiming to detect direct electrical coupling patterns, and explored the influence of individual
autonomic response in healthy participants.

Methods: EEG, raw ECG data and HRV were collected from 33 healthy participants under two conditions: rest and a cold pressor test
where subjects immersed their hand into ice water (fonic pain). HRV parameters were extracted to quantify autonomic dynamics in
response to pain. Magnitude-squared coherence (MSC) quantified brain—heart connectivity across frequency bands (delta, theta, alpha,
beta, gamma), and participants were stratified into subgroups based on changes in periodic repolarization dynamics (PRD), a marker of
sympathetic modulation.

Results: Brain—heart coherence remained stable across conditions, reflecting robust coupling, particularly in delta bands, for both
conditions. On group-level HRV analysis revealed increased sympathetic response to pain, evidenced by decreased normal-to-normal
interval (p < 0.001) and faster heart rates (p < 0.001). In an exploratory analysis, elevated MSC values (all p<0.05) were seen in theta
(Fpl, Cz), alpha-2 (T3, P4), and gamma (Fp1, Pz, T3, P4, O2) bands in the group where PRD decreased (n=16) compared to the group
where it increased (n=17).

Discussion: These findings highlight the stability of brain—heart coherence during resting and tonic pain in healthy individuals.
However, individual autonomic profiles influenced coherence, with enhanced synchronization in the PRD-decreased group and
reduced synchronization in the PRD-increased group. These preliminary findings, limited by the exploratory nature and sparse
setup, require validation in studies with denser electrode arrays. Coherence analysis provides nuanced insights into brain-heart
dynamics, advancing the understanding beyond single-system measures.
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Introduction
Pain poses a substantial burden to patients and elicits distinct physiological changes, including alterations in cortical

activity and autonomic nervous system regulation.' * The underlying mechanisms of the sensory integration and
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autonomic responses to pain remain incompletely understood. While the connectivity between brain and heart has been

5% jts role in response to acute pain remains

studied in response to physiological and pathological conditions,
underexplored.

This bidirectional brain—heart communication is mediated through distinct pathways, neural, mechanical, and
biochemical, each contributing uniquely to sensory and autonomic integration.” Mechanical pathways involve mechan-
osensitive Piezo channels transducing mechanical forces into electrical signals, while biochemical pathways comprise
endogenous compounds mediating cardiovascular—neural interactions.’

The neural pathway involves the autonomic nervous system, which is regulated by the central autonomic network'®"'!
and maintains homeostasis by modulating functions such as heart rate and digestion.'*> The central autonomic network
encompasses key integration centers including the hypothalamus, nucleus tractus solitarius, and ventrolateral medulla,
which coordinate autonomic responses and integrate visceral afferent information. Comprising the sympathetic, para-
sympathetic and somatosensory pathways, it plays a central role in brain—heart connectivity, with the vagus nerve
facilitating communication between the heart, the brainstem and from there to cortical areas.'"'*'* Enhanced vagal
activity can inhibit nociceptive pathways at the spinal cord and lower brainstem, suggesting that pain processing involves
coordinated autonomic modulation.'”

Contrary to earlier views of unidirectional brain control, brain and heart engage in reciprocal signaling, regulating
bodily functions and integrating interoceptive information.'® With each heartbeat, arterial baroreceptors transduce
mechanical stretch into neural signals, which ascend to the nucleus tractus solitarius, where cardiovascular and
nociceptive inputs converge.'>'” This pathway modulates cortical excitability and pain processing across the cardiac
cycle, with reduced pain sensitivity during the systole when baroreceptor activity is maximal, shaped by cognitive—
affective factors such as expectancy.'® '

Electrocardiography (ECG) and electroencephalography (EEG) are widely used methods for studying autonomic
responses due to their temporal precision and non-invasiveness.>*>**> EEG directly measures cortical electrical activity
and modulation across multiple frequency bands reflects changes, eg, in nociceptive processing.”* Heart rate variability,
calculated from ECG, quantifies autonomic activity and is influenced by both sympathetic and parasympathetic activity.'****
Advanced measures such as periodic repolarization dynamics (PRD), offer additional insights into modulation, which likely
reflects the instantaneous instability of repolarization, on the ventricular myocardium associated with the sympathetic
nervous system.”>>> While both methods have documented changes in response to pain, inconsistent findings — such as
contradictory changes in ECG parameters — highlight their limitations as standalone biomarkers of pain.>**2°
Similarities in oscillatory alterations of EEG and ECG, encouraged the application of frequency EEG-ECG coherence

27,28
Ce’

analysis use methods such as magnitude-squared coherence (MS ) This technique quantifies the degree of connection

between EEG and ECG signals at specific frequencies, revealing functional coupling between the brain and heart.”” MSC has
been widely used to explore interactions in contexts such as sleep, stress, and pathological conditions, eg, sepsis,'®*°~"
demonstrating its utility in identifying patterns of connectivity that traditional measures may overlook.*>*> By measuring

shared oscillatory activity, MSC provides a framework to investigate how tonic pain alters brain-heart connectivity.*>**

031 and the capacity of healthy individuals to maintain adaptive

Considering previous EEG-ECG coherence studies
mechanisms under acute pain,** we hypothesized that' brain-heart coherence would remain stable across rest and tonic
pain conditions, however® the presence of a sympathetic response, as exhibited in acute pain, determines whether
coherence at the individual level is increased or decreased. To test theses hypothesis, our aim was to compare brain—heart
connectivity between rest and tonic pain conditions in healthy individuals using EEG-ECG coherence designed for
clinical feasibility. Secondly, we examined how individual autonomic response patterns influence brain—heart coherence
during tonic pain by stratifying participants into subgroups based on changes in PRD, a marker of sympathetic

modulation, allowing for a group-level comparison of coherence patterns relative to sympathetic modulation.

6024 e Journal of Pain Research 2025:18



Aulenkamp et al

Methods

Participants

Healthy adult volunteers recruited from four centres of the International Pancreatic Pain Consortium (described in detail
elsewhere®) were included in this analysis: University of Pittsburgh Medical Center (Pittsburgh, PA, USA), All India
Institute of Medical Sciences (New Delhi, India), Semmelweis University (Budapest, Hungary), and Miguel Hernandez
University (Alicante, Spain). The Institutional Review Board approval was obtained at each site individually:
Institutional Review Board of the University of Pittsburgh Medical Center (PRO17060648); Institute Ethics
Committee of the All India Institute of Medical Sciences, New Delhi (IECPG-670/2255.1.11.2.2002200); National
Center for Public Health and Pharmacy, Budapest (OGYEI/58632-6/2023); and Ethics Committee for Drug Research
of Alicante Health Department — General University Hospital (CEIm P12023-093/ISABIAL 2023-0245).

The standardized screening process and exclusion criteria for pain studies in healthy volunteers followed our
established procedures. All research procedures were conducted in accordance with the Declaration of Helsinki, and
written informed consent was obtained from each participant prior to their inclusion in the study. In brief, any medical
condition, current medication use, gastrointestinal complaints, or current symptoms of anxiety or depression led to
exclusion. For the present analysis, data from a total of 33 healthy volunteers were available for analyses of EEG and
HRYV (see Table 1 for sample characteristics).

Experimental Procedure

For EEG and ECG recordings (Figure 1), all participants were seated comfortably with their eyes closed and instructed to
minimize movements. Each participant performed two recordings: resting state no pain and pain elicited by the cold
pressor test (CPT). During CPT, the participants immersed their non-dominant hand in ice water, to induce tonic pain.
This method, which elicits a clinically relevant acute pain, is associated with a strong sympathovagal response*®*’ and
has been used to investigate brain-heart connectivity.”>’ An initial baseline phase, no pain without any painful stimuli
was a recording of two minutes in length, during which the subject was instructed to rest but not sleep. The tonic pain
phase consisted of participants having their non-dominant hands submerged in cold water at 2 degrees Celsius and
keeping their hands in the water for as long as possible, but no longer than 120 seconds. If the subject was not able to
maintain their hand for the full 120 seconds, the time they were able to hold their hand was noted (n=6), and the EEG and
ECG recording were stopped at the withdrawal of the hand. Participants rated the maximum pain during the “pain”
condition on a Numeric Rating Scale (NRS) with the endpoints 0 = “no pain at all” to 10 = “the strongest pain
imaginable”.

Data Recording System

The skin was prepared with alcohol, and the area was shaved if needed for the ECG electrodes. For EEG recordings, a gel
was used to bridge the connection between the scalp and electrodes. This study used a custom-built system from
Norteklabs (WIBCI 16T) relying on two 8-channel Texas Instruments ADS1299 Analog-to-Digital Converters for

Table | Demographic and Experimental Pain Testing Characteristics of Included Healthy Participants

Study site, n (%) Pittsburgh: 14 (42.4%)/Delhi: 9 (27.3%)/Alicante: 7 (21.2%)/Budapest: 3 (9.1%)
Gender, n (%) Female: 18 (54.5%)/Male: 15 (45.5%)

Ethnicity, n (%) White: 21 (63.6%)/Asian: 11 (33.3%)/African: | (3.0%)

Age (years) 41.0 + 14.2 (range 19-72)

BMI (kg/m?) 25.7 + 4.5 (range 19.8-33.7)

Max. pain during cold pressor test (NRS 0-10) 85 + 1.9 (range 5-10)

Mean duration of cold pressor test (sec) 112.7 £ 21.2 (range 23-120)

Abbreviation: n = number, NRS = Numeric rating scale, BMI = Body Mass Index.
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Figure | lllustration of the brain-heart connection and the process of spectral coherence analysis between electroencephalogram (EEG) and electrocardiogram (ECG)
signals. On the left side, the brain represents the central nervous system, with the neural, mechanical and neuroendocrine pathways showing the reciprocal interaction
between brain areas (not part of the analysis), which influences heart activity. Arrows denote the bidirectional communication pathways involved in brain-heart connection.
On the right side, the spectral coherence analysis workflow is shown. EEG signals, representing brain electrical activity, and ECG signals, indicating heart rate variability, are
captured and transformed into power spectral densities. These spectra are then used to assess coherence, shown as synchronized waveforms, which quantify the degree of
coupling between EEG and ECG signals. This figure was created using biorender.org.

biopotential measurements and data acquisition.”****° These 8-channel chips were combined to create a 16-channel
recording platform. The ECG was recorded using Wilson Tetrahedron 4-leads ECG system.*'***

In a translational approach, this system has been successfully tested in EEG and ECG recording>'® and offers the
potential to be easily implemented in a clinical context. EEG was recorded using 10 EEG channels (FP1, FP2, Cz, P3, Pz,
P4, T3, T4, Ol, and O2) placed according to the 10-20 system using a 19-channel sintered EEG Electrode Cap
(OpenBCI: Brooklyn, NY) at a sampling rate of 250 Hz with 24-bit resolution. The online reference electrode was
positioned at CPz, while the ground/bias electrode was placed at AFz for noise cancellation and common grounding. No
online filters were applied during acquisition to preserve raw signal characteristics. ECG was recorded using four ECG
Ag/AgCl leads (20mm Blue Sensor, AMBU A/S, Denmark) placed in the EASI lead system, which consists of three
electrodes placed horizontally along the line of the transverse level of the ventricles (the fifth thoracic interspace) and the
last electrode is placed at the centre of the manubrium sternum (for details see Liao et al 2023). Data acquisition was
performed using the WIBCI 16T mobile application (available at: https://play.google.com/store/apps/details?id=ai.rise
tech.wibcil 6tandpli=1).

Preprocessing
All data from both the resting no pain and pain condition were recorded and subsequently stored for offline analysis
using custom subroutines implemented in Python 3.8.8. A zero-phase finite impulse response bandpass filter ranging
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from 0.1 Hz to 45 Hz was applied using a Hamming window. Following manual inspection for bad channels, removed
channels were reconstructed using inverse weighting distances to combine signals from neighbouring EEG electrodes.
EEG recordings were analysed for Magnitude-Squared Coherence (MSC) across frequencies ranging from 0.1 Hz to 45
Hz. Morlet wavelets and the Welch method were used for MSC analysis to quantify brain—heart connectivity using raw
ECG signals, prioritizing high temporal resolution to capture direct electrical coupling between cardiac and cortical
activity.”>” For the ECG analysis, the trace was produced by subtracting the left-side ECG lead from the right-side ECG
lead. R-peaks from the QRS complexes were detected in each phase (no pain and pain), for details see Liao et al 2023.%

To address potential cardiac field artifacts (CFA) due to volume conduction, which could contaminate EEG signals
and inflate MSC values, we relied on bandpass filtering (0.1-45 Hz) and manual channel inspection to minimize artifacts,
excluding line noise to focus on narrowband signals. Independent Component Analysis (ICA) was not applied due to the
limited effectiveness with only 10 EEG channels, which risks altering signal morphology or removing meaningful brain
activity.* The low MSC values (<0.26) suggest minimal ECG contamination, supporting the effectiveness of our
preprocessing approach.

Heart-Rate-Variability Parameters (HRV)
HRV parameters were calculated using combinations of custom MATLAB subroutines (R2022a, MathWorks, Inc.,
Natick, MA, USA) and EEGLAB (SCCN, Institute for Neural Computation, University of California San Diego, San

223.24y We derived both time- and frequency-domain parameters

Diego, CA, USA) as described in previous studies (eg,
of the HRV. We calculated the following time-domain parameters: intervals between R-R peaks as normal-to-normal
(NN), the standard deviation between the NNs (SDNN, described in**), heartbeat rate (HR) and the root mean square of
successive differences (RMSSD). While HR and SDNN reflect both sympathetic and parasympathetic cardiac
regulation,**** RMSSD is closely correlated with parasympathetic regulation of the heart.

For frequency-domain parameters, the spectral power in three frequency bands computed as output parameters in the
spectral domain HRV analysis comprised the low-frequency component (LF: 0.04-0.15 Hz), representing both sympa-
thetic and parasympathetic regulation, the high-frequency component (HF: 0.15-0.4 Hz) representing primarily para-
sympathetic regulation, and the LF/HF ratio, sometimes used as a proxy for sympathovagal balance, though this
interpretation has been questioned.*’

Deceleration capacity (DC) was included to assess the heart’s ability to decelerate in response to parasympathetic
(vagal) activation. It was calculated using the phase-aligned signal averaging method, which identifies anchor points (RR
intervals longer than the previous one), averages RR intervals over a window of 24 samples (12 before and 12 after the
anchor) and quantifies the deceleration of the heart rate as the mean difference between the intervals immediately before
and after the anchor points (for details see: 2°).

Additionally, the PRD, quantifying low-frequency (less than 0.1 Hz) oscillations was calculated. PRD was determined
by analysing the dynamic changes in the angle between consecutive T-waves in vectorcardiography. T waves were
automatically identified and then manually refined to account for any inaccuracies. Phase-locked signal averaging was
used to identify anchors based on specific conditions in the T wave angle time series. Windows of 40 values (20 before and
20 after each anchor) were then analysed. PRD was calculated as the difference between the maximum and minimum
values of the averaged T-wave angle time series, thus capturing low-frequency repolarisation variability (for details see: *°).

Heart Brain Index

Magnitude-squared coherence quantifies the degree of connection between two signals (in our case EEG and ECG) at
specific frequencies based on their power spectra. According to the Equation below (2), PSDx{(f) and PSDy(f)'represent
the power spectral densities estimated at the specified frequencies for each signal, and PSDy,y(f) refers to the cross-signal
PSD, where the power spectral density is calculated using the welsh method. The process of squaring and normalizing
(dividing by the product of the auto-spectral densities) yields a measure normalized between 0 and 1. This indicates the
proportion of power at a particular frequency that is shared between two signals, where zero indicates no coupling and
one reflects a perfect linear relationship between the signals.*® MSC was calculated for epochs of five-second length
without overlapping. The MSC for each epoch is averaged across all epochs to provide a single value representing the
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MSC for each source pair at the specified frequency. For our analysis, the MSC values were aggregated into the: Delta,
theta, alpha 1, alpha 2, beta, and gamma frequency bands.

2
Coh,y(f) = [PSDy (/)]

= " 2
PSDy(f).PSDy(f)

Subgroup Analysis Based

To investigate the relationship between autonomic responses and brain—heart coherence, participants were divided into
two subgroups based on the observed changes in PRD from the no pain to the tonic pain condition. Based on prior
results, PRD was selected as a valuable biomarker for pain-evoked responses due to its demonstrated ability to detect
cold pressor-induced sympathetic activation.”> PRD differs from conventional HRV parameters, ie, it is not affected by
respiratory activity>> and offers superior insights by integrating spatiotemporal data into T-wave vectors. This approach
allows for a more comprehensive characterisation of beat-to-beat repolarisation dynamics, and provides valuable
information on ventricular repolarisation heterogeneity, which is relevant to cardiac arrhythmias.*>*°
The subgroups were defined as follows:

e DOWN: comprises participants whose PRD decreased from the no pain to the tonic pain condition, thereby
indicating a relative reduction in sympathetic activity.

e UP: Participants whose PRD increased from the no pain to the tonic pain condition, indicating an elevation in
sympathetic activation.

Statistical Analysis

Statistical analyses for HRV measures focused on elucidating differences between the resting condition, no pain, and
the tonic pain condition. Given that data were not normally distributed based on difference scores, non-parametric
rank-based Wilcoxon test was used to analyze differences in HRV parameters between both conditions. These
statistical analyses were computed using IBM SPSS Statistics software, version 29.0 (IBM Corporation, Armonk,
NY, USA).

Statistical analyses focused on identifying differences in mean spectral power across frequency bands between no-
pain and pain conditions for different EEG-ECG channel combinations. Given the non-normal distribution of the data,
the non-parametric two-sample Kolmogorov—Smirnov test was employed to compare the spectral power distributions
between the two conditions. To address the risk of Type I errors due to multiple comparisons across 10 EEG channels and
six frequency bands, we evaluated false discovery rate (FDR) correction as a less conservative alternative to
Bonferroni.*” However, as this is an exploratory study with a sparse 10-channel EEG setup, we prioritized sensitivity
to detect potential brain—heart connectivity patterns. FDR correction resulted in no significant findings, likely due to
limited statistical power.** Thus, we retained uncorrected p-values for primary analysis, as supported by Rothman (1990)
for exploratory research,”® while reporting FDR-corrected results for transparency. Cluster-based permutation testing
(CBPT) was not used due to its dependence on spatial resolution, which is limited in our sparse setup, increasing Type 11
error risk.”!

The Kolmogorov—Smirnov test was applied to the averaged mean spectral power values calculated across predefined
frequency bands (delta, theta, alphal, alpha2, beta, gamma) for each participant. The independent assumption of the test
was satisfied by averaging spectral power values for each participant across epochs within each condition. For each
combination of frequency band and channel pair, the test statistic D, representing the maximum difference between the

cumulative distribution functions (CDFs) of the two groups, was computed as follows:

Dm,n = me|F(X) - G(X)|
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where F(x) and G(x) are the empirical CDFs of the no-pain and pain groups, respectively. The null hypothesis assumes
that the distributions of the two groups are identical (F(x) = G(x) for all x), with an alternative hypothesis that they are
different. A significance level of = 0.05 was set for all analyses.

These analyses were performed for each frequency band and channel combination using custom scripts in Python.
Mean spectral power values were calculated by averaging power within the specified frequency range for each band, and
statistical significance was determined for each combination of interest. To ascertain potential differences in brain—heart
coherence between the two subgroups in the fonic pain condition, MSC values were compared between the two
subgroups using the Kolmogorov—Smirnov test.

Given the physiological interdependence of EEG signals and inherent spatial-spectral correlations between channels
and frequency bands, statistical significance was evaluated using uncorrected p-values to avoid overly conservative Type
I error control in this exploratory analysis, with FDR-corrected results reported to address the risk of Type I errors.*->
Statistical significance was set at a = 0.05, acknowledging that the observed effects warrant further validation in

confirmatory studies.”*>?

Results
Heart Rate Variability

For time-domain parameters, SDNN and HR, we observed significant increases during the pain condition compared to no
pain condition, potentially reflecting an increased sympathetic response, although not reflected in the LF/HF ratio (all p <
0.05, see Table 2). Additionally, NN was decreased in the pain condition compared to no pain (p < 0.001). No difference
was observed for RMSSD, spectral-domain parameters and DC (Table 2). Bidirectional PRD changes, with increases in
half the participants (n=17, sympathetic activation) and decreases in the other half (n=16, compensatory vagal response),
likely explain the lack of an overall significant difference between conditions.

Heart Brain Index Between No Pain and Pain

The mean MSC across frequencies and channels in healthy participants is visualized in Figure 2A (no pain condition)
and Figure 2B (pain condition). Elevated MSC values were consistently observed in the delta bands across all EEG
channels for both conditions. Additionally, increased MSC values were noted in the theta and beta bands, particularly in
the occipital regions. Enhanced coherence in beta was also observed in the temporal and frontoparietal channels.
However, the comparative analysis using the Kolmogorov—Smirnov test revealed only two significant reductions in
MSC values during the pain condition compared to no pain in specific frequency-channel pairs: the T3 channel in the

Table 2 Group Level of Heart Rate Variability (HRV) Parameters Between No Pain and
Pain Conditions

HRV Parameters | No Pain Pain p-Values
Time-domain NN (ms) 878.01 + 115.02 835.75 £ 96.70 <0.001*

SDNN (ms) 45.08 £ 27.61 55.60 + 27.40 <0.001*

HR (bpm) 69.63 + 8.48 73.20 + 8.64 <0.001* a

RMSSD (ms) 31.48 +20.28 36.87 + 27.27 0.075
Spectral-domain | LF (ms?) 111035 £ 2773.46 | 1277.15 £ 2601.71 | 0.201

HF (ms?) 784.63 + 127820 | 846.46 + 1043.40 | 0.538

LF/HF 1.58 £ 1.47 1.83 £ 1.44 0.272

PRD 345 + 325 3.84 + 335 0.636

DC 15.84 + 11.37 16.30 + 10.49 0.574

Notes: Data are mean + SD, Normal-to-normal (NN) intervals, standard deviation of NN (SDNN), heartbeat rate
(HR), the root mean square of successive differences (RMSSD), low-frequency component (LF), high-frequency
component (HF), LF/HF ratio, p-values indicate the results of Wilcoxon signed-rank tests for paired samples,
assessing significant differences between no pain and pain, a = p-value indicate the results of t-test for paired
samples, * = p-value < 0.05.
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Figure 2 Heatmaps illustrating the mean Magnitude-Squared Coherence (MSC) across frequencies and EEG channels for healthy participants. (A) No pain condition; (B) Pain
condition. The color bar indicates the average MSC values across subgroups. Comparative analysis based on frequency bands revealed only two significant reductions in MSC
values during the pain condition compared to no pain in specific frequency-channel pairs: T3 channel in the alpha-2 band and the Pz channel in gamma band (p<0.05).

alpha-2 band (p = 0.027) and the Pz channel in the gamma band (p = 0.005) using uncorrected p-values. FDR correction
applied to these comparisons yielded no significant results (eg, adjusted p = 0.204 for T3 in alpha-2, adjusted p = 0.132
for Pz in gamma), likely due to the limited statistical power of the sparse 10-channel EEG setup.

Heart Brain Index — Subgroup Analysis Based on PRD

To investigate individual variability in brain—heart coherence, participants were stratified into subgroups based on
changes in PRD from no pain to tonic pain. Figure 3A illustrates MSC patterns for PRD group DOWN (PRD decreased
during fonic pain, n = 16), while Figure 3B depicts group UP (PRD increased during pain, n = 17). Both subgroups
exhibited elevated MSC values in the delta band across most EEG channels. However, notable subgroup differences were
observed in other frequency bands and regions using uncorrected p-values. Group DOWN demonstrated enhanced
coherence in the theta (Fpl: p = 0.014, Cz: p = 0.005), alpha-2 (T3: p = 0.027, P4: p = 0.031), and gamma (Fpl: p =
0.007, Pz: p = 0.005, T3: p = 0.012, P4: p = 0.027, O2: p = 0.031) bands compared to group UP (all p < 0.05). FDR
correction resulted in no significant findings (eg, adjusted p = 0.132 for Fpl in gamma, adjusted p = 0.204 for P4 in
alpha-2), reflecting the exploratory nature and limited power of the study. Group DOWN’s enhanced coherence,
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Figure 3 Heatmaps illustrating the MSC across frequencies and EEG channels for subgroups based on periodic repolarization dynamics (PRD) during tonic pain conditions.
(A) Group DOWN (PRD decreases from no pain to tonic pain), n = 16, and (B) Group UP (PRD increases from no pain to pain), n = |7.

particularly in occipital and temporal regions, suggests stronger synchronization, while group UP exhibited decreased
coherence, indicating potential impairment.

Discussion

This study investigated brain—heart coherence during resting and tonic pain in healthy participants using spectral
coherence analysis. Consistent with our hypothesis, brain—heart coherence, measured by MSC, remained stable across
both conditions, indicating a robust coupling mechanism under tonic pain, while HRV parameters showed autonomic
adaptation indicative of a sympathetic shift. However, subgroup analyses based on PRD—a specific marker of sympa-
thetic modulation—revealed distinct coherence patterns during pain, with uncorrected p-values suggesting enhanced
synchronization in the PRD-DOWN group and reduced synchronization in the PRD-UP group, highlighting the role of
individual autonomic profiles in shaping brain—heart connectivity.
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Stable Brain—Heart Coherence
Overall brain—heart coherence differed between frequency bands and channels; however, the same pattern was observed

637 overall

for pain and no pain conditions. Despite the significant autonomic demands of the cold pressor test,>
coherence did not demonstrate substantial differences between both conditions. This robust coherence is indicative of
a stable feature of healthy physiology and suggests that healthy individuals can maintain brain—heart connectivity under
transient stressors like tonic pain,’ likely mediated by the central autonomic network and its interaction with afferent
cardiac pathways, ensuring homeostasis.'**® These findings are consistent with prior research showing stable MSC
patterns in healthy participants during resting and sleep conditions, where delta and theta coherence have been linked to
regulatory functions.’®>' This stability contrasts with disruptions observed in pathological states, such as insomnia>® or
sepsis,”” where brain-heart connectivity may be compromised due to altered autonomic regulation or structural brain
changes.'%®

However, the use of raw ECG signals for MSC calculation, chosen to preserve high temporal resolution and capture
direct electrical coupling, may limit the detection of autonomic-mediated dynamics compared to HRV or interbeat-
interval metrics, which are more conventional for assessing sympathetic and parasympathetic influences.”” While HRV
metrics are valuable for assessing autonomic modulation over longer time scales, they are less suitable for capturing the
fast dynamics of brain—heart electrical coupling, which is our primary focus.

The low MSC values (<0.26) suggest minimal contamination from cardiac field artifacts, supporting the effectiveness
of our preprocessing steps (bandpass filtering, manual channel inspection) in addressing volume conduction.>* However,
the sparse 10-channel EEG setup limited the feasibility of advanced artifact removal methods like Independent
Component Analysis (ICA), which requires more channels to avoid altering signal morphology.*® This limitation is of
relevance to the present study, which prioritizes a simplified bedside system with minimal electrodes to ensure clinical
feasibility. In view of the low observed coherence values, which suggest minimal ECG contamination, it was determined
that the application of ICA might introduce more variability than benefit in the analysis.

Coherence in both conditions in the delta and theta bands, particularly in occipital regions possibly allowing exchange
of information, aligns with earlier studies linking these bands to sensory integration and cortical-subcortical
communication.’>® Occipital dominance in these low-frequency bands may point to enhanced sensory and interoceptive
processing, suggesting adaptive neural mechanisms at play. Delta activity, a key component of brain—heart networks,
facilitates information transfer between central and peripheral systems, mediated by the brainstem.’”*® Such low-
frequency oscillations, such as delta and theta, are thought to mediate brain—heart synchronization, reflecting founda-

tional mechanisms of interoceptive signalling and autonomic input processing at cortical levels.**>%-°

Individual Autonomic Responses to Pain

Participants stratified by PRD changes from the pain-free to the tonic pain condition showed different patterns of brain-
cardiac coherence during pain. It has previously been shown that the physiological response differs and is highly
individual. As PRD is a marker of low-frequency oscillations in cardiac repolarisation that is associated with sympathetic

modulation,23 25

it was selected to capture individual autonomic responses to pain. Brain—heart coherence varied
significantly between PRD subgroups during the tonic pain condition using uncorrected p-values, suggesting that
individual autonomic profiles influence connectivity. The PRD-DOWN group exhibited higher theta and gamma
coherence in occipital and temporal regions (eg, Fpl, Cz in theta; Fpl, Pz, T3, P4, O2 in gamma, all p < 0.05) compared
to the PRD-UP group, but these findings were not significant after FDR correction, likely due to the limited statistical
power of the sparse setup.*’

The enhanced coherence exhibited by the PRD DOWN group suggests potential mechanisms involving enhanced
interoceptive and sensory integration through increased theta coherence, alongside possible cognitive regulatory pro-
cesses associated with gamma activity.®® Though these exploratory observations require replication in larger studies, they
align conceptually with previous research linking higher parasympathetic activity to improved self-regulation and pain
inhibition.'
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Similarly, the uncorrected statistical pattern in the PRD UP group might reflect altered brain—heart synchronization,
potentially indicating different regulatory strategies during tonic pain rather than impaired function”. Alternatively, this
could be indicative of a heightened sympathetic survival response, wherein minimal exchange of information is
necessary, as all resources are allocated to perpetuate the fight and flight response to the threat.

These findings, though requiring careful interpretation, provide insights into the intricate interplay between autonomic
responses and brain—heart connectivity and suggest how individual differences in sympathetic modulation influence
physiological integration under stress and pain.

Heart Rate Variability

While brain—heart coherence remained stable, HRV analysis confirmed the autonomic effects of the cold pressor test,
a long-lasting tonic stimulus with high pain intensity. Significant increases in NN and HR during the pain condition
confirmed a sympathetic response to the CPT, consistent with previous findings.'**** Similar to Konstantinou et al,** we
observed an increase in SDNN, reflecting changes in sympathovagal regulation, as this measure encompasses both
sympathetic and parasympathetic influences. An increased SDNN indicates more significant heart rate variability,
suggesting alterations in autonomic regulation and implying the potential for such regulation to adapt to pain.
RMSSD, a specific parasympathetic marker, also showed a slight, though non-significant, increase consistent with
their findings. However, only time-domain parameters were sensitive to pain. The variability in HRV responses across

studies may reflect the interplay between sympathetic and parasympathetic branches,***¢*-¢?

underscoring the limitations
of HRV as a standalone measure of autonomic function during pain and emphasizing the need for complementary

analyses like MSC to assess brain—heart connectivity.

Limitations and Future Directions

While this study provides novel insights into brain—heart coherence during tonic pain, several limitations warrant
consideration. The use of raw ECG signals for MSC calculation, while preserving high temporal resolution, may not
fully capture autonomic-mediated dynamics compared to HRV or interbeat-interval metrics.”’ Spectral coherence
measures, although robust, may not fully capture dynamic, context-specific interactions underlying functional coupling.
Alternative methods, such as phase synchrony or information-theoretic measures, could provide a more comprehensive
understanding of brain—heart interactions, particularly given the nonlinear nature of pain processing.””** Additionally,
the reliance on scalp EEG limits the detection of subcortical processes critical to autonomic regulation, such as brainstem
and limbic structures.®® Future studies employing source-localized EEG or functional magnetic resonance imaging could
overcome these limitations and further elucidate the neural correlates of brain—heart coupling.

Another limitation concerns the exploratory nature of this brain—heart connectivity study, which necessarily involved
trade-offs between clinical feasibility and methodology. The sparse 10-channel EEG configuration, while enabling
practical implementation in clinical settings,*® constrained our ability to detect subtle neural connectivity patterns and
reduced confidence in our preliminary findings. This design choice reflects the broader challenge in translational
neuroscience of balancing methodological sophistication with real-world applicability. Future validation studies would
benefit from denser electrode arrays to enhance spatial resolution and larger sample sizes to improve statistical power for
detecting brain—heart interactions in pain processing.

Another limitation of the study is the statistical complexity arising from multiple group comparisons, particularly in
the subgroup analyses. While these comparisons provided important insights, they also increase the risk of Type I errors.
Although subgroup analyses based on PRD provided valuable insights into individual autonomic response patterns, it is
noteworthy that no significant differences in PRD were observed between the no pain and tonic pain conditions on
a group level in this small, healthy sample, emphasizing the individual responses. This lack of variation may reflect
individual autonomic response to pain and could highlight the robustness of autonomic regulation in healthy participants
or simply point to a limited sensitivity of PRD in detecting subtle changes in sympathetic activity under these
experimental conditions. Future studies with larger, more diverse populations and refined autonomic markers may help
address these limitations.
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Finally, this study focused exclusively on healthy participants. While this allowed for the characterization of
normative patterns, the findings may not generalize to clinical populations. Comparing coherence patterns across patient
groups with pain conditions, especially visceral pain, where autonomic dysfunction is often reported, may reveal altered
brain—heart dynamics. Subgroup analyses, as demonstrated here, could be particularly valuable in identifying individual
differences in pain processing and autonomic regulation. These findings provide a baseline for understanding brain—heart
connectivity in healthy individuals and may serve as a reference for identifying deviations in clinical populations. For
example, altered PRD and coherence patterns might serve as biomarkers for dysregulated autonomic responses in chronic
pain or visceral pain conditions.

Conclusion

The present study indicates that, in healthy individuals, brain—heart coherence remains stable during resting and tonic
pain. However, subgroup analyses based on PRD—a marker of sympathetic modulation—revealed differences in
coherence patterns, providing insights into the influence of individual autonomic responses on interoceptive regulation
and connectivity. Participants with increased sympathetic activity during pain demonstrated reduced brain—heart coher-
ence, suggesting impaired integration (less synchronization) of cortical and autonomic processes. Conversely, partici-
pants with reduced sympathetic modulation exhibited increased coherence, which may imply enhanced synchronization
and compensatory mechanisms to support sensory and regulatory functions under pain.

These preliminary findings underscore the significance of individual autonomic profiles in shaping brain—heart
connectivity during pain and the utility of PRD as a targeted marker for understanding these interactions. The integration
of coherence metrics with autonomic markers has the potential to further elucidate the mechanisms that may underlie
impaired brain—heart connectivity in clinical populations, where altered autonomic responses may contribute to mala-
daptive pain processing. These findings establish the foundation for personalized approaches to pain management that
leverage brain—heart interactions as potential diagnostic and therapeutic targets, with future studies needed to validate
these results using denser EEG setups and larger samples.
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