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Abstract

Background: The reference values of Forced Oscillation Technique (FOT) parameters of the inspiratory and expiratory 
phase for preschool children have not yet been established.

Objective: To evaluate FOT measures in Thai healthy preschool children.

Methods: Preschool children, aged 3-6 years, were screened. Children who were positive for the International Study of 
Asthma and Allergies in Childhood (ISAAC) questionnaire for asthma, positive family history of allergic diseases, recent 
lower respiratory tract infections, and environmental tobacco smoke were excluded. FOT parameters, including resistance 
(Rrs), reactance (Xrs), frequency of resonance (Fres) and area of reactance (ALX), were measured.

Results: A total of 390 healthy children with the mean age of 5.1 ± 0.9 years were enrolled. FOT was successfully per-
formed in 378 children (96.9%). The mean (SD) for the whole breath (WB) resistance at 5Hz (R5), 20 Hz (R20) and R5-20 
were 11.49 (2.69) cmH2O/L/s, 9.46 (2.19) cmH2O/L/s and 2.02 (0.82) cmH2O/L/s, respectively. The median (IQR) for WB  
reactance at 5Hx (X5), Fres and ALX were -1.51 (-2.37 to -0.96) cmH2O/L/s, 11.17 (8.50-15.65) Hz, and 7.53 (3.72-14.32) 
cmH2O/L/s, respectively. Significantly difference in WB R5, R20, X5, Fres and ALX between male and female children 
were demonstrated. The expiratory phase R5, R20, R5-20 were significantly higher than those of the inspiratory phase (p < 
0.001). There are significant correlations between the height and FOT parameters. Reference curve for the FOT parameters 
was generated based on height using the lambda-mu-sigma (LMS) method.

Conclusion: Reference curve of FOT parameters measured in healthy preschool children were demonstrated. Majority of 
preschool children could perform FOT method.
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Introduction
The assessment of respiratory function plays an import-

ant role in diagnosis and monitor of respiratory diseases. Spi-
rometer is a simple and widely-used equipment in measuring 
pulmonary function. However, this procedure could not be 
interpreted in younger children who cannot make an adequate 
expiration maneuver.1 The forced oscillation technique (FOT) 
is a noninvasive method measuring respiratory resistance 
(Rrs) and the reactance (Xrs) during tidal breathing. FOT is a  
modality based on the application of an external oscillatory

signal in order to determine the mechanical response of the 
respiratory system.2 FOT requiring minimal patient coopera-
tion makes it possible to evaluate the mechanical properties of 
the respiratory system in young children.3 Recently, its clinical 
application has spread worldwide with the expansion of com-
mercially available broadband frequency FOT devices which  
are difference in the impulse signal and data processing.4 The 
results measured form difference FOT devices were relatively 
correlated but not exactly equivalent.5 Reference value of the
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Methods
Subjects screening and enrollment

A cross-sectional study was performed in healthy children 
aged between 3 to 6 years in kindergartens and primary school. 
All subjects were attending in 2 schools in Bangkok, Thailand 
and 7 schools in Nonthaburi, Thailand from May to September 
2016.

Subjects with the following characteristics were excluded: 
(i) being at risk of, or identified with asthma, defined by phy-
sician diagnosis, history of wheezing, or positive screening for  
ISAAC (the International Study of Asthma and Allergies in 
Childhood) questionnaire; (ii) having personal history of aller-
gic rhinitis or atopic dermatitis; (iii) having history condition of 
premature birth, low birth weight, or macrosomia (gestational 
age < 37 weeks, birth weight < 2,500g or > 4,000g); (iv) expo-
sure to passive smoking in the family; (v) having abnormal 
body measurement (body weight and/or height was less than  
percentile 3 or more than percentile 97); (vi) identifying with 
recent upper respiratory tract infection in 4 weeks; (vii) hav-
ing personal history of bronchitis, bronchiolitis, or pneumo-
nia; (viii) having history of respiratory tract infection required 
hospitalization; (ix) having family history of allergic rhinitis 
or asthma; and (x) being diagnosed with other disease which 
may affecting lung function or FOT measurement including  
cardiovascular disease, pulmonary disease, thalassemia, cleft 
palate.

This study was approved by the ethics committee of Ra-
mathibodi Hospital, Mahidol University ID 02-59-10, and 
date of approval March 3, 2016. Written informed consent was  
obtained from the parents of all participating children.

Forced Oscillation Technique Measurement
The measurements were performed using a commercially 

equipped FOT (MostGraph-02; Chest M.I., Co Ltd, Tokyo, Ja-
pan), and complied with the recommendation of the American 
Thoracic Society.1 Oscillatory signals generated by a loudspeak-
er at intervals of 0.25 s were applied to the respiratory system 
through the mouthpiece during tidal breathing at rest. The 
mouth pressure and flow signals were measured and calculated 
to obtain the Rrs and Xrs properties against the oscillatory fre-
quencies ranging from 4 to 36 Hz. FOT was performed during 
spontaneous tidal breathing. Children were asked to breathe 
through a mouthpiece that incorporated to a bacterial filter.  
The measurements were taken in upright position. The regular 
tidal breathing was performed with a nose-clip while technician 
supported the cheeks and lower jaw. During data acquisition, 

pressure and flow traces were graphically displayed in real 
time. Measurements were accepted when the tracings showed  
uninterrupted breathing during data acquisition. If swallowing, 
glottis closure, leaking around the mouthpiece, improper seal-
ing with the nose clip, irregular breathing, or acute hyperventi-
lation occurred, the measurement was discarded. If an apparent 
irregularity in the signal images were observed, the children 
were instructed for the breathing and re-examined. Results 
were acceptable if the coefficient of variation of at least 2 sets 
of data was less than 10%. The measurements were considered  
acceptable only when the time segment chosen for analysis 
lasted for at least 20 seconds. Three to five technically accept-
able measurements were performed. The best values of FOT  
measures were used for analysis. FOT parameters were ex-
pressed as the mean values during a respiratory cycle (whole-
breath), inspiratory and expiratory phases. Rrs at 5 and 20 Hz 
(R5 and R20, respectively) and the difference between R5 and 
R20 (R5–20). Since low frequency oscillation frequencies are 
able to be transmitted more distally in the lungs. Rrs at 5 Hz 
(R5) represents the obstruction in the small and large airways 
airway while Rrs at 20 Hz (R20) reflects the obstruction of  
the large airways. The difference of resistance between low and 
high frequency (R5-20) or frequency dependence of resistance 
is increased if peripheral airway resistance increases. Xrs at 5 
Hz (X5), which reflects elastic and inertial properties of the 
lung. Resonant frequency (Fres), where Xrs crosses zero and the  
elastic and inertial forces are equal in magnitude and opposite; 
and a low-frequency reactance area (ALX), which is an integral 
of X5 to Fres were recorded. Fres and ALX reflect changes in the 
degree of peripheral airway obstruction.3

Statistical analysis
Analysis were performed using STATA statistical software 

version 14 (Stata corp LP, Texus, USA). Descriptive statistical 
methods (median, mean ± SD and frequency) were used to 
analyze the demographic data. Analysis of difference between 
groups were performed with chi-squared test. The continuous 
variables were compared using t test. Correlation between re-
spiratory parameters and weight or height were analyzed with 
Pearson’s correlation. Stepwise multiple linear regression analy-
sis was performed to identify the best predictor among various 
parameters of the FOT by using height, age, body weight, and 
gender as potential independent variables. Reference curve was 
generated using the lambda-mu-sigma (LMS) methods by R 
program.

impulse oscillometry system (IOS), one of the commercially 
available FOT, have been reported in Caucasian,6,7 Korean,8 

Taiwanese preschool children.9 Recent reports have shown the 
reference value of the other commercial available FOT in Thai10 
and Australian11 preschool children. All of the previous reports 
on the reference value of FOT derived from the analysis of the 
whole breath. There is no report on the reference value of the 
inspiratory and expiratory phase before. The present study was 
to determine the reference value of FOT parameters during  
inspiratory, expiratory phases and whole breath in preschool 
children. 

Results
2,944 children, aged 3–6 years, were screened. Children 

who were positive for ISAAC questionnaire for asthma or 
had a family history of allergy, recent lower respiratory tract  
infection, environmental tobacco smoke and abnormal physical  
examination were excluded. 390 children met the inclusion  
criteria. FOT was successfully performed in 378 (96.9%) chil-
dren (Figure 1). The mean age of the enrolled children was 
5.1 ± 0.9 year. 180 children (47.6%) were male. Demographic 
characteristics of enrolled children were demonstrated in  
Table 1.The mean of the whole breath (WB), inspiratory (In) 
phase and expiratory (Ex) phase of R5, R20 R5-20, X5, Fres and
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ALX were demonstrated in Table 2. Significantly difference in 
WB R5, R20, X5, Fres and ALX between male and female chil-
dren were demonstrated. The expiratory phase R5, R20, R5-20 
were significantly higher than those of the inspiratory phase  
(p < 0.001) (Table 3). There are modest correlations between 
the height and FOT parameters (Rrs, Xrs, Fres and ALX) (Table 
4). In stepwise regression analysis, the height was the strongest  
independent variable for the models of all FOT parameters. 

Figure 1. Selection of enrolled children.

Table 1. Characteristics of the study population. 

Total
(n = 378)

Male
(n = 180)

Female
(n = 198)

p-value

Age (years)
3
4
5
6

5.1 ± 0.93
22 (5.8)

84 (22.2)
121 (32)

151 (39.9)

5.0 ± 0.91
11 (5.6)

48 (24.2)
69 (34.8)
70 (35.4)

5.1 ± 0.94
11 (6.1)
36 (20)

52 (28.9)
81 (45)

0.18

BW (kg) 18.79 ± 3.61 19.16 ± 3.81 18.46 ± 3.4 0.060

Ht (cm)
91-105
106-120
121-136

111.9 ± 7.79
70 (18.5)

254 (67.2)
54 (14.3)

112.22 ± 8.16
35 (17.7)

139 (70.2)
24 (12.1)

111.62 ± 7.45
35 (19.4)

115 (63.9)
30 (16.7)

0.451

BMI (kg/m2) 14.93 ± 1.81 15.13 ± 1.83 14.76 ± 1.78 0.048*

BSA (m2) 0.76 ± 0.09 0.77 ± 0.1 0.75 ± 0.09 0.095

Values presented as mean ± SD. and N (%), P-value corresponds to Independent’s t test.

Since there was significant differences in FOT measures between 
male and female. The reference curve was generated according 
to sex. The reference curve for R5 and R20: WB, inspiratory 
phase and expiratory phase were demonstrated in Figure 2. As 
the child height increases, the resistances decrease in a linear 
manner. The reference curve for WB R5-20, ALX and Fres were 
demonstrated in Figure 3.

2,944 Children aged 3-6 years

390 Children met inclusion criteria

Success FOT
N = 378

Failure FOT
N = 12

2,544 Children met
the exclusion criteria

Smoke
FH allergy
Positive ISAAC
Lower respiratory
tract infection
Allergic rhinitis
History of wheeze
URI in 4 weeks
Low birth weight
Preterm
Asthma
Abnormal
measurement
Underlying disease

1,239
1,154

880
638

482
407
290
266
206
128

38

21

(42%)
(39%)
(30%)
(22%)

(16%)
(14%)
(10%)
(9%)
(7%)
(5%)
(1%)

(0.7%)

Exclusion criteria

Age 3 years
Age 4 years
Age 5 years
Age 6 years

n = 2
n = 6
n = 2
n = 2

(9.1%)
(7.1%)
(1.6%)
(1.3%)
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Table 2. Comparison FOT parameters between male and female preschool children

Values presented as mean ± SD. P-value corresponds to Independent’s t test. WB represent whole breath, In represent inspiratory phase and Ex represent expiratory 
phase.

Total Male Female p-value

R5WB (cmH2O/L/S) 11.49 ± 2.69 11.8 ± 2.67 11.2 ± 2.69 0.032*

R5Ex (cmH2O/L/S) 12.75 ± 3.36 13.09 ± 3.36 12.43 ± 3.33 0.054

R5In (cmH2O/L/S) 10.23 ± 2.3 10.5 ± 2.24 9.98 ± 2.33 0.027*

R20WB (cmH2O/L/S) 9.46 ± 2.19 9.71 ± 2.2 9.24 ± 2.16 0.039*

R20Ex (cmH2O/L/S) 10.24 ± 2.57 10.48 ± 2.54 10.03 ± 2.59 0.090

R20In (cmH2O/L/S) 8.69 ± 1.93 8.94 ± 1.96 8.46 ± 1.87 0.016*

R5-20WB (cmH2O/L/S) 2.02 ± 0.82 2.09 ± 0.77 1.96 ± 0.86 0.120

R5-20Ex (cmH2O/L/S) 2.5 ± 1.11 2.61 ± 1.13 2.4 ± 1.08 0.058

R5-20In (cmH2O/L/S) 1.54 ± 0.81 1.56 ± 0.77 1.52 ± 0.85 0.593

X5WB (cmH2O/L/S) -1.79 ± 1.24 -1.92 ± 1.34 -1.66 ± 1.12 0.043*

X5Ex (cmH2O/L/S) -1.61 ± 1.49 -1.78 ± 1.62 -1.44 ± 1.36 0.028*

X5In (cmH2O/L/S) -1.97 ± 1.28 -2.06 ± 1.38 -1.88 ± 1.18 0.179

FresWB (Hz) 12.4 ± 5.02 13 ± 5.49 11.85 ± 4.49 0.028*

FresEx (Hz) 12.61 ± 6.41 13.37 ± 6.99 11.91 ± 5.77 0.029*

FresIn (Hz) 12.19 ± 4.3 12.63 ± 4.62 11.79 ± 3.95 0.060

ALXWB (cmH2O/L/S) 11.6 ± 11.89 13.17 ± 13.02 10.18 ± 10.59 0.016*

ALXEx (cmH2O/L/S) 11.81 ± 15.39 14.02 ± 17.2 9.8 ± 13.27 0.008*

ALXIn (cmH2O/L/S) 11.4 ± 11.36 12.31 ± 11.88 10.56 ± 10.83 0.135

Table 3. Correlations between FOT parameters and Height, BW and BMI 

Values presented as Correlation (r). P-value corresponds to Pearson’s Correlation. WB represent whole breath, In represent inspiratory phase and Ex represent expi-
ratory phase.

Height (cm) BW (kg) BMI (kg/m2)

r p-value r p-value r p-value

R5WB -0.339 < 0.001* -0.168 0.001* 0.130 0.012*

R5Ex -0.278 < 0.001* -0.122 0.018* 0.136 0.008*

R5In -0.389 < 0.001* -0.217 < 0.001* 0.106 0.039*

R20WB -0.301 < 0.001* -0.131 0.011* 0.146 0.005*

R20Ex -0.250 < 0.001* -0.097 0.060 0.142 0.006*

R20In -0.350 < 0.001* -0.169 0.001* 0.141 0.006*

R5-20WB -0.312 < 0.001* -0.203 < 0.001* 0.038 0.463

R5-20Ex -0.263 < 0.001* -0.144 0.005* 0.081 0.114

R5-20In -0.270 < 0.001* -0.213 < 0.001* -0.035 0.503

X5WB 0.228 < 0.001* 0.069 0.181 -0.149 0.004*

X5Ex 0.121 0.018* -0.015 0.776 -0.160 0.002*

X5In 0.298 < 0.001* 0.150 0.003* -0.101 0.049*

FresWB -0.129 0.012* 0.051 0.320 0.224 < 0.001*

FresEx -0.064 0.213 0.106 0.040* 0.236 < 0.001*

FresIn -0.207 < 0.001* -0.038 0.464 0.171 0.001*

ALXWB -0.163 0.001* -0.026 0.616 0.144 0.005*

ALXEx -0.080 0.123 0.036 0.489 0.147 0.004*

ALXIn -0.234 < 0.001* -0.102 0.046* 0.103 0.046*
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Discussion
In this study, we have demonstrated the reference value for 

FOT parameters including the whole breath, inspiratory phase 
and expiratory phase values in healthy Thai preschool children. 
The success rate for the valid FOT measurement was 97% of 
the enrolled children which is higher than previous report.6-8,10 
The discrepancy in the successful rate may due to the differences 
in FOT techniques, differences in inclusion and exclusion crite-
ria. We also used the same technician to instruct the enrolled 
children on how to perform the correct breathing before per-
form the FOT measurement and the majority of our enrolled 
children were 5 and 6 year old. We have shown the significant 
differences in the values of R5, R20, X5, Fres mad ALX be-
tween boy and girl. This finding is similar to previous report in  
Korean preschool children8 and in Japanese populations.12 
Height was demonstrated to have the highest correlation 
with FOT parameters which is consistent with previous stud-
ies.6,7,9,10,13,14 Several previous reports have demonstrated the 
reference values of FOT parameters in preschool children us-
ing IOS.6,9,13,14 In the present study, we used a difference device, 
MostGraph-02. IOS and MostGraph-02 generate the same types 
of parameters including R5, R20, X5, Fres and ALX. It was shown 
that these two devices cannot generate the same value due to 
the differences in apparatus characteristics, oscillation signals 
and data processing and difference equation but the values were 
highly correlated.5 A study comparing between IOS and Most-
Graph have shown the higher reactance values from MostGraph 
than IOS.5 According to previous studies reported on the refer-
ence value of IOS machine in Asian children, at the height of 90 
cm, R5 value was reported ranging from 1.1-1.3 kPa/L/S.15 At 
the height of 90 cm, our reference curve also demonstrates the  
similar range of result: R5 of 1.3 kPa/L/S (13.5 cmH2O/L/S). A 
recent study in Thai healthy children aged 3-7 years using The 
Quark i2m which is the different FOT device from the pres-
ent study have reported the reference values for resistance at 6 
Hz (R6), resistance at 8 Hz (R8), resistance at 10 Hz (R10) and 
reactance (Xrs) at 6, 8 Hz.10 Since the difference in frequency  
used for FOT measurement and different in data processing. 
The FOT reference values from the present study are not equal 
to the previous reported value in Thai preschool children.10 

Precise reference value for FOT measures in different height 
is essential in helping the diagnosis of respiratory disease es-
pecially in young children who could not perform spirometry 
correctly. FOT measurement was suggested to be more sensitive 
than spirometry in detecting subtle changes of lung function 
in children.3 However, several previous reports used linear or 
non-linear regression analysis for the reference value.6-8,10,14 Since 
the variability of respiratory function measurements around the 
median is not uniform across different ages and heights, and 
there is a skewness in the distribution. As a result, regression 
analysis may not adequate to model the complex relationship 
between height and FOT result. The LSM method used in the 
preset study is a technique that is highly used for constructing 
children body sized related reference ranges for skewed data.16,17 
The reference curve of IOS measured resistances for Japanese 
children aged 6-15 year using LMS method was shown the lin-
ear association of resistance with height similar to the present 
study.13
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Our FOT measures reference curve of MostGraph for chil-
dren aged 3-6 year should help in guidance for the interpre-
tation of the result of FOT measure in young children. To in-
terpret the results, initially it was advised to observe wheather 
Rrs and Xrs values are in the normal range.18 In diseases with 
peripheral obstruction, such as asthma, an increase of R5 and 
Fres and more negative of X5 values are observed.19 In children 
with upper airway obstructive disorders, such as sleep apnea, 
an increased of R5 and R20 would be observed but there are 
no changes in the values of X5 and Fres.20 In children with  
restrictive lung disease, R5 and R20 should be within normal 
limits, and X5 is below the normal limit.20 However, further 
studies in children with respiratory disease are needed for the 
validation of our reference curve.

Our study is the first study to demonstrate the reference 
value of the inspiratory and expiratory phase of FOT param-
eters in preschool children using MostGraph. A recent study 
have demonstrated the reference value of MostGraph in healthy 
adult.12 The strength of our study is that the enrolled preschool 
children were healthy children. We extensively screened to ex-
clude the population with personal history and family history 
of allergies, environmental tobacco smoke exposure. Further-
more, ISAAC questionnaire for asthma and allergic rhinitis 
were used to exclude children with asthma and allergic rhinitis. 
Children with histories of abnormal lung development and 
recent respiratory tract infection were excluded. The children 
with abnormal height and weight were also excluded because 
respiratory resistance was reported its inverses dependence with 
height.6,7,9,10,13,14 Obesity also affects FOT parameters.21 However, 
our result may not be able to elaborate to other Asian preschool 
children or other FOT devices.

Conclusion
FOT is a feasible pulmonary function test for young chil-

dren. The reference curve of FOT parameters as predicted by 
height using LSM were demonstrated. The result of the pres-
ent study will facilitate the application of this device in the de-
termination of pulmonary function in preschool children and  
assist in the evaluation of respiratory disease especially asthma 
in young children. 
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