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INTRODUCTION
A sigh, or a spontaneous augmented breath, is a common 

phenomenon in human breathing. It is observed throughout life, 
but occurs more frequently in infancy,1 and even more often 
in preterm infants2 than in adults. A sigh may be followed by 
breathing instability, in the form of a central apnea associated 
with an oxygen desaturation. Previous studies reported that 
26% of all apneas in term infants were preceded by a sigh,3 
while this number increased up to 40% in infants at increased 
risk for sudden death.4 It has been speculated that both a sigh 
and the associated apnea may be mediated via a common neu-
rogenic mechanism.6

A sigh is thought to play a role in resetting breathing con-
trol7 within the neuroregulatory feedback loop. Other potential 
roles include lung recruitment during spontaneous breath-
ing8-10 and resetting autonomic tone.11 While the physiological 
mechanisms involved in the control of breathing with regard 
to hypoxic and hypercapnic challenges12 are relatively well 
established, the integrative mechanisms controlling breathing 
patterns such as sigh are less well understood. The physiologic 
breathing control parameters precipitating a spontaneous sigh, 
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the effect of this event on stability of respiratory system and the 
consequences thereof are unclear.

Previous work has investigated the role of a sigh by charac-
terizing the raw respiratory signal around these events. Many 
linear models and quantification techniques have been pro-
posed from the control engineering perspective, to measure the 
stability and variability of the respiratory signal around these 
events.7,13,14 Fleming et al. measured the oscillatory responses 
of breath-to-breath ventilation after a sigh in infants aged a few 
days old to 7 months, by linear control variables (damping ratio 
and oscillatory frequency).13 These results suggested that the 
respiratory system becomes more stable and responsive with 
age. This was in agreement with findings from a linear model 
approach.14 Baldwin et al. applied moving window coefficient 
of variation, autocorrelation functions, de-trended fluctuation 
analysis, and phase space plot techniques to capture the respi-
ratory dynamics preceding and following a sigh in full-term 
infants.7 Short-range variability of respiratory control was 
reported to improve after a sigh, while long-range variability 
remained constant. The phase space plot also demonstrated a 
stable respiratory system with greater variability after a sigh.

The analysis of the respiratory signal has some inherent 
limitations. The raw respiratory signal is affected by noise, 
relating to recording instrumentation, calibration, and body 
movement. This affects the accuracy of the signal quantifica-
tion and derived measures based on amplitude. Furthermore, 
an important factor in the control of breathing is the close in-
terdependence of breathing and heart rate, as demonstrated in 
respiratory sinus arrhythmia, which is related to reflex activity 
between pulmonary afferents and vagal outflow.15 Cardiorespi-
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ratory interaction is vital to provide ideal gas exchange within 
a narrow range and in a manner responsive to varying physi-
ological and metabolic demands. Hence, the separate analysis 
of each system as a discrete measure may not be appropriate 
in this context.

In this study, we propose a new approach to investigate a 
sigh associated with a pause or a central apnea by character-
izing cardiorespiratory interaction (coupling) around these 
events in quiet sleep. In this sleep stage, the coupling between 
respiratory rate and heart rate is particularly prominent,15 
and breathing is tightly regulated without the respiratory and 
metabolic variability introduced by response to awake or ac-
tive sleep related stimuli. Cardiorespiratory coupling may 
be evaluated by measures of cardiorespiratory synchroniza-
tion (CRS) and directionality of cardiorespiratory coupling. 
There is evidence showing that infant cardiorespiratory cou-
pling changes with age16,17 and has a role in supporting oxy-
genation.18 Inverted directionality of the cardiorespiratory 
coupling was also reported in an infant with life threatening 
events.19 The CRS may therefore provide more useful infor-
mation of cardiorespiratory dynamics than respiratory param-
eters alone, with information about autonomic responses and 
cardiorespiratory regulation.

The factors leading to a sigh, their effect on cardiorespiratory 
coupling, and the consequences on oxygenation are not well 
understood. Sigh behavior during maturation in healthy infants 
may provide an insight into the control of breathing in those 
at risk of inadequate control dynamics, such as those at risk of 
sudden infant death syndrome. We hypothesized that, if the role 
of a sigh is to reset breathing control mechanisms, then car-
diorespiratory synchronization and directionality of cardiore-
spiratory coupling would differ before and after a sigh, and may 
differ between a sigh followed by a central apnea and a sigh 
followed by a pause. We also hypothesized that there would 

be a maturational effect on cardiorespiratory synchronization 
measures around a sigh event.

MATERIALS AND METHODS

Subjects and Study Design
The data were obtained from a prospective cohort of 34 

healthy Caucasian infants (16 females and 18 males), born by 
normal delivery or planned caesarean section at term (38 to 42 
weeks) with normal birth weight (10th to 90th percentile)20 and 
Apgar score. This study was conducted from March 2006 to 
January 2009 and under the approval of the Mater Health Ser-
vices Human Research Ethics Committee (Number 952C).

Full overnight polysomnography (PSG) recordings were 
performed on each infant at ages of 2 weeks, 3 months, and 
6 months. The data of each infant were selected if they had 
both sigh events at all studies: sigh followed by a pause (sigh-
P) and sigh followed by central apnea (sigh-CA) events. The 
PSG was recorded on the EMBLA system (Embla N7000 sys-
tem, EMBLA, 2009) including electroencephalogram (EEG), 
submental electromyogram (EMG), electrocardiogram (ECG), 
electrooculogram (EOG), uncalibrated respiratory inductance 
plethysmography (RIP), arterial oxygen saturation by pulse 
oximetry (SpO2), transcutaneous CO2 and nasal airflow, with 
digital video recording. Oxygen saturation (SpO2) was mea-
sured by Masimo pulse oximeter–Radical oximeter 7 (Masimo 
Corporation, Irvine, CA). Each PSG recording was performed 
overnight from 20:00 to 04:00.

Sleep Stage and Event Scoring
This study was manually scored following international stan-

dards by a trained, experienced scorer. For infants at 2 weeks 
old, the sleep stages were scored according to Anders et al.21 
For infants aged ≥ 3 months, scoring was according to the 
AASM manual for Scoring Sleep22 as recommended by Grigg-
Damberger et al.23

For event scoring, a sigh was defined as a brisk increase in 
thoracoabdominal excursion with amplitude at least twice than 
that of preceding 10 breaths. This may be followed by a pause in 
breathing but without oxygen desaturation, defined in this study 
as a sigh followed by a pause or sigh-P (Figure 1A). A sigh-CA 
was defined as a sigh immediately followed by a central apnea 
(defined according to AASM 2007 as ≥ 2 missed breaths and 
associated with oxygen desaturation SpO2 ≥ 3%22) (Figure 1B).

Data Analysis
In this study, we measured cardiorespiratory synchronization 

strength and directionality of the cardiorespiratory coupling in 
the context of the phase synchronization approach. The data 
were analyzed in terms of short-range and long-range periods 
to characterize the variability and stability of the system, re-
spectively. Phase synchronization was selected from a variety 
of techniques used to analyze cardiorespiratory synchronization 
(CRS). This is based on the concept of synchronization between 
2 weakly coupled oscillating systems, and has been reported 
as a sensitive measurement of CRS, showing discrimination 
between different regimes of cardiorespiratory dynamics.24,25 It 
has been applied to young healthy athletes,26 healthy adults,27 
heart transplant patients,28 infants during sleep,16 and anesthe-

Figure 1—Pneumogram derived from thorax and abdominal (RIP) 
channels and oral-nasal airflow with associated blood oxygen saturation 
profile (SpO2). Sigh followed by pause (sigh-P) and sigh followed by 
post sigh central apnea (sigh-CA) are indicated in (A) and (B). A central 
apnea is defined according to AASM 2007 as ≥ 2 missed breaths and 
associated with oxygen desaturation SpO2 ≥ 3%,
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tized rats,29 and proved to be able to detect weak CRS in noisy, 
nonstationary, and short data.

Cardiorespiratory Synchronization Strength
The interaction of cardiovascular signals (ECG) and respira-

tory signals were studied within the context of a phase dynamic 
approach30 by a synchrogram technique.26 A synchrogram is a 
graphical tool representing the phase of the respiration signal 
at the peak of the R-wave,25,26 allowing several synchroniza-
tion scenarios or n:m integer ratios of cardiac cycles to breaths 
to be visually identified in one plot. We extracted the R wave 
from the raw ECG by an automatic algorithm.31 The synchro-
gram technique requires narrow banded input signals; therefore 
a second order Savitzky-Golay filter was applied to respiratory 
signal to remove high frequency noise.25

Several methods have been proposed to automatically quan-
tify the synchrogram and measure the degree of synchroniza-
tion.16,28,32-34 In this study, we exploited the method to generate the 
synchronization index λ.16,32 The cardiorespiratory systems are 
synchronized when λ = 1 and completely de-synchronized when λ 
= 0. In this study, window length M was set to 5. To obtain stable 
values of λ, the average of 10 different values of θ, equally distrib-
uted over interval [0, 2π] were used. The synchrogram with the 
chosen number of breathing cycles m = 1 was generated.

Direction of Cardiorespiratory Coupling
In addition to characterizing the degree of coupling, the direc-

tionality of cardiorespiratory coupling was quantified by the “evo-
lution map approach” (EMA)35 with directional coupling index d. 
This aims to quantify the mutual influence of the phase of the 

respiratory signal on the time derivative of the ECG signal. The 
d index varies from 1, if there is a unidirectional coupling (heart 
rate→respiration) to −1 in the opposite case (respiration→heart 
rate) and −1 < d < 1 in the case of bidirectional coupling. The 
more “negative” value of d indicates the stronger respiratory 
drive. This directional coupling index d is able to provide reliable 
results for time series signals with considerable length.

Short-Range Synchronization
Strength of CRS: Using the synchrogram generated from the 

ECG and respiratory signals of 50-breath series before and after 
a sigh, the main synchronization ratio was calculated by mea-
suring the maximum frequency of number of R peaks, which 
occur in every breathing cycle (Figure 2E). The strength of 
CRS (λ) was calculated for each 10-breath analysis window.

Long-Range Synchronization
Strength of CRS: Using the synchrogram generated from the 

ECG and respiratory signals of 80-breath series before and af-
ter each selected sigh, the long-range synchronization ratio was 
calculated, with the strength of CRS (λ) being the average of λ 
from every 10-breath analysis window.

Directionality of coupling: d was measured from the ECG 
and respiratory signals of 80-breath series before and after each 
selected sigh.

Statistical Analysis
CRS strength (λ) and directionality index (d) were evaluated 

using generalized estimating equation (GEE) analysis36 and un-
balanced nonparametric Friedman’s test.37 These were chosen 

Figure 2—Single channel ECG, oral-nasal airflow and associated blood oxygen saturation from sample data set with a generated synchrogram: (A) ECG; (B) 
Oral-nasal airflow; (C) Blood oxygen saturation (SpO2); (D) Generated synchrogram with breathing cycle m = 1; (E) Generated synchrogram with corresponding 
horizontal lines. Cardiorespiratory synchronization strength (λ) is indicated in (F). ψn,m (rad): Phase difference between heart rate and respiratory signals.
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due to the unbalanced number of sigh events in each subject at 
each study. GEE analysis was performed by the GEE toolbox 
(STATA 8, StataCorp LP, College Station, TX). The unbalanced 
Friedman’s test was implemented by a custom-written MAT-
LAB software (The Mathworks Inc.).

RESULTS
Of the prospective cohort of 34 infants, 25 infants underwent 

studies at all 3 ages. Both sigh-P and sigh-CA events were iden-
tified from overnight sleep studies at all 3 ages in 15 infants (7 
females and 8 males). A total of 217 sigh-P and 121 sigh-CA 
events, which were artifact-free and non-overlapping, were iden-
tified during quiet sleep (Table 1). At 6 months old, the number 
of sigh-CA events was low (18 events). The duration of central 
apneas associated with sighs was observed to be longer than the 
duration of pauses associated with sighs in all 3 ages (Table 1).

Long-range sigh-P vs. sigh-CA
Cardiorespiratory synchronization strength (λ) and direc-

tional coupling (d) of 80-breath series were used to compare 
long-range synchronization of sigh-P and sigh-CA before and 
after each selected sigh. The more “negative” d index indicates 
the stronger respiratory modulation on heart rate (RMH).

Synchronization strength index (λ): (Figure 3): λ was higher 
before and after a sigh for sigh-P compared with sigh-CA at 
each age (P < 0.02).

Directional coupling index (d): At 3 months, d was lower 
before and after a sigh for sigh-P compared with sigh-CA. No 
significant differences were observed at 2 weeks or 6 months of 
age (Figure 3).

The Effect of Sigh on Synchronization Strength and Direction of 
Coupling

Short-Range Synchronization
At 2 weeks old, λ deceased in the 1st and the 2nd analysis 

windows after a sigh-P (equivalent to 15 breaths, P = 0.04; Fig-

ure 4A). From the 3rd analysis window onward, λ increased and 
returned to the value before the sigh-P (P = 0.74). No difference 
was found after sigh-CA events. At 3 months old, λ deceased in 
the 1st and the 2nd analysis windows after a sigh-P (P = 0.0016, 
P = 0.05), and decreased in the 1st analysis window after a sigh-
CA (P = 0.014; Figure 4B). Thereafter, λ increased and returned 
pre-sigh level for both sigh-P and sigh-CA. At 6 months old, no 
difference was found following a sigh (Figure 4C).

Long-Range Synchronization
Synchronization strength index (λ): There was no difference 

in λ before and after a sigh for either sigh-P or sigh-CA at any 
age. Directional coupling index (d): There was also no differ-
ence in d before and after a sigh for either sigh-P or sigh-CA at 
any age.

Maturational effects
The long-range λ and d before and after a sigh (for both sigh-

P and sigh-CA), were compared at the different ages (Figure 
3). Both before and after a sigh, and for both sigh types, λ was 
higher at 3 months than λ at 2 weeks (P < 0.001 for all pa-
rameters). In addition, d was lower at 3 months than 2 weeks, 
indicating greater RMH (P < 0.0001 for all parameters). At 6 
months of age, λ was higher than at 3 months for sigh-P, both 
before and after a sigh (P < 0.0001), but did not change for sigh-
CA. d was lower (greater RMH) at 6 months compared with 
values at 3 months, but did not change for sigh-P.

DISCUSSION
In this study, the cardiorespiratory interactions around a sigh 

were characterized in infants, in order to investigate respiratory 
control dynamics around a sigh followed by a pause and a sigh 
followed by an apnea, and the effects of maturation. This study 
found that: a sigh followed by a central apnea was associated 
with a reduction in cardiorespiratory synchronization (CRS) 
and respiratory modulation on heart rate both before and after 
the sigh, in comparison with a sigh followed by a pause; short-

Table 1—Polysomnography parameters, sigh events and duration of pauses/central apneas in 15 healthy infants at different maturation states

Age (days) 
2 weeks (14 ± 3) 3 months (97 ± 9) 6 months (187 ± 6)

Duration (min)
Total recording time (TRT) 568 ± 70 530 ± 73 510 ± 81
Total sleep time (TST) 389 ± 60 441 ± 96 415 ± 81
Awake time (AT) 163 ± 64 78 ± 52 90 ± 45
QS / NREM 192 ± 32 249 ± 53 269 ± 57
AS / REM 197 ± 48 192 ± 51 146 ± 34
Movement time (MT) 10 ± 7 8 ± 8 4 ± 4

Sigh (number)
Sigh followed by a pause (sigh-P) 58 76 83
Sigh followed by a central apnea (sigh-CA) 55 48 18

Duration of pause/central apnea (seconds)
Pause 7.60 ± 1.329 7.83 ± 1.540 7.61 ± 1.748
Central apnea 8.80 ± 1.850 8.92 ± 1.809 8.76 ± 1.520
P Value 0.0005 0.0024 0.001

Results are reported as mean ± SD.
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range CRS was reduced after a sigh (in both sigh followed by a 
pause and sigh followed by a central apnea) in infants under 6 
months of age, while long-range CRS did not change; and that 
there was a progressive increase in CRS and respiratory modu-
lation on heart rate with age.

The methods employed for this study have a number of 
strengths: the integrated analysis of both heart rate and respira-
tory signals; the relatively robust phase dynamic approach; and 
the prospective nature of the infant cohort. Previous studies in-
vestigating the roles of a sigh have often focused on analyzing 
the characteristics of a single input, either the heart rate11 or the 
respiratory signal.7,13,38 The respiratory signal, in particular, is 
difficult to calibrate and sensitive to noise. The phase dynamic 
approach minimizes the inherent difficulties of calibration of 
the respiratory signal by analyzing the phase and not the am-
plitude.30 This approach has been proved to be robust to noise, 
being most suitable to detect cardiorespiratory synchronization 
in noisy and short time series data. Another advantage of this 
study was that data were obtained from a prospective cohort of 
infants from the neonatal period, allowing for observation of 
neonatal respiratory adaption and maturation of cardiorespira-
tory control in infancy.

The comparison between a sigh preceeding a central apnea 
and a sigh preceeding a pause found that both CRS and respira-
tory modulation on heart rate were lower around the former. 
This suggests that a central apnea may be more likely to fol-
low a sigh in the context of reduced cardiorespiratory coupling. 
While all the infants studied were healthy, a correlation has 
been shown between the frequency of a sigh followed by a cen-
tral apnea and disease states, such as brainstem dysfunction.41 
Likewise, a sigh followed by a central apnea was speculated to 
be a potential marker of disordered respiratory activity during 
quiet sleep and may be more frequent in infants subsequently 
succumbing to SIDS.42

The temporary reduction in short-range CRS following both 
sigh types was not in keeping with a role of a sigh in resetting 
respiratory control, whereby a sigh may be expected to result in 
an increase in CRS. Indeed, the reduction in short-range CRS 
suggests that a sigh had a detrimental effect on cardiorespira-
tory coupling in infants who were less than 6 months old. This 
finding supports the result of previous studies that a sigh in in-
fants may be followed by apparent breathing control difficulties 
such as apnea or hypoventilation, rather than an improvement 
in ventilation as seen in adults.38 Qureshi et al.38 also speculated 

Figure 3—Long-range cardiorespiratory synchronization strength (λ) and directional coupling index (d(1,2)) (mean and 95% CI) preceding (pre-event) and 
following (post-event) sigh-P/sigh-CA of 15 healthy infants at 2 weeks, 3 months and 6 months old. (A)-(B): cardiorespiratory synchronization strength, 
(C)-(D): direction of coupling. *Significant difference between sigh-P and sigh-CA events of the same age, ‡significant difference of sigh-P/sigh-CA events 
between 2 weeks and 3 months, •significant difference of sigh-P/sigh-CA events between 2 weeks and 6 months, ^significant difference of sigh-P/sigh-CA 
events between 3 months and 6 months.
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that a sigh might have the potential to destabilize breathing in 
infants who are at risk of inadequate control of breathing, such 
as preterm infants, those with neurological impairment and 
those at risk for SIDS.38 Conversely, Baldwin et al. interpreted 
an increase in the variability of breathing after a sigh, to reflect 
greater adaptivity of the neurorespiratory control system.7 The 
lack of a long-range effect of a sigh on either cardiorespiratory 
synchronization or direction of coupling at any age demonstrat-
ed in this study is in keeping with the findings of Baldwin et al., 
who showed no change in the long-range respiratory variability 
after a sigh, and that the breathing control system returned to 
the same basin of attraction within phase space after a sigh in 
all subjects.

A maturational effect was demonstrated in this study, with 
a progressive increase in cardiorespiratory synchronization 
and respiratory modulation on heart rate with age. The great-
est change was observed between 2 weeks and 3 months old. 
There was also a maturational change in short-term reduction in 
cardiorespiratory synchronization after a sigh, which was found 
at 2 weeks and 3 months of age, but not at 6 months of age. A 
maturational change in respiratory control has been previously 
reported in infants.16,35 Fleming et al. found that the ventilatory 
response following a sigh was stable but sluggish at 4 days 
old; from 4 days to 3-4 months, the response was unstable; and 
from 3-4 months to 7 months, a more stable response with rapid 
recovery was observed.13 Rosenblum et al. demonstrated that 

the coupling direction between cardiovascular and respiratory 
systems changed from a symmetric bidirectional interaction to 
a nearly unidirectional one (from respiration to cardiovascular 
systems) within the first 6 months of life.35 The same group also 
found cardiorespiratory synchronization increased with matu-
ration of the newborn.16 These studies were of regular breath-
ing, and did not evaluate the changes around a sigh.

The findings in this study are not in keeping with a role for 
a sigh in resetting respiratory control mechanisms in infants. 
Indeed, a sigh appears to occur at the expense of respiratory 
control as expressed by cardiorespiratory coupling measures in 
infants. A possible alternative role for a sigh in lung recruitment 
would appear physiologically reasonable, given the compliant 
chest wall of infancy and the consequent active maintenance 
of end expiratory lung volumes,43 which is compromised dur-
ing sleep related reduction in muscle tone.44 The diminishing 
presence of fetal hemoglobin in healthy infants may also offer 
protection from any minor fluctuations of blood gases associ-
ated with transient destabilization of respiratory control over 
the first 3 months of life, when this effect is the greatest.45-47 

There were some limitations in this study. Firstly, the CRS 
technique quantifies the cardiorespiratory interaction around 
a sigh, but is not designed to identify the mechanisms of car-
diorespiratory coupling or explain the mechanism associated 
with a sigh. It is thought that the origin of a sigh comes from 
a stimulation of peripheral chemoreceptors in response to hy-

Figure 4—Short-range cardiorespiratory synchronization strength (λ) (mean and 95% CI) preceding (pre-event) and following (post-event) sigh-P/sigh-CA of 
15 healthy infants at 2 weeks, 3 months, and 6 months old. (A) 2 weeks, (B) 3 months, and (C) 6 months. Each analysis window contained 10 breaths with 
50% overlap between windows. *Significant difference between pre- and post- sigh-P, †significant difference between pre- and post- sigh-CA.
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poxia and hypercapnia, or an inspiratory augmenting reflex 
from activation of lung and chest wall receptors in response to 
reduced lung compliance.48,49 It has been shown that a sigh is 
abolished by carotid body denervation48 and sectioning of the 
vagus nerve.49 Secondly, in this study, we aimed to capture the 
rapid change of cardiorespiratory synchronization; thus, only 
the synchronization ratio n:1 (n heartbeat in 1 breathing cycle) 
was considered. The “evolution map approach” (EMA) used 
to measure direction of cardiorespiratory coupling requires 
moderate length windows to operate. Numerical experiments 
indicated that typically about 10,000-100,000 data points are 
necessary to generate reliable and unbiased results in the pres-
ence of noise.50 Hence, we only applied EMA to detect coupling 
direction in long-range data (80-breath series, which were ap-
proximately equivalent to 30,000 data points at 200 Hz sam-
pling rate). This study was also limited by the small number 
of sighs followed by central apneas in the cohort at 6 months 
of age, in keeping with the expected maturational reduction in 
frequency. Therefore, any statistical comparisons with these 
events need to be interpreted with care. This low number of 
sighs followed by central apneas also limited the number of 
infants with eligible sigh events.

CONCLUSIONS
A sigh was not found to be associated with apparent reset-

ting of breathing control in healthy infants up to 6 months of 
age, using the methods described. Indeed, a sigh was associated 
with the temporary reduction of cardiorespiratory coupling less 
than 6 months of age. Cardiorespiratory coupling appears to 
be a leading marker of changes in breathing control, preceding 
central apnea associated with a sigh. The cardiorespiratory in-
teraction in infants with respiratory disease, the ability to detect 
and quantify cardiorespiratory control and potentially predict a 
sigh followed by a central apnea, are areas for future research. 
Cardiorespiratory synchronization may form the base of a clini-
cal measure of breathing control maturity in infants.
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