N
N

N

HAL

open science

Tracking the physiological responses in sleep apnea using

robust cardiac sympathetic activity estimation

Diego Candia-Rivera, Mario Chavez

» To cite this version:

Diego Candia-Rivera, Mario Chavez. Tracking the physiological responses in sleep apnea us-
ing robust cardiac sympathetic activity estimation.
Study Group on Cardiovascular Oscillations (ESGCO), Oct 2024, Zaragoza, Spain.

GC063003.2024.10766963 . hal-04813786

HAL Id: hal-04813786
https://hal.science/hal-04813786v1

Submitted on 2 Dec 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

2024 13th Conference of the European
10.1109/ES-


https://hal.science/hal-04813786v1
https://hal.archives-ouvertes.fr

Tracking the physiological responses in sleep apnea
using robust cardiac sympathetic activity estimation

Diego Candia-Rivera
Paris Brain Institute—ICM
(CNRS UMR7225, INSERM U1127, INRIA Paris)
Sorbonne Université, Hopital Pitié Salpétriere
Paris, France
ORCID: 0000-0002-4043-217X

Abstract—The analysis of heart rate variability (HRYV) is
essential for assessing autonomic activity in various clinical
conditions. However, standard HRV analyses do not effectively
capture sympathetic activations during sleep monitoring,
particularly those expected in obstructive sleep apnea (OSA).
We recently introduced a HRV method based on Poincaré plot
analysis, providing time-resolved estimations of the main HRV
rhythms, on top of the changes in the baseline interbeat interval
duration, using a robust covariance matrix estimation approach
based on Ledoit-Wolf approach. Our method yields the Cardiac
Sympathetic Index (CSI), which surpasses the capacity of low-
frequency HRYV for tracking sympathetic activity in standard
autonomic elicitation conditions. Here we investigated whether
CSI can effectively capture physiological changes in response to
OSA events. Our findings demonstrate that our CSI estimator
outperforms standard metrics of sympathetic activity, such as
low-frequency HRV and mean interbeat interval duration,
offering a valuable and cost-effective approach for studying
autonomic activity through HRYV analysis.
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I. INTRODUCTION

Obstructive sleep apnea (OSA) is characterized by upper
airway collapse, causing breathing interruptions and reduced
oxygen levels, which leads to an activation of the sympathetic
nervous system [1]. However, standard measures of cardiac
sympathetic activity do not successfully detect the
physiological responses of OSA events, as compared with
blood pressure or sympathetic nerve neurogram [2]. Indeed,
the challenges of accurately estimating sympathetic dynamics
through heart rate variability (HRV) has been long discussed
[3]1[4]. We recently developed a robust estimator of
sympathetic tone called cardiac sympathetic index (CSI) [5].
Our approach separates heart rate and HRV components of
cardiac sympathetic activity, building upon a time-resolved
estimation of the eigenvalues of the covariance matrices of
successive changes in the inter beat intervals, as typically
depicted in the Poincaré plot. In this study we show how CSI
successfully depicts the physiological response triggered by
OSA and compare it to standard heart rate and low-frequency
approaches.

II. MATERIALS AND METHODS

A. Dataset description

Twenty-five subjects (21 males and 4 females, aged 50
years on average) were referred to the Sleep Disorders Clinic
at St Vincent's University Hospital, Dublin, for the diagnosis
of obstructive sleep apnea. Holter ECG was recorded during
sleep using a Holter Reynolds Lifecard CF system (Reynolds
Medical, UK) with a sampling frequency of 128 Hz.

The OSA events were marked by a specialist, based on
breathing patterns. The events inclusion criteria in this study
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included: a minimum duration of 20 s and, previous the event
onset, there were no other apnea events for at least 60 s. All
events that fulfilled the criteria were considered as
independent trials. To assess the autonomic adjustments
triggered by OSA, the onset of the events was considered 5 s
after the one marked by the specialist. Trials were considered
in the -10 s to 10 s with respect the onset of the defined event.
A total of 63 OSA events fulfilling the above-mentioned
criteria were identified among all participants.

All participants signed informed consent to participate in
the study as required by the Declaration of Helsinki. For
further detail on the experimental procedures, please refer to
the original study [6][7].

B. Estimation of cardiac sympathetic acitivity

The R-peaks from the ECGs were detected automatically
[8]. The detected R-peaks were manually corrected for
misdetections. Interbeat interval series (IBI) were
constructed, based on the R-to-R-peak durations.

The time-resolved estimation of CSI [5] was performed
using a sliding time window to quantify the fluctuating
properties of the successive changes in IBI, as typically
depicted in the Poincaré plot [9]. We quantified two features
from Poincaré plot: R and SD2, which correspond to the
distance to the origin of the formed ellipse, and its long ratio
representing the baseline IBI and long-term fluctuations of
HRYV, respectively. The two metrics were combined as the
Cardiac Sympathetic Index (CSI):

R(t) = ymean(IBl;_n-1)* + mean(IBliss, n)* (1)

SDy(6) = 2, )
CSI(t) = SD,(t) + R(t) 3)

where 4, is the larger eigenvalue of the covariance matrix of
IBI; N-;and IBI, y, and N is the length of the IBI array
in the current time window. A robust estimator of the
covariance matrix was obtained using a shrinkage covariance
estimator based on the Ledoit-Wolf approach for the analytic
calculation of the optimal shrinkage intensity [10]. The
means were computed using a robust mean algorithm that
excludes the 5% of outliers (Matlab trimmean). Before CSI
computation, R(t) and SD,(t) means were recentered,
based on their computation through the whole recording, and
R is the flipped R with respect the mean. The sliding time
window used had a length of 15 s, as per previous simulations
in humans [11], and a step defined by each heartbeat.

CSI values were averaged for the conditions pre- vs post-
OSA events, in an interval of 10 seconds, and compared to
those markers obtained from mean IBI and low-frequency



HRV (LF), as computed with a smoothed pseudo-Wigner—
Ville distribution [12].

C. Statistical analysis

To evaluate the performance of the markers in discerning
the conditions pre and post OSA, we used a non-parametric
signed-rank test for paired samples. Time series were z-score
normalized per trial. The group-wise descriptive measures
are expressed as medians and median absolute deviations
(MAD).

III. RESULTS

We examined sympathetic dynamics in individuals
undergoing OSA. Cardiac sympathetic activity (CSI) was
computed using our proposed methodological approach based
on Poincaré plot. In Table I are presented the statistical
comparisons of the pre and post OSA, where CSI successfully
distinguish the two conditions. Additionally, comparisons in
standard markers mean low frequency (LF) and IBI confirm
the robustness of the CSI in describing sympathetic dynamics.
Fig. 1 illustrates that following the onset of an OSA event, the
CSI begins to increase, reaching a peak after approximately
10 seconds, which is sustained for another 5-10 seconds.
These findings demonstrate that CSI can precisely distinguish
the period before the OSA event from the period afterward.

TABLE L. SIGNED-RANK TEST ON HEART RATE VARIABILITY
MARKERS COMPARING PRE VS POST APNEA EPISODES
Marker | Median (MAD) pre vs post apnea p-value Z-value
CSI -0.389(0.393) vs 0.396(0.399) 0.0027 -2.9986
LF -0.229(0.669) vs 0.233(0.681) 0.0857 -1.7184
IBI 0.136(0.239) vs -0.138(0.243) 0.0148 2.4372

& Significance based on Bonferroni correction defined at p<0.0167.

IV. DISCUSSION

We studied the physiological response associated to OSA
events through our method for the precise and time-resolved
estimation of cardiac sympathetic activity. Our method can
accurately capture the typical alterations in sympathetic
activity observed in OSA events [2].

Our approach is grounded on Poincaré plot, which
effectively captures the beat-to-beat alterations in heart rate
and long-term fluctuations in HRV without relying on the
observation of specific frequencies [5]. Our proposal focuses
on delivering a time-resolved estimation method, enabling a
comprehensive exploration of the dynamic shifts in
autonomic regulations. This study demonstrates the efficacy
of CSI for estimating sympathetic activity, specifically in
accurately tracking the sympathetic response to OSA,
surpassing the capabilities of previous standard estimators
based on heart rate and LF-HRV.

While this study contributes valuable insights, it is limited
by the absence of direct registry of sympathetic nerve
activity, though existing literature supports the anticipated
correlation between sympathetic activity and OSA [1][2].
Another limitation is the defined minimum trial duration, set
at 20 s, as a balance between the rhythms up to 25 s duration
that can be found in LF-HRV, and the 15 s time window used
for the model.

Despite its current offline nature, advancements in real-
time estimation of cardiac sympathetic activity hold promise

for expanding applications in sleep medicine. The
implications of this research can be noted from numerous
perspectives, as the cost-effectiveness of this approach opens
avenues for widespread autonomic monitoring of sleep. By
offering a robust means of estimating cardiac sympathetic
activity, this line of research could enhance our
understanding of sleep physiology and its disorders.
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Fig. 1. Cardiac sympathetic index (CSI) under obstructive sleep apnea
(OSA). CSI values were used to quantify the autonomic changes triggered
instants (5 s) after OSA events. Thick blue signal indicates the group
median and light gray ones individual trials (one third for visualization
purposes). Time series were z-score normalized per trial before averaging.
The right panel displays the distribution of the average pre and post-OSA
within a 10 s latency. All amplitude units are arbitrary units.

ACKNOWLEDGMENT

D.C.R is supported by the European Commission, Horizon
MSCA Postdoctoral Fellowship (grant n® 101151118).

REFERENCES

[1] R.P.Smith et al., “Obstructive sleep apnoea and the autonomic nervous
system,” Sleep Med. Rev., 1998, doi: 10.1016/S1087-0792(98)90001-6.

[2] K. Narkiewicz and V. K. Somers, “Sympathetic nerve activity in
obstructive sleep apnoea,” Acta Physiol. Scand., 2003, doi:
10.1046/j.1365-201X.2003.01091 .x.

[3] Task Force of the European Society of Cardiology the North American
Society of Pacing, “Heart Rate Variability: Standards of Measurement,
Physiological Interpretation, and Clinical Use,” Circulation, 1996, doi:
10.1161/01.CIR.93.5.1043.

[4] R. W. de Boer, J. M. Karemaker, and J. Strackee, “Spectrum of a series
of point events, generated by the integral pulse frequency modulation
model,” Med. Biol. Eng. Comput., 1985, doi: 10.1007/BF02456750.

[5] D.Candia-Rivera, F. de Vico Fallani, and M. Chavez, “Robust and time-
resolved estimation of cardiac sympathetic and parasympathetic
indices,” bioRxiv, 2023, doi: 10.1101/2023.11.18.567211.

[6] A. L. Goldberger et al., “PhysioBank, PhysioToolkit, and PhysioNet:
components of a new research resource for complex physiologic
signals,” Circulation, 2000, doi: 10.1161/01.cir.101.23.e215.

[7] S.J.Redmond and C. Heneghan, “Cardiorespiratory-based sleep staging
in subjects with obstructive sleep apnea,” IEEE Trans. Biomed. Eng.,
2006, doi: 10.1109/TBME.2005.869773.

[8] J. Pan and W. J. Tompkins, “A Real-Time QRS Detection Algorithm,”
IEEE Trans. Biomed. Eng., vol. 32, no. 3, pp. 230-236, Mar. 1985, doi:
10.1109/TBME.1985.325532.

[91 M. Brennan, M. Palaniswami, and P. Kamen, “Poincaré plot
interpretation using a physiological model of HRV based on a network
of oscillators,” Am. J. Physiol. Heart Circ. Physiol., vol. 283, no. 5, pp.
H1873-1886, Nov. 2002, doi: 10.1152/ajpheart.00405.2000.

[10]J. Schifer and K. Strimmer, “A shrinkage approach to large-scale
covariance matrix estimation and implications for functional genomics,”
Stat. Appl. Genet. Mol. Biol., 2005, doi: 10.2202/1544-6115.1175.

[11]D. Candia-Rivera et al., “Integral pulse frequency modulation model
driven by sympathovagal dynamics: Synthetic vs. real heart rate
variability,” Biomed. Signal Process. Control, 2021, doi:
10.1016/j.bspc.2021.102736.

[12]M. Orini et al., “Characterization of dynamic interactions between
cardiovascular signals by time-frequency coherence,” IEEE Trans.
Biomed. Eng., 2012, doi: 10.1109/TBME.2011.2171959.



