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Abstract

The relationship between cardiac and respiratory au-
tonomic control has been suggested to be altered in sev-
eral respiratory disorders. However, and despite the in-
creasing prevalence of asthma, there are not studies as-
sessing the cardiorespiratory coupling (CRC) with respect
to the asthmatic status. Since altered autonomic control
has been suggested to play a major role in asthma, in this
work overnight CRC was assessed in a group of 67 chil-
dren who underwent a three-month inhaled corticosteroids
treatment. After treatment completion, CRC was reduced
(p < 0.005) in the subjects without or with a low risk of
asthma, whereas it kept unchanged in those with a worse
prognosis, suggesting that an altered interaction between
cardiac and respiratory activity might be related with an
increased risk of asthma.

1. Introduction

Asthma is a chronic respiratory disorder affecting peo-
ple of any age, although it is prone to start during child-
hood [1]. Despite its increasing prevalence [2], the under-
lying physiological mechanisms originating asthma are not
completely understood. Moreover, its diagnosis remains
compromised in young children, who are unable to per-
form repeatable spirometric maneuvers [3].

Asthma is characterized by variable broncho-constriction
and airway hyper-reactivity. Since bronchomotor tone and
broncho-constriction are driven by the vagal branch of the
autonomic nervous system (ANS), altered autonomic con-
trol has been proposed to play a major role in the patho-
genesis of asthma. This hypothesis has motivated large re-
search, and whereas excessive vagally-mediated broncho-
constriction is a well-know symptom in asthmatics, an ex-
aggerated cardiac vagal activity in response to autonomic
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tests has been also suggested in children [4] and adults [5].
However, to the best of our knowledge, the relationship be-
tween cardiac and respiratory activity has not been studied
with respect to asthmatic condition. Since cardiorespira-
tory coupling (CRC) has been suggested to be altered in
some respiratory disorders [6], in this work we assessed
the CRC in a group of children classified attending to
their asthmatic condition, under and after inhaled corticos-
teroids (ICS) treatment. If CRC differed among groups,
noninvasive CRC assessment could represent a novel ap-
proach for studying asthma in young children.

2. Materials and Methods

2.1. Database

67 children aged 2.5 (0.9-5.7) years old (median and
range) who were prescribed three-month ICS treatment for
obstructive bronchitis were enrolled. Electrocardiographic
(ECG) and impedance pneumography (IP) signals were ac-
quired from each subject during three nights (whole night
recordings) at different stages with respect to treatment
completion. The first recording (R1) was performed 1
week before concluding the treatment, whereas the sec-
ond (R2) and third (R3) recordings were conducted 1-2
weeks and 3-4 weeks after treatment completion. All the
recordings were performed at each subject home with a
custom designed recording device developed at Tampere
University [7]. The parents of the subjects were conve-
niently instructed on the use of the device, and they were
also requested to annotate the sleep onset and offset of the
children. After a six-month follow up, a pediatric pulmo-
nologist classified the subjects into three groups attending
to their current asthma (CA) status, so that they were la-
beled as having current asthma (CA-Y, 35 subjects) if any
medication for the control of asthma was prescribed in the
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follow up period due to wheezing, cough or shortness of
breath reversible with bronchodilators. On the other hand,
those subjects who did not fulfilled the previous criteria
but were prescribed with short-term medication for asthma
were classified as possible current asthma (CA-P, 16 sub-
jects), whereas the remaining children were labeled as not
having current asthma (CA-N, 16 subjects). None of the
subjects had previous history of other respiratory diseases
that might interfere with asthma or with ECG and IP sig-
nals acquisition. Written informed consent was received
from the parents of all the children. The study was ap-
proved by the local Ethics Committees in accordance with
the Declaration of Helsinki.

2.2.  Signal Preprocessing

Baseline wander was removed from the ECGs, and res-
piratory signals were filtered with a 3"-order Butterworth
band-pass filter (0.05-0.5 Hz cut-off frequencies). Then,
beat time occurrences were detected using the wavelet-
based approach in [8], and ectopic beat detection was
performed following the same methodology proposed in
[9]. Afterwards, the time-varying integral pulse frequency
modulation (TVIPFM) model [10] was used for estimating
the modulating signal, m(t), which carries cardiac auto-
nomic modulation information. First, an instantaneous HR
signal, dy (1), was derived from the beat time occurrences
series, also accounting for the presence of ectopic beats. A
low-pass filtered version of dyg (t), dyry (t), was obtained to
account for the time-varying mean HR, and the modulating
signal was estimated as m(t) = (dur (t) — dir (t)) / dirn ()-
On the other hand, the instantaneous respiratory rate, F},
was estimated for each subject from its IP signal, as pro-
posed in [11]. The modulating, IP and instantaneous res-
piratory rate signals were resampled at 4 Hz. Signals were
only analyzed during sleeping time.

2.3. Time-Frequency Coherence Analysis

The complex analytical signal representation of the
modulating and the IP signals, @ (t) and zp(t) re-
spectively, were obtained using the Hilbert transform.
Afterwards, their time-frequency (TF) cross-spectrum,
S‘HRV,[P(L‘, f), was estimated using a TF distribution belong-
ing to Cohen’s class, which is defined as:

SHRV,IP(t7 f) = // AHRV,IP(V7 T)(p(V’ T)ejQﬂ(tyifT)dVdTa
(H

where Ay (v, 7) is the ambiguity function of zy, (¢) and
Zp(t), and ®(v,7) is a smoothing function in the ambi-
guity domain (in this work it was selected as an elliptic
exponential kernel). They are respectively defined as:
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The smoothing kernel in Eq. 2 allows to adjust the time and
frequency resolution independently by modifying its shape
through the parameters v, and 7, respectively. On the other
hand, its roll-off factor is controlled by A. In this work,
these parameters were fixed to v, = 0.045, 7, = 0.05 and
A = 0.3. Afterwards, the TF coherence (TFC) distribution
was obtained as:

Suev(t, £)Su(t, f)

where SHRV(L f) and S[p(t, f) are the TF spectra of the
modulating and the IP signals estimated as in Eq. 1. CRC
was then measured using two different parameters. The
first one consists in the bandwidth for each time instant
t, Q(t), in which both spectra are considered coherent,
i.e., the bandwidth for which 42(¢, f) > ym(t, f; @), be-
ing vy (¢, f; @) the signal-independent threshold defined in
[12], with @ = 0.01. An example of the calculation of 2 is
displayed in Fig. 1. On the other hand, the mean coherence
in Q(t), 42(t), was calculated as:
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where ), (t) and €2,(t) represent the onset and offset of the

frequency band for which 42(¢, f) > (¢, f; ) in the

time instant ¢.

2.4.  Statistical Analysis

The median of each of the proposed parameters was cal-
culated in two-hour windows with one-hour overlap, so
that at least one complete sleep cycle was covered [13].
This process was repeated for each subject and record-
ing session. Normality of the data was rejected using a
Kolmogorov-Smirnov test. Afterwards, inter-day differ-
ences were assessed in each group by comparing the re-
sults of each two-hour interval, using paired Wilcoxon
signed-rank tests, whereas inter-group differences were as-
sessed through a rank-sum Wilcoxon test. Bonferroni cor-
rection was applied, so the significance threshold for con-
sidering statistical differences was set to 0.017.

3. Results

A general decrease in € and 42 was assessed in R3 with
respect to R1 and R2 in the CA-N group. However, these
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Figure 1. A five-minute segment of the normalized time-
frequency distribution of the heart rate modulating signal
(a)) and the impedance pneumography signal (b)) are dis-
played. In c), the time-frequency coherence distribution is
depicted. The black dotted lines represent the limits be-
tween which A2 (¢, f) > vm(t, f; ) (see text for details).

Table 1. Median of the medians (interquartile range) of
the proposed parameters in a two-hour window centered
at 2 a.m., for each recording day. Significant differences
(p < 0.005) between R3 and R2 are indicated with *.

CA-N(N=16) CA-P(N=16) CA-Y(N=35)

R1  0.089(0.028)  0.097 (0.029)  0.088 (0.027)
Q(Hz) R2  0.089(0.041)  0.087(0.033)  0.091(0.025)
R3  0.079 (0.021)*  0.096 (0.021)  0.089 (0.027)
Rl 0914(0.015) 0915(0.011)  0.912(0.012)
42(mu) R2  0913(0.014)  0.912(0.008)  0.914 (0.008)
R3 0908 (0.011)* 0916(0.010) 0913 (0.011)

differences only turned statistically significant when com-
paring R3 and R2. In this case, 42 significantly reduced
from 01 to 03 a.m., whereas 2 was lower from 01 to 04
am. No differences were found for CA-P or CA-Y at
any time, nor among groups in any of the recording days.
These results are summarized in Fig. 2 and Table 1.

4. Discussion

All the children underwent the same three-month ICS
treatment. However, several weeks after treatment com-
pletion, CRC was reduced in the group without current

asthma, whereas it kept unchanged in the children with a
worse prognosis. Since CRC is related to how the respi-
ratory activity modulates the heart rate, an increased CRC
would be reflecting a more synchronous vagal modulation
of respiratory and cardiac rthythms. This hypothesis is in
agreement with the concept of illness as a state of reduced
complexity [14], and suggests that heart rate variability
(HRV) might be more dependent on the respiratory activity
in asthma or in subjects at an increased risk of developing
asthma in the future. However, the nature of this behavior
remains unclear. A possible explanation would be a higher
interaction between the cardiac and respiratory centers at
the brainstem level in asthmatics. On the other hand, Fryer
et al. suggested that M, muscarinic receptors dysfunction
could result in an excessive vagal activity, causing airway
hyper-responsiveness [15]. If cardiac vagal fibers also pre-
sented this dysfunction, the simultaneous reduction in the
adaptability of cardiac and respiratory vagal control due
to excessive acetylcholine release could resemble an in-
creased CRC. Nevertheless, further research is needed in
order to understand the neural control in asthma.

CRC was assessed using two parameters extracted from
the TFC distribution. The use of the TF distribution in
Eq. 1 was motivated by its high resolution, and the possi-
bility to control the degree of time and frequency filtering
independently [12]. Whereas statistical differences were
only found in R3 with respect to R2, also a strong tendency
with respect to R1 was assessed. The fact that both €2 and
42 decreased after treatment in the CA-N group suggests
a reduction in the frequency span in which HRV is gov-
erned by respiration, but also in the strength of the inter-
dependence of cardiac and respiratory control. Although
subject characterization was performed by calculating the
median of each parameter in two-hour windows in order
to minimize the effect of sleep stages [13], the absence of
polysomnographic recordings constitutes a limitation.

Although the physiological mechanisms underlying
asthma are not yet completely understood, past and on-
going research have provided evidence that altered auto-
nomic control could be an important factor. In this way,
noninvasive ANS assessment using cardiorespiratory sig-
nals analysis could shed some light on the pathogenesis of
asthma, and be a potential tool for its monitoring, which
remains a challenge in the case of young children.

5. Conclusion

Cardiorespiratory coupling was reduced after a period
of inhaled corticosteroids treatment in a group of children
without or at low risk of asthma, whereas it kept unchanged
in children with worse prognosis. These results suggest
that vagal modulation of respiratory and heart rhythms
might be more synchronized in asthma, and that cardiores-
piratory coupling assessment could be a novel approach for
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Figure 2. Boxplots of the analyzed parameters in R1 (black), R2 (dark gray) and R3 (light gray) attending to the current
asthma status. Each box corresponds to a two-hour window centered in the hour depicted in the figure (although boxes with
the same time reference are depicted separately for clarity, same central hour was considered in the analysis). Statistical
significant differences are labeled with * (p < 0.017) or ** (p < 0.005).

further research aiming to understand the pathophysiology
of this disease.
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