
  

  

Abstract—The aim of this paper was to study the effect of 

spontaneous arousals during night-time sleep on the 

interactions between R-R intervals and respiratory phases in 

healthy children. We collected overnight polysomnography data 

of 40 healthy children and investigated cardio-respiratory 

interaction before and after spontaneous arousals during stage 

2 sleep using joint symbolic dynamics. The R-R time series were 

extracted from electrocardiograms (ECG) and respiratory 

phases were obtained from abdominal sensors using the Hilbert 

transform. Both the series were transformed into ternary 

symbol vectors based on the changes between two successive R-

R intervals or respiratory phases, respectively. Subsequently, 

words of length ‘2’ were formed and the correspondence 

between words of the two series was determined to quantify 

cardio-respiratory interaction for pre- and post-spontaneous 

arousal episodes. We observed a brief but significant shortening 

in R-R and respiratory intervals after arousal. There was also a 

significant short-term increase in cardio-respiratory interaction 

during the first 30-second post-arousal episode as compared to 

30-second pre-arousal episode (7.5±3.4 vs. 5.2±3.7%, p<0.0001, 

respectively). In conclusion, spontaneous arousals in healthy 

children during night-time sleep are associated with a temporal 

but significant increase in cardio-respiratory interaction.     

I. INTRODUCTION 

It has been reported that about one third of the human 
population suffers from various sleep disorders possibly due 
to increase in obesity, increased stress or decreased physical 
activity [1]. With increasing evidence for the association 
between repetitive arousals in sleep disorders  and 
cardiovascular dysfunction, investigation of the 
physiological variables during arousals from sleep has 
gained  interest [2]. Arousal from sleep is associated with an 
increase in heart rate and blood pressure [3]. Cardio-
respiratory interaction is a concept derived from nonlinear 
systems theory that aims to quantify the interaction between 
respiratory rate and heart rhythm, assuming they are 
generated by two independent systems [4]. Quantification of 
cardio-respiratory interaction is known to have clinical merit, 
for example, stratifying the risk of cardiac death in patients 
after myocardial infarction [5] and diagnosing obstructive 
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sleep apnea [6]. While the cardio-respiratory response to 
arousal has been investigated substantially in adults, 
comparatively little work has been done in children. An 
understanding of cardio-respiratory response to spontaneous 
arousals in healthy children may elucidate pathways 
underlying the development of cardiovascular disorders in 
children with sleep disorders. 

The analysis of cardio-respiratory interaction is difficult 
since cardiac and respiratory signals are inherently non-
linear, non-stationary and contain superimposed noise. 
Conventional signal-processing techniques such as power 
spectral density and cross-correlation analysis appear to be 
inadequate for characterizing the complex dynamics of these 
signals. Recently, a technique based on joint symbolic 
dynamics of respiratory phase and heart rate has recently 
been introduced for the quantification of cardio-respiratory 
interaction [7].The concept of symbolic dynamics employs a 
coarse-graining procedure in which some of the detailed 
information is lost but the robust properties of the dynamics 
are preserved, and therefore provides an easy interpretation 
of physiological data through a simplified description by 
means of a few symbols [8-10]. 

In this paper we used an approach based on joint 
symbolic dynamics to quantify and analyse cardio-
respiratory interaction before and after spontaneous arousals 
during stage 2 sleep in healthy children. We hypothesized 
that cardio-respiratory interaction is perturbed by 
spontaneous arousal.         

II. METHODS 

A. Subjects 

The study comprised of 20 male and 20 female healthy 
Caucasian children with no underlying medical conditions, 
respiratory disorders or craniofacial abnormalities. Parental 
consent and child assent were obtained for all participants. 
The age and BMI z-score of the subjects ranged 3.1-12.2 
years (mean ± SD: 7.7 ± 2.6 yrs) and -1.7-2.3 (mean ± SD: 
0.3 ± 0.8) respectively. The study conformed to the 
principles outlined in the Declaration of Helsinki and was 
approved by the Human Ethics Committee of the Women’s 
and Children’s Hospital Adelaide. 

B. Overnight polysomnography 

Overnight polysomnography (PSG) was performed using 
an S series® system (Compumedics, Australia) and was 
conducted without sedation or sleep deprivation, and began 
at each child’s usual bedtime. For sleep staging and arousal 
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suggested by Caminal et al. [13], which involves several 
parameters for transforming respiratory time series into 
symbols, the methodology described in our previous study 
[7] and used in this paper involves only two parameters and 
is based on the changes in consecutive respiratory phases 
corresponding to the changes in R-R intervals.        

In this study we found a significant shortening in R-R 
intervals during the first 30-second of post-arousal episode 
compared to pre-arousal episode, which is consistent with 
earlier studies [14, 15]. In one of our previous  studies of the 
same data set [2], it has been reported that the respiratory 
rate following spontaneous arousal significantly increased 
for a brief period with the maximum response at the first 
breath and returned to baseline level by the third breath post-
arousal. In line with the finding, we observed a brief but 
significant shortening in respiratory interval after arousal.  

From the analysis of the interaction between R-R 
intervals and respiratory phases during two consecutive 30-
second (0-30 and 30-60 s) pre- and post-arousal episodes, a 
significant increase in cardio-respiratory interaction was 
observed during the first 30-second post-arousal episode. It 
appears that the significant shortening in R-R and respiratory 
intervals after arousal are paralleled by a brief but significant 
increase in cardio-respiratory interaction. Further, although 
the decrease in the interaction between R-R intervals and 
respiratory phases during 0-30s pre-arousal episode was not 
significant compared to 30-60s pre-arousal period, it appears 
that this brief change elicited arousal, causing a significant 
increase in cardio-respiratory interaction in the first 30-
second post-arousal and subsequently returning to baseline 
with smaller standard deviation during 30-60s post-arousal. 
This can be related to the finding by Kesler et al. [16] that 
induced changes in arterial blood pressure in human adults 
are capable of eliciting arousal from sleep. Furthermore, 
measures assessing the activation of the autonomic nervous 
system have been suggested to be more sensitive to sleep 
disturbance in children [17]. Our finding suggests that the 
analysis of cardio-respiratory interaction may be used as a 
marker of autonomic arousals. However, the physiological 
mechanisms governing cardio-respiratory interactions are 
incompletely understood. Further studies are required to 
understand the cause of spontaneous arousals during sleep 
and its association with cardio-respiratory interaction.     

V. CONCLUSION 

Cardio-respiratory interaction in healthy children 

maintains a temporal relationship with spontaneous arousals 

during night-time sleep and briefly increases immediately 

after arousal.  
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