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Noninvasive Cardiorespiratory Signals
Analysis for Asthma Evolution Monitoring in
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Abstract—Objective: Despite its increasing prevalence,
diagnosis of asthma in children remains problematic due to
their difficulties in producing repeatable spirometric maneu-
vers. Moreover, low adherence to inhaled corticosteroids
(ICS) treatment could result in permanent airway remodel-
ing. The growing interest in a noninvasive and objective
way for monitoring asthma, together with the apparent role
of autonomic nervous system (ANS) in its pathogenesis,
have attracted interest towards heart rate variability (HRV)
and cardiorespiratory coupling (CRC) analyses. Methods:
HRV and CRC were analyzed in 68 children who were pre-
scribed ICS treatment due to recurrent obstructive bronchi-
tis. They underwent three different electrocardiogram and
respiratory signals recordings, during and after treatment
period. After treatment completion, they were followed up
during 6 months and classified attending to their current
asthma status. Results: Vagal activity, as measured from
HRV, and CRC, were reduced after treatment in those chil-
dren at lower risk of asthma, whereas it kept unchanged
in those with a worse prognosis. Conclusion: Results sug-
gest that HRV analysis could be useful for the continuous
monitoring of ANS anomalies present in asthma, thus con-
tributing to evaluate the evolution of the disease, which is
especially challenging in young children. Significance: Non-
invasive ANS assessment using HRV analysis could be use-
ful in the continuous monitoring of asthma in children.
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ACRONYMS

ACh Acetylcholine.
ANS Autonomic nervous system.
CA Current asthma.
CA-N Negative current asthma.
CA-P Possible current asthma.
CA-Y Positive current asthma.
CRC Cardiorespiratory coupling.
ECG Electrocardiogram.
HF High frequency.
HR Heart rate.
HRV Heart rate variability.
ICS Inhaled corticosteroids.
IP Impedance pneumography.
LF Low frequency.
NN Normal-to-normal.
pNN50 Percentaje of successive normal-to-normal differ-

ences greater than 50 ms.
PNS Parasympathetic nervous system.
RMSSD Root mean square of successive differences.
RSA Respiratory sinus arrhythmia.
RTC Rapid thoracoabdominal compression.
SDNN Standard deviation of normal-to-normal intervals.
SDSD Standard deviation of successive differences.
SNR Signal-to-noise ratio.
SPT Skin prick test.
TF Time-frequency.
TFC Time-frequency coherence.
TVIPFM Time-varying integral pulse frequency modulation.

I. INTRODUCTION

LUNG function assessment remains essential for the diag-
nosis and monitoring of several respiratory affections such

as chronic obstructive pulmonary disease or asthma. Whereas in
the former pulmonary function is permanently reduced, asthma
is characterized by a variable and irregular respiratory tract ob-
struction, and therefore a continuous monitoring of airway func-
tion would be desirable in asthmatics. Yet, assessment of asthma
is performed through the evaluation of the clinical history and
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single-time airway function measurements, being spirometry
the most extended test. However, although children as young
as 5 years old can perform acceptable tests, most infants and
younger children are not able to conduct repeatable expiratory
maneuvers, since they remain very effort dependent and require
cooperation [1]. Although there are studies suggesting that chil-
dren can generate acceptable flow-volume curves from an age of
3 years [2], [3], measurement criteria are to be standardized, as
differences in the relative size of airways and lungs with respect
to adults make the most common measurements unsuitable for
this population [3], [4]. Moreover, the training of those chil-
dren for performing the maneuvers is time-consuming. Other
lung function testing methods such as rapid thoracoabdominal
compression (RTC) and raised volume RTC have been found
to discriminate between health and disease [5], [6], although
reference values are not yet available to be used in clinical
settings [7]. For these reasons, diagnosis of asthma in young
children is very dependent on the clinical history, which is ret-
rospective in nature and could be even incomplete.

Treatment of asthma during childhood is equally challenging,
and although inhaled corticosteroids (ICS) remain the standard
medication for the prevention of symptoms, there is some con-
troversy regarding the possible negative effects that ICS may
have during childhood, namely growth reduction during the
first weeks of treatment, or hypothalamic-pituitary-adrenal axis
suppression [8]–[10]. This, together with the low perceived risk,
have contributed to a low adherence to asthma treatment [11].
However, early intervention is crucial, since lung function in-
creases up to 20-fold during the first 10 years of life [12], so
that absence of treatment when needed could lead to permanent
airway remodeling [13]. In this way, a proper monitoring of the
symptoms is needed in order to decide whether continuing or
interrupting the ICS treatment.

These difficulties in the diagnosis, monitoring and treatment
of asthma during childhood have motivated several studies aim-
ing at developing a noninvasive tool that can be used for patient
state assessment in a time-continuous manner. Most of them
have focused on autonomic nervous system (ANS) monitoring,
since abnormal ANS activity has been related with the patho-
genesis of asthma [14], [15]. Particularly, the parasympathetic
branch of the ANS is involved in broncho-constriction [16] and
bronchomotor tone control [17], and the fact that sympathetic
innervation is sparse in the small airways [16] has pointed to
parasympathetic nervous system (PNS) as strongly related with
altered airway tone in asthmatics. Apart from the respiratory sys-
tem, ANS activity also modulates cardiac activity. Thus, heart
rate variability (HRV) analysis is acknowledged as a convenient
tool for ANS activity assessment, and has been employed for
its characterization in asthma, both in adults [18], [19] and chil-
dren [15], [20]. Given the close existing relationship between
HRV and respiration control, cardiorespiratory coupling (CRC)
has also been suggested to be altered in some respiratory dis-
orders [21], although to the best of our knowledge it has not
been studied in asthma. Hence, the present study aims at assess-
ing the possible clinical value of HRV and CRC analysis in the
monitoring of asthma/risk of asthma evolution in children under
and after ICS treatment. Since results of previous studies using
HRV analysis for asthma severity/risk assessment in children

suggest increased [15] and more regular [20], [22] PNS activity
in subjects with worse outcomes, it is expectable that PNS activ-
ity will turn normal after treatment in subjects without or with
low risk of asthma, but it should remain unchanged in children
with or at high risk of asthma.

II. MATERIALS AND METHODS

A. Study Population

The dataset employed in this study is composed of 68 children
(45 boys and 23 girls) with a median age of 2.5 years (range [0.9,
5.7]), who visited the Tampere University Hospital emergency
room due to recurrent obstructive bronchitis. All of them were
prescribed ICS treatment for three months. Electrocardiogram
(ECG) and impedance pneumography (IP) were acquired at
a sampling rate of 256 Hz with a custom designed recording
device developed at Tampere University [23]. Three different
recordings were scheduled for each subject:

� Recording 1 (R1) was scheduled 1 week before the end of
the ICS treatment. It started at the clinic, where the parents
were instructed how to place the electrodes and start and
pause the biosignals acquisition, and lasted until the next
morning, when parents stopped the measurement.

� Recording 2 (R2) was conducted 1-2 weeks after the end
of the treatment and was performed at home, solely by the
parents. In order to ensure the validity of the recordings,
the parents were requested to take pictures of the elec-
trodes placement. The recording started along the evening,
and lasted until the children woke up in the morning.

� Recording 3 (R3) was scheduled 3-4 weeks after the end
of the treatment and, as in R2, it was conducted by the
parents, who were asked to take pictures of the electrodes
position and to start the recording during the evening and
to finish it in the next morning.

Additionally, parents were requested to annotate the times
when children fall asleep and woke up in the morning.

Patients were followed up during a period of 6 months after
R3 by a pediatric pulmonologist, in order to determine their cur-
rent asthma (CA) status. They were labeled as having current
asthma (CA-Y) if they had been prescribed medication for the
control of asthma in that period because of wheezing evidence,
or reported nocturnal or exercise-induced shortness of breath or
cough which were reversible with bronchodilator medication.
Patients who did not meet the previous criteria but were inter-
mittently prescribed the medication because of symptoms of
asthma were labeled as showing possible current asthma (CA-
P), whereas all the remaining patients were labeled as showing
absence of current asthma (CA-N). Patients were also classified
depending on their atopic status, measured through a skin prick
test (SPT). The responses to the SPT were considered positive
when at least one of the assessed allergens (egg, cat, dog, birch
and timothy) caused a wheel with a diameter greater than or
equal to 3 mm without showing reaction to a negative control
substance. Patients were classified as atopics or non-atopics if
showing a positive or negative response to the SPT, respectively.
Furthermore, they were classified based on their response to ICS
treatment as effective, partially effective or not effective. The
classification of the subjects attending to the different criteria
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Fig. 1. Distribution of the subjects attending to the three different classi-
fications. In the figure, CA-N, CA-P and CA-Y refer to the current asthma
status (CA-N: no current asthma, CA-P: possible current asthma, CA-Y:
current asthma), whereas T-N, T-P and T-E refer to the response to ICS
treatment (T-N: not effective, T-P: partially effective, T-E: effective). This
information was not available for 2 of the 68 subjects.

is summarized in Fig. 1. Classification criterion was absent for
one subject. Additionally, atopic condition was not available for
one subject.

None of the subjects had previous history of laryngeal disease,
tracheobronchial malacia, parechymal lung disease or bron-
chopulmonary dysplasia. Since these conditions might be ac-
companied by an asynchrony of the chest wall motion or changes
in the venous return and blood volume during a breathing cycle,
they could lead to a loss of linearity between the flow signal and
the acquired IP signal due to changes in the electrical conductiv-
ity of the thorax, and hence to lower quality IP recordings [24].
Written informed consent was received from the parents of all
the children.

B. Preprocessing

Only data recorded when the children were asleep (according
to parents annotations) were analyzed, since vagal modulation of
cardiac activity [25] and bronchoconstriction [26] are increased
during night, together with a reduction in airway function which
is specially noticeable in asthmatics [26], [27].

Preprocessing was very similar to that proposed in our previ-
ous work [20]. First, ECG signals were resampled at 1000 Hz
with linear interpolation, so that the effect of sampling frequency
on HRV analysis was reduced [28]. Afterwards, baseline wan-
der was corrected by subtracting the ECG baseline (extracted
with low-pass filtering with 0.5 Hz cut-off frequency) from the
interpolated signals. For R-peak detection, the wavelet-based
approach described by Martı́nez et al. [29] was employed, and
the method proposed by Mateo and Laguna [30] was used for
ectopic beats detection and correction. However, ectopic beats
are not very frequent in young children [31], [32], so it is im-
portant to distinguish their effect from the effect of respira-
tory sinus arrhythmia (RSA) episodes, which are stronger for

children than for adults [33]. In this way, when a beat was clas-
sified as ectopic, the following condition was checked:

θ · RRe ≥ RRe-1, (1)

being RRe the time interval between the beat classified as ec-
topic and the previous one, RRe-1 the time interval between
the beat previous to the ectopic and the previous one, and θ a
given threshold [20]. If the condition in Eq. (1) was satisfied,
the analyzed inter-beat interval was considered to be produced
by strong RSA, and the beat was not classified as an ectopic. In
this work, θ was selected as 1.5, being it adjusted manually for
6 subjects.

On the other hand, IP recordings were downsampled at 4 Hz,
and band-pass filtered (cut-off frequencies of 0.05 and 0.5 Hz)
so that the baseline and other components unrelated with res-
piration were discarded. Respiratory rate, Fr, was estimated
from the IP signals in a time-continuous basis, according to the
method proposed by Lázaro et al. [34].

In order to avoid noisy signal segments (probably movement
artifacts) that could compromise the analysis, signal to noise
ratio (SNR) was evaluated beat by beat, as described by Bailón
et al. [35]. Beats with a SNR more than 20 dB below the me-
dian SNR of the whole night recording were labeled as “low
quality”. If “low quality” beats were found during more than
3 consecutive seconds, this segment was considered noisy and
discarded from the analysis.

C. Heart Rate Variability Analysis

Time and frequency domain HRV analyses were considered,
and they were performed in five-minute windows, with four-
minute overlap. For the time domain analysis, mean normal-to-
normal interval (NN), standard deviation of normal-to-normal
intervals (SDNN), standard deviation of successive differences
(SDSD), root mean square of successive differences (RMSSD)
and percentaje of pairs of consecutive normal-to-normal inter-
vals differing more than 50 ms (pNN50) were derived from
the RR interval series after ectopic correction, as suggested by
the Task Force [36]. For frequency domain analysis, the time-
varying integral pulse frequency modulation (TVIPFM) model
was employed for estimating the modulating signal, m(t), which
represents the autonomic modulation of the heart rate (HR) [37].
Essentially, the modulating signal is defined as:

m(t) =
dHR(t) − dHRM(t)

dHRM(t)
, (2)

where dHR(t) stands for the instantaneous HR signal obtained
from the TVIPFM model and dHRM(t) is a low-pass filtered
version (0.03 Hz cut-off frequency) of dHR(t). The signal m(t)
was finally resampled at 4 Hz.

Welch’s periodogram (50-second Hamming windows, 50%
overlap) was applied to m(t) for estimating the HRV power
spectral density corresponding to the k-th five-minute window,
ŜHRV(k, F ), and the resulting spectra were employed for fre-
quency domain HRV analysis. Low-frequency (LF) and high-
frequency (HF) power (PLF(k) and PHF(k) respectively) were
calculated from each segment. Whereas the former was obtained
as the power within the classical [0.04, 0.15] Hz LF band [36],
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the frequency band used in the computation of the latter was
redefined. In this way, instead of the classical [0.15, 0.4] Hz
HF band, a 0.15 Hz bandwidth centered in the mean respiratory
rate of each segment was employed [20]. The use of a mod-
ified HF band was encouraged by the increased Fr observed
in children, with values close to the upper limit of the clas-
sical HF band that could lead to an underestimation of PHF

due to a shift of power towards frequencies higher than 0.4 Hz.
PLF to PHF ratio (RLF/HF(k) = PLF(k)/PHF(k)) and normalized
LF power (PLFn(k) = PLF(k)/(PLF(k) + PHF(k))) were also
considered.

Finally, another spectral parameter, named peakness (℘), was
computed. It was already used in a previous work for the charac-
terization of a population of children classified attending to their
risk of developing asthma [20]. Basically, it accounts for the dis-
tribution of the HF components of HRV around the respiratory
rate. Thus, ℘ is defined as:

℘(k) =

∫ min(F r(k)+Δf /2,HR(k)/2)
max(F r(k)−Δf /2,0.15)

ŜHRV(k, F )dF

∫ min(F r(k)+ΔF /2,HR(k)/2)
max(F r(k)−ΔF /2,0.15)

ŜHRV(k, F )dF
(3)

where Δf is 0.026 Hz (resolution of the Hamming window),
ΔF is the 0.15 Hz frequency window employed in the defi-
nition of the HF band, and Fr(k) and HR(k) are the mean Fr

and HR in the k-th five-minute window respectively (the up-
per limit of HR(k)/2 was used since HR remains the intrinsic
sampling frequency of HRV [38]). In this way, the value of ℘
will be closer to 1 as the HF components are more concentrated
around Fr.

D. Time-Frequency Coherence Analysis

The time-frequency (TF) cross-spectrum of the HRV and the
IP signals, ŜHRV,IP(t, f), was estimated using a TF distribution
belonging to Cohen’s class, defined as in [39]:

ŜHRV,IP(t, f) =
∫ ∫ ∞

−∞
AHRV,IP(ν, τ)Φ(ν, τ)ej2π (tν−f τ )dνdτ,

(4)
where AHRV,IP(ν, τ) is the ambiguity function [40] of the analyt-
ical signal representation of the modulating and the IP signals,
xHRV(t) and xIP(t), obtained using the Hilbert transform. On
the other hand, Φ(ν, τ) is a smoothing function in the ambiguity
domain (in this work it was selected as an elliptic exponential
kernel). They are respectively defined as:

AHRV,IP(ν, τ) =
∫ ∞

−∞
xHRV(t +

τ

2
)x∗

IP(t −
τ

2
)e−j2πν tdt,

Φ(ν, τ) = e
−π

[
( ν

ν 0
)2 +( τ

τ 0
)2

]2 λ

. (5)

The time and frequency resolution of ŜHRV,IP(t, f) can be ad-
justed by modifying the shape of the smoothing kernel in
Eq. (5) through the parameters ν0 and τ0, respectively. Also
the roll-off factor of the kernel can be controlled with λ. In this
work, these parameters were fixed to ν0 = 0.045, τ0 = 0.05 and
λ = 0.3, as in [41], yielding to a time and frequency resolution
of 11.25 s and 0.039 Hz respectively (time and frequency reso-
lution were calculated as the full width at half maximum of the
TF distribution of a Dirac impulse evaluated along t, and of a

Fig. 2. A five-minute segment of the normalized time-frequency dis-
tribution of the heart rate modulating signal (a) and the impedance
pneumography signal (b) are displayed. In c), the time-frequency co-
herence distribution is depicted. The black dotted lines represent the
limits between which γ̂2 (t, f ) ≥ γTH(t, f ; α), defining Ω(t) (see text for
details).

pure sinusoid evaluated along f ). Afterwards, the TF coherence
(TFC) distribution was obtained as:

γ̂2(t, f) =
|ŜHRV,IP(t, f)|2

ŜHRV(t, f)ŜIP(t, f)
, (6)

where ŜHRV(t, f) and ŜIP(t, f) represent the TF spectra of the
modulating and the IP signals respectively, estimated as in Eq.
(4). Finally, two different parameters were proposed as CRC
measurements. The first one consists in the bandwidth Ω(t), in
which both spectra are considered coherent for each time instant
t, i.e., the bandwidth for which γ̂2(t, f) ≥ γTH(t, f ;α), being
γTH(t, f ;α) the signal-independent threshold defined in [39],
with α = 0.01. An example of the calculation of Ω is displayed
in Fig. 2. Moreover, the mean coherence in Ω(t), γ̂2

Ω(t), was
obtained as:

γ̂2
Ω(t) =

1
Ω(t)

∫ Ω2(t)

Ω1(t)
γ̂2(t, f)df, (7)

being Ω1(t) and Ω2(t) the lower and upper limits of the fre-
quency band for which γ̂2(t, f) ≥ γTH(t, f ;α) in the time in-
stant t.

E. Statistical Analysis

Median of each parameter was obtained from two-hour win-
dows, so that at least one complete sleep cycle is covered [42]
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TABLE I
MEDIAN AND [25TH, 75TH] PERCENTILES OF THE MOST RELEVANT TIME DOMAIN HEART RATE VARIABILITY PARAMETERS OBTAINED FROM A TWO-HOUR

WINDOW CENTERED AT 03 A.M. RESULTS FOR EACH RECORDING DAY ATTENDING TO THEIR CURRENT ASTHMA STATUS, ATOPY AND RESPONSE TO
TREATMENT ARE DISPLAYED. STATISTICAL SIGNIFICANT DIFFERENCES WITH R1 ARE INDICATED WITH * (P ≤ 0.05), WHEREAS DIFFERENCES WITH R2 ARE

LABELED WITH † (P ≤ 0.05)

TABLE II
MEDIAN AND [25TH, 75TH] PERCENTILES OF THE MOST RELEVANT FREQUENCY DOMAIN HEART RATE VARIABILITY PARAMETERS OBTAINED FROM A

TWO-HOUR WINDOW CENTERED AT 03 A.M. RESULTS FOR EACH RECORDING DAY ATTENDING TO THEIR CURRENT ASTHMA STATUS, ATOPY AND RESPONSE
TO TREATMENT ARE DISPLAYED. STATISTICAL SIGNIFICANT DIFFERENCES WITH R1 ARE INDICATED WITH * (P ≤ 0.05), WHEREAS DIFFERENCES WITH R2

ARE LABELED WITH † (P ≤ 0.05)

and the effect of sleep stages is hence minimized. A two-hour
median was calculated every hour from 23:00 p.m. to 06:00 a.m.,
thus resulting in 8 windows per parameter, subject and record-
ing day. Afterwards, the subjects were analyzed attending to
the three different classification criteria (CA status, atopy and
response to treatment). For each of these criteria, each two-hour
median of each subject was compared along the three record-
ing days, using a Friedman test and the Dunn-Sidak’s criteria
for multiple comparisons. On the other hand, in order to assess
if the presence of atopy or the response to medication had an
effect in the results obtained for the classification according to
the CA status, differences among these subgroups within the
CA-N group were assessed using a Wilcoxon rank-sum test. In
all the tests, p < 0.05 was set as the significance level to consider
statistical differences.

III. RESULTS

Since children were labeled attending to their current asthma
statuts, atopy and response to ICS treatment, the results of the
analysis were evaluated considering each of these classifications
independently. The greatest amount of significant differences
was obtained for the HRV indexes accounting for parasympa-
thetic activity and the CRC parameters so, for simplicity, only
they were considered below. From all the available subjects,
there were 3 with the 3 recordings absent or discarded due to

bad quality, and also 10 for which 2 out of 3 recordings were
not considered for the same reasons. Since inter-day behavior
of the different parameters followed a similar tendency along
the night, results obtained at the hour with the greatest amount
of significant differences, i.e., at 03 a.m., are summarized in
Tables I, II and III. Additionally, boxplots of the two-hours me-
dian of some of the considered parameters and an example of
the time course of the most relevant one are displayed in Figs. 3
and 4, respectively.

Attending to current asthma status: A clear tendency towards
increased PLFn and decreased RMSSD, PHF and ℘ was found
in R3 with respect to R1 and R2 in CA-N. This behavior was
consistent along several parameters and two-hour windows, as
displayed in Fig. 3. These differences were specially noticeable
at 03 and 04 a.m. in the frequency-domain HRV indexes. A sim-
ilar behavior was assessed in the CRC parameters (see Fig. 3).
On the other hand, no differences between the three recording
days were found in CA-Y and CA-P.

Attending to atopic status: Patients classified as atopic pre-
sented significantly decreased ℘ in R3 with respect to R2 at 03
a.m. In the case of non-atopic subjects, they presented a ten-
dency towards decreased Ω and γ̂2

Ω in R3 with respect to R2
and R1, which turned statistically significant for Ω at 01 a.m.
No differences were assessed in any of the other considered
parameters for none of the groups.
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TABLE III
MEDIAN AND [25th , 75th ] PERCENTILES OF THE PROPOSED CARDIORESPIRATORY COUPLING PARAMETERS OBTAINED FROM A TWO-HOUR WINDOW

CENTERED AT 03 A.M. RESULTS FOR EACH RECORDING DAY ATTENDING TO THEIR CURRENT ASTHMA STATUS, ATOPY AND RESPONSE TO TREATMENT ARE
DISPLAYED. STATISTICAL SIGNIFICANT DIFFERENCES WITH R1 ARE INDICATED WITH * (P ≤ 0.05), WHEREAS DIFFERENCES WITH R2 ARE

LABELED WITH † (P ≤ 0.05)

Attending to the response to treatment: A tendency towards
decreased NN, RMSSD and PHF, and incresed PLFn was as-
sessed in the group who did not responded to treatment, being
them significant from 04 to 05 a.m. Regarding the CRC indexes,
decreased Ω and γ̂2

Ω were assessed in the group with partial re-
sponse to treatment from 01 to 02 and at 02 a.m. respectively.
The same behavior was found at 00 a.m. in the group which
responded effectively to treatment.

Finally, when comparing the different atopy or response to
treatment groups within the CA-N group, no differences were
assessed for any tow-hours window or recording day.

IV. DISCUSSION

All the children underwent the same ICS treatment during
three months. However, whereas ANS activity (as measured
from HRV) remained unchanged after treatment completion in
those children classified as CA-Y, a decrease in parasympathetic
activity and an increase in sympathetic dominance was observed
in the CA-N group. Since previous studies have assessed an aug-
mented vagal activity in asthmatics [15], [18], [19], the lowered
PNS activity in CA-N following treatment could be reflecting
recovery from illness, so that vagal over-activity is gradually
diminished towards homeostatic levels. Also a reduction in ℘
and CRC (as meadured from Ω and γ̂2

Ω ) were assessed in this
group. Since CRC is related to how the respiratory activity mod-
ulates the HR, a reduction in CRC measurements and ℘ could
be reflecting a less synchronous vagal modulation of respiratory
and cardiac rhythms or a less regular PNS activity, respectively.
In this case, the interpretation might be linked to the concept of
illness as a state of reduced complexity [43], [44], suggesting
that HRV might be more dependent on the respiratory activity in
asthma or in subjects at an increased risk of developing asthma
in the future. The fact that both Ω and γ̂2

Ω were lowered in R3 in
the CA-N group suggests a reduction in the frequency span in
which HRV is governed by respiration, but also in the strength
of the interdependence of cardiac and respiratory control in
those subjects that have overcome the disease. This hypothesis
is supported by previous studies suggesting lowered chaoticity
and regularity of impedance pneumography [45] and airflow
pattern [46] in subjects with a worse asthma outcome. It is note-
worthy that, in concordance with our previous work [20], most

significant differences were obtained between 02 and 04 a.m.,
thus when airway function is lowest [26], [47].

Despite not being specific for asthma, the presence of atopy
enhances the probability that a patient with respiratory symp-
toms presents allergic asthma [1], and it has been included as
a factor for the prediction of asthma in, e.g., the Isle of Wight
study [48]. For these reasons, we analyzed the results regarding
the atopic status of the patients. However, the absence of differ-
ences regarding the atopic status in all the considered indexes
suggests that it is not closely related with the apparently altered
ANS activity in CA-Y.

On the other hand, whereas changes in ANS function were
expected to be produced by a proper response to ICS treatment,
no differences were found in the HRV parameters of the group
for which treatment resulted effective (which constitutes the
majority of the dataset). However, small differences were found
in the group with partial response to treatment, specially in
the CRC. The most likely explanation for this outcome is that
most of the children for which the treatment was effective were
classified as CA-Y or CA-P, whereas the group with partial
response to ICS is mainly formed by subjects classified as CA-
N (Fig. 1), thus suggesting that the observed differences may not
be related with the treatment but with the evolution of the illness
itself. This result is specially interesting, as it could indicate
that, despite ICS treatment which is aimed to reduce airway
inflammation, altered ANS behavior might be still present in
the groups with a worse asthma prognosis.

Nevertheless, the fact that children with different atopic or
response to treatment status are classified as CA-N could have
a direct influence in the observed results. In this way, we stud-
ied the differences between atopics and non-atopics classified
as CA-N, as well as between the subgroups attending to the
response to treatment. The absence of significant differences
suggests that the observed results attending to the CA status are
not likely due to the atopic condition or the response to treatment
of the different subjects.

The main limitation of this work resides in the absence of
polysomnographic recordings, so that it was not possible to look
for differences in HRV along the various sleep stages. In order
to deal with this restriction, we proposed to calculate two-hour
medians of the analyzed indexes to cover at least one complete
sleep cycle [42]. Furthermore, we checked that the overnight
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Fig. 3. Boxplots corresponding to some 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). Medians of the boxes corresponding to the same measurement
day are connected with solid lines, and statistical significant differences are labeled with * (p ≤ 0.05) or ** (p ≤ 0.005). PHF, as obtained from m(n),
is adimensional (ad). For representation purposes, the results corresponding to the two-hour windows centered at 23 p.m. and 06 a.m. are not
depicted (no differences were assessed in these cases).
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Fig. 4. Time course of PHF for R1 (black), R2 (dark gray) and R3 (light gray) of three subjects belonging to the different current asthma groups.
PHF, as obtained from m(n), is adimensional (ad).

variation was not higher than the interday variation for any of
the considered parameters, being NN, RMSSD and PHF those
that showed a larger inter-day variability (results not shown).
The fact that respiratory rate is higher in children than in adults
can also compromise the traditional HRV analysis, given that
the upper bound of the HF band results insufficient for an accu-
rate measurement of the HF power. In this way, the HF band was
redefined adaptively in function of the respiratory rate as already
done in [20]. Other works have emphasized the need of redefin-
ing the HF band for HRV analysis in children [49], although we
opted for a respiratory-guided band instead of a fixed one for
two reasons: first, since the children are sleeping, the HF content
is concentrated around the respiratory rate. Second, by using a
band centered in respiration, we can avoid the inclusion of alias
or frequency components with an uncertain origin [50]. Also the
methodology for dealing with the stronger effect of RSA in chil-
dren employed here was introduced in [20], where the threshold
for distinguishing between RSA and ectopic beats was set to
1.15, following a previous work in which they employed this
threshold for detecting premature ventricular contractions [51].
However, in the current study that threshold resulted insuffi-
cient for capturing all the RSA episodes, so we adapted it to the
considered dataset, setting it to 1.5. The possibility of using a
unique threshold which is independent of the data remains to be
investigated.

In spite of the many studies stating the important role of
PNS as a source of the airway hyper-responsiveness charac-
teristic of asthma, the underlying mechanisms causing an ab-
normal vagal activity have not been elucidated. The presence
of immune cells which are involved in the inflammatory re-
sponse has been considered as one likely explanation, as they
release inflammatory mediators that could alter local PNS ac-
tivity and trigger bronchial hyper-reactivity. However, several
counterpoints can be highlighted. First, preventive treatment
with anti-inflammatory corticosteroids has been shown to be
insufficient for avoiding the development of asthma in young
children [52]. Second, the presence of different phenotypes of
asthma with distinct manifestations and responses to treatment,
together with an apparent absence of relationship between in-
flammation and airway remodeling in children [53] suggest the
existence of other factors. Moreover, the fact that altered PNS
activity in asthmatics can be also noticed in HRV opposes to

the idea of a local effect. Fryer et al. suggested that exces-
sive vagal stimulation could be caused by a dysfunction of the
M2 muscarinic receptors [54], which are largely present in the
post-ganglionic nerves innervating the airways and provide neg-
ative feedback in response to acetylcholine (ACh) withdrawal,
thus inhibiting the further release of ACh. Although the low-
ered control over ACh release might explain the increased vagal
dominance observed through HRV in the presence of asthma, as
well as the more regular PNS activity suggested by increased ℘ ,
if cardiac vagal fibers also presented M2 receptors dysfunction,
the simultaneous reduction in the adaptability of cardiac and
respiratory vagal control due to excessive ACh release could re-
semble an increased CRC. In this way, further research is needed
to completely understand the neural control in asthmatics.

V. CONCLUSION

HRV analysis has been presented as a suitable noninvasive
tool for the assessment of abnormal ANS activity in children
at risk of asthma. The main outcome of this work is that vagal
activity and cardiorespiratory coupling, measured in a group
of children with obstructive bronchitis, were reduced after ICS
treatment in the subgroup at lower risk of asthma, whereas it
kept unchanged in those who presented a worse prognosis. The
difficulties of young children to perform repeatable spirometric
tests together with the lack of collaboration and the low adher-
ence to ICS treatment emphasize the interest in a continuous
monitoring of asthma in order to detect or predict exacerba-
tions, thus providing an objective measurement of the evolution
of the disease. In this way, HRV stands out as a feasible op-
tion. In addition, the possibility of a continuous monitoring of
ANS activity in asthmatics could shed some light on the phys-
iological mechanisms underlying asthma, and hence be useful
for patient phenotyping, which constitutes the first step towards
personalized treatment.
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