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Fig. 1  The sound spectrum parameters
 (a) AT (dBm・Hz): the total AUC from 100Hz to HFz, A3: third AUC to AT (dBm・Hz), A3/AT: ratio of A3 to AT (%), 

F99; frequency limiting 99% of power spectrum, HFz: highest frequency of dBm power spectrum (Hz), (b) dB50 (dBm): 
dBm at 50% of HFz, dB75 (dBm): dBm at 75% of HFz, RPF50 (dBm/Hz): the ratio of power to frequency at 50% of 
HFz =  dB50/(HFz-50% of HFz), RPF75 (dBm/Hz): the ratio of power to frequency at 75% of HFz =  dB75/(HFz-75% 
of HFz). 

Fig. 2  Changes in sound spectrograms and sound spectra before and after β2 agonist inhalation
 Sound spectrograms and sound spectra of an asthmatic children with a normal lung function before (a) and after 

β2 agonist inhalation (b). 
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 DISCUSSION

The relationship between the breath sound pa-
rameters and lung function test results has been 
demonstrated. According to previous studies, the 
breath sound parameters change during methacholine 
and histamine provocation challenges [11, 17], and a 
relationship is thought to exist between changes in the 
breath sound parameters and airway narrowing in 
asthmatic patients [18, 19]. 

We previously investigated the potential of a breath 
sound analysis as a simple and non-invasive lung func-
tion test for a biomarker of childhood asthma [7, 11]. 
As breath sound analyses are limited by the fact that 
the common breath sound parameters are markedly 
affected by the maximum airflow of breath or other 
growth-related factors [8, 9], we evaluated a reliable 
breath sound analysis method and demonstrated its 
usefulness in the assessment of bronchial constriction 
in children [7, 11].

One interesting finding of the present study is 
that, in the well-controlled asthmatic children with 
normal lung function, the spectrum curve indices of 
A3/AT, B4/AT and RPF75 were significantly increased 
after β2 agonist inhalation. It has been suggested that 
when bronchial dilatation is introduced, the main 
change that occurs is in the high-pitched part of the 
sound spectrum [7, 20, 21]. The direct high-pitched 
sound spectrum parameter F99 was also significantly 
decreased after β2 agonist inhalation. Our results in-
dicated that the high-pitched part of the breath sound 
of inspiration in the asthmatic children with a reduced 
lung function was reduced by β2 agonist inhalation. 
In addition, the spirogram values in the asthmatic chil-
dren with a normal lung function were significantly 
changed after β2 agonist inhalation. These data sug-
gest that asthmatic children who are considered to be 
in good health based on self-reported information may 
actually have an airway narrowing.

However, in these subjects, no such high-pitched 
sounds were detected by normal auscultation. The 
changes in breath sound parameters that we noted in 
this study were change in the breath sound spectrum 
that differed from the clinical wheeze detected by 
auscultation or a sound spectrogram [22, 23]. Since 
the degree of bronchoconstriction and the effect ofβ2  
agonist inhalation in the asthmatic children with a 
normal lung function were smaller than in those with 
an exacerbation of asthma, the breath sound param-

eters were considered useful for assessing the airway 
condition in the long-term management of children 
with asthma. Breath sound analyses are sensitive, and 
future studies should explore how to capitalize on this 
sensitivity for clinical use in younger children and 
elderly patients who cannot undergo spirography.

Although the changes in the breath sound param-
eters were not well correlated with those in the spiro-
gram parameters, the changes in the breath sound 
parameters were significantly correlated with those in 
FOT parameters. The differences between the results 
of the spirometry and FOT have been reported [24, 
25]. During a breath sound analysis and FOT, patients 
are required to practice tidal breathing. However, 
during spirogram testing, patients are required to 
perform maximal inspiration and expiration. We 
therefore believe that spirogram results should be con-
sidered to evaluate a different respiratory physiology 
from a breath sound analysis and FOT [12]. Maximal 
inspiration and expiration may induce large structural 
changes in the small airways in children, as such 
small airways are soft and easily deformed. Such clear 
changes induced by maximal inspiration and expira-
tion are one advantage of spirograms, differentiating 
from breath sound analyses and FOT.

We believe that examining whether or not the 
breath sounds of asthmatics are normal is significant 
for physicians, even in the absence of symptoms of 
acute exacerbation of asthma. When an improve-
ment in the breath sound parameter is seen after β2 

agonist inhalation, the level of asthma control must 
be reviewed. Furthermore, in the present results, the 
correlation between the changes in the FOT and the 
changes in the breath sound parameters was shown to 
be important for developing a new lung function test 
for infants and younger children. The FOT is a reli-
able technique for children [26]. However, in our study, 
we lacked sufficient data on infants and younger 
children, in whom the evaluation of bronchial hyper-
responsiveness and bronchial reversibility is difficult 
[2]. We therefore plan to evaluate the airway condition 
based on the changes in breath sound parameters after 
β2 agonist inhalation for infants [27, 28] and younger 
children with asthma in a future study.

In this report, the value of AT, which is the total 
area under the curve [7, 10], did not decrease after  
β2 agonist inhalation. Because all asthmatic patients 
attempted to perform tidal breathing during the test, 
it is possible to say whether or not the airway nar-

Table 2 The relationship between the changes of sound spectrum parameters and other pameters

ΔFVC ΔFEV1 ΔFEF25-75 ΔV・50 ΔV・25 ΔR20 ΔR5 ΔR5-R20 ΔX5
(%pred) (%pred) (%pred) (%pred) (%pred) [kPa/(L/s)] [kPa/(L/s)] [kPa/(L/s)] [ka/(L/s)]

ΔA3/AT CC* 0.049 0.099 0.194  0.125 0.175 0.126  －0.081  －0.260  －0.259

P 0.651 0.363 0.072  0.250 0.106  0.246  0.457 0.015 0.016

ΔB4/AT CC 0.017 0.058 0.172  0.129 0.177  0.006  －0.238  －0.339  －0.242

P 0.879 0.591 0.110  0.234 0.100 0.957  0.026 0.001 0.024

ΔRPF75  CC 0.117 0.105 0.177  0.188 0.164  0.123 0.050  －0.050  0.077

P 0.279 0.332 0.100  0.082 0.128  0.255 0.645 0.644 0.479

ΔRPF50  CC 0.053 0.029 0.095  0.132 0.037  0.167  0.069  －0.008  －0.046

P 0.624 0.791 0.382  0.222 0.734 0.121  0.523 0.941 0.674

*; Spearman’s correlation test. 
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rowing was improved and the total power of inspired 
breath sounds decreased with the disappearance of 
turbulence [7]. However, the total power of inspired 
breath sounds may be naturally increased by bronchial 
dilatation-induced increases in respiration. Based on 
these results, we assume that the AT values were not 
markedly changed after β2 agonist inhalation.

As one limitation associated with this study, we 
lacked any age-specific standard values for the breath 
sound parameters, and were thus unable to calculate 
the percent of predicted values of breath sound param-
eters, as with spirogram parameters [29]. Significant 
differences in the breath sound parameters were not 
very clear between the two groups that were clearly dif-
ferentiated by FEV1 value, possibly because the breath 
sound parameters were not represented as the percent 
of predicted values. Although our breath sound pa-
rameters were not markedly affected by changes in 
individual expiratory flow rates [7], aging may have 
some effects on the formation of breath sounds in 
children. We therefore next intended to collect large 
data on breath sounds in normal infants and children 
to determine standard values.

Another limitation was that we were unable to 
directly suggest which part of the airway caused the 
high-pitched breath sounds. Whether or not the high-
pitched sounds are generated in the peripheral airways 
remains unclear [16]. A previous report in animal 
model suggested a part of the airway that may be 
involved in the lung sound production [30]. Further 
examinations are expected to identify the part of the 
airway that is associated with these changes in breath 
sounds.

Consequently, the main finding of the present study 
is that the breath sound parameters were significantly 
changed by β2 agonist inhalation in children with 
asthma who were in a good condition. Although 
spirometry is the gold standard for assessing the lung 
function [15], a breath sound analysis is safe and 
simple to perform during tidal breathing [7, 10]. The 
results of the present study suggest that the spectrum 
curve indices were sufficiently sensitive to detect 
bronchial dilatation with the same level of FOT and 
that these parameters may be useful for assessing the 
airway condition in the long-term management of 
asthmatic children. Based on the results of this study, 
we will next test the significance of the differences in 
the changes in β2 agonist-induced breath sound pa-
rameters between infants and younger children.
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ABBREVIATIONS

FVC: forced vital capacity, FEV1: forced expiratory 
flow and volume in 1 second, FEF25-75: mean forced 
expiratory flow between 25% and 75% of the FVC, 
V’50: maximal expiratory flow at 50% vital capacity, 
V’25: maximal expiratory flow at 50% vital capacity, 
FOT: forced oscillation technique, Rrs: respiratory 
resistance, R5: resistance at 5 Hz, R20: resistance at 
20 Hz, R5-R20: difference in resistance between 5 
Hz and 20 Hz, X5: reactance at 5 Hz, F99: frequency 
limiting 99% of the power spectrum, PT: total power 
area of 100 Hz to the highest frequency of the power 
spectrum, AUC: area under the curve, AT: total area 
under the curve of 100 Hz to the highest frequency 
of the dBm power spectrum, A3: third area under 
the curve, A3/AT: the ratio of the third area under 
the curve to total area under the curve, B4: forth area 
under the curve, B4/AT: the ratio of the fourth area 
under the curve to total area under the curve, RPF50: 
ratio of power and frequency at 50% of the highest 
frequency of the dBm power spectrum, RPF75: ratio of 
power and frequency at 75% of the highest frequency 
of the dBm power spectrum
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