
Ballistocardiography, seismocardiography and sympathetic nerve activity 

 

1 
 

TITLE PAGE  1 
 2 

Influence of sympathetic activation on myocardial contractility measured 3 

with ballistocardiography and seismocardiography during sustained end-4 

expiratory apnea. 5 

Ballistocardiography, seismocardiography and sympathetic nerve activity 6 

 7 

 8 
Sofia Morra, MD1, Anais Gauthey MD2, Amin Hossein MSc3, Jérémy Rabineau MSc3, Judith 9 

Racape, PhD5, Damien Gorlier MSc3, Pierre-François Migeotte, MSc, PhD3, Jean Benoit le Polain de 10 

Waroux, MD, PhD4, Philippe van de Borne MD, PhD1 11 

 12 
 13 
1Department of Cardiology, Erasme hospital, Université Libre de Bruxelles, Belgium 14 

2 Department of Cardiology, Saint-Luc hospital, Université Catholique de Louvain, Belgium 15 

3LPHYS, Université Libre de Bruxelles, Belgium 16 

4 Department of Cardiology, Sint-Jan, Hospital Bruges, Bruges, Belgium 17 

5 Research centre in epidemiology, biostatistics and clinical research. School of Public Health. Université libre 18 

de Bruxelles (ULB), Brussels, Belgium 19 

 20 
 21 
 22 
 23 
 24 
 25 
 26 
 27 
 28 
 29 
 30 
 31 
 32 
 33 
 34 
 35 
 36 
 37 
 38 
 39 
 40 

Downloaded from journals.physiology.org/journal/ajpregu at Cornell Univ (132.174.252.179) on September 7, 2020.



Ballistocardiography, seismocardiography and sympathetic nerve activity 

 

2 
 

 41 
 42 
 43 
 44 
 45 
 46 
NOTE AND NOTEWORTHY  47 
 48 
 49 
Ballistocardiography (BCG) and seismocardiography (SCG) assess vibrations produced by cardiac 50 

contraction and blood flow, respectively, through micro-accelerometers and micro-gyroscopes. 51 

Kinetic energies (KE), and their temporal integrals (iK) during a single heartbeat are computed 52 

from the BCG and SCG waveforms in a linear and a rotational dimension. When compared to 53 

normal breathing, during an end-expiratory voluntary apnea, iK increased and was positively 54 

related to sympathetic nerve traffic rise assessed by microneurography. Further studies are needed 55 

to determine if BCG and SCG can probe sympathetic nerve changes in patients with sleep 56 

disturbances. 57 
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ABSTRACT  66 
 67 
Background 68 
 69 
Ballistocardiography (BCG) and seismocardiography (SCG) assess vibrations produced by cardiac 70 
contraction and blood flow, respectively, through micro-accelerometers and micro-gyroscopes. 71 
BCG and SCG kinetic energies (KE), and their temporal integrals (iK) during a single heartbeat are 72 
computed in linear and rotational dimensions.  73 
 74 
Aims 75 
  76 
To test the hypothesis that iK from BCG and SCG are related to sympathetic activation during 77 
maximal voluntary end-expiratory apnea.  78 
 79 
Methods  80 
 81 
Multiunit muscle sympathetic nerve traffic (BF, burst frequency; tMSNA, total muscular 82 
sympathetic nerve activity) was measured by microneurography during normal breathing and 83 
apnea (n=28, healthy men). iK of BCG and SCG were simultaneously recorded in the linear and 84 
rotational dimension, along with oxygen saturation (SatO2) and systolic blood pressure (SBP). 85 
 86 
Results  87 
 88 
The mean duration of apneas was 25.4 ± 9.4 s. SBP, BF, tMSNA increased during the apnea 89 
compared to baseline (p = 0.01, p = 0.002, p = 0.001, respectively), while SatO2 decreased (p = 0.02). 90 
At the end of the apnea compared to normal breathing, changes of iK computed from BCG were 91 
related to changes of tMSNA and BF only in the linear dimension (r = 0.85, p < 0.0001; r = 0.72, p = 92 
0.002, respectively), while changes of linear iK of SCG were related only to changes of tMSNA (r = 93 
0.62, p = 0.01). 94 
 95 
Conclusions  96 
 97 
Maximal end expiratory apnea increases cardiac kinetic energy computed from BCG and SCG, 98 
along with sympathetic activity. The novelty of the present investigation is that linear iK of BCG is 99 
directly and more strongly related to the rise in sympathetic activity than the SCG, mainly at the 100 
end of a sustained apnea, likely because the BCG is more affected by the sympathetic and 101 
hemodynamic effects of breathing cessation. BCG and SCG may prove useful to assess 102 
sympathetic nerve changes in patients with sleep disturbances. 103 
 104 
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INTRODUCTION  105 

The heart is one among many effector organs of the autonomic nervous system (ANS) and is 106 

innervated by both divisions of the ANS, that is, the sympathetic and parasympathetic fibers, 107 

which have antagonistic effects (66). Indeed, activation of the sympathetic division increases heart 108 

rate (chronotropic effect), enhances myocardial contractility (inotropic effect), hasten electrical 109 

conduction velocity (dromotropic effect) and hastens myocardial relaxation (lusitropic effect) 110 

while the opposite happens under parasympathetic stimulation, except for myocardial 111 

contractility (14, 23). Blood vessels are innervated exclusively by the sympathetic division, which 112 

regulates the diameters of arterioles thus orchestrating continuously blood pressure fluctuations 113 

around a homeostatic value (66). The complex interplay between the sympathetic and 114 

parasympathetic nervous systems (SNS and PNS, respectively), creates a balance with the final 115 

aim to guarantee the homeostasis of cardiovascular system in response to internal and external 116 

stressors.  117 

Variations of pH, pO2, pCO2, fluctuations in blood pressure modulate the activity of SNS/PNS 118 

balance via a complex system of arc reflexes (14, 21, 24). Hypoxemia (24, 29, 45, 46, 55, 69), 119 

hypercapnia (24, 39, 55, 69), decreased systemic blood pressure (21) are all powerful triggers of 120 

SNS activation in healthy organisms. As an example, chronic exposure to intermittent hypoxia 121 

(IH), as in sleep disorders breathing (SDB), is accompanied to a sustained activation of the SNS, 122 

with several cardiovascular consequences (41). Voluntary breath holding also raises sympathetic 123 

nerve activity (11, 24, 47, 51, 63). 124 

Ballistocardiography (BCG) and seismocardiography (SCG) record the micro vibrations produced 125 

rhythmically by the velocities and accelerations of the body’s center of mass and cardiac muscle 126 

contraction, respectively, with micro-accelerometers and gyroscopes placed on the body surface 127 

(16, 18, 22, 52, 58). Modern BCG and SCG can measure linear and rotational velocities and 128 

accelerations of blood stream using linear and rotational channels, respectively, and in three 129 

cardinal axes using three-axial sensors (x: latero-lateral axis; y: caudo-cranial axis; z: antero-130 
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posterior axis) (18, 31). Additionally, from the BCG and SCG waveforms, linear and rotational 131 

kinetic energy (K), its temporal integral (iK), maximal power (PMax), maximal displacements 132 

(DMax) and maximal velocities (VMax) can be computed for each contractile cycle using specific 133 

algorithms based on Newtonian equations (18). A growing number of evidences provide the 134 

signals recorded with BCG and SCG as good indicators of myocardial function and dysfunction. 135 

Metrics of iK and PMax of BCG and SCG signals are well correlated to stroke volume (SV), cardiac 136 

output (CO) (18, 20) and the LVEF (35); the peak of maximum energy obtained from BCG 137 

waveforms well represents myocardial contractility expressed as dP/dtmax  in animal models (6); 138 

BCG and SCG signals provide information about myocardial dysfunction after acute coronary 139 

syndrome (9, 36) and can assess the clinical status of patients with heart failure (19).  140 

Respiration profoundly influences the amplitude of BCG and SCG waveforms (8, 33, 34, 44, 53): 141 

the iK computed while deeply inspiring against an external resistance is higher than the one 142 

observed while breathing normally (33). Moreover, in healthy individuals, the iK computed with 143 

BCG and SCG increases progressively from the beginning to the end of a 10 seconds apnea, and 144 

remain increased thereafter (34). As explained above, several factors occurring during an apneic 145 

episode can trigger the SNS. The increased cardiac iK occurring during an end expiratory 146 

voluntary apnea as observed in our previous investigation (34) may be secondary to SNS 147 

activation. This is the hypothesis we wish to test with the present investigation: in healthy 148 

individuals, the increased cardiac iK registered during a sustained end-expiratory apnea is related 149 

to the activation of SNS directed to muscle blood vessels. In this study, sympathetic nerve traffic 150 

was assessed directly by means of the microneurographic technique (muscle sympathetic nerve 151 

activity, MSNA).  152 
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METHODS  153 

1.1 Study protocol and study population 154 

This observational study was approved by the local Ethic Committee of the Erasme hospital 155 

(P201904_097) and complies with the Declaration of Helsinki. Each volunteer was asked to 156 

perform regularly a sustained end-expiratory apnea, for as long as tolerated (ranging from a 157 

minimum of 13s to a maximum of 49s). Each volunteer performed at least three apneas (average 158 

3.8) and only one apnea per volunteer was selected based on the quality of the MSNA neurogram, 159 

which was visually inspected with great care by a trained operator. Each apnea was selected 160 

prospectively and prior to any iK computation. It is known that identification of bursts in a 161 

neurogram is a subjective process, but standards exist to make the procedure less subjective, as 162 

extensively explained by White D. and colleagues (67) and to these standards for burst 163 

identification authors complied. 164 

The aim of this maneuver was to induce modification of blood gases concentration to 165 

activate the MSNA in order to record BCG and SCG signals simultaneously to the MSNA.  166 

Twenty-eight healthy young man of 28 ± 3.6 years were enrolled. 167 

None had any cardiovascular disease, took medications or drugs. The day before the experimental 168 

procedure, the participant was asked not to smoke, nor drink coffee/the. Additionally, subjects 169 

had to empty their bladder before the beginning of the session. Only male subjects were enrolled, 170 

to avoid possible confounding effects of the menstrual cycle on the measurements.  171 

Ten records were excluded from final analysis because of poor MSNA signal quality and 2 out of 172 

18 remaining records had to be further excluded because of poor BCG and SCG quality signal. 173 

Sixteen records were retained for final analysis.  174 

 175 

1.2 Experimental procedure 176 
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The microneurography technique assesses multiunit postganglionic efferent sympathetic 177 

activity continuously using a tungsten microelectrode (59, 67). In brief, this requires two tungsten 178 

electrodes (200µm of shaft diameter, tapering to an uninsulated tip of 1 to 5µm of diameter, 179 

UNA35F2S, FHC Neural MicroTargeting™), one of which is inserted in the peroneal nerve 180 

proximal to the fibular head of the right leg (active electrode) (67), while the second electrode 181 

(reference electrode) is placed in the subcutaneous tissue, 2-3cm away from the nerve, as 182 

previously described (62-65). These signal were send to an amplifier, signal integrator and filter 183 

(Nerve Traffic Analyzer; University of Iowa Bioengineering, Iowa City) (67) connected to the 184 

acquisition system PowerLab 16/30 (ADInstrument). 185 

One-lead ECG, systemic blood pressure, oxygen saturation (SatO2), endtidalCO2, were 186 

continuously recorded.  187 

Finger blood pressure was obtained continuously throughout the experimental session by 188 

placing a cuff on the second finger of the right hand and through the use of a beat-by-beat 189 

hemodynamic monitoring system (Finometer Pro, FMS©, Amsterdam, the Netherlands), allowing a 190 

reliable reconstruction of the humeral blood pressure. Reconstruction of systolic, diastolic and 191 

mean humeral blood pressure from Finometer© is as a reliable measurement of systemic blood 192 

pressure as invasive measurements are, complying with the American Association of Medical 193 

Instrumentation (AAMI) requirements, as previously reported (15). 194 

A continuous one-lead ECG (ADInstruments) was obtained throughout the whole session. 195 

Oxygen saturation was obtained throughout the session by placing a pulse oximeter on the second 196 

finger of the left hand, while endtidal CO2 was obtained continuously by nasal cannula 197 

(Capnostream-35-monitor ©, Oridion Medical 272 Ltd, Jerusalem, Israël). 198 

Respiratory movements were monitored via a respiratory belt placed around the thoraco-199 

abdominal circumference (ADInstruments). 200 

Signals were connected, acquired and processed with the data acquisition system PowerLab 16/30 201 

and LabChart version 8.0 (ADInstruments). 202 
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BCG and SCG were acquired by a portable device with two detectors, one of which was a box 203 

of dimension 64cm2 and weight 104g placed on the manubrium of the sternum below the clavicle 204 

over the superior mediastinum where the great vessels emerge from the cardiac muscle. The 205 

second detector was a box of dimension 24cm2, weight 65g, and was placed in the lumbar lordosis 206 

curve, between the second and the third lumbar vertebrae, close to the subject’s center of mass. 207 

Each detector includes a 3-axis linear accelerometer coupled to two 3-axis gyroscopes. The device 208 

is controlled with a tablet connected via Bluetooth and collects a one-lead ECG at 200Hz 209 

(ADS1292R, ADInstruments) and the BCG and SCG signals at 50Hz, as previously described (18, 210 

33, 34) . 211 

 212 

1.3 Data analysis  213 

1.3.1 MSNA analysis  214 

The identification of the apnea was based on the respiratory signal measured with the 215 

respiratory belt: the beginning of the apnea was identified at the end of a maximal expiration, the 216 

lungs being at their residual volume, the end of the apnea was identified prior to the restauration 217 

of respiration. The duration of the apnea differed between individuals; each of them was required 218 

to hold his breath as long as he could (from a minimum of 13 seconds to a maximum of 49 219 

seconds). The period of normal respiration prior to the apnea is referred to as “baseline” and lasts 220 

on average 50s. The apneic episode was split up in three equal epochs, defined as “1/3 apnea”, 221 

“2/3 apnea”, “3/3 apnea” and subsequently analyzed. In our previous work (34) we 222 

quantitatively analyzed the evolution of iK continuously beat-by-beat during a 10s length end-223 

expiratory apnea, and found that the iK dropped at the beginning of the apnea compared to 224 

normal breathing, and increased progressively towards the end of the apnea to values comparable 225 

to those of normal breathing. While cardiac energies can be calculated for each contractile cycle, 226 

MSNA does not appear for every heartbeat (48) so that a beat-by-beat analysis was not applicable 227 

in the present investigation. Thus, to quantitatively evaluate simultaneous changes of iK and 228 
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MSNA along the course of apnea authors decided to split the apneic episode in three equal parts, 229 

in order to analyze the evolution of iK and MSNA all over the apnea. This approach of splitting an 230 

apneic episode in more than one component is not new: Shimizu et al. divided the apnea in two 231 

parts to compare the sympathetic activity at the beginning and at the end of the apnea (48); Somers 232 

VK. et al. had already divided a 20s length apnea in fours equal parts of 5 seconds each to analyse 233 

MSNA and BP changes all along the apneic episode (50). Also, with regards to obstructive sleep 234 

apnea, it is well known that the sympathetic tone does change profoundly at the end of the apnea 235 

compared to the beginning (49) underlying further the concept that the sympathetic activity, as 236 

well as other cardiovascular events, profoundly evolve along the course of an apneic episode.  237 

The MSNA signal identification consisted in the visual inspection of the neurogram by a 238 

trained operator. First, a low pass digital filter was applied to automatically filter the unwanted 239 

noise in the signal. Second, the baseline was normalized to reduce the signal to noise ratio, as 240 

previously described (67). Third, the start and the end of each burst were manually identified and 241 

all the bursts numbered successively. For this purpose, each burst needed to disclose at least a 3:1 242 

signal to noise ratio (67). Then, the amplitude of each burst was automatically computed with the 243 

specific module “Paek Analysis” of LabChart version 8.0 (ADInstrument).  244 

The sympathetic activity was expressed as burst frequency (BF), defined as the number of 245 

burst par minute, and as total MSNA activity (tMSNA), computed as burst par minute multiplied 246 

by mean burst amplitude, as previously described (60, 63).  247 

Since the apnea duration was highly different between subjects and all less that one minute, 248 

the number of bursts identified during each epoch of the apnea was normalized for the duration of 249 

each epoch itself.  250 

 251 

1.3.2 BCG and SCG signaling processing  252 

The BCG and SCG records were temporally synchronized with the other physiological 253 

parameters described above. A specific Tolbox written in Matlab (Mathwork® version 2019b) 254 
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allowed the visual inspection of the BCG and SCG waveforms, the identification of the apnea and 255 

the computation of the iK metrics. With this tool, the operator could examine the quality of the 256 

record and select a temporal window of individual consecutive beats. The beats sampled in the 257 

selected temporal region were identified based on the automatic detection of the peak ECG-R 258 

wave. Ensemble Averaging (EA) on all beats over the selected time period was performed and 259 

scalar parameters of 𝑖K  and 𝑖Kோ௧  were automatically computed (figure 1). This method of 260 

sampling and averaging allows to generate an averaged BCG/SCG signal which best fits the shape 261 

of a cardiac cycle. Additionally, the EA allows to partially remove motion artifacts of the signals.  262 

P, Q, R, S, T waves on the ECG were automatically identified and used as reference points for the 263 

identification of the electrical cardiac cycle. The sum of PQ, QRS, ST and TP’ defined a whole 264 

cardiac cycle (CC).  265 

The iK was calculated for both the BCG and SCG signals during the baseline and during 266 

the first, the second and the last third of the apnea. From the integration with respect to time of 267 

linear accelerations of the BCG and SCG signals, linear velocities can be obtained, and the linear 268 

kinetic energy can be computed as follow:  269 𝐾 =  ଵଶ  m (𝑣௫ଶ +  𝑣௬ଶ + 𝑣௭ଶ) (1) 270 

where m is the mass of the subject, KLin is the linear kinetic energy, v୶ଶ,v୷ଶ,vଶ are components of the 271 

linear velocity vector vሬ⃗  obtained by integrating the accelerations acquired by the accelerometers at 272 

both BCG and SCG positions with respect to time. The integration of equation (1) computed for a 273 

cardiac cycle (CC) gives the content of energy in the linear dimension (iKLin) for that cardiac cycle: 274 

𝑖𝐾 =  𝐾 . 𝑑𝑡   (2) 275 

From angular velocities recorded with the BCG and SCG, the rotational kinetic energy can be 276 

computed as follow:  277 

 𝐾ோ௧ =  ଵଶ (𝐼௫௫  𝜔௫ଶ +  𝐼௬௬𝜔௬ଶ +  𝐼௭௭𝜔௭ଶ) (3) 278 
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where KRot is the rotational kinetic energy, 𝐼௫௫, 𝐼௬௬, 𝐼௭௭ are the orthogonal components of the 279 

moment of inertia, ωሬሬ⃗  is the angular velocity (with its components 𝜔௫ଶ, 𝜔௬ଶ, 𝜔௭ଶ). The integration of 280 

equation (3) computed for a cardiac cycle gives the content of energy in the rotational dimension, 281 

iKRot ,of a cardiac cycle: 282 

 𝑖𝐾ோ௧ =  𝐾ோ௧ . 𝑑𝑡  (4) 283 

More details about this method can be found in (18, 31, 33, 34). 284 

Several factors can contaminate the BCG and SCG signals, as respiration, involuntary 285 

movements, cough… To reduce contamination signals from artifacts, an automatic outlier 286 

detection was applied on beats that would generate too large energies. If the iK of a heartbeat was 287 

higher than 5 times the median of the respective kinetic energy of the 5 previous beats, the iK of 288 

the concerned heartbeat was considered compromised by an external artefact and classified as 289 

abnormal. This was done within a specific state, e.g baseline or apnea. 290 

Respiration might influence the BCG and SCG signals in three different ways: by producing a 291 

wandering of the baseline as a result of chest movement, by modifying the amplitude of SCG due 292 

to intra-thoracic pressure variation and through the induced RR interval changes during the 293 

respiratory cycle. To avoid contamination signal from respiratory movement, a high-pass filter 294 

was applied to the signals. 295 

 296 

1.4 Statistical analysis  297 

The symmetry of distributions was assessed by the Kolmogorov-Smirnov test and Shapiro-Wilk 298 

test. The Wilcoxon sign-rank test was used to evaluate differences in variables between normal 299 

respiration and the apnea. Variables were presented as medians and interquartile range [IR] or 300 

means and standard deviations (±SD). ANOVA or Kruskal Wallis tests were applied according to 301 

data distribution to assess the evolution of variables throughout the three different phases of the 302 

apnea. Bonferroni correction was applied to account for multiples comparisons.  303 
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Associations of changes of cardiac kinetic energies with changes of MSNA activity were assessed 304 

using the Spearman’s or Pearson’s correlation, according to data distribution.  305 

Analyses were performed using SPSS® 22.0 on Windows. 306 

 307 

RESULTS  308 

Baseline characteristics and modifications of hemodynamic (HR, BP) and respiratory (SatO2, 309 

ETCO2) parameters during the apnea along with MSNA activity (BF, tMSNA) are reported in table 310 

1. 311 

 312 

Table 1. Modifications of hemodynamic parameters along with metrics of MSNA 
activity during the baseline and the apnea.  

Parameter Baseline Apnea p-value 

SBP (mmHg) 115 ± 11  120 ± 12  
0.01 

DBP (mmHg) 59 ± 9  61 ± 11  
0.1 

MBP (mmHg) 79 ± 10  82 ± 13 

0.1 

HR (bpm) 65 ± 7  67 ± 11 
0.2 

SatO2 (%) 97 ± 2 96 ± 4 
0.02 

ETCO2  (mmHg) 40 ± 3 42 ± 5 
0.1 

BF (burst/min) 18.9 ± 9.9 28.4 ± 10.6 
0.002 

tMSNA (AU/min) 46.7 [28.8; 63.8] 84.0 [59.9; 184.5]  
0.001 

SBP, systolic blood pressure (mmHg); DBP, diastolic blood pressure (mmHg); MBP, 
mean blood pressure (mmHg); PP, pulse pressure (mmHg); HR, heart rate (bpm); 
SatO2, oxygen saturation (%); ETCO2, end-tidal CO (mmHg)2; BF, burst frequency 

(burst/min); tMSNA, total MSNA activity (AU/min). Data are presented as mean ± SD 
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or median [P25; P75] according to data distribution.  

 313 

Oxygen saturation decreases during the apnea compared to baseline (p=0.02). SBP increases 314 

during the apnea compared to baseline (p=0.01). MSNA activity rises from baseline to apnea as 315 

well (p=0.002; p=0.001 for BF and tMSNA, respectively).  316 

In table 2, the apnea has been divided in three equal epochs (1/3 apnea, 2/3 apnea, 3/3 apnea) and 317 

results are presented according to the phase.  318 
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 319 

Table 2. Modifications of metrics of MSNA activity, iK of SCG and BCG from baseline to the end of the apnea. 
 

Parameters  Baseline 1/3 apnea 2/3 apnea 3/3 apnea pALL 

BF (burst/min) 18.9 ± 9.9 23.9 ± 21.7 26.2 ±16.2 37.3 ± 18.0 0.02 

tMSNA 
(AU/min) 

46.7 [28.8; 63,8] 57.8 [10.6; 137.9] 76.5 [30.5; 182.3] 128.7 [70.3; 308.5] 0.01 

𝑖𝐾ୗେୋ(µJ. s) 100 [80; 100] 100 [60; 180] 110[70; 190] 110[80; 190] 0.46 

𝑖𝐾ோ௧ୗେୋ(nJ. s) 0.9 [0.5; 1.3] 0.9 [0.5; 1.3] 1.1 [0.6; 1.8] 1.1 [0.4; 1.9] 0.12 

𝑖𝐾େୋ
 (µJ.s) 7.6 [5.5; 12.5] 8.8 [7.0; 1400] 200 [6.7; 1600] 9.3 [6.5; 1500] 0.03 

𝑖𝐾ோ௧େୋ
 (µJ.s) 2.9 [1.5; 4.5]  3.6 [3.0; 4.7]  3.4 [2.9; 5.3] 3.3 [2.9; 5.2] 0.0005 

BF, burst frequency (burst/min); tMSNA, total MSNA activity (AU/min); 𝑖𝐾ୗେୋ
  (µJ.s) and 𝑖𝐾ோ௧ୗେୋ

  (nJ.s), integral of kinetic energy of the SCG in the linear and rotational dimension, respectively; 𝑖𝐾େୋ(µJ.s) and 𝑖𝐾ோ௧େୋ(µJ. s)integral of kinetic energy of the BCG in the linear and rotational dimension, respectively; 
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Data are presented as mean ± SD or median and [P25; P75] according to data distribution.  

 320 
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Sympathetic activity changes progressively throughout the apnea, with a rise of the BF and 321 

tMSNA from baseline to the end of the apnea (p=0.02, p=0.01, respectively, table 2). According to 322 

multiple comparison analysis, BF increased by 97% from baseline to the last third of apnea, 323 

(p=0.003). tMSNA increased by 64% and 176% from baseline to the second and to last third of the 324 

apnea (p=0.04, p=0.005, respectively).  325 

With regards to the SCG, the iK did not change during the apnea, neither in the linear nor in the 326 

rotational dimension. With regards to the BCG, the iK changed significantly in both dimensions 327 

(p=0.03, p=0.0005 for the linear and rotational dimension, respectively). In particular, when 328 

considering multiple comparisons, 𝑖𝐾େୋ increased by 58% from baseline to the second third of the 329 

apnea (p=0.02). In the rotational dimension, 𝑖𝐾ோ௧େୋ
  increased by 20% from baseline to the first third 330 

of the apnea (p=0.02). Figure 2 displays a representative example of modifications of MSNA along 331 

with kinetic energy of BCG during a maximal end-expiratory apnea.  332 

In table 3, correlations between changes of MSNA parameters and changes of iK during the apnea, 333 

both expressed in %, are reported. Particularly, the differences between: BSL and 1/3 apnea; BSL 334 

and 2/3 apnea; BSL and 3/3 apnea have been normalized for the baseline for each variable and 335 

expressed in %.   336 
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 337 

Table 3. Correlation analysis of ∆iK of BCG and SCG with ∆BF and ∆tMSNA for each epoch of apnea.  

N = 16 ∆ iKLin BCG ∆ iKRot BCG ∆ iKLin SCG ∆ iKRot SCG 

BSL and 1/3 apnea 

∆ tMSNA r = 0.13, p = 0.65 r = 0.009, p = 0.94 r = -0.02, p = 0.95 r = -0.06, p = 0.83 

∆ BF r = -0.003, p = 0.97 r = 0.01, p = 0.97 r = -0.13, p = 0.65 r = 0.008, p = 0.98 
                    

BSL and 2/3 apnea 

∆ tMSNA r = 0.45, p = 0.055 r = 0.09, p = 0.73 r = 0.44, p = 0.09* r = -0.25, p = 0.34* 

∆ BF r = 0.52, p = 0.04 r = 0.18, p = 0.52 r = 0.51, p = 0.04* r = -0.22, p = 0.41* 
                    

BSL and 3/3 apnea 

∆ tMSNA r = 0.85, p < 0.0001 r = -0.17, p =0.95 r = 0.62, p = 0.01 r = 0.06, p = 0.08 

∆ BF r = 0.72, p = 0.002 r = -0.03, p = 0.93 r = 0.49, p = 0.06 r = 0.14, p = 0.62 
  

Pearson's correlation of ∆iK (%) of BCG and SCG with ∆tMSNA and ∆BF (%). The differences (∆) between: BSL and the 1/3 of 
apnea; BSL and the 2/3 of apnea; BSL and the 3/3 of apnea have been normalized for the BSL and are expressed in %.  
BCG, ballistocardiography; SCG, seismocardiography; BF, burst frequency; iKLin and iKRot, linear and rotational kinetic energies, 
respectively; tMSNA, total muscular sympathetic nerve activity. * Spearman correlation.  
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When considering the difference of tMSNA and BF between BSL and the first third of apnea, no 339 

correlations were found with the corresponding difference of iK. When the difference between BSL 340 

and the second third of apnea is considered for each variable, ∆iKLin of BCG and SCG are mildly 341 

related to the ∆BF (0.51 < r < 0.52, both p=0.04). When the difference between BSL and the last third 342 

of apnea is considered for each variable, strong correlations were found between ∆iKLin of BCG 343 

and ∆tMSNA and ∆BF (r = 0.85, p<0.0001; r = 0.72, p = 0.002, respectively) and between ∆iKLin of 344 

SCG and ∆tMSNA (r = 0.62, p= 0.01).  345 

Results of correlations between iK metrics and MSNA parameters for the last third of the apnea are 346 

reported in figure 3. In this figure, the point with the highest tMSNA value is not an outlier and 347 

corresponds to a subject which presented a striking rise in MSNA during the apnea (figure 2).348 
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DISCUSSION 351 

 352 

We report for the first time the direct evidence of a positive relation between changes of 353 

cardiac kinetic energy, computed from BCG and SCG signals, and changes of sympathetic activity 354 

assessed by direct intra neural recordings of sympathetic nerve traffic, during a maximal voluntary 355 

end-expiratory apnea, especially at the end of the apnea compared to normal breathing. Indeed, 356 

while at the beginning of the apnea changes of sympathetic activity, expressed in %, were not 357 

related to any of the changes of iK parameters, expressed in % as well, at the end of the apnea 358 

changes of sympathetic activity were strongly related to changes of iK parameters, particularly the 359 

iK of BCG in the linear dimension. These results lead authors to believe that there is a link between 360 

the increased sympathetic activity and the cardiac kinetic energy, in particular when activation of 361 

SNS is stronger, as it is the case at the end of a sustained apnea. Additionally, the linear cardiac 362 

kinetic energy, rather than the rotational one, computed from the BCG seems to better correlate 363 

with sympathetic activity. Based on this finding, authors speculate that the linear kinetic energy, 364 

rather than the rotational one, may provide information on the myocardial contractility status in 365 

this restricted context of SNS overactivity. 366 

We have previously highlighted the potential of BCG and SCG in providing reliable 367 

information on cardiac function (18, 35): metrics of iK can follow changes in cardiac contractility 368 

under dobutamine stimulation and are related to SV and CO (18). 369 

Because of the close connection between the respiratory and cardiovascular systems, 370 

metrics of iK secured from BCG and SCG waveforms profoundly change in relation to specific 371 

respiratory events (33, 34). As previously demonstrated (34), the kinetic energy produced by 372 

cardiac contraction during inspiration is higher than the one during expiration and, during a 10 373 

seconds length end-expiratory apnea, is higher compared to normal breathing and it increases 374 

progressively from the beginning to the end of the apnea.  375 
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Results from the present investigation confirm those of the previous ones and add the novelty that 376 

the modifications of the cardiac kinetic energy observed during the apnea may be related to the 377 

MSNA activity.  378 

The diving reflex, or response, is a set of physiological adaptations in response to 379 

immersion and triggered by breath holding (13, 28), which primary role is to relocate oxygenated 380 

blood to hypoxic sensitive tissues, heart and brain first (1, 12). The physiological patterns involved 381 

in the diving response are bradycardia, increased secretion of adrenal catecholamines and 382 

peripheral and visceral capillary bed vasoconstriction, the latter is the primary event occurring 383 

during the diving response (11) as a result of increased sympathetic outflow to the periphery (12). 384 

Even if the diving response can be triggered solely by respiratory arrest (12, 24), hypoxia (24, 27, 385 

29, 46, 63, 69) and hypercapnia (24, 39, 55, 69) are additional potent stimuli to further booster the 386 

sympathetic outflow. Consequences of sympathetic overactivity during the diving response are 387 

increased vascular resistance (17, 27), increased blood pressure (17, 27) and reflex bradycardia (1, 388 

56). However, in the present investigation we, as other predecessors (4, 10, 17, 40, 60) did not 389 

observe any bradycardia.  390 

Breath holding profoundly changes not only peripheral vascular function but influence also 391 

cardiac functions and morphology (5, 10, 43). During prolonged end-expiratory apnea, increased 392 

left ventricular end-diastolic and end-systolic volume (LVEDV, LVESV, respectively) (5, 10, 43), 393 

along with a rise of SV (10, 43) and CO (5, 43) and relocation of blood flow into the ascending aorta 394 

(10), occur.  395 

Acknowledged that the iK of BCG and SCG is an indirect measure of SV and CO (18) the 396 

increased iK, observed mainly during the end of the apnea, may reflect the positive cardiac 397 

inotropism and the increased of SV, CO along with the relocation of blood flow into the ascending 398 

aorta, even if not directly measured, as a consequence of increased sympathetic outputs and 399 

cardiovascular adaptations occurring during the diving response. The association between 400 

changes of iK and changes of MSNA parameters is more evident at the end of the apnea compared 401 
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to normal breathing and sympathetic activity seems to be stronger related to the kinetic energy of 402 

BCG rather than the one of SCG, likely due to the better estimation of SV and CO with the BCG 403 

than with the SCG, as previously demonstrated (18). Indeed, the BCG signal is generated by the 404 

recoil forces generated by cardiac contraction and blood flow ejection acting on the vasculature of 405 

the main vessels at each heartbeat (54). Since the SV is the amount of blood ejected into the 406 

vasculature at each cardiac contraction, and the CO is the SV per unit of time, the metrics secured 407 

from BCG are better related to SV and CO than the SCG as previously reported (18). Another 408 

possible explanation of this discrepancy between the BCG and SCG is that, since the resultant SCG 409 

signal is generated by several physiologic phenomena including not only cardiac contraction, but 410 

also heart valves closure and opening, blood turbulence, momentum changes (57), the sum of 411 

these phenomena other than cardiac contraction only, may be responsible for the weaker 412 

correlation with the MSNA activity observed. 413 

A number of home sleep apnea testing (HAST) are nowadays available to meet the 414 

increasing demand of sleep apnea disordered monitoring (26, 42). HAST have been developed for 415 

years and they include a large spectrum of devices, as oxygen saturation, heart rate, oral/nasal 416 

outflow, respiratory effort, body position detectors (32) and also contactless technologies for 417 

detection of respiration, body movements, heart beats (38, 42). Cardiovascular parameters as blood 418 

pressure and stroke volume can be monitored during sleep continuously through finger 419 

photoplethysmography, but the pressure applied to the finger is not comfortable for the patients, 420 

thus hampering the compliance to the device (42). The novelty of the modern BCG and SCG 421 

described in this paper is that they can quantitatively estimate the « strength » or « weakness »of 422 

the cardiac muscle, expressed in term of kinetic energy, during an apneic episode, thus adding 423 

complementary values to the already existing technology for sleep disturbances 424 

diagnosis/monitoring. This technology is non intrusive, can be remotely controlled and measures 425 

of iK can be computed automatically. With this information before us, modern BCG and SCG 426 

should be seen not as competitors to the already exiting devices for home sleep monitoring, but 427 
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complementary to them, for this technology has the potential to provide new insights on the 428 

cardiovascular system. 429 

Our new observation that there is a link between BCG/SCG metrics and intraneural 430 

changes in sympathetic activity during apneas suggests that this technology may prove useful for 431 

the diagnosis or the follow-up of respiratory-related sleep disturbances in further studies. 432 

However, before this can be tested, there are still important technical challenges ahead. To name a 433 

few, the artefacts generated by body movements on the BCG and SCG signals may prove 434 

challenging. Displacement of the BCG and SCG recorders during sleep is another possible pitfall. 435 

Last, the management of the sustained data flow generated by an overnight BCG and SCG 436 

recording might represent another hurdle. 437 

 438 

Limitations  439 

The sample size was small and counted only 28 volunteers of which 10 had to be ruled out 440 

because of technical difficulties in locating the peroneal nerve during the experimental procedure. 441 

The microneurography is a demanding technique, where the active needle inserted in the 442 

implanted nerve is freely floating into the subdermal tissues, making an eventual stabilization 443 

impossible (59, 67). The loss of the neurogram after nerve identification was thus frequent, 444 

explaining the high rate of lost neurograms (35%). The small sample size may hamper the 445 

correlation analysis between iK and MSNA parameters and the subsequent interpretation of 446 

results.  447 

 448 

Another limitation to note is the interpretation of the neurogram, which is a subjective 449 

procedure. To choose the apnea to be analyzed and to make the interpretation of the neurogram 450 

less subjective, we closely followed the standards described in (67): a steady baseline without 451 

fluctuations; bursts clearly visible above the baseline noise; a steady baseline noise amplitude all 452 

over the selected region.   453 
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 454 

Another important limitation to consider is the duration of the apnea and the subsequent 455 

MSNA analysis and interpretation. Indeed, as explained in (37), the reliability of MSNA depends 456 

on the durations of the selected time window and loss of reliability is observed for epochs below 457 

15 seconds length. In the present investigation, while the baseline mean duration is of 50 seconds, 458 

the apnea duration widely varies, for it was submitted to the subject capability of breath holding. 459 

Imposing a 45 seconds length apnea, in order to have threes equal epochs of 15s length, to non-460 

trained volunteers was not feasible and probably not ethically correct. For these reasons we asked 461 

the participant to perform a sustained end-expiratory apnea at the best of his capacities. 462 

Additionally, even if for epochs below 15s MSNA may lose validity and reliability, it should be 463 

noted that in the real clinical setting, the duration of an apneic episode varies much in the same 464 

subject with important cardiovascular consequences (2, 68). This means that in the real clinical 465 

setting, apneic episodes as short as 15s or shorter should be consider as they may have 466 

cardiovascular consequences. Additionally, MSNA analysis have already been performed on 467 

apnea episodes shorter than 15 seconds (49, 50).  468 

 469 

Analysis of spectral components of MSNA has not been performed in the present 470 

investigation. Indeed, to perform a spectral analysis, long and steady state periods are required, 471 

which was not the case in this study, as each part of the apnea lasted few seconds. 472 

Additionally, during the apnea, the high frequency (HF) component is lost at some extent, 473 

making the LF/HF analysis more trivial to analyze (60). The relationship between kinetic energy 474 

and spectral components of MSNA is a topic of great interest and should be the object of 475 

another study under different experimental conditions. 476 

 477 
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We did not measure directly arterial gases pressures, pO2 and pCO2, so we could not 478 

directly evoke hypoxia and/or hypercapnia as trigger factors for sympathetic tone activation. 479 

However, SatO2 is widely used as surrogate for arterial oxygen saturation (3, 25) and it reliably 480 

estimates arterial saturation for values above 75% (7).  481 

 482 

We did not perform echocardiography to measure cardiac parameters as well as cardiac 483 

chambers volume, SV, and CO. These parameters have been indirectly invoked to explain changes 484 

in iK based on previous findings (18). In mitigation however, to achieve an acceptable 485 

echocardiographic window, the subjects would have been asked to move from a dorsal 486 

recumbence to a semi lateral supine position. Such a displacement has a very high likelihood to 487 

displace the microneurographic electrode. Last, the pressure of the echocardiographic probe on the 488 

thoracic wall would have jeopardized the BCG and SCG signals. These technical limitations 489 

explain that echocardiographic parameters were not foreseen in the study design. 490 

 491 

The present investigation is a pilot study including exclusively healthy man to test the 492 

hypothesis on whether increased cardiac kinetic energy as computed from the BCG and SCG 493 

signals might be linked to sympathetic tone activation during an end-expiratory apnea. Further 494 

studies are needed to confirm the causal-effect relationship between variations of cardiac kinetic 495 

energy and the autonomic nervous system in different setups. For example, it should be 496 

investigated the relationship between sympathetic activity and cardiac kinetic energies in a context 497 

of chronic heart failure, where the autonomic system is profoundly impaired with a shift to 498 

sympathetic over activity (30, 61); disruption of the autonomic balance is observed also in 499 

obstructive sleep apnea syndrome, with an increased sympathetic activity (49) and it would be 500 

interesting to analyze the relationship between cardiac kinetic energies and sympathetic activity in 501 

these conditions. 502 

 503 
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Conclusions 504 

During a maximal voluntary end-expiratory apnea, the iK computed from the BCG and SCG 505 

signals increased compared to normal respiration. The novelty of the present investigation is that 506 

the increased cardiac kinetic energy is linked to the overactivity of sympathetic nervous system, 507 

especially at the end of a sustained end-expiratory apnea, likely reflecting the rise of SV and CO 508 

and the positive cardiac inotropism secondary to the increased sympathetic outputs occurring 509 

during the diving response.  510 

 511 

PERSPECTIVES AND SIGNIFICANCE 512 

Modern multi-dimensional ballistocardiography and seismocardiography can provide new 513 

insights to the cardiovascular system through the window of micro-accelerations, by computing 514 

the kinetic energy produced by the cardiac muscle during a contractile cycle. This renewed 515 

technology may complement the existing ones for the evaluation of cardiovascular system, by 516 

providing information on the contractility status of the cardiac muscle beat-by-beat. In this light, 517 

while it is well acknowledged that during an apneic episode the sympathetic activity rises with a 518 

shift of the autonomic balance towards the sympathetic arm, less is now about changes of cardiac 519 

contractility during the apnea. This technology revealed that along with the surge of sympathetic 520 

activity, also the cardiac kinetic energy rises during prolonged breath holding and that this surge 521 

is linked to the sympathetic overactivity. These findings may be extended to several 522 

cardiovascular diseases characterized by an imbalance of the autonomic system, as chronic heart 523 

failure and obstructive sleep apnea, in order to study the relationship between cardiac kinetic 524 

energies and sympathetic activity in these conditions.  525 
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Figure 1. Tolbox written in Matlab (Mathwork® version 2019b) for the manual identification of BCG 

and SCG signals (panel A) and automatic computation of iK (panel B). Panel A: manual selection of 

the temporal window of consecutive beats. The beats sampled in the selected temporal region were 

identified based on the automatic identification of the peak ECG-R wave. From top to bottom: ECG; 

KE of SCG in the linear dimension; KE of SCG in the rotational dimension; KE of BCG in the linear 

dimension; KE of BCG in the rotational dimension. Panel B: ensemble averaging (EA) of iK of the 

selected consecutive beats over the selected temporal window. From top to bottom: EA of ECG; EA 

of iK of SCG in the linear dimension; EA of iK of SCG in the rotational dimension; EA of iK of BCG in 

the linear dimension; EA of iK of BCG in the rotational dimension.  

KE, kinetic energy; iK, integral of kinetic energy; EA, ensemble averaging; BCG, ballistocardiography; 

SCG sesimocardiography. 
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Figure 2. MSNA variations along with KLin and KRot of BCG during baseline and maximal end-

expiratory voluntary apnea. Normal respiration (30s length) and maximal voluntary end-expiratory 

apnea (26s length) are separated by the vertical dotted grey line. From top to bottom: ECG; BP; 

neurogram, respiration; KLin of BCG; KRot of BCG.  

At the beginning of the apnea, there is a suppression of the sympathetic nerve activity without 

discernable bursts along with mild cardiac kinetic energy recorded with the BCG both in the linear 

and the rotational dimension. HR accelerates compared to normal respiration and systolic blood 

pressure slightly falls. Towards the end of the apnea, a marked rise in the sympathetic nerve activity 

is observed, characterized by an increase of BF and tMSNA and this is accompanied by a marked 

increase of linear and rotational kinetic energy. HR slows and systolic blood pressure rises compared 

to the beginning of the apnea.  
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MSNA, muscle sympathetic nerve activity; BP, blood pressure; HR, heart rate; KLin, kinetic energy in 

the linear dimension; KRot, integral of kinetic energy in the rotational dimension; BF, burst frequency 

(burst/min); tMSNA, total muscle sympathetic nerve activity; BCG, ballistocardiography. 
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Figure 3. Correlation between ∆iK (%) of BCG and SCG and ∆tMSNA (%). ∆ is the difference between BSL 

and the last third of the apnea. A) Correlation of ∆iKLin of BCG and ∆tMSNA activity ; B) Correlation of 

∆iKLin  of SCG and ∆tMSNA activity ; C) ∆iKLin  of BCG and ∆BF ; D) ∆iKLin of SCG and ∆BF.  

The point with the highest tMSNA value is not an outlier and corresponds to a subject which presented a 

striking rise in MSNA during the apnea. It has been calculated a BF of 48.3 burst/min and a mean burst 

amplitude of 6.74 AU during the last third of the apnea (tMSNA=325.5 AU/min), compared to the BSL, 

where the BF was of 6.8 burst/min and the mean burst amplitude of 2.1 AU (tMSNA=14.9 AU/min). MSNA 

activity, along with cardiac kinetic energy, for this subject is shown in figure 2.  

BCG, ballistocardiography ; BF, burst frequency ; iKLin, linear kinetic energy ; tMSNA, total muscular 

sympathetic nerve activity.  
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Table 1. Modifications of hemodynamic parameters along with metrics of MSNA 
activity during the baseline and the apnea.  

Parameter Baseline Apnea p-value 

SBP (mmHg) 115 ± 11  120 ± 12  
0.01 

DBP (mmHg) 59 ± 9  61 ± 11  
0.1 

MBP (mmHg) 79 ± 10  82 ± 13 

0.1 

HR (bpm) 65 ± 7  67 ± 11 
0.2 

SatO2 (%) 97 ± 2 96 ± 4 
0.02 

ETCO2  (mmHg) 40 ± 3 42 ± 5 
0.1 

BF (burst/min) 18.9 ± 9.9 28.4 ± 10.6 
0.002 

tMSNA (AU/min) 46.7 [28.8; 63.8] 84.0 [59.9; 184.5]  
0.001 

SBP, systolic blood pressure (mmHg); DBP, diastolic blood pressure (mmHg); MBP, 
mean blood pressure (mmHg); PP, pulse pressure (mmHg); HR, heart rate (bpm); 
SatO2, oxygen saturation (%); ETCO2, end-tidal CO (mmHg)2; BF, burst frequency 

(burst/min); tMSNA, total MSNA activity (AU/min). Data are presented as mean ± SD 
or median [P25; P75] according to data distribution.  
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Table 2. Modifications of metrics of MSNA activity, iK of SCG and BCG from baseline to the end of the apnea.  

Parameters  Baseline 1/3 apnea 2/3 apnea 3/3 apnea pALL 
BF (burst/min) 18.9 ± 9.9 23.9 ± 21.7 26.2 ±16.2 37.3 ± 18.0 0.02 

tMSNA 
(AU/min) 46.7 [28.8; 63,8] 57.8 [10.6; 137.9] 76.5 [30.5; 182.3] 128.7 [70.3; 308.5] 0.01 

𝑖𝐾ୗେୋ(µJ. s) 100 [80; 100] 100 [60; 180] 110[70; 190] 110[80; 190] 0.46 

𝑖𝐾ோ௧ୗେୋ(nJ. s) 0.9 [0.5; 1.3] 0.9 [0.5; 1.3] 1.1 [0.6; 1.8] 1.1 [0.4; 1.9] 0.12 

𝑖𝐾େୋ (µJ.s) 7.6 [5.5; 12.5] 8.8 [7.0; 1400] 200 [6.7; 1600] 9.3 [6.5; 1500] 0.03 

𝑖𝐾ோ௧େୋ (µJ.s) 2.9 [1.5; 4.5]  3.6 [3.0; 4.7]  3.4 [2.9; 5.3] 3.3 [2.9; 5.2] 0.0005 

BF, burst frequency (burst/min); tMSNA, total MSNA activity (AU/min);  𝑖𝐾ୗେୋ  (µJ.s) and 𝑖𝐾ோ௧ୗେୋ  (nJ.s), integral of kinetic energy of the SCG in the linear and rotational dimension, respectively; 𝑖𝐾େୋ(µJ.s) and 𝑖𝐾ோ௧େୋ(µJ. s)integral of kinetic energy of the BCG in the linear and rotational dimension, respectively; 
Data are presented as mean ± SD or median and [P25; P75] according to data distribution.  
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Table 3. Correlation analysis of ∆iK of BCG and SCG with ∆BF and ∆tMSNA for each epoch of apnea.  

N = 16 ∆ iKLin BCG ∆ iKRot BCG ∆ iKLin SCG ∆ iKRot SCG 
BSL and 1/3 apnea 

∆ tMSNA r = 0.13, p = 0.65 r = 0.009, p = 0.94 r = -0.02, p = 0.95 r = -0.06, p = 0.83 

∆ BF r = -0.003, p = 0.97 r = 0.01, p = 0.97 r = -0.13, p = 0.65 r = 0.008, p = 0.98 
                    

BSL and 2/3 apnea 

∆ tMSNA r = 0.45, p = 0.055 r = 0.09, p = 0.73 r = 0.44, p = 0.09* r = -0.25, p = 0.34* 

∆ BF r = 0.52, p = 0.04 r = 0.18, p = 0.52 r = 0.51, p = 0.04* r = -0.22, p = 0.41* 
                    

BSL and 3/3 apnea 

∆ tMSNA r = 0.85, p < 0.0001 r = -0.17, p =0.95 r = 0.62, p = 0.01 r = 0.06, p = 0.08 

∆ BF r = 0.72, p = 0.002 r = -0.03, p = 0.93 r = 0.49, p = 0.06 r = 0.14, p = 0.62 
  

Pearson's correlation of ∆iK (%) of BCG and SCG with ∆tMSNA and ∆BF (%). The differences (∆) between: BSL and the 1/3 of 
apnea; BSL and the 2/3 of apnea; BSL and the 3/3 of apnea have been normalized for the BSL and are expressed in %.  
BCG, ballistocardiography; SCG, seismocardiography; BF, burst frequency; iKLin and iKRot, linear and rotational kinetic energies, 
respectively; tMSNA, total muscular sympathetic nerve activity. * Spearman correlation.  
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