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ABSTRACT

Background: Small airway dysfunction (SAD) in asthma can be measured by impulse
oscillometry (I0S). Usually, the reactance should decrease with decreases in frequency
oscillation. Sometimes an upward shift of the curve at low frequencies can be observed
together with lower than expected reactance values. The actual value of the reactance at
5Hz (X5) is calculated by the Sentry Suite application of the Jaeger Master screen iOS
system™, providing the corrected X5 parameter (CX5). Our hypothesis is that correction of
X5 is common in persistent asthma and it correlates better than X5 with the I0S parameters
for evaluating SAD.

Methods: In this transversal study, we evaluated 507 children (3-18years old) using
IOS-spirometry (Sentry Suite, Vyntus®). Resistance of all airways (R5), reactance area (AX),
resonant frequency (Fres), X5, CX5, difference between R5 and R20 (D5-20), and spirometry
parameters were analyzed. Reactance inversion and CX5 prevalence by age range was
determined. The mean |0S-Spyrometry values in children with and without CX5 were
compared, and correlations with each 10S-spirometry parameter in the age groups were
performed.

Results: CX5 was found in 83.5% of preschool children, 66.2% of schoolchildren, and 43.3%
of adolescents (p<0.001). The means of R5, AX, and D5-20 were significantly higher and
FEV1 was significantly lower in children with CX5 (p<0.05). In all ages, CX5 correlated better
than X5 with 10S-spirometry parameters.

Conclusion: Reactance inversion and CX5 are frequent in asthmatic children, decrease with age,
and correlate more closely than X5 with other |0S-spirometry parameters for evaluating SAD.

ARTICLE HISTORY
Received 9 November 2020
Revised 9 July 2021
Accepted 11 July 2021

KEYWORDS
Impulse oscillometry; reactance;
asthma; children

Introduction

Asthma is one of the most prevalent chronic diseases
in childhood (1), characterized by inflammation and
obstruction in the small airways (2,3). The alteration
in the small airways correlates with bronchial hyper-
reactivity, risk of exacerbations, incomplete response
to corticosteroids, and persistent asthma symptoms
(4-6). Small-airway dysfunction could also be present
in asthmatic patients with apparently good control of
the disease; however, it is more common in severe
asthma. Therefore, identifying small-airway alterations
allows better characterization and management of
asthmatic patients (7,8).

Impulse oscillometry (I0S) has become relevant for
lung function evaluation. IOS has been shown to be

useful for detecting and evaluating small-airway dys-
function in patients even when spirometry is normal
(9-12). IOS measures the impedance of the respiratory
system (Z), which is the net force to be overcome to
move the gas in and out of the respiratory system.
Impedance involves the resistance (R) and the reac-
tance (X). The R of the airway includes the resistance
of the central and peripheral airway, which is the
energy required to propagate the pressure wave
through bronchi and bronchioles and distend the lung.
R is measured when the pressure wave in phase with
the air flow and does not have the opposition of the
recoil of the airway and the lung. The X represents
the reactive component of respiratory impedance and
includes the inertial forces of the movement of the
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air column in the airways, called the inertance, with
a positive sign, and the elastic properties of the lung,
called capacitance, with a negative sign.

The resonant frequency (Fres) is where the reac-
tance curve crosses the zero-impedance line. This is
where the capacitive and inertive forces cancel out.
Capacitance (C) is energy generated by the recoil of
the lung after the pressure wave when there is no air
flow out of phase oscillometry component. In the
reactance curve, the low-frequency waves of 5hz pen-
etrate the lung with almost no resistance and reflect
the lung’s capacity to receive energy. Its value increases
(becomes more negative) when there is hyperinflation
or peripheral airway obstruction of pulmonary fibrosis.

Graphic representation of these elements allows
building the resistance line between R5 (resistance of
all airways) and R20 (resistance of the central airway)
and the reactance line from reactance at 5Hz (X5) to
the resonant frequency (Fres), where the reactance is
equal to zero. IOS parameters such as X5, Fres, reac-
tance area (AX), and the difference between R5 and
R20 (D5-20) reflect changes in the obstruction of
peripheral airways (13). Usually, the reactance line
should decrease hyperbolically as the frequency
decreases, from Fres to X5, but in some patients at
low frequency the curve is inverted upward, tracing
a curved trajectory. This is called “reactance inversion”
The reactance becomes more negative as the frequency
decreases. In this case, X5 should be more negative.
To correctly represent the changes in the airway, it is
necessary to calculate the value of X5 that corresponds
to projecting that line without the reactance inversion,
generating a new parameter, “corrected X5” (CX5),
whose values are more negative than X5. This new
parameter, CX5, is incorporated into some equipment,
such as that of Jaeger-Carefusion, which provides X5
and CX5. These two values are equal when there is
no inversion of the reactance curve.

We postulate that CX5 better represents small air-
way function than X5. Therefore, CX5 should correlate
better than X5 with alterations in the other IOS and
spirometry parameters (i.e. R5, Fres, AX, D5-20, and
FEF,; ,;) in evaluating the small airway’s function.
The aim of this study is to determine the prevalence
of an inversion of the reactance curve in asthmatic
children and whether CX5 correlates more closely
than X5 with other IOS and spirometry parameters
for small-airway evaluation.

Methods

This transversal study was done in the pediatric lung
function laboratory at Clinica Las Condes, Santiago,
Chile between September, 2018 and March, 2020. Data

was collected from the IOS and spirometry of 507
asthmatic children (between 3 and 18years of age)
for which their pediatricians requested a lung function
test. Children with other chronic respiratory diseases,
cardiopathies, and immunodeficiencies were excluded.
Patients had to be free of respiratory tract infection
within 3 weeks prior to evaluation and had to discon-
tinue short-acting beta-2 agonist for 4h prior to test-
ing. Written consent/assent was obtained from the
parents/guardians and children who agreed to partic-
ipate after receiving information about the study. The
study was approved by the Ethics Committee of the
institution.

The results of IOS, spirometry, asthma severity
(according to GINA classification), and asthma control
treatment were recorded in an encoded database. The
IOS and the spirometry were performed according to
ATS/ERS guidelines (14-17), using the Vyaire Vyntus
model v-176430 (Mettawa, IL) with the Sentry Suite
application. IOS measurements were performed in the
sitting position with participants wearing nose clips
and the method of cheek support at the hands of
trained technicians. Participants tidally breathed into
the IOS mouthpiece for at least 30s for high-school
aged children, and for children under 12years of age,
a minimum of 16s was accepted. They were recorded
until 3 sinusoidal readings were technically acceptable,
with the coefficient of variability of resistance (Rrs)
<15%. The equipment was calibrated daily, using a
3-L syringe, ruling out artifacts and leaks at different
rates (flow) and with a reference resistance device
(0.2kPa/l/s) per manufacturer. The tests with the best
coherence at frequencies of 5 to 30 Hz were chosen
(it was 0.6 at 5Hz and 0.9 at 10Hz, with variability
between measurements less than 10% at frequencies
higher than 5Hz). No leak was observed, the volume
time plot did not drift, and there was appropriate
inter-trial reproducibility of X and R. Children per-
formed IOS and spirometry before and after 400 mcg
salbutamol inhalation. IOS was performed first, fol-
lowed by spirometry, to avoid force maneuvers causing
changes in the IOS. In the IOS, the baseline values
of R5 (Kpa/Ls), Fres (1/s), X5 (Kpa/Ls), CX5 (Kpa/
Ls), AX (Kpa/Ls), and D5-20 (Kpa/Ls) were analyzed.
In the spirometry, the baseline values of FEV, (L),
FEF,,; (L), FEV, (L) and FEF,; ,,, (L) were ana-
lyzed. The I0S predictive values used were Dencker
(18), Malmberg (19), and Voegel (20). Spirometry was
performed using Quanjer predictive values (21).

Statistical analysis

The patients were divided into three age categories:
preschoolers (=3 yrs and <6 yrs), schoolchildren (=6



yrs and <12 yrs), and adolescents (212 yrs and <19
yrs). Differences in demographic characteristics were
expressed in means and percentages, using the t-test
or x* according to each case. The global prevalence
and by category and age of corrected reactance were
measured.

The sample size was calculated through a pilot
study with 50 patients for each age category. This
allowed defining the number of patients to calculate
the prevalence of corrected reactance in each age
group: 122 preschool children, 209 schoolchildren,
and 127 adolescents.

The linear trend of the prevalence of reactance cor-
rected according to age categories was calculated using
the Mantel-Haenszel x* test. The mean difference
between patients with and without corrected reactance
was measured using the t-test. A mean difference of
0.15Kpa/Ls was estimated for R5, AX, and D5-20 in
IOS and 0.1L of FEV, in spirometry, requiring a
minimum of 68 preschoolers, 68 schoolchildren and
42 adolescents to establish significant differences.
Finally, Pearson’s correlation test between X5 and CX5
was measured with each IOS-spirometry parameter in
each age category. For this test, the number of patients
greatly exceeded the required minimum sample size.
For the analyses, the normal distribution was verified,
alpha errors of 0.05 and beta of 0.20 for each group
was used, and probability (p) values <0.05 were con-
sidered statistically significant. For the statistical anal-
ysis, SPSS® v17.0 (IBM, Armonk, NY) software was used.

Results

Of the 576 asthmatic children initially included, 69
were excluded (23 preschoolers and 5 schoolchildren
did not properly perform the IOS, and 41 patients did
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not sign the consent form). Therefore, 507 (88%) asth-
matic children were included in the study, the mean
age was 9.3 years, age range between 3 to 18years, and
57.9% were males. By age category, they were distrib-
uted into 27.4% preschoolers, 46.2% schoolchildren,
and 26.4% adolescents. The severity of asthma accord-
ing to GINA was 31.2% mildly persistent, 60.9% mod-
erately persistent, and 7.9% severely persistent.

No significant demographic differences were found
by age category between patients with and without
corrected X5 (Table 1). A total of 329 children (64.8%)
presented an inversion of the reactance curve and
CX5. Patients that required an X5 correction showed
a significant linear tendency by age category, where
preschoolers had the highest prevalence (Table 2).

In the IOS parameters, it was found that the mean
value of R5, AX, and D5-20 was significantly higher
in children with correction of X5 for all age catego-
ries. In the spirometry parameters, FEV, was signifi-
cantly lower in children with CX5 for all age categories.
FEV,, and FEV,,; was found to be significantly lower
in preschoolers with CX5, while FEF,; .., was sig-
nificantly lower in school children and adolescents
with CX5 (Table 3).

The correlation of CX5 with R5, AX, D5-20, and
the FEF,, .., was higher than the correlation of X5
in all age categories. In preschool children, a better
correlation was also found between CX5 and FEV
and FEV ., than with X5. In preschoolers, the low
negative correlation of X5 with D5-20 improved to
highly negative with CX5. In schoolchildren, the mod-
erately negative correlation of X5 with R5 and D5-20
improved to highly negative with CX5. Finally, in
adolescents the moderately negative correlation of X5
with AX and D5-20 improved to a very highly neg-
ative with CX5 (Table 4).

Table 1. Demographic characteristics of persistent asthmatic children, by age categories (n=507).

Preschoolers
(= 3yr and < 6yr)

Schoolchildren
(= 6yr and < 12yr)

Adolescents
(= 12yr and < 19yr)

(N=139) (N=234) (N=134)
X5 X5 X5 CX5 X5 X5
(n=23) (n=116) p* (n=79) (n=155) p* (n=76) (n=58) p*
Age (years) 5.1 4.8 0.08 9.2 8.9 0.08 14.8 14.4 0.5
Weight (K) 20.2 20.2 0.9 33 333 0.8 56.5 54.6 0.4
Height (cm) 117 110.1 0.3 135.6 133.3 0.1 162.7 160 0.08
Sex (%male) 50 55.2 0.9 55.7 60 0.6 59.2 62.1 0.9
Moderate to 47.8 61.2 0.3 759 755 0.9 64.5 62.1 0.9
severe asthma
(%) Controller
Therapy:
ICS (%) 435 457 0.8 27.8 25.8 0.9 11.8 8.6 0.7
ICS+LABA (%) 21.7 17.2 0.9 433 355 0.2 56.6 58.6 0.9
LTRA (%) 8.7 9.5 0.8 5.1 12.9 0.1 53 1.7 0.5

Numbers are expressed in % and mean, *p values for t-student o x? test, X5=uncorrected reactance at 5Hz, CX5=corrected reactance at 5Hz,
ICS=Inhaled corticosteroids, LABA =Long-acting beta-agonist, LTRA =leukotriene receptor antagonists.
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Table 2. Prevalence of corrected reactance in relation to age (n=507).

Preschoolers Schoolchildren Adolescents
(= 3yr and < 6yr) (= 6yr and < 12yr) (= 12yr and < 19yr)
N=139 N=234 N=134 *p
X5 n (%) 116 ( 83.5) 155 (66.2) 58 (43.3) <0.0000001

CX5=corrected reactance at 5Hz, *p values for extended Mantel-Haenszel chi square linear trend.

Table 3. Comparison of 10S-Spirometry parameters and X5 differences, by age categories (n=507).

Preschoolers Schoolchildren Adolescents
(= 3yr and < 6yr) (= 6yr and < 12yr) (= 12yr and < 19yr)
X5 X5 *p X5 X5 *p X5 CX5 *p
R5 0.84+0.1 1.07+£0.2 <0.001 0.62+0.1 0.83+0.2 <0.001 0.43+0.1 0.58+0.1 <0.001
Kpa/Ls
Fres 248+6.3 266+5.7 NS 20.8+3.5 244+48 <0.001 16.5£5.1 20.2+5.2 <0.001
1/S
AX 2711 44+2 <0.001 1.7+0.9 3.1+£1.9 <0.001 0.7£0.5 1.4+13 <0.001
Kpa/Ls
D5-20 0.24+0.13 0.42+0.15 <0.001 0.17+£0.08 0.32+0.1 <0.001 0.08+0.05 0.2+0.1 <0.001
Kpa/Ls
FEV1L 1.28+0.2 1.17£0.2 <0.05 2.02+0.4 1.8+£0.4 < 0.01 3.4+0.7 3+£0.5 <0.001
FEF 25-75% 1.49+0.3 1.34+04 NS 2.07+0.6 1.78+0.5 <0.001 3.5+1 2.9+0.8 <0.001
L
FEV 0.75L 1.16+0.2 1.06+£0.2 <0.05 N/A N/A N/A N/A N/A N/A
FEV 0.5L 0.97+0.1 0.88+0.1 <0.05 N/A N/A N/A N/A N/A N/A

Numbers are expressed in mean+DS, X5=uncorrected reactance at 5Hz, CX5=corrected reactance at 5Hz, *p values for t-Student test ( < 0.05,<
0.01<0.001), NS=non-significant, N/A=not applicable, R5= Resistance at 5Hz, Fres: resonant frequency, AX: reactance area, D5-20: resistance at 5Hz
minus resistance at 20Hz, FEV1=forced expiratory volume in 1s, FEV 0.75=forced expiratory volume in 0.75s, FEV 0.5=forced expiratory volume in
0.5s, FEF25-75% = forced expiratory flow at 25-75%, L=Liter, Kpa/Ls=Kilopascal divided into liters.

Table 4. Correlation between X5 and X5a with other 10S-Spirometry parameters, by age categories (n=507).

Preschoolers Schoolchildren Adolescents
(= 3yr and < 6yr) (= 6yr and < 12yr) (= 12yr and < 19yr)
X5 CX5 X5 CX5 X5 CX5
r r r r r r

R5Kpa/Ls —0.33** —0.58** —0.6%* —0.83** —0.68** —0.83**
Fres 1/S —0.34** —0.34** —0.42** —0.62** —0.68** —0.69**
AX Kpa/Ls —0.46** —0.61** —0.76** —0.82** —0.85** —0.92**
D5-20Kpa/Ls —0.39** —0.73** —0.64** —0.88** —0.7%* —0.9%*
FEV1L 0.33** 0.4** 0.49%* 0.51%* 0.43** 0.40%*
FEF 25-75L 0.32%* 0.44%* 0.45%* 0.49%* 0.4%* 0.42%*
FEV 0.75L 0.33** 0.39%* N/A N/A N/A N/A
FEV 0.5L 0.37%* 0.42** N/A N/A N/A N/A

Numbers express the r Pearson correlation Coefficient, X5=uncorrected reactance at 5Hz, CX5=corrected reactance at 5Hz, **p <0.001 for Pearson

Correlation Coefficient, N/A=not applicable, R5= Resistance at 5Hz, Fres: resonant frequency, AX: reactance area, D5-20: resistance at 5Hz minus
resistance at 20Hz, FEV1=forced expiratory volume in 1s, FEV 0.75=forced expiratory volume in 0.75s, FEV 0.5=forced expiratory volume in
0.5s, FEF25-75% = forced expiratory flow at 25-75%, L=Liter, Kpa/Ls=Kilopascal divided into liters per second, 1/S=1 divided per second.

Discussion

We described, for the first time, the presence of a
reactance inversion and CX5 in asthmatic children. In
this study, almost two thirds of the patients exhibited
a reactance inversion with the respective X5 correction.
This high prevalence could be explained by the fact
that most of our population had moderate to severe
persistent asthma, in which the presence of SAD has
been demonstrated in IOS even with normal spirometry.

In the present study, the X5 correction was neces-
sary in more than 80% of preschoolers, 66% of
schoolchildren, and 43% of adolescents (p for trend
<0.001), indicating that this phenomenon is related

to age. R5, AX, and D5-20 mean values were higher
in the CX5 group, Fres was higher in preschoolers
with CX5, with no statistical significance, and in
schoolchildren and adolescents it was higher in the
CX5 group, with a highly significant difference.
With respect to the comparison of spirometry val-
ues, FEV, was significantly lower in the three age
groups and FEF,. .. was lower in schoolchildren and
adolescents. Furthermore, when using spirometric
parameters recommended for preschool children such
as FEV,,; and FEV,;, the group with CX5 also
showed lower means. These results show that children
with CX5 have poorer lung function with both



methods. It is also noteworthy that the mean of R5
and AX in preschool and schoolchildren with CX5
exceeded the cutoff points for uncontrolled asthma
reported by Tirakitsoontorn et al. at those ages (22).
Likewise, in adolescents with CX5, the means of AX
and D5-20 were found to be above the cutoff points
reported by Shi et al. for uncontrolled asthma (9).

The correlation of CX5 (negative with IOS and
positive with spirometry) was better than X5 for most
of the lung function parameters used, especially AX,
D5-20, and FEF,. .. These findings suggest that CX5
is a more sensitive parameter than X5 for demon-
strating small airway dysfunction in IOS and spirom-
etry. Alteration of IOS parameters such as D5-20 and
AX is associated with dysfunction of the peripheral
airways (23), being found to be higher in children
with severe exercise-induced bronchoconstriction (6),
uncontrolled asthma (9,10), greater number of exac-
erbations (12,24), and moderate to severe asthma with
normal FEV, (25). For these patients, the use of ultra-
fine inhaled corticosteroids (ICS) that can reach small
airways <2mm in diameter has been suggested (26,27).
Previous studies (28,29) have shown the association
between lower values of FEF,. .., and asthma severity,
ICS use, exacerbations, and bronchodilator response
in children with normal FEV; therefore, the presence
of CX5 may have similar implications. It could be
hypothesized that the inversion of the reactance curve
and the corrected X5 could be useful for identifying
this asthma phenotype.

The factors that could explain why reactance inver-
sion is more frequent in preschoolers are the smaller
caliber of the airway and the fact that the site of
obstruction is predominantly the small airway, which
makes the obstruction more severe, so the accessed
pulmonary chamber becomes so small-sized that the
superimposed parallel resonance is visible and prevents
seeing the normal course of the reactance lined (30).
Also, the lung function deficits that these children may
have from birth and the changes in the lung structure
such as the hypertrophy of the bronchial smooth mus-
cle that has been found in the biopsies may be the
cause of peripheral airway obstruction (31-35).

It important to mention that this inversion of the
reactance curve was anecdotally reported in cystic
fibrosis (36), a disease characterized by small-airway
dysfunction, the presence of different time constant
units, and inhomogeneity ventilation, which can also
occur in asthma. Also, expiratory reactance abnor-
malities have been reported in adults with COPD
and expiratory dynamic airway collapse (37).

In school-age children and adolescents, reactance
inversion may occur through different mechanisms
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than in preschoolers and seems to be related to the
difference between expiratory and inspiratory reac-
tance, suggesting that excessive expiratory airway
narrowing in children with heterogeneous lung dis-
ease leads to more lung units participating in oscil-
latory flow during inspiration than during expiration.
It was recently reported that the changes in R5, X5,
and AX between inspiration and expiration can be a
useful index for diagnosis of asthma in children with-
out assessment of the response to a bronchodilator,
which could increase the chances of early diagnosis
and appropriate management of asthma in children
(38). How this in turn could lead to higher inertance,
lower elastance, or both at low frequencies is unclear,
but could result in reactance inversion. Reactance
inversion is a poorly understood phenomenon that
may affect the variability and interpretation of Xrs
at 5Hz if reactance correction is not applied to
obtain CX5.

Our study has some limitations. First, we did not
know the asthma control level of each patient, and
it would be ideal to know if this new parameter CX5
is associated with uncontrolled asthma. Second, we
were not able to follow up with these patients, and
it would be of interest to know if patients who
required X5 correction had worse asthma evolution
or more persistent symptoms than those who did
not require X5 correction. Therefore, future studies
that take these considerations into account are needed.

In conclusion, this study showed that inversion
of the reactance curve is exhibited in a high per-
centage of asthmatic children and that it significantly
decreases with age. Compared to X5, CX5 correlated
better with other IOS parameters and with FEF,. ..,
suggesting that it is a good indicator of SAD and
is useful for asthma management in children.
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