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ABSTRACT Lung function variability is a fundamental feature of asthma but has been difficult to
quantify in children due to methodological limitations. We assessed the feasibility and clinical implications
of overnight flow variability measurement at home using impedance pneumography in young children.

44 children aged 3–7 years with recurrent or persistent lower airway symptoms were recruited. Patients
were divided into high- or lower-risk groups (HR and LR groups) based on their risk of asthma (modified
Asthma Predictive Index), and a third group was formed of children who had a history of wheeze and
who were treated with inhaled corticosteroids (ICS group). Tidal volume and the derived flow were
recorded through skin electrodes using impedance pneumography at home during sleep. Quantities
describing overnight change in expiratory flow–volume minimum curve shape correlation (CSRmin) and
respiratory chaoticity (minimum noise limit (NLmin)) were derived.

Recordings were successful in 34 children. CSRmin differed between the HR and LR groups (p=0.002)
and between the HR and ICS groups (p=0.003), indicating a stronger change in flow profile shape in the
HR group. NLmin differed between the HR and LR groups (p=0.014), indicating momentarily lowered
chaoticity in the HR group.

Impedance pneumography was found feasible for quantifying nocturnal lung function variability and
the measured variability was associated with risk of asthma in young children.
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Introduction
Temporal variability of lung function is one of the fundamental characteristics of asthma. This variation,
which is a result of complex and nonlinear behaviour of the respiratory system fluctuating with time,
driven by multiple interacting systems, relates to acute conditions but may also predict future
exacerbations and disease progression [1]. The variability is witnessed not only as characteristic episodic or
diurnal airway narrowing, but also as other phenomena, e.g. homeokinetic fluctuations of airway calibre,
volume-dependent variations during the breathing cycle as well as changes in the breathing pattern driven
by respiratory control. Lung function variation in adult patients with obstructive lung diseases has been
successfully assessed with various measures and at different time scales ranging from a few minutes
recording of respiratory flow [2–5] (decreased variation) or mechanical impedance [6–8] (increased
variation) to months-long peak expiratory flow monitoring [9]. The variation has been assessed through
descriptive statistics, but also through more complex dynamic measures that describe fractality and chaos.
Common techniques require direct airway access and/or respiratory manoeuvres and are thus not best
suited for young children, but indirect techniques that sensor chest wall movements, such as respiratory
inductive plethysmography, enable the assessment of complex breathing patterns and respiratory control
even in sleeping small infants [10–13]. However, since they have only been capable of assessing the
rhythmic/timing properties of breathing patterns instead of accurately characterising the flow–volume
curve shape, the possibilities to assess diurnal lung function variability in asthma have been limited in
young children. It is therefore unclear how the fluctuating pattern of the respiratory system relates to
symptoms and their persistence at this age.

Impedance pneumography is a technique for measuring instantaneous lung aeration changes (breathing)
as changes in the thoracic electrical impedance through skin electrodes. The underlying phenomenon has
been known for almost a decade, but its main clinical use has been to monitor respiratory rate in intensive
care settings. However, recent technical advancements in impedance pneumography signal processing [14]
and electrode placement [15] have enabled impedance pneumography to be used for accurate noninvasive
respiratory flow signal measurement. It is the only ambulatory, noninvasive method that has shown high
flow signal agreement with direct pneumotachography, enabling tidal flow–volume curve assessment in
young children even during induced airway obstruction [16].

The main objectives of this study were to assess this new technical approach in terms of its practical
feasibility and the ability to characterise flow variability in clinical material. Overnight home impedance
pneumography recordings in young children with lower respiratory symptoms were investigated under
stable clinical conditions in an attempt to monitor time-varying changes in lung function, especially
night-time worsening hypothetically reflected as slow overnight change in tidal flow–volume curve shape
and as reduced chaotic fluctuation of flow during possible episodes of obstruction. We hypothesised that
these measures of variability are related to respiratory symptoms and the risk of persistent asthma.

Material and methods
See the online supplementary material for additional details about the methods used.

Study subjects
We recruited 44 children aged 3–7 years who were referred to the Paediatric Allergy Unit of Helsinki
University Hospital because of recurrent or persistent lower respiratory tract symptoms. Detailed subject
characteristics are summarised in table 1. All study subjects were born full-term and had a history of
recurrent or persistent respiratory symptoms (wheeze, cough and/or shortness of breath).

The probability of persistent asthma in each of the study subjects was estimated by using the modified
Asthma Predictive Index (mAPI) [17]. Children with a history of multiple episodes of wheeze and who
fulfilled one of the major criteria (parental history of asthma, atopic dermatitis, sensitisation to respiratory
allergens) or two minor criteria (sensitisation to milk, egg or peanuts, wheezing unrelated to colds, blood
eosinophilia) were considered to have a high risk of asthma (HR group). The group with lower asthma risk
(LR group) consisted of subgroups of children with a history of wheeze but who did not fulfil the
additional risk factor criteria of mAPI, children who did not have a confirmed history of wheeze but had
risk factors of the additional criteria of mAPI and children who had neither a history of wheeze nor other
additional risk factors. Another subgroup of children had a history of wheeze but was on inhaled
corticosteroids at the time of study. Since regular maintenance medication may modify disease activity and
thereby lung function variability, this group was analysed separately (ICS group). The children in the HR
and LR groups had no regular asthma medication, and none of the children were given bronchodilators
during home recordings.

The study was approved by an institutional paediatric ethics review board and informed written consent
was received from guardians of all patients.
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Study design
The children were recruited consecutively after clinical assessment by a paediatric allergist, lung function
measurements, and skin-prick testing. For eligible children with an informed written parental consent, an
overnight recording with impedance pneumography at home was arranged. All the recordings were made
under a stable clinical state, without any wheezing exacerbations within 2 weeks.

Measurement methods
Oscillometric lung function measurement
All the study subjects underwent lung function testing by using the oscillometric technique (MasterScreen;
CareFusion, Würzburg, Germany). The methodology has been previously described in detail [18]. Baseline
respiratory resistance and reactance at 5 Hz (Rrs5 and Xrs5) in the study groups were expressed as height
adjusted z-scores [18]. A standardised running test was performed in a subgroup of children (n=15), as
described previously [19]. The severity of exercise-induced bronchoconstriction was expressed as the
percentage increase of respiratory resistance after running (ΔRrs5ex).

Impedance pneumography measurement
The overnight signals were acquired using custom-designed recording devices (design of Tampere
University of Technology, Finland). The four skin electrodes were placed bilaterally on the thorax and
arms close to the armpit yielding high linearity between impedance and lung volume (figure 1) [15].
Parents kept a diary of sleeping time, eventual symptoms and medication at home.

No calibration was needed for impedance pneumography in this use, but the linearity between
differentiated impedance pneumography signal and mouth flow signal was ensured in sitting and laying
positions using a pneumotachograph (Pro; Medikro, Kuopio, Finland) at the clinic.

Impedance pneumography signal pre-processing
All signal processing and statistical analyses were performed using MATLAB software (MATLAB R2015a;
MathWorks, Natick, MA, USA). One experienced investigator who was blind to patient information
screened the signals manually for sections of motion or other distortion (such as induced by cough,
movement or talking) that were left out of further processing and analysis. The selected sections were then
filtered with a specifically developed algorithm [14] to remove the cardiogenic impedance changes. The
naturally lung volume-oriented impedance pneumography signal was differentiated to yield a flow-oriented
impedance pneumography signal.

TABLE 1 Characteristics of study children for whom impedance pneumography recordings
were technically successful

HR LR ICS All p-value

Subjects 13 14 7 34
Male 5 (39) 6 (43) 4 (57) 15 (44) 0.72
Age years 4.6 (3.4–6.8) 5.0 (3.4–6.6) 5.1 (3.8–6.7) 4.9 (3.4–6.8) 0.82
Height cm 110 (94–126) 111 (96–121) 108 (104–127) 109 (94–127) 0.98
Gestational age weeks 40 (38–41) 41 (38–42) 40 (39–42) 40 (38–42) 0.43
Birthweight kg 3.6 (2.8–4.6) 3.6 (2.1–5.2) 3.5 (3.0–4.1) 3.5 (2.1–5.2) 0.66
Wheeze#,¶ 13 (100) 5 (36) 7 (100) 26 (77) <0.01
Allergic rhinitis 3 (23) 2 (14) 2 (29) 7 (21) 0.72
Atopic dermatitis¶ 7 (54) 3 (21) 7 (100) 17 (50) <0.01
SPT positivity 9 (69) 3 (21) 5 (71) 17 (50) 0.02
Parental asthma 6 (46) 4 (28) 4 (57) 14 (41) 0.41
Parental smoking 1 (8) 6 (43) 2 (29) 9 (26) 0.12
Rrs5 z-score −0.1 (−1.4–1.8) 0.0 (−1.8–3.6) 0.3 (−3.6–0.9) −0.1 (−3.6–3.6) 0.80
Xrs5 z-score 0.2 (−2.4–1.6) 0.2 (−6.1–1.9) −0.5 (−1.6–3.7) 0.2 (−6.1–3.7) 0.22
ΔRrs5ex %# 35 (17–133) 8 (−7–61) 24 (−7–133) 0.04

Data are presented as n, n (%) or median (range), unless otherwise stated. HR: high-risk group;
LR: lower-risk group; ICS: inhaled corticosteroid group; SPT: skin-prick test; Rrs5: respiratory resistance at
5 Hz; Xrs5: respiratory reactance at 5 Hz; ΔRrs5ex: exercise-induced change of Rrs5 (n=15 for all). p-values
between groups determined by Kruskal–Wallis test (continuous variables) or Chi-squared/Fisher’s exact
test (categorical variables). Symbols denote post hoc differences between paired groups with p<0.05 after
Bonferroni correction: #: HR versus LR; ¶: LR versus ICS.
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Measurement analysis
The main outcome measures of the study were two impedance pneumography-derived parameters, i.e.
curve shape correlation (CSR) and noise limit (NL), which were analysed with respect to the three patient
groups. The most referenced tidal breathing variable, the ratio of time to peak tidal expiratory flow/total
expiratory time (tPTEF/tE) [20], was also derived.

Impedance pneumography signal analysis approach 1 (CSR)
The impedance pneumography-derived volume and flow signals were cut into individual breaths and were
averaged in the flow–volume domain using a window of 20 breaths that was moved in overlapping steps of
5 breaths. After averaging, the curves were normalised in flow and volume to range 0–1.

These pre-averaged flow–volume curves were then further averaged in a longer, 2-h window by taking
mean. A window length of 2 h was considered to extend over sleep stage intervals in children and thus
minimise the possible effect of sleep stages. The following procedure for finding CSR values is illustrated
in figures 2 and 3. One window was moved in steps of 10 min between 00:00 and 04:00 h (early set), and
another window between 02:00 am and 06:00 h (late set), both time sections thus yielding 13 averaged
flow–volume curves. Pearson’s linear correlation coefficient was determined between all 13×13 averaged
curves. Since the later part of the expiration is less affected by muscle control and thus better reflects the
mechanical properties (time constant) of the respiratory system [21, 22], the correlation was calculated
using only the 50–100% of expired volume part of the curve (figure 3). The smallest encountered curve
correlation, denoting the highest overnight change in the curve shape, is reported as CSRmin for each
patient. See figure 3 for examples.

00:00 01:00 02:00 03:00 04:00 05:00 06:00

Time h

Early set

Late set

Correlations between all 

averaged TBFVCs of the

two sets are calculated

(13×13)

Each 2-h window yields an 

averaged TBFVC (13 per set)

10-min

steps

FIGURE 2 Illustration of the method for finding the minimum curve shape correlation between two averaged
tidal breathing flow–volume curves (TBFVC).
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FIGURE 1 Schematic presentation
of impedance pneumography (IP)
recording.
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Impedance pneumography signal analysis approach 2 (NL)
The impedance pneumography-derived flow signal chaoticity was defined by calculating NL using the
noise titration method, which has been described in detail by POON and BARAHONA [23]. Simplified, the
algorithm tests how much white noise can be added to the signal before chaoticity can no longer be
detected. A higher value denotes stronger chaos. NL was calculated for each manually defined continuous
nondistorted data section lasting at least 5 min. For each patient, the mean NL of all sections is reported as
NLmean and the minimum value as NLmin. See figure 4 for examples.

Statistical methods
Differences between groups were assessed using the Chi-squared test for categorical variables and Kruskal–
Wallis or Wilcoxon rank-sum test for continuous variables. For the Chi-squared and Kruskal–Wallis tests,
a post hoc analysis was performed using Fisher’s exact test and Dunn’s test, respectively. Correlations
between continuous variables were calculated using Spearman’s rank correlation. Probabilities in multiple
comparisons were adjusted using the Bonferroni method where appropriate.

Results
Successful impedance pneumography recordings were obtained in 34 children. The reasons for failed
recordings were electrodes coming loose (n=5), patient taking off electrodes or turning off the device
(n=4), forgetting to turn on the device (n=1) and electrodes removed by parents due to itching (n=1).

Time s
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FIGURE 4 Illustration of the noise limit (NL) with excerpts from six impedance pneumography-derived flow
signal segments having varying levels of NL. All signals are from one patient of the high-risk group at
different times during the night. The top three segments with low NL values are seemingly less variable and
more mechanistic.
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FIGURE 3 Illustration of the minimum curve shape correlation (CSRmin) with four examples of different CSRmin

values from a, b) two patients from the high-risk group and c, d) two patients from the lower-risk group.
Upper curves are averaged (2-h moving window in 10-min steps) and normalised expiratory tidal breathing
flow–volume curves from the first (00:00–04:00 h, blue) and later (02:00–06:00 h, red) part of the night
selected to have the lowest mutual correlation. CSRmin is given as the Pearson linear correlation of the later
parts (50–100% of expired volume, thick line) of expiratory flow–volume curves as illustrated in the lower
curves. Straight line denotes the best line fit (r=1.0000).
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Thus, the final sample of successful recordings included 13 subjects in the HR group, 14 subjects in the
LR group and seven subjects in the ICS group (table 1). The lung function results in the study groups are
included in table 1.

Children in the HR group showed significantly lower CSRmin and NLmin as compared with those in the LR
group, and lower CSRmin compared with those in the ICS group (table 2 and figure 5). The association
between CSRmin was found to be significant for NLmean, but not for NLmin after Bonferroni correction for
multiple comparisons (table 3 and figure 6). Baseline lung function assessed with the oscillometric technique
was not related to either NL or CSRmin. However, in those patients (n=15) who underwent exercise challenge
test, a trend was observed in CSRmin and NLmin with the severity of exercise-induced bronchoconstriction,
but after Bonferroni correction, the association was not statistically significant (table 3).

Median (range) tPTEF/tE values of averages of 1-h windows through the night were 0.21 (0.16–0.25), 0.19
(0.18–0.32), and 0.20 (0.16–0.26) for the HR, LR and ICS groups, respectively. The individual minimum,
maximum and standard deviation values of tPTEF/tE of the 1-h averages were also assessed, but no
significant differences between groups were observed (p>0.3 for all). However, the mean tPTEF/tE
correlated with NLmean (r=−0.50, p=0.002), the maximum tPTEF/tE correlated with NLmin (r=−0.41,
p=0.015) and NLmean (r=−0.52, p=0.002), and the standard deviation of tPTEF/tE correlated with NLmin

(r=−0.63, p=0.000) and NLmean (r=−0.47, p=0.005). In addition tPTEF/tE was derived from the same
averaged tidal breathing flow–volume curves produced for CSR analysis and largest overnight difference in
tPTEF/tE was established, but no significant between-group differences were found.

Discussion
In this pilot trial, we demonstrated the use of an application based on impedance pneumography capable of
recording overnight tidal flow. Indices of flow variability were derived from the recorded signal and these were
shown to associate with the clinical manifestation of disease in young children with respiratory symptoms.

10 out of 44 attempts to measure impedance pneumography overnight failed, with the most common
reason being electrodes coming off (n=5). This could have been reduced by choosing an electrode better
suited to long-term monitoring, and rehearsing the technique of electrode and electrode wire securing
using adhesive tape. The few cases where the child turned off the recording device could be avoided by
better design or shielding of the device.

The respiration-induced variations in the electrical impedance of the thorax that can be measured through
electrodes placed on the skin surface were discovered nearly a century ago, but the clinical use of the
phenomenon has been quite modest. Most noninvasive respiration measurement methods are based on chest
wall movement, whereas in impedance pneumography the signal stems at least partially from the actual lung
tissue aeration affecting the conductivity of the thorax [24]. Recent discoveries related to the impedance
pneumography signal processing technique [14] and skin electrode locations [15] have now enabled
impedance pneumography to accurately record shapes of respiratory flow profiles, as in this study. Impedance
pneumography performance has been validated against direct pneumotachography in healthy adults under
respiratory loading [25] and in preschool children during methacholine-induced airway obstruction [16].

Although tidal breathing is the output of a complex neuromechanical system, the majority of tidal breathing
studies have assumed that obstruction would manifest similarly in all individuals. The new approach
presented here, i.e. CSR, does not rely on that assumption. It merely tells us whether there is any change in the
(later part of the) tidal breathing flow–volume curve, regardless of its type or direction. Neither the mean nor
the variability of the most referenced tidal breathing parameter, i.e. tPTEF/tE, distinguished between groups.

TABLE 2 Parameters expressing overnight tidal flow variability derived from ambulatory
impedance pneumography

HR LR ICS p-value

Subjects 13 14 7
CSRmin#,¶ 0.995 (0.984–0.999) 0.998 (0.994–0.999)+ 0.998 (0.997–0.999) 0.002
NLmin# 14.3 (0.00–48.7) 30.3 (0.00–42.7) 26.7 (0.00–38.0) 0.03
NLmean 42.2 (30.8–59.2) 49.8 (26.3–58.5) 44.8 (27.8–55.7) 0.15

Data are presented as n or median (range), unless otherwise stated. HR: high-risk group; LR: lower-risk
group; ICS: inhaled corticosteroid group; CSRmin: minimum curve shape correlation; NLmin: minimum
noise limit; NLmean: mean noise limit. Symbols denote significant difference in Dunn’s post hoc test
between groups: #: HR versus LR; ¶: HR versus ICS. +: n=13.
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It may be speculated that the novel approach of CSR that focuses only on the later, passive, part of
exhalation reflects the mechanical properties of the respiratory system better than tPTEF/tE, which is
influenced by the early, controlled, part of the expiration. Indeed, VAN DER ENT et al. [26] showed that
tPTEF/tE is mostly determined by activity of inspiratory muscles whose contraction extends to early
expiration in healthy subjects [21].

Reduced flow signal complexity has been associated with chronic airway obstruction in adults [2, 4, 5].
Now studied for the first time in an overnight setting and noninvasively, the general overnight level of
chaoticity (NLmean) did not clearly distinguish between the groups; instead, the HR group exhibited short
periods of low chaoticity (NLmin), which may represent low variability during episodes of airway
obstruction and highlight the benefits of a long-term ambulatory assessment. Whereas CSRmin may be an
index of overall airway lability and relate to nocturnal progression of obstruction, NL is related to the
nonlinear dynamics of the respiratory system in general. These measures (CSR and NL) may thereby have
different long-term correlations with asthma phenotype, including predisposition for exacerbations and
progression of asthma. It is difficult to estimate the contribution of neural control and airway mechanics,
but interestingly both measures of interest tended to be associated with changes in airway mechanics
induced by exercise, CSRmin more closely so.

A conventional method to characterise lung function variation in asthma is the recording of diurnal peak
expiratory flow (PEF) rates. The relationship between PEF variation, symptoms and disease severity in
childhood asthma is weak [27], and the measurements are strongly effort dependent and therefore not
usually reliable in young children. Portable devices which measure interrupter resistance have been
validated for preschool children, but used mainly to monitor bronchodilator responses [28, 29]. An
increase of short-term variability of mechanical impedance by using the forced oscillation technique has
been shown to be a feature of asthma that is more sensitive than abnormal baseline lung function [30].
Accordingly, despite significant differences in lung function variation between study groups, we found
similar baseline lung function assessed by impulse oscillometry.
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TABLE 3 Spearman rank correlations between impedance pneumography and oscillometric
variables (z-scores)

NLmin NLmean Rrs5 Xrs5 ΔRrs5ex

CSRmin 0.48 0.57* 0.03 −0.06 −0.55
NLmin 0.85** −0.04 −0.03 −0.43
NLmean −0.01 −0.06 −0.15
Rrs5 −0.62** −0.19
Xrs5 −0.02

NLmin: minimum noise limit; NLmean: mean noise limit; Rrs5: respiratory resistance at 5 Hz; Xrs5:
respiratory reactance at 5 Hz; ΔRrs5ex: exercise-induced change of Rrs5; CSRmin: minimum curve shape
correlation. *: p<0.01; **: p<0.001 after Bonferroni correction.
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The present study differs from the previous studies not only with regard to the biosignal studied, but also
by characterising the spontaneous fluctuation of airflow during sleep without interference by a mask or
mouthpiece to measure output of the respiratory system. Impedance pneumography also enables us to
explore the complexity of asthma by continuous monitoring of lung function. FREY and SUKI [1] have
pointed out that fluctuation analysis based on quantification of the long-term temporal history of lung
function can be used to assess the risk of future asthma episodes and disease progression. In their analyses,
they used data of diurnal PEF variation over several months [9], which may be impractical in clinical
settings. Due to the fractal geometry of the nonlinear behaviour of the respiratory system [31], shorter
periods as in the present study may be clinically useful when lung function is monitored continuously.

In measurement analysis of CSRmin, we used window lengths that should be long enough to extend over
sleep stage intervals in children [32] in order to overcome the variation in airway resistance potentially
caused by changing sleep stages [33]. Moreover, we observed that there were no differences between the
groups in the amount or duration of acceptable impedance pneumography signal segments during the
night. Our measurements did not include polysomnographic instrumentation such as
electroencephalography and thus we cannot entirely rule out the possible contribution of sleep stages to
our findings. Sleep stages differ with respect to respiratory rate, tidal volume, flow rates and their
variability [34–36]. However, attributing our findings to sleep architecture differences would imply that
sleep is fundamentally different between lower- and high-risk asthma patients. There is evidence of minor
sleep differences between asthmatics and controls [37, 38], but to our understanding these are not large
enough to support the substantial group difference we discovered.

The study sample was limited in number and reflects the heterogeneity of wheezing disorders in clinical
settings. Failure to demonstrate some statistical differences, i.e. between the ICS and LR groups in terms of
NL, may relate to small sample size. Due to lack of a healthy control group we were not able to define any
normal ranges for the investigated parameters nor rule out whether the study subjects in the LR group
would also show some abnormal lung function variability. However, management and follow-up of
wheezy children should be targeted to those with the highest risk of asthma and the present results may,
therefore, have clinical implications. Our results demonstrate that variability of lung function is increased
already at an early age in children with a high risk of asthma and that this may be a more prominent
feature than baseline lung function. The differences between the HR and ICS groups suggest that control
medication modifies disease activity, and thereby lung function variability. Due to the cross-sectional
design of the study, we have demonstrated here only an association between clinical asthma risk index and

N
L

m
in

0

5

10

15

20
*

25

30

35

40

45

50

0.990 0.992 0.994

CSRmin

0.996 0.998 1.000

HR
LR
ICS

FIGURE 6 The relationship between minimum curve shape correlation (CSRmin) and minimum noise limit
(NLmin) with each point representing one patient. HR: high-risk group; LR: lower-risk group; ICS: inhaled
corticosteroid group. Spearman’s rank correlation r=0.479 (p=0.07 after Bonferroni correction). The asterisk
denotes an individual outside of the scale (CSRmin=0.984).

1694 DOI: 10.1183/13993003.00989-2015

PAEDIATRIC PULMONOLOGY | V-P. SEPPÄ ET AL.



tidal flow variability. The assessment of the predictive value of the investigated parameters, as well as
responses for treatment, need confirmation in a longitudinal design.

We conclude that impedance pneumography provides a novel and feasible tool to assess temporal
variability of lung function in young children. This variation is related to respiratory symptoms and the
risk of persistent asthma.
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