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When the heart inhibits the brain: Cardiac phases
modulate short-interval intracortical inhibition

Mario Paci,1,7 Pasquale Cardellicchio,4,5,6,7,8,* Paolo Di Luzio,3 Mauro Gianni Perrucci,1,2 Francesca Ferri,1,2

and Marcello Costantini2,3,*
SUMMARY

The phasic cardiovascular activity influences the central nervous system through the systolic baroreceptor
inputs, inducing widespread inhibitory effects on behavior. Through transcranial magnetic stimulation
(TMS) delivered during resting-state over the left primary motor cortex and across the different cardiac
phases, we measured corticospinal excitability (CSE) and distinct indices of intracortical motor inhibition:
short (SICI) and long (LICI) interval, corresponding to GABAA andGABAB neurotransmission, respectively.
We found a significant effect of the cardiac phase on short-intracortical inhibition, without any influence
on LICI. Specifically, SICI was stronger at systole compared to diastole. These results show a tight relation-
ship between the cardiac cycle and the inhibitory neurotransmission within M1, and in particular with
GABAA-ergic-mediatedmotor inhibition.We hypothesize that this process requires greater motor control
via the gating mechanism and that this, in turn, needs to be recalibrated through the modulation of intra-
cortical inhibition.

INTRODUCTION

The processing of incoming stimuli in the brain’s cortex is not isolated, but rather influenced by the ongoing activity within the same neural

substrate.1,2 This phenomenon, known as state dependency, has been demonstrated in the visual stream, where inhibitory alpha oscillations

play a role in limiting and prioritizing the neuronal processing of sensory representations in complex visual scenes.3–6 Furthermore, state de-

pendency has also been observed in the motor system, where motor activity can influence sensory integration7 and action observation.8

This state dependency effect can be influenced, as previously pointed out, by both top-down factors9,10 such as brain oscillations or neuro-

transmitter modulation, and bottom-up factors11 such as interoception.12 In fact, fluctuations in the internal physiological state of the body

can have a widespread impact on the central nervous system.13

One example of this is the influence of cardiovascular activity on cognition and behavior mediated by variations in baroreceptor inputs to

brainstem nuclei.14 Sensory events occurring at different phases of the cardiac cycle, specifically systole (approximately 250/300 ms after the

cardiac R-peak) and diastole (approximately 500 ms after the R-peak), have been found to be processed differently.15–18

Research has demonstrated that systolic baroreceptor activity particularly affects sensorimotor functions, exerting inhibitory effects on

behavior.19 This can be attributed to the stronger and longer-lasting inhibitory effects produced by the phasic firing of arterial baroreceptors

during systole compared to diastole.

These variations in phasic interoceptive signals driven by the cardiac cycle can even influence motor actions. For instance, reaction times

have been observed to be slower during systole compared to diastole in early reports,20–22 but see the study by Salzman and Jaques.23

Consistently, linear decreases in RTs relative to the R-peak were reported in later studies24–26 and in more recent detailed investigations.27–29

However, the scenario is far complex as perception and action might be dynamically influenced by visceral drives according to recent per-

spectives,30 questioning the relevance of simple reaction times as indices of cardiac cycle effects on motor domain. On this matter, some

inconsistencies have arisen studying the behavioral correlates of active and passive action tendencies.31,32 Interestingly, there is evidence

to believe that the heart cycle might have an impact on motor control, as response inhibition efficiency seems to significantly improve

when stop cues are presented at systole during the stop signal task (SST).33 These results support the hypothesis that the physiological fluc-

tuations in the baroreceptor inputs conveyed to the brainstem nuclei and driven by phasic cardiovascular activity could have an impact on

motor control and reactive inhibition. Specifically, the increase in the state of physiological arousal which occurs at systole seems to improve
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Figure 1. Results of MEPs with t test analyses

Group MEPs as a function of cardiac phase with individual data points. Data are represented as mean G SEM.
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the performance on the SST. This task is used to estimate individuals’ ability to suppress a response already initiated, that is, the time required

to inhibit a response, namely the stop signal reaction time (SSRT; shorter SSRT = better inhibition). Crucially, the inhibitory processes under-

lying the SST seem to be mainly modulated by the circuits of short-interval intracortical inhibition (SICI).34–40 SICI is elicited by pairing a

subthreshold conditioning stimulus (CS) with a suprathreshold test stimulus (TS) delivered after 1–6 ms and it is thought to reflect fast-acting

inhibitory postsynaptic potentials mainly mediated by GABAA neurotransmission. A significant increase in SICI has been measured online

during stop trials compared to go trials, and it has been even hypothesized that the trait-like individual differences in the neurophysiological

markers of intracortical inhibition (and in SICI in particular) might predict behavioral motor inhibition capacities,37,41 as supported by several

negative correlations reported between SICI, measured at rest, and SSRT.35,38,42

However, despite the frequent aforementioned behavioral associations between the cardiac cycle and motor reactivity, no studies

have yet investigated whether the heart cycle has an impact on the motor system by means of the GABAergic neurotransmitter

modulation. To date, these cardiac-behavioral associations do not seem to have a neurophysiological counterpart, at least with regard

to corticospinal excitability (CSE). In fact, converging studies reported no interactions between the cardiac cycle and CSE43–46 (see also

the study by Al et al.47). Thus, we decided to focus not only on the excitability but also, and foremost on the neurophysiological markers

of motor inhibition, measuring these across the different phases of cardiovascular activity. We here addressed the neurophysiological

counterparts of this cardiac-behavioral association by investigating the relationship between the cardiac cycle and intracortical inhibition

within the primary motor cortex (M1) by measuring SICI, long-interval intracortical inhibition (LICI), and motor evoked potential (MEP) eli-

cited at systole and at diastole, respectively. While the amplitude of the MEPs provides an instantaneous readout of the state of the motor

system by CSE,48,49 SICI and LICI consist in a reduction of CSE modulated by different GABAergic neurotransmission. LICI, differently from

SICI that recruits faster GABAA receptors,50–52 is thought to reflect slower inhibitory postsynaptic potentials within M1 mainly mediated

by the activity of GABAB receptors, and it is elicited by pairing a suprathreshold CS with a second suprathreshold TS delivered after

100 ms.51,53–56

Specifically, since SICI and LICI were both acquired through paired-pulses transcranial magnetic stimulation (TMS) procedures, we locked

the respective CS either at systole or diastole, 250 and 500 ms after the R-peak of the electrocardiogram. MEP amplitudes were measured

from the CS of LICI for each cardiac phase. The relative TS was delivered 3 (SICI) and 100 ms (LICI) after the CS. In this way, both SICI and

LICI were evoked precisely at either systole or diastole, so as to test the hypothesis that GABAergic neurotransmitter modulation, and in

particular fast-acting inhibitory postsynaptic potentials GABAA neurotransmission, might be affected by the physiological fluctuations of

the baroreceptor inputs induced by phasic cardiovascular activity.

RESULTS

Oneparticipant (M) was excluded from the data analysis since heart rate (HR) was higher than 100 bpm.44 Overall, the averageHRwas 72 bpm,

while the average restingmotor threshold was 45% of themaximum stimulator output (ranging from 39% to 55%, SD = 5%). MeanMEP ampli-

tude was 0.59 mV (SD = 0.39) at systole and 0.58 mV (SD = 0.40) at diastole. Paired sample t tests showed no difference in MEP amplitude

between systole and diastole (t(20) = �1.04, p = 0.31 Cohen’s d = 0.22). The MEP data are shown in Figure 1. Mean SICI ratio was 0.28

(SD= 0.18) at systole and 0.34 (SD= 0.18) at diastole. Paired sample t tests showed a significant difference in SICI between systole and diastole

(t(20) =�2.52, p = 0.02, Cohen’s d = 0.55). Mean LICI ratio was 0.19 (SD = 0.15) at systole and 0.19 (SD = 0.17) at diastole. Paired sample t tests

showed no significant differences in LICI (t(20) = �0.15, p = 0.88 Cohen’s d = 0.03). SICI and LICI data are shown in Figure 2.

DISCUSSION

The present study was designed to study how an internal physiological body state could interact with the brain at rest.
2 iScience 27, 109140, March 15, 2024



Figure 2. Results of intracortical inhibition with t test analyses

Average LICI (left side) and SICI (right side) as a function of cardiac phase, with individual data points. Lower values indicate stronger LICI or SICI. Data are

represented as mean G SEM and asterisks show significant differences (p < 0.05).
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Specifically, we were interested in determining whether the neurophysiological pattern of GABAergic-mediated intracortical inhibition

within M1 varies across the different phases of the cardiac cycle. We here addressed this experimental question by measuring CSE, SICI,

and LICI at systole and diastole, following the hypothesis that SICI could be stronger at systole rather than at diastole. This hypothesis is sup-

ported by the association between the strength of SICI and the efficiency of reactive response inhibition34–38 and the improvement of this

behavioral inhibition during the systolic phase.33

In line with these converging pieces of evidence, our results showed a significant difference in SICI evoked across the two cardiac phases.

Specifically, we observed stronger SICI during systole compared to diastole, which supports the hypothesis that the cardiac cycle might in-

fluence the neurophysiological pattern of intracortical inhibition within M1. These results imply that cardiac interoceptive signals might influ-

ence motor cortex inhibition and, crucially, the effect seems to be specific for SICI only, namely for fast-acting GABAA-ergic-mediated motor

inhibition. Conversely, there was no significant difference in LICI measured at systole and diastole.

On a physiological level, two separate receptor types play a role in GABAergic inhibition, namely GABAA and GABAB. These receptors

are responsible for enabling different form of inhibition57 since GABAA is acting through ionotropic mechanism and GABAB is a metab-

otropic receptor, leading respectively to a fast and powerful synaptic inhibition in contrast to a slow and mild modulation of neuronal

function.58–60

It is widely accepted that SICI is primarily mediated by type A receptors52,61,62 and conversely, that LICI most likely occurs through neuro-

transmission via the GABAB receptor.
63 Given this, our results suggest that cardiac-related signals interact selectively with a specific inhibitory

mechanism (i.e., GABAA-mediated) which is associated with the phasic shaping of neuronal firing within a brief interval (e.g., systole). This

could be plausible as it appears that SICI can be rapidly downregulated (activation phase) or upregulated (deactivation phase) depending

on the movement phase, differently from LICI which does not exhibit significant modulation between rest and activation, nor between the

activation and deactivation phases of themovement.64,65 Therefore, it could be supposed that heart-driven activity tunesmotor cortical excit-

ability by inhibition, carried by the most feasible substrate to achieve fast modulations (i.e., GABAA). We cannot, however, exclude that the

influence of visceral signaling may be circumscribed solely on type-A receptors as they are more sensitive to GABA fluctuations relative to

type-B receptors, which requires a higher concentration or a longer exposure to GABA.66

Moreover, our findings could be linked to motor-related beta oscillations67,68 as this rhythm in M1 has been associated with drives of

GABAergic modulation.69–71 Crucially, it was found that movement-related beta desynchronizations, which are electroencephalogram pre-

motor correlates, are coupled with GABAA modulation.72 Hence, it seems reasonable that we traced a specific effect on a GABAA readout

measure (i.e., SICI), since the same receptor system may be functional for the modulation of the rhythms associated with motor control.

Our study also found the amplitude of MEPs to be consistent across different phases of the cardiac cycle. This observation aligns with pre-

vious literature43–46 and underscores the non-variability of MEP amplitude in relation to cardiac dynamics. Conversely, findings reported in

another study47 diverge from our own. This variance could likely be ascribed to differences in the experimental methodology. Specifically,

the timing of TMS in relation to the cardiac cycle is a critical variable thatmight complicate the direct comparison of outcomes. In our research,

to preclude ambiguous interpretations, we intentionally administered TMS pulses outside the time window immediately adjacent to the

R-peak. This approach was taken to ensure a clear delineation of the systolic phase. We based our definition on a time frame that correlates

with the processing of central baroreceptors, a decision supported by a range of psychophysiological studies.73–76Moreover, the potential for

lateralization effects to contribute to the observeddifferences cannot be entirely dismissed.77 The pattern of corticospinal activationwe docu-

mented, which did not differ between systole and diastole, indicates that the cardiac-related modulation of the SICI ratio is a specific effect,

rather than a byproduct of altered CSE.
iScience 27, 109140, March 15, 2024 3
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A multitude of converging results support the hypothesis that a stronger intracortical inhibition predicts higher motor control.78 Specif-

ically, a lower SICI ratio is associated with a better inhibitory performance during the SST.36 Moreover, this heightened modulation of SICI

during systole, as opposed to the diastole, aligns with the observed improvement in reactive motor inhibition performance when stop

cues are presented during systole.33 With regard to behavior, it is worth mentioning that other authors reported how the inhibitory perfor-

mance could not be impacted,79 or even impaired,80 depending on cardiac activity. The discrepancies among results may be related to the

different types of tasks or stimuli used, possibly recruiting complementary mechanisms such as conflict resolution or deliberate inhibition. In

fact, behavioral suppression is achieved by a series of subprocesses, encompassing either low-level perceptual processes (e.g., signal detec-

tion) or high-level cognitive control functions.81

In some circumstances, the actual effect of the cardiac cycle on response inhibition might be overshadowed by the presence of other

subprocesses. This view aligns with the notion that the heart-dependent effects are moderate and susceptible to additional cognitive pro-

cesses.80 It also highlights the necessity for further investigation on which inhibitory mechanisms are specifically influenced by cardiac con-

tractions signals, since reactive33 and volitional79 motor control appear to be differently affected. Suitable attempts should assess distinct

subprocesses related tomotor control, matching asmuch as possible stimuli characteristics and task demands to avoid any bias of intervening

processes.

In the present study, we can primarily interpret the results from a neurophysiological perspective that correspond with the aim of the work,

proposing a GABA substrate accountable for the heart-driven SICI modulation. This in turn hints to a plausible behavioral scenario related to

higher motor inhibition33,36,78 that should be carefully examined in future research.

Lastly, the neural modulation found here supports the principles of the gating-by-inhibition hypothesis.5,82 Originally observed in the

visual system, this phenomenon is believed to improve spatial and temporal discrimination of various sensory inputs in the visual system.83

While initially proposed in relation to phase-coding and the organization of sequential sensory processing using alpha oscillations,3–6

the same working mechanism could be applicable to the motor system. According to this mechanism, inhibitory oscillations restrict

and prioritize neuronal processing. At oscillatory peaks, inhibition effectively suppresses neuronal firing, preventing activation. During sys-

tole, the blood is ejected from the two ventricles, flowing into both the pulmonic and aortic circulation systems. Based on our findings, we

hypothesize that this process requires greater motor control via the gating mechanism and that this, in turn, needs to be recalibrated

through the modulation of intracortical inhibition. This recalibration serves two potential purposes: first, to prevent undesired muscle ac-

tivations,84 and second, to enhance the differentiation between activity and rest, or more precisely, between engaged muscles and mus-

cles at rest.61,85

Overall, these results show that cardiac interoceptive signals influence motor cortex inhibition and that this effect is specific for SICI, an

index of GABAA-ergic-mediated motor inhibition, supporting the hypothesis that there might be a tight relationship between the phases

of the cardiac cycle and the inhibitory neurotransmission within M1. This suggests that at systole, stronger physiological arousal signals

prompt faster and more efficient responses to stop cues. This is in line not only with an increased likelihood of detecting and responding

to salient events but also, at the neural level, with a stronger reactive SICI-mediated inhibition. To date, the present study has been the first

one to show that the cardiac phasic interoceptive signals might influence not only behavior and cognition but also modulate intracortical in-

hibition within M1.
Limitations of the study

In this study, we investigated how the cardiovascular activity influences the central nervous system through intracortical-inhibitionmodulation.

We delivered TMSpulse at fixed timepoints (250 and 500ms) following the R-peak. Although these timewindows correspond, respectively, to

the time phases of systole and diastole, we cannot rule out any temporal variability that may have introduced noise into our results. Addition-

ally, the scope of the present study could be extended by integrating an appropriate behavioral task into its design, to root this cardiac-driven

neurophysiological effect into more functional and operative interpretations. Future studies will hopefully address these limitations.
STAR+METHODS

Detailed methods are provided in the online version of this paper and include the following:

d KEY RESOURCES TABLE

d RESOURCE AVAILABILITY
4

B Lead contact

B Materials availability

B Data and code availability

d EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

B Participants

d METHOD DETAILS

B ECG and EMG recordings

B TMS protocol

d QUANTIFICATION AND STATISTICAL ANALYSIS

B Data pre-processing and analysis
iScience 27, 109140, March 15, 2024



ll
OPEN ACCESS

iScience
Article
ACKNOWLEDGMENTS

This work was supported by the ‘‘Departments of Excellence 2018–2022 and 2023–2027’’ initiative of the Italian Ministry of Education, Univer-

sity and Research for the Department of Neuroscience, Imaging and Clinical Sciences (DNISC) of the University of Chieti-Pescara, and by the

‘‘Search for Excellence’’ initiative of the University of Chieti-Pescara. This research was also supported by PNRR Project ‘‘Boost for Interdisci-

plinarity’’ (‘‘NextGenerationEU’’, ‘‘MIUR-Fondo Promozione e Sviluppo - DM 737/2021’’, INTRIGUE).

AUTHOR CONTRIBUTIONS

M.P., F.F., and M.C. conceived the study. M.P., P.C., and M.G.P. developed and implemented the experimental setup. M.P. performed the

experiment. P.C. and M.G.P. provided technical support during the experiment. M.P., P.C., and M.C. performed data analysis. M.P., P.C.,

P.D.L., and M.C. wrote the manuscript. P.C. and P.D.L. provided technical consultation for the revision of the manuscript. All authors drafted

and approved the final version of the manuscript.

DECLARATION OF INTERESTS

The authors declare no competing interests.

Received: July 31, 2023

Revised: November 18, 2023

Accepted: February 1, 2024

Published: February 5, 2024
REFERENCES

1. Silvanto, J., and Pascual-Leone, A. (2008).

State-Dependency of Transcranial Magnetic
Stimulation. Brain Topogr. 21, 1–10. https://
doi.org/10.1007/s10548-008-0067-0.

2. Silvanto, J., Muggleton, N., and Walsh, V.
(2008). State-dependency in brain stimulation
studies of perception and cognition. Trends
Cogn. Sci. 12, 447–454. https://doi.org/10.
1016/j.tics.2008.09.004.

3. Cecere, R., Rees, G., and Romei, V. (2015).
Individual differences in alpha frequency
drive crossmodal illusory perception. Curr.
Biol. 25, 231–235. https://doi.org/10.1016/j.
cub.2014.11.034.

4. Coon, W.G., Gunduz, A., Brunner, P.,
Ritaccio, A.L., Pesaran, B., and Schalk, G.
(2016). Oscillatory phase modulates the
timing of neuronal activations and resulting
behavior. Neuroimage 133, 294–301. https://
doi.org/10.1016/j.neuroimage.2016.02.080.

5. Jensen, O., Gips, B., Bergmann, T.O., and
Bonnefond, M. (2014). Temporal coding
organized by coupled alpha and gamma
oscillations prioritize visual processing.
Trends Neurosci. 37, 357–369. https://doi.
org/10.1016/j.tins.2014.04.001.

6. Michalareas, G., Vezoli, J., van Pelt, S.,
Schoffelen, J.M., Kennedy, H., and Fries, P.
(2016). Alpha-Beta and Gamma Rhythms
Subserve Feedback and Feedforward
Influences among Human Visual Cortical
Areas. Neuron 89, 384–397. https://doi.org/
10.1016/J.NEURON.2015.12.018.

7. Cardellicchio, P., Hilt, P.M., Dolfini, E.,
Fadiga, L., and D’Ausilio, A. (2020). Beta
Rebound as an Index of Temporal Integration
of Somatosensory and Motor Signals. Front.
Syst. Neurosci. 14, 63. https://doi.org/10.
3389/fnsys.2020.00063.

8. Cardellicchio, P., Dolfini, E., Hilt, P.M.,
Fadiga, L., and D’Ausilio, A. (2020). Motor
cortical inhibition during concurrent action
execution and action observation.
Neuroimage 208, 116445. https://doi.org/10.
1016/j.neuroimage.2019.116445.

9. Cattaneo, L., Sandrini, M., and Schwarzbach,
J. (2010). State-Dependent TMS Reveals a
Hierarchical Representation of Observed
Acts in the Temporal, Parietal, and Premotor
Cortices. Cereb. Cortex 20, 2252–2258.
https://doi.org/10.1093/cercor/bhp291.

10. Jacquet, P.O., and Avenanti, A. (2015).
Perturbing the Action Observation Network
During Perception and Categorization of
Actions’ Goals and Grips: State-Dependency
and Virtual Lesion TMS Effects. Cereb. Cortex
25, 598–608. https://doi.org/10.1093/cercor/
bht242.

11. Schutter, D.J.L.G., Smits, F., and Klaus, J.
(2023). Mind matters: A narrative review on
affective state-dependency in non-invasive
brain stimulation. Int. J. Clin. Health Psychol.
23, 100378. https://doi.org/10.1016/J.IJCHP.
2023.100378.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Raw data This paper Reserved https://doi.org/10.17632/csb2w8f53m.1

https://data.mendeley.com/drafts/csb2w8f53m

Software and algorithms

Psychtoolbox (version 3.0.14) Psychophysics Toolbox http://psychtoolbox.org/ RRID: SCR_002881

Signal software Cambridge Electronic Design Limited http://ced.co.uk/products/sigovin RRID:SCR_017081

MATLAB R2018a MathWorks https://www.mathworks.com/ RRID:SCR_001622

Statistica Statsoft http://www.statsoft.com/Products/STATISTICA/

Product-Index RRID:SCR_014213

Other

Figure-of-eight TMS coil (7 cm diameter) Magstim https://www.magstim.com

Magstim 2002 stimulator Magstim https://www.magstim.com

CED power1401 Cambridge Electronic Design Limited http://ced.co.uk/ RRID:SCR_017282

Biopac MP160 Biopac Systems Inc https://www.biopac.com RRID:SCR_014829

DTU100 Digital Trigger Unit Biopac Systems Inc https://www.biopac.com RRID:SCR_014829
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the Lead Contact, Mario Paci (mario.paci@

unich.it).

Materials availability

This study did not generate new unique reagents.

Data and code availability

Original data have been deposited at Mendeley Data and are publicly available as of the date of publication. The accession numbers or URL

for the datasets are listed in the key resources table.

This paper does not report the original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Participants

We recruited 21 white/Caucasian right-handed participants (6 males, mean age 25.9G 3.2) with no history of cardiovascular or neuropsychi-

atric diseases, and no other contraindications to TMS,86 as self-reported. Handedness was assessed with the Edinburgh Handedness Inven-

tory.87 Participants were informed about the experimental procedure and provided their written consent before taking part in the study. The

study took place at ITAB (Institute for Advanced Biomedical Technologies) in Chieti. The number of participants was in line with previous

works showing how individual differences inmotor cortex inhibitionmeasured at rest can predictmotor inhibition performance.35,38 The study

was approved by the Ethics Committee of the Department of Psychological Sciences, Health and Territory, University G. d’Annunzio, Chieti-

Pescara and was conducted in accordance with the ethical standards of the last update of the Helsinki Declaration (2013).

METHOD DETAILS

ECG and EMG recordings

The electrocardiogram (ECG) was recorded using three disposable ECG surface electrodes set according to the standard lead II configuration

and connected to a Biopac MP160 System (BIOPAC Systems, Inc., Goleta, CA, USA) supplied with a DTU100 Digital Trigger Unit (BIOPAC

Systems, Inc., Goleta, CA, USA) module. Surface EMG activity from the right First Dorsal Interosseous (FDI) muscle was recorded using three
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disposable EMG electrodes placed in a belly-tendon montage and connected to a CED Micro 1401 (Cambridge Electronic Design, Cam-

bridge, UK). ECG raw signals were amplified and band-pass filtered (0.5-40 Hz) while EMG raw signals were amplified (1000x), digitized at

a sampling rate of 8 kHz, and filtered using an analogical online band-pass (20-250 Hz) and a 50 Hz notch filter. Both ECG and EMG recorded

throughout the TMS procedure were stored for off-line analyses performed with AcqKnowledge software program (BIOPAC Systems, Inc.,

Goleta, CA, USA) and Signal 6.04 software (Cambridge Electronic Design, Cambridge, UK), respectively.
TMS protocol

Paired-pulse TMS was delivered over the left primary motor cortex using a 70 mm figure-of-eight coil with poster-anterior orientation con-

nected to two 2002 monophasic Magstim stimulators (Magstim, Whitland, UK) integrated into a BiStim2 module. The coil was positioned

tangentially to the scalp following the orthodoxmethod,88,89 with the handle pointed backward, angled 45 degrees from themidline, perpen-

dicular to the central sulcus. The hotspot of the right FDI muscle was identified by manoeuvring the coil around the left M1 hand area in steps

of 0.5 cm until eliciting the maximum amplitude motor-evoked potentials (MEPs) using slightly suprathreshold stimuli. For each subject, FDI

hotspot was marked on a head cap to maximize coil placement consistency through the testing sessions.

According to conventional criteria, individuals’ restingmotor threshold (rMT) was identified by gradually adjusting the intensity of the stim-

ulator until reaching the minimum percentage of the maximum stimulator output necessary to elicit consistent MEPs with a peak-to-peak

amplitude > 50 mV during muscle relaxation in 5 out of 10 consecutive stimuli.90,91

For each participant, rMT was used to determine the specific intensity of TMS subthreshold and suprathreshold stimulations, which were

set at 80% and 120% of this individual value, respectively. Specifically, the subthreshold conditioning stimuli of SICI was set at an intensity of

80% rMT, a percentage which has been confirmed not to induceMEPs.52,90 The intensity of the suprathreshold stimuli was set to 120% of rMT,

a percentage that is considered appropriate for the SICI and LICI.55,92,93 The combinations of these different levels of stimulation intensity

paired at the appropriate interstimulus interval (ISI) are considered appropriate to measure SICI (CS = 80% rMT, ISI = 3 ms, TS = 120%

rMT) and LICI (CS = 120% rMT, ISI = 100 ms, TS = 120% rMT), respectively.94–96

TMS pulses were synchronized with the ECG signal using the cardiac R-peak as a digital trigger, to lock the CS at either systole or diastole

(250 and 500 ms after the R-peak, respectively). This was implemented through a custom-made E-Prime script capable to integrate the signal

received from the DTU100 module of the BIOPAC MP160 System with a Trigger Station� (BrainTrends Ltd., Rome, Italy) used to trigger the

TMS. SICI and LICI were measured across two distinct blocks of 50 stimulations each (100 total paired-pulses); CS were randomly locked at

either systole or diastole, 250 or 500ms after the cardiac R-peak, for a total of 25 SICI and 25 LICI for each cardiac phase. The resulting number

of repetitions was considered optimal to obtain a reliable measure of ICI.97 Paired-pulses TMS stimulations were delivered with an interval

jittered between 8 and 13 seconds in order to avoid any habituation or hysteresis effect. In each block of stimulation (i.e., SICI and LICI)

the coil was controlled to adhere on themarked position of the cap. In order to reduce coil movements from themarked hotspot, coil position

was fixed by a mechanical support and was continuously monitored by the experimenter. The whole procedure was performed while partic-

ipants were resting, looking at a fixation cross. None of the participants reported any negative side effects during or after the TMS procedure.
QUANTIFICATION AND STATISTICAL ANALYSIS

Data pre-processing and analysis

MEPs were calculated as peak-to-peak amplitudes in a time window of 18 to 35 ms after the TMS pulse. Trials were rejected if during the

acquisition stage any pronounced head movement occurred before or during the stimulation. Moreover, for each TMS-evoked parameter

(MEP; SICI, LICI) trials were excluded from data analysis if any of the following conditions were not met: (1) root mean squared of the back-

ground EMGactivity in the windowof -50 to -5ms prior the conditioning stimulus withinmeanG 2 SDof all stimuli; (2) TMS-evoked activity not

larger nor smaller than MeanG 2.5 SD of all stimuli of the respective corresponding evoked activity.98 MEPs (in mV) were calculated as peak-

to-peak amplitudes from the CS of LICI, within a time window from 20 to 35ms after the TMS pulse, and averaged for each cardiac phase.55,93

SICI was calculated as the ratio between themean TS of SICI (i.e., conditionedMEP) averaged for each cardiac phase and the respective aver-

aged control MEP (i.e., CS of LICI) matching the cardiac phase, so as the lowest the value of this ratio, the higher the correspondingmediated

inhibition in that condition. Conversely, LICI was calculated for each trial as the ratio between the TS and the respective CS and then averaged

for each cardiac phase. Preliminary inspection, analysis, and offline extraction were all carried out using Signal 6.04 software (Cambridge Elec-

tronic Design, Cambridge, UK). Three independent paired two-tailed t-tests were performed to compare differences in MEP, SICI, and LICI

between systole and diastole.
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