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Abstract
Objective: To establish the predicted value of pulmonary function determined by Impulse Oscillometry
(IOS) in children (4~17 years old) in China.

Methods: A total of 6270 healthy children aged 4 to 17 in Shanghai were included. The Master Screen IOS
pulmonary function device (Jaeger Co, Germany) was used to detect the respiratory impedance (Zrs),
resonant frequency (Fres)), viscosity resistance (Rrs) and elastic resistance (Xrs) at various oscillation
frequencies, and the indexes above were analyzed. The stepwise multivariate regression was used to
establish the regression equation of related parameters of IOS in different genders, ages, height, and
weight.

Results: The differences in the main IOS parameters between different age groups are statistically
signi�cant regardless of sex (P<0.05). The stepwise multivariate regression analysis showed that IOS
parameters were related to height, age, and weight, and most IOS parameters were most closely related to
height (the absolute value of regression coe�cient was the largest). With the increase of age and height,
the values of Z5, R5, R20 and Fres decreased, while the value of X5 increased. Through height, age and
weight, we get the normal predicted values equation of children's IOS parameters. Compared with
lechtenboerger prediction equation, our equation is more suitable for Chinese children.

Conclusions: The study revealed the reference values of IOS parameters in healthy Chinese children. In
the evaluation of results for lung function measurements, this predicted value equation is more in line
with the characteristics of Chinese children than that of foreign's.

Clinical Trial ChiCTR: 1800019029. 

1. Introduction
Chronic respiratory diseases, such as asthma, have an increasing incidence among children in developing
countries, both the morbidity and mortality of respiratory diseases occupy the �rst place among all
systemic diseases in pediatrics1. Lung function is an important aspect of respiratory physiology, and a
major indicator of early diagnosis and control of respiratory diseases2. The commonly proposed method
to assess the lung function to date is spirometry, which requires the active participation, leading to the
challenge of achieving a reproducible and reliable measurement in children. The recent American
Thoracic Society (ATS) / European Respiratory Society (ERS) joint statement on lung function testing in
preschoolers summarized the use of different techniques in children and highlighted the importance of
forced oscillation techniques (impulse oscillometry system (IOS)) in children3. The IOS is a simple and
noninvasive technique for respiratory function testing during tidal breathing. It does not require the
patient's special cooperation and is simple, non-invasive, repeatable, and provides comprehensive
respiratory physiological parameters. It is especially suitable for people aged 3 and above4,5.
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However, as of now, there is no universal standard recommendation for IOS that can be published and
adopted. Establishing appropriate reference values can effectively help clinicians to evaluate the lung
function and make the accurate diagnosis and treatment. ATS and ERS suggest that the establishment of
reference values of lung function cannot be asserted in general terms, but should consider factors such
as race, living environment and age [6,7]. Although some studies have focused on developing new
reference equations, with speci�c dependencies mainly on children's height, weight and sex, the available
reference formulas are mostly extrapolated from white children of European origin, and the results remain
limited and inconsistent 8–10 . More to the point, China has always followed foreign standards. In Taiwan,
only one study of 150 children under 6 years of age attempted to establish this standard equation for
Chinese children, showing that height was the most important determinant of airway resistance 11 . And
there’s no evidence for school-aged children. The lack of reference equations and normal IOS ranges for
Chinese children seriously affect the accuracy of assessment and hinders the clinical application of
oscillation method.

Therefore, Shanghai Children's Medical Center was taken as the lead unit, and the pediatrics respiratory
departments of twenty specialized or general hospitals from 17 provinces in China joined to conduct the
measurement of IOS in 6284 healthy children from May 2017 to May 2019, aiming to establish reference
equations of IOS parameters that are based on data of healthy Chinese children collected from a wide
region under standardized quality control, to provide the basis for the rational clinical application of IOS.

2. Materials And Methods

2.1. Participants
This is a cross-sectional study of kindergarten children and school-age students aged 4 to 17 in China
from May 2017 to May 2019. Informed consent was obtained from the parents or legal guardians of the
children. Exclusion criteria were child  with respiratory tract infection occurred 4 weeks before the
investigation;  have a history of congenital heart disease or respiratory, neuromuscular, immune and
other diseases;  with a family history of asthma, rhinitis or other genetic allergic diseases;  cannot
cooperate with the completion of pulse oscillation lung function detection;  with abnormal pulmonary
ventilation function;  live in a family where people smoke. A total of 7021 children were enrolled in the
study. This study was approved by the Ethics Committee of Shanghai Children's Medical Center (Ethics
No: SCMCIRB-K2017007), each sub-center follows the master research unit ethics. Clinical Trial: ChiCTR:
1800019029.

2.2. Procedures
Physical growth index measurement

Height and body weight of all the subjects were measured by �xed personnel. The subjects wore shirts or
thin sweaters (air-conditioned rooms) and took off their shoes. Their height was measured by a vertical
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altimeter, accurate to 0.1cm, and their weight was measured by an electronic scale, accurate to 0.1kg.
Gender and birth dates of the children were recorded at the same time.

Pulmonary function test

All children were tested for pulmonary function on the day of the physical examination. IOS �rst, then
PFT, if abnormal spirometry, IOS data will not be used. The Masterscreen IOS system from Jaeger,
Germany is adopted and operated by specially trained PFT technicians.

IOS maneuvers were performed in the sitting position. All operations and procedures are in accordance
with ATS (American Thoracic Society, ATS), the ERS (European Respiratory Society, ERS) and the Chinese
children's pulmonary function testing guidelines [6,7,12−14], The speci�c operations are as follows: 1
minute data is collected each time, volume-time curve shows that VT and RF are constant, FRC is stable,
impedance spectrum diagram has good repeatability, R5, R20, X5 and Fres are stable, and at least 3
acceptable data.

The following parameters, including total respiratory impedance (Zrs), resonant frequency (Fres), viscous
resistance (R5, R10, R15, R20, R25, R35, collectively referred to as Rrs) and elastic resistance (X5, X10, X15,
X20, X25, X35, collectively referred to as Xrs) at oscillation frequencies of 5, 10, 15, 20, 25 and 35Hz, were
recorded.

2.3. Statistical analysis
Stepwise multiple linear regression was performed to identify the best predictor among various
parameters of the IOS by using height, age, body weight, and gender as potential independent variables.
The 5th percentile and 95th percentile was calculated using parametric methods. All statistical analyses
were performed using IBM SPSS Statistics version 20 (IBM, Armonk, NY, USA). P < 0.05 was considered
statistically signi�cant.

3. Results

3.1 Demographic features of the participants
A total of 7,021 children was measured with IOS and PFT. The reasons for exclusion were (1) incomplete
questionnaire and/or failure to sign informed consent forms(n = 81), (2) failure to fall within the
predetermined age range (n = 60), (3) having healthy problems according to the questionnaire(n = 115),
(4) inability to complete IOS and/ or PFT(n = 380), and (5) with abnormal pulmonary ventilation function
(n = 115). Finally, 6270 healthy children (3345 males, 2925 females) were included in the statistical
analysis (Fig. 1), with mean age of 10.36 ± 3.56 years (range: 4–17.0 years; interquartile range: 7.64-
13.00 years), the mean height was 144.36 ± 18.96cm (range: 67-186cm; interquartile range: 130-160cm),
and the mean weight was 40.41 ± 16.86 kg (range: 14-89.00kg; interquartile range: 26.5-51.68kg),
respectively (Fig. 2 and Table 2).
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2.2 Comparison of pulse oscillation parameters in children
of different ages and genders
First, we compared the IOS parameters in different age and gender. As show in Table 2, the results
showed that there were signi�cant differences in IOS parameters among different age groups. The values
of Zrs, Fres, R5, and R20 decreased with increasing age, while X5 values increased. As for gender, gender
have different in�uences on IOS parameters in different age groups. For younger children, there was no
signi�cant difference between different genders in the main parameters of IOS. However, the IOS values
were signi�cant different between differen gender in older children. For older children, the Zrs, Fres, R5

and R20 values of girls are higher than those of boys, while the X5 values are lower (Table 2). Our results

are similar to those published previously [15–17].

2.3 The relationship between IOS parameters and height,
weight, and age
Next, Pearson’s correlation analysis was applied to examine the relationship between age, height, weight
and IOS parameters. We found that IOS parameters were signi�cantly correlated to height, age, and
weight. And height is the most closely related to IOS parameters (with the largest R value), followed by
age and weight (Table 3). Multiple stepwise regression analysis Line further correlation analysis results
show that both boy and girl, Z5, Fres, R5, and R20 are decreased gradually with the increase of height,
which are negative correlated with height. While X5 is increased gradually with the increase of height,
which is positive correlated with height (Fig. 3). Our result showed that height was the best predictor of
different IOS outcomes predict individual-level psychological outcomes.
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Table 1
Summarizes the demographic data of the participants.

  Boys     Girls    

Age, y N Height, cm Weight, kg N Height, cm Weight, kg

4 62 109.97 ± 7.51 19.56 ± 4.39 25 109.28 ± 4.84 17.91 ± 1.75

5 168 115.16 ± 6.12 21.82 ± 4.72 132 114.91 ± 5.69 20.01 ± 2.90

6 322 122.29 ± 6.72 24.22 ± 5.09 265 121.51 ± 6.25 21.93 ± 3.20

7 301 128.46 ± 6.58 27.68 ± 5.61 248 127.26 ± 5.84 25.07 ± 3.53

8 326 132.98 ± 7.05 30.78 ± 7.49 301 131.95 ± 6.50 27.88 ± 4.69

9 331 139.33 ± 7.39 35.89 ± 9.85 290 137.21 ± 7.33 31.10 ± 5.97

10 309 144.88 ± 7.13 440.58 ± 11.57 295 144.35 ± 7.94 36.04 ± 7.32

11 312 149.65 ± 7.68 43.85 ± 10.60 254 150.35 ± 7.38 40.23 ± 7.59

12 238 157.13 ± 10.14 50.19 ± 15.30 230 155.77 ± 6.78 45.50 ± 8.05

13 265 163.99 ± 8.56 54.90 ± 13.60 241 159.30 ± 6.58 50.20 ± 7.83

14 193 168.30 ± 7.87 59.87 ± 15.53 185 160.06 ± 7.10 51.64 ± 8.59

15 195 172.05 ± 7.89 64.29 ± 14.03 178 161.50 ± 5.88 53.54 ± 7.83

16 169 174.49 ± 6.26 66.32 ± 13.25 141 162.42 ± 6.52 55.57 ± 8.95

17 154 174.32 ± 6.03 68.83 ± 15.47 140 161.69 ± 5.67 55.07 ± 7.97

Total 3345     2925    
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Table 3
Pearson’s Correlation for Resistance at 5 Hz, at 20 Hz, at 5

Hz, Impedance at 5 Hz, Resonant Frequency, and Reactance
Curve Area Below Zero for Boys and Girls

IOS Parameters r P

  Age Height Weight  

Boys

R5, kPa/L/s -0.671 -0.689 -0.572 < 0.001

R20, kPa/L/s -0.585 -0.602 -0.506 < 0.001

X5, kPa/L/s 0.547 0.558 0.465 < 0.001

Z5, kPa/L/s -0.685 -0.707 -0.583 < 0.001

Fres, Hz -0.335 -0.352 -0.305 < 0.001

Girls

R5, kPa/L/s -0.637 -0.664 -0.591 < 0.001

R20, kPa/L/s -0.536 -0.552 -0.508 < 0.001

X5, kPa/L/s 0.516 0.533 0.492 < 0.001

Z5, kPa/L/s -0.654 -0.684 -0.609 < 0.001

Fres, Hz -0.397 -0.430 -0.376 < 0.001

2.4 IOS main parameter prediction equation
Use IOS to assess pulmonary function need reference values. European Lechtenboerger equation are
widely used in China. Due to ethnic and regional difference, the expected value formula not suitable for
Chinese children. We have made it clear that height, weight, and age will affect IOS results. Therefore, we
calculate the prediction formula of normal IOS value by linear regression. We use multivariate linear by
multiple stepwise regression analysis, age (A), height (H), weight (W) as the independent variables of the
equation, R5, R20, X5, Z5, and Fres as the dependent variable, work out different gender IOS related
parameters of the regression equation (Table 4).
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Table 4
Respiratory System Reference Equations Obtained by the Impulse Oscillometry

System for Boys and Girls
IOS Parameters Equations R R2, %

Boy      

R5, kPa/L/s 1.894 − 0.007×H-0.028×A + 0.002×W 0.620 0.385

R20, kPa/L/s 1.087 − 0.004×H-0.010×A + 0.001×W 0.608 0.370

X5, kPa/L/s -0.554 + 0.002×H + 0.007×A 0.566 0.321

Z5, kPa/L/s 1.934 − 0.008×H-0.017×A + 0.002×W 0.716 0.513

Fres, Hz 31.885 − 0.094×H -0.257×A + 0.035×W 0.532 0.283

Girl      

R5, kPa/L/s 1.769 − 0.006×H-0.030×A + 0.002×W 0.603 0.364

R20, kPa/L/s 0.964 − 0.003×H-0.009×A 0.562 0.316

X5, kPa/L/s -0.563 + 0.002×H + 0.006×A 0.542 0.294

Z5, kPa/L/s 1.970 − 0.009×H-0.020×A + 0.003×W 0.696 0.484

Fres, Hz 33.941 − 0.104×H-0.303×A + 0.040×W 0.494 0.244

2.5 IOS observed value compared with the predicted value
of our or Lechtenboerger equation
We compared the observed values with the predicted values obtained from the European Lechtenboerger
equation or our equation respectively. The obtained correlation coe�cients are shown in Table 5.
Compared with Lechtenboerger equation, as show in Table 5, our prediction equation relevance numerical
formulas were greater. The results show that the consistency (correlation coe�cient) of this series of
equations for Chinese children is mostly greater than that of Lechtenboerger equations (see Table 5).
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Table 5
Correlation coe�cient between measured values of IOS parameters and predicted values of this

prediction equation and lechtenboerger equation(r value)

  Lechtenboerger equation Our equation Lechtenboerger equation Our equation

  Boy Girl

Zres 0.479 0.643 0.797 0.606

R5 0.439 0.622 0.792 0.602

R20 0.018 0.568 0.139 0.512

X5 0.390 0.516 0.262 0.502

Fres   0.530   0.494

Discussion
Reference values are essential for interpreting IOS even by ATS and ERS[14]. However, there are a few
studies to determine the prediction equation of IOS parameters in the world. Most of the existing
predictive equations are based on the data of white children of European origin. As the differences of
race, region, geographical location, and environment, if the interpretation is based on unsuitable reference
values, it will cause incorrect result and mislead the clinical. Therefore, it is urgent to establish the
reference values of children's IOS parameters in China, to provide the basis for the rational application of
IOS.

In the principle of forced oscillation, rectangular electric pulse is generated by pulse generator and
superimposed on the resting breath of the subject. Through Fourier transform and spectrum analysis,
different respiratory impedance values (viscous resistance, elastic resistance, and inertial resistance) at
different frequencies can be calculated. The impulse oscillation method (IOS) can detect airway
resistance and calculate compliance by using sound waves with frequencies from 5 to 35 Hz. Compared
with PFT, IOS is a simple, no special cooperation lung function test method, easy to use, more suitable for
the elderly, critically ill patients and children who are not easy to cooperate, especially 3–5 young children
[18–20]. IOS can measure the resistance and reactance at different frequencies, so it can provide important
information of different areas of the lung. According to the frequency dependence and reactance of
resistance, it can determine the location and severity of airway obstruction, and can be used to monitor
the pathophysiological changes of the respiratory system and patients with asthma and chronic
obstructive pulmonary disease, it can replace the PFT to assist the diagnosis and follow-up of asthma
[21–23].

Totally 6270 healthy children enrolled in this research, aged 4–17 years old and 100-180cm in height
from 20 regions and 24 research centers in China. The results showed that age, height, and weight were
closely related to IOS values, among which height was the most important. The second is age, and weight
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has the weakest effect. With the increase of age and height, the total respiratory impedance and airway
resistance gradually decreased, while the elastic resistance decreased (negative value increased).

With the increase of age and height, the total respiratory impedance and airway resistance decreased
gradually, while the negative value of elastic resistance decreased (the value increased), and showed the
frequency dependence of airway resistance. In healthy children, airway resistance is mainly affected by
airway diameter, which is inversely proportional to the fourth power of airway radius. Due to the narrow
airway diameter, the resistance of young children is greater than that of older children. With the increase
of age, the diameter becomes widen and the resistance decreases. In particular, the reduction of
peripheral resistance is more signi�cant [24].

For children in the process of growth and development, their height and weight increase signi�cantly,
especially the growth rate of height is ahead of their weight. Take 2-year-old children as an example:
according to the WHO standard, the height of 2-year-old children increases by 5-7cm and the weight
increases by 2kg every year. The growth of height re�ects the growth of bones. With the development of
whole-body bones, the thorax increases, and the lung volume, airway diameter and airway surface area
increase rapidly. Therefore, the airway resistance of older children is signi�cantly lower than that of
younger children. On the other hand, with the increase of age, the development of bronchial smooth
muscle gradually improves, which increases the elastic retraction force of the lung. Therefore, the lung
compliance gradually increases, and the negative value of X5 decreases with the increase of age. In
conclusion, height is the most important factor affecting respiratory impedance, followed by age and
weight. The results are similar to those reported by Zheng Jinping [25,26].

The difference of airway diameter between different sexes is small, especially in young children, so there
is no signi�cant difference in the speci�c parameter value of airway resistance. Many articles show that
even in different ways of pulmonary function examination, there are little gender differences in
parameters [15–17], but there are signi�cant differences in older children. Our result also found that as for
gender, at different ages, has different effects on IOS. For younger children that gender had no
statistically signi�cant in�uence on the IOS parameters. However, IOS values are different in different
gender in older children, the values of Zrs, Fres, R5 and R20 of boys were lower than girls, while X5 values
was higher. The main reason may be that the height and weight of older children are very different at the
same age, and height and weight, especially height, will signi�cantly affect the results of IOS parameters.

Fres is the oscillation frequency when the reactance is zero, and the respiratory impedance is equal to the
viscous resistance. It is a sign of the transition from low frequency dominated by elastic resistance to
high frequency dominated by inertial resistance. It is a sensitive index re�ecting the increase of
respiratory tract viscosity resistance. In children with mild peripheral respiratory tract obstruction, Fres will
increase even when R5 has no signi�cant change. The �uctuation range is large. It reaches as high as
24Hz at the age of 4 years, and decreases to 14Hz at the age of 17 years, which tends to be about 10Hz
in adults. It indicates that Fres decreases dynamically with age, and this result was and this result was
similar to the result of Zheng Jinping's [25,26].
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The European lechtenboerger prediction is widely used in China. The lechtenboerger prediction equation
was derived from 506 healthy German adults aged 18–69 years in 1990, without excluding smokers, and
with an uneven number of age and sex groups. It is found that the correlation between the respiratory
function parameters and ethnic differences is obvious, so the equation is not suitable for the evaluation
of healthy people in China, especially children. The results of this study suggest that height is the most
important factor for IOS parameters, followed by age and weight. With the increase of age, height and
body mass, airway resistance (Rrs) gradually decreases, Fres, which represents lung compliance, and
electrical resistance (Xrs) increases gradually. In this study, the actual measured values are compared
with the predicted values of the equations in Tables 4 and 5 and the predicted values of the foreign
lechtenboerger equation. The results show that the correlation coe�cient of the series of equations for
children in China is signi�cantly greater than that of the foreign lechtenboerger equation. The differences
between the two groups of equations and the measured values of respiratory impedance in different
height segments are small and similar. However, the differences of lechtenboerger equation in Zrs, R5 and
R20 are signi�cant, indicating that our predicted values are more suitable for Chinese children.

This study had several limitations. First, like other PFT references study, this cross-sectional study had
limited interpretation of longitudinal changes in lung function. In addition, IOS measurements did not
include area of reactance (AX), which is considered as a useful parameter in the evaluation of children
with asthma [27,28]. Finally, the healthy children in this study only passed the questionnaire survey and did
not carry out blood IgE screening and chest X-ray, which could not completely exclude the children with
allergic diseases and lung disease. Therefore, these issues should be concerned in future studies.

Conclusions
Our research found that age, height, and weight were closely related to IOS values, and height is the most
in�uential predictor variable in most IOS parameters. Our reference equations developed for the IOS
examination in children and adolescents. Compared with European lechtenboerger prediction equation,
our prediction equation is more suitable for Chinese children, and worth promoting.
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Figure 1

Flowchart of subjects’ exclusion after quality check. ATS, American Thoracic Society; ERS, European
Respiratory Society.
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Figure 2

Age distribution in the �nal sample (n=6,270). 
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Figure 3

Pearson’s Correlation for Resistance at 5 Hz, Resistance at 20 Hz, Reactance at 5 Hz, Impedance at 5 Hz,
Resonant Frequency, and Reactance Curve Area Below Zero for Boys and Girls 


