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and children with a history of wheezing/asthma
using an automatic procedure

Hiroyuki Mochizuki'?", Kota Hirai'?, Hiroyuki Furuya®, Fumio Niimura'?, Kenta Suzuki?, Tsuyoshi Okino*,
Miki Ikeda® and Hironori Noto*

Abstract

Background Lung sound analysis parameters have been reported to be useful biomarkers for evaluating airway
condition. We developed an automatic lung sound analysis software program for infants and children based on lung
sound spectral curves of frequency and power by leveraging machine learning (ML) technology.

Methods To put this software program into clinical practice, in Study 1, the reliability and reproducibility of the soft-
ware program using data from younger children were examined. In Study 2, the relationship between lung sound
parameters and respiratory flow (L/s) was evaluated using data from older children. In Study 3, we conducted a survey
using the ATS-DLD questionnaire to evaluate the clinical usefulness. The survey focused on the history of wheezing
and allergies, among healthy 3-year-old infants, and then measured lung sounds. The clinical usefulness was evalu-
ated by comparing the questionnaire results with the results of the new lung sound parameters.

Results In Studies 1 and 2, the parameters of the new software program demonstrated excellent reproducibility

and reliability, and were not affected by airflow (L/s). In Study 3, infants with a history of wheezing showed lower FAP,
and RPFs,, (p<0.001 and p=0.025, respectively) and higher PAP, (p=0.001) than healthy infants. Furthermore, infants
with asthma/asthma-like bronchitis showed lower FAP, (p=0.002) and higher PAP, (p=0.001) than healthy infants.

Conclusions Lung sound parameters obtained using the ML algorithm were able to accurately assess the respiratory
condition of infants. These parameters are useful for the early detection and intervention of childhood asthma.
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Background

An early diagnosis and intervention are important for of
childhood asthma [1]. High-pitched continuous sound
such as wheezing are considered an indicator of bron-

*Correspondence: chial constriction, and repeated wheezing is an impor-
Hirayuki Mochizuki tant factor in diagnosing asthma [1, 2]. Clinically, the
mochihi@tokai.acjp luati fb hial h . ine b

! Department of Pediatrics, Tokai University Hachioji Hospital, Hachioji, evalua 10n. oL bronchia yperresponswen‘ess .usmg ron-
Japan choconstrictors has been used as an objective method
2 Department of Pediatrics, Tokai University School of Medicine, that leads to a definitive asthma diagnosis [3] However,
Shimokasuya 143, Isehara, Kanagawa 259-1193, Japan the di is of asth . h infant ins diffi
3 Department of Basic Clinical Science and Public Health, Tokai University € diagnosis o .a‘s ma In wi eezy‘m ants remains diti-
School of Medicine, Isehara, Japan cult for all physicians [1], because infants and preschool

4Murata Manufacturing Co,, Ltd, Nagaokakyo, Japan

©The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if

you modified the licensed material. You do not have permission under this licence to share adapted material derived from this article or
parts of it. The images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To
view a copy of this licence, visit http://creativecommons.org/licenses/by-nc-nd/4.0/.


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12890-024-03210-7&domain=pdf

Mochizuki et al. BMC Pulmonary Medicine (2024) 24:394

children are unable to spontaneously perform common
lung function tests.

In recent years, studies on airway condition using
lung sound analysis, which is expected to be a safe, sim-
ple and repeatable method [4], have been progressing
[5, 6]. It has been reported that lung sounds are sensi-
tive to changes in the airway condition [7], and that lung
sound analyses can be applied to the clinical evaluation
of airway changes even in infants and preschoolers [8].
In addition, recent advances in artificial intelligence (AI)
technology have dramatically improved techniques for
extracting information related to clinical diseases from
lung sounds [9, 10].

However, in conventional lung sound analysis systems,
operations related to the analysis have not been auto-
mated. To analyze the lung sound spectrum, two or more
experts visually determined the highest frequency in each
spectrum, or the zero point on the Y-axis of the spectrum
[7, 11]. Although these previous methods also provide a
certain degree of reproducibility from lung sound sam-
ples to the calculation of parameters, easy-to-handle and
more stable methods are required for the evaluation of
daily clinical practice or multicenter research [12].

Recently, we developed a new software program that
uses machine learning (ML) algorithms to perform a lung
sound analysis for infants and children that shows greater
stability and is simpler and more accurate in comparison
to the current methods. The purpose of this study was to
evaluate the reliability and usefulness of our new method
using a lung sound analysis software program to assess
airway condition in infants and young children who are
unable to undergo normal lung function tests.

Methods

Clinical evaluation of the new software program

Study 1: Evaluation of reproducibility and reliability of new
parameters for analysis of lung sounds

The basic reliability and reproducibility of the new soft-
ware program, which target younger children were ret-
rospectively evaluated. That is, using inspiratory lung
sound samples from younger children, intra-examiner
reliability and inter-examiner reliability were determined
and evaluated based on the intraclass correlation coeffi-
cients (ICCs) of Case 1 and Case 2 [13].

From February 1, 2022 to March 31, 2023, 24 young
children (age, 1 month to 4 years, median age 15 months,
male: female, 16: 8) visited the Department of Pediatrics,
Tokai University Hachioji Hospital. In the Case 1 (1, 1)
study to determine the intraclass correlation coefficient,
doctors specializing in pediatric pulmonology measured
the same sample twice. A doctor visually selected a 10-s
interval that was considered to be a desirable part for
a lung sound analysis at that time, and calculated it on
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different days using the new software program. The new
parameters, FAP; and PAP,, were calculated based on the
analytical maximum point of the breath sound spectrum
(0 points). New parameters based on a previous method
[7], RPFg,, RPF;5,, Aj, /At and By, /Ar were also calcu-
lated based on 0 points.

In the Case 2 (2, 1) study, two doctors specializing in
pediatric pulmonology visually selected a 10-s interval
that was considered to be desirable for a lung sound anal-
ysis, and performed a lung sound analysis using the new
software program.

The study protocol was approved by the institutional
review board of Tokai University Hospital (No. 20R-324,
approval date: March 17, 2021).

Study 2: Evaluation of characteristics of new parameters

for the analysis of lung sounds

A retrospective study was conducted in older children for
whom lung sounds and airflow (L/s) could be measured
simultaneously [7]. That is, the airflow rate and each lung
sound parameter were calculated at the maximum value
of airflow rate of the sample during inspiration, and the
relationship between the parameters and the airflow rate
was confirmed.

From April 1, 2014 to March 31, 2015, 30 patients (age
5-15 years, median 9 years, male: female, 18:12), vis-
ited the pediatric department of Tokai University Hos-
pital and lung sounds and airflow (L/s) were measured
simultaneously. All patients had atopic asthma and the
influence of airflow on new lung sound parameters was
examined.

The study protocol was approved by the institutional
review board of Tokai University Hospital (No. 11R-158,
approval date: December 21, 2011 and No. 14R-133,
approval date: October 23, 2014).

Study 3: Clinical evaluation of new parameters

for the analysis of lung sounds

We prospectively investigated the relationship between
the results of our lung sound analysis and the factors
associated with the onset of asthma and allergic dis-
eases in healthy infants who underwent a 3-year health
checkup in the municipality from September 1 to Decem-
ber 28, 2023. During lung sound sampling, a pediatrician
confirmed that all subjects had no fever or respiratory
symptoms, such as cough, wheezing, or crackles, and no
serious chronic diseases.

After administering the ATS-DLD questionnaire [12,
14, 15] to all subjects, lung sounds during resting breath-
ing were collected in a quiet room, as previously reported
[8]. Each lung sound sample was automatically calcu-
lated using the new software program. Thereafter, the



Mochizuki et al. BMC Pulmonary Medicine (2024) 24:394

relationship between the results of the lung sound analy-
sis and the questionnaire responses was examined.

In these three studies, written informed consent of
each subject was obtained from a parent and/or their
legal guardian. The study protocol was approved by the
institutional review board of Tokai University Hospital
(No. 22R-136, approval date: October 20, 2022).

Basic details of the new lung sound analysis software
program

The original lung sound analysis software program
(Murata Manufacturing Co., Ltd, Version 1.6) can
automatically: 1) select the subject’s typical inspira-
tory sounds suitable for the analysis from breath sound
samples on the lung sound spectrogram, and 2) analyze
the lung sound parameters of the selected inspiratory
sounds. That is, the first 10 s of the acquired spectrogram
image (10 s or more) of each object were automatically
selected, and each parameter was automatically calcu-
lated, and then saved as individual data. In addition, to
avoid external noises and crying sounds, the examiner
can select the optimal 10 s to start the automatic analysis.
The selection of inspiratory sound samples mentioned
above and the creation of an appropriate power spectrum
for inspiratory sounds were automatically analyzed using
the ML algorithm (Fig. 1).

The lung sound data were transformed into a spectro-
gram in an automatic procedure. From the spectrogram,
multiple sound source components are extracted using
non-negative matrix factorization (NMF) [16, 17], and
the exact time when inspiration is relatively strong is
determined from each component. The power spectrum
at time was smoothed using Bayesian estimation [18, 19].
Simultaneously, new lung sound parameters were calcu-
lated (Fig. 2).

As sound parameters, the frequency at the basic point,
0 point, calculated from the spectrum of the subject’s
inspiratory sound, was FAP, (kHz), and the power was
PAP, (dBm) based on previous studies [7, 11] (Fig. 3).
Furthermore, RPF;,, is the index obtained by dividing
the power at 1/2 of the frequency (dBm) by the frequency
at the same point (Fs,), which is obtained by subtract-
ing 100 Hz from the frequency at the 0 point. RPF;5, was
calculated by dividing the power at 3/4 of the frequency
(dBm) by the frequency at the same point (F;5,). Fur-
thermore, 2/3 of the frequency obtained by subtracting
100 Hz from the frequency of 0 point was defined as A;p,
the area from Ajp in the high-pitched range to 0 point
was defined as A,,, and the value divided by the total area
(Ar) was defined as A;,/Ar. B,p and B,,/A| were calcu-
lated by using the same procedure [7, 11].

To optimize the estimation process in the ML analy-
sis software program, we used encrypted lung sound
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research data collected by our group from March 2012
to March 2023. Three hundred seventeen children of
0-15 years of age participated in this study, includ-
ing 169 children diagnosed with asthma, 49 asthma-
suspected wheezy infants, 54 non-asthmatic children
of regular outpatient visits, and 45 infants of health
checkups in Isehara City.

Each subject was asked if they had a history of wheez-
ing or allergic disease, asthma or asthmatic bronchitis
by a doctor, and if they had an RSV infection through a
detailed interview at the outpatient clinic or the ATS-
DLD questionnaire at the infant health checkup. We
also checked the patient’s history of hospitalization due
to respiratory tract diseases, family history of allergies,
smoking, pets, and air pollution at home.

Correction of lung sounds

Lung sounds were collected in accordance with pre-
vious reports [7, 8]. Breath sounds were recorded
using a handheld microphone for at least 10 s in a
quiet room. A microphone was placed in the second
intercostal space along the midclavicular line. The
inhalation sound analysis was performed using an LSA-
2000/2008/2012 acoustic spectrometer (Kenz Medico
Co., Saitama, Japan). Sound amplification units have
been found to be effective for analyzing sounds in the
100-2500 Hz range.

The recorded lung sounds were analyzed using at
fast Fourier transform. The sampling frequency was
10,240 Hz, and the spectra were acquired using a Han-
ning window. The lung sounds were displayed as a spec-
trogram. The dBm values are plotted on the Y-axis and
the Hz values are plotted on the X-axis [7]. Through an
automatic analysis using our new software program, a
sample of inspiratory sound with an ideal shape on the
lung sound spectrogram was selected, and data around
the maximum frequency of that sample were used as a
lung sound spectrum for the lung sound analysis.

Statistical analyses

All statistical analyses were conducted using SPSS (IBM
SPSS Statistics, Version 22 for Windows; IBM Corp.,
Armonk, N.Y., USA). Paired parameters were compared
using the Mann—Whitney U-test. P values of <0.05 were
considered to indicate statistical significance. Correla-
tions between individual breath sound parameters and
other measurements were determined using Pearson’s
correlation coefficient. To examine the reliability and
reproducibility of analyses performed by the new soft-
ware program, intra-observer and inter-observer reliabil-
ity were determined using the ICCs of Case 1 and Case 2.
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Fig. 1 Automatic analysis using the lung sound analysis software program. After the selection of the inspiratory sound samples, an appropriate
power spectrum for inspiratory sounds was automatically created based on an analysis using the ML algorithm

Results

Study 1, repeatability of new lung sound analysis
parameters

A significant correlation was observed among the new
parameters, FAP,, PAP,, RPF5,,, RPF;5,, A;,/Ar and B,/
A (Table 1a). In the study of Case 2 (2, 1), two doctors
specializing in pediatric pulmonology measured the same
sample, and significant correlations were observed for
each parameter (Table 1b). The inhalation sounds were
extracted from the selected 10-s frame of continuous
breathing data on the spectrogram image. The median
total sampling time for the lung sounds was 23.1 s.

Study 2, effect of respiratory flow on new lung sound
analysis parameters

Although Fyy was highly correlated with the airflow rate,
there is no correlation with the airflow rate for the new
parameters, FAP,, PAP,, RPF5,,, RPF;5,, A3,/Ar and B,/
A+ (Table 2).

Study 3, relationship between questionnaire items

and new lung sound analysis parameters

We examined the relationship between lung sound
data from 48 healthy children (age 3 years 0 months,
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Fig. 2 Flowchart of the newly developed procedure for automatic lung sound analysis. In the ML algorithm, multiple basis components are
extracted from the inspiratory sound sample using non-negative matrix factorization (NMF), and the exact time when inspiration is relatively strong
is determined from each basis component. The analytical basis point, 0 point, is estimated after smoothing the power spectrum of the inspiratory
sound sample at the determined time using Bayesian estimation. STFT; short-time Fourier transform, NMF, nonnegative matrix factorization; GMM,

Gaussian mixture model

boys: girls, 27: 21) who underwent infant health check-
ups at the age of 3 in Isehara City from September 1
to December 28, 2023, and the results of the ATS-DLD
version of the questionnaire on asthma and allergic
diseases. It was possible to perform sound analysis of
47 samples (97.9%). The sample of one girl was omit-
ted due to persistent crying. The results are shown in
Table 3.

Wheezing (total) is the sum of the questions Q2:
wheezing history, and Q3: cold-induced wheezing his-
tory. Using these new parameters, a clear difference was
observed between the presence or absence of wheezing
(total) and the presence or absence of asthma/asthma-
like bronchitis diagnosed by a physician in Q7. No clear
difference was observed in the presence or absence of a
history of RSV and atopy, which combined Q10, history
of allergies and Q11, and history of atopic dermatitis [12,
14].

The new parameters FAP, and PAP, were both consid-
ered to strongly suggest a history of wheezing. An ROC
curve analysis revealed that FAP; had an AUC of 0.887,
asymptotic significance probability of<0.001, and a 95%
confidence interval of 0.795 to 0.979), while the PAP,
had AUC of 0.798, asymptotic significance probability of
0.001, and a 95% confidence interval of 0.667 to 0.930. In
FAP,, the cutoff value for wheezing (total) determined
using Youden’s index was 1.79 (kHz). This showed 81%
sensitivity and 87% specificity.

Discussion

In this report, we demonstrated the reliability of a
new software program that utilizes ML algorithms to
perform lung sound analysis in infants and children.
Compared to previous methods [7, 8], the new soft-
ware program is able to more accurately classify 3-year
infants with a history of wheezing and/or asthma, and
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Fig. 3 Sound spectrum parameters. FAP: analysis parameter of frequency at the 0 point, PAP: analysis parameter of power at the 0 point, Ay: Total
area of sound spectrum, A;,/Ay: Ratio of high-pitched third area to total area, B,,/Ar: Ratio of high-pitched fourth area to total area, dBFs,: dB at Fsg,
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is superior in that it is fully automated. It is preferable
that a diagnosis can be made even during a healthy
period with resting breathing.

In recent years, lung sound analysis techniques have
been proposed as a safe and simple approach that can
be used to evaluate airway changes in children [7, 8].
Previous reports have shown that lung sound param-
eters change during histamine [20] and methacholine
inhalation tests [21] and that there is a strong relation-
ship between changes in lung sound parameters and
airway narrowing in asthmatic patients [22].

One major problem with these analysis methods is
that lung sounds are affected by airflow [23]; however,
we previously developed reliable methods that are not
affected by airflow by utilizing lung sound spectrum
curves [7]. Using this method, it was possible to investi-
gate airway hyperresponsiveness and reversibility using

lung sounds in children with asthma and to study the
factors that cause asthma in healthy infants [12, 14, 15].

As described above, it is clear that the lung sound anal-
ysis parameters are useful biomarkers of lung function in
children. However, another problem with conventional
methods is that the operations of lung sound analysis are
not fully automated. Before starting the lung sound anal-
ysis, two or more pediatric pulmonology experts were
required to visually determine the highest frequency (Hz)
at 0 dB of inspiratory sound in the lung sound spectrum
of interest [7]. Although this method is sufficiently reli-
able to be used in clinical research, a simpler, more reli-
able, and unbiased method is desired.

In recent years, lung sound analysis has made
remarkable progress in diagnosing respiratory diseases
in children [24] and adults [25], and the use of deep
learning-based Al [26, 27] or ML algorithm [28, 29] has
made it even more accurate. Although these techniques
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Table 1 Results of intraclass correlation coefficient

(@1CC@,
Single measurement  Lower limit  Upper limit - Significance (p)
PAP,  0.962 0915 0.983 <0.001
FAP, 0962 0.838 0.967 <0.001
RPF50p 0911 0.807 0.960 <0.001
RPFs, 0911 0.807 0.960 <0.001
As/Ar 0936 0.859 0971 <0.001
B,/Ar 0932 0.852 0.970 <0.001
(b)yICC2,1)
Single measurement Lower limit  Upper limit ~ Significance (p)
PAP, 0875 0.736 0.944 <0.001
FAP,  0.748 0.506 0.882 <0.001
RPF5Op 0.904 0.785 0.958 <0.001
RPF;s, 0.901 0.787 0.955 <0.001
As/Ar 0876 0.736 0.944 <0.001
B../Ar 0874 0732 0943 <0.001

ICC Case 1 and Case 2 of the intraclass correlation coefficient. PAP, and PAP, are
new parameters. RPFsq, RPF;5,, As,/Ar and B,,/Ar are new parameters based on
previous method

RPF5op RPF7sp, As,/Ar and B,,/Ar are new parameters based on previous
method. Bold letters represent values with a significant difference

Table 2 Correlation between airflow and each parameter

Correlation Significance
coefficient (p)

Foo 0610 <0.001

PAP, -0.178 0.175

FAP, 0177 0.176

RPFs, -0.100 0449

RPF7Sp -0.198 0.130

As/Ar -0.164 0.165

B,./Ar -0.128 0329

Correlation coefficients were calculated by Pearson’s correlation coefficient. Bold
letters represent values with a significant difference

have great power to support the screening and diagno-
sis of respiratory diseases, they are still considered infe-
rior to the evaluations performed by specialists for the
differential diagnosis of individual patients. Therefore,
we developed a new system using the ML algorithm,
which allows clinicians to select a desirable region in
the collected lung sound samples. The system automat-
ically selects one ideal inspiratory sound from the lung
sound spectra within that region, and automatically
calculates the 0 point and other lung sound parameters
for each patient.

The 0 point is not a simple maximum frequency,
which is a lung sound parameter up to now [7, 30], but
is on a curve that is integrally calculated from the lung
sound spectrum as an analysis parameter. In Study 1,
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intra- and inter-examiner reproducibility was satisfac-
tory, confirming the reliability of the new analysis soft-
ware program. As Study 2 demonstrated that the new
parameters are not so affected by airflow, we believe
that it is possible to measure them accurately and
repeatedly in large-scale, prospective studies at mul-
tiple institutions, as well as in daily medical care and
during infant health checkups.

Furthermore, in Study 3, which is a clinical study, it
was found that a history of wheezing and diagnosis of
asthma/asthma-like bronchitis can be estimated with
high probability based on lung sound parameters in
3-year-old children. However, it was also shown that
there is still no clear relationship between atopy and
airway conditions at the age of 3 years. This appears to
be a peculiarity of the airways prior to the diagnosis of
asthma at three years of age.

Even in our previous lung sound analysis method, it
was clear that the previous parameters, RPF,;, RPF;,
Aj/A+, and B,/Ar, reflected airway condition [7, 11, 20].
In subjects with airway constriction, such as patients
with asthma, the high-pitched region of the lung sound
spectrum is thought to increase even in patients who
do not complain of respiratory symptoms [31, 32]. In
addition, the new lung sound parameters are thought
to accurately indicate airway constriction during the
asymptomatic period. Being able to clearly identify
the presence of an airway condition in early childhood
is considered to have important implications for the
infant’s future [2].

For the examiner, it is not very difficult to identify the 0
point of each lung sound spectrum by visual observation
of samples collected without distortion [7, 8]. However,
the power of lung sounds near the 0 point of the lung
sound spectrum is low, and noises tends to exist over a
wide range, making accurate analysis difficult in some
cases. In infants and young children, lung sounds are of
low power and often contain wide-range noises from the
upper respiratory tract [33]. For these reasons, a clear
analysis is difficult in many cases. For many years, we
have considered the use of ML and have been researching
the automatic analysis of all parameters based on lung
sound spectrum curves. Through this research, we deter-
mined the ideal 0 point using an ML algorithm. It was
confirmed that it is possible to analyze the breath sound
spectra of infants and young children more accurately.

Unlike the previous maximum frequency or Fy, the
new parameter is desirable based on a spectral curve that
is not affected by airflow, and is an indicator with excel-
lent sensitivity and reproducibility. Above all, it is consid-
ered groundbreaking that, by using new parameters, we
were able to obtain better results than previous reports
[12, 14] regarding the relationship between the results of
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Table 3 Results of questionnaire and lung sound analysis for children participating in 3-year-old health checkups
PAP, FAP, RPFs5q, RPF;s, Az /A B,./Ar

Wheezing® (+) 6.02°(2.70,10.3) 2.00(1.53,249) 1.22(0.71,2.27) 0.95(0.42,2.53) 7.78 (3.94,16.0) 4.33(1.73,945)
Wheezing (-) 8.63(4.58,12.6) 1.35(1.00, 2.10) 1.04(0.01, 3.05) 1.02 (0.52, 3.40) 8.96 (4.09, 16.0) 5.09(1.78,10.1)
p 0.001 <0.001 0.078 0.025 0419 0.381

Asthma (+) 543(2.70,8.13) 1.94 (1.53,2.49) 1.15(0.78,2.27) 0.95(0.52,2.38) 8.03(3.94,12.1) 445 (1.73,7.22)
Asthma (-) 6.02(3.12,12.1) 1.43(1.00,2.47) 1.56 (0.01, 3.05) 146 (0.42,3.40) 847 (4.09, 16.0) 4.71(1.78,10.1)
P <0.001 0.001 0.221 0.153 0.769 0.692

RSV (+) 7.98 (3.84,12.1) 1.62(1.03,249) 1.40(0.78,3.04) 1.13(0.52,3.40) 6.51(3.94, 16.0) 3.28(1.73,945)
RSV () 6.02 (2.70,11.6) 1.54(1.02,2.49) 1.56 (0.61,3.05) 1.57 (042, 2.83) 8.96 (4.09, 16.0) 507 (1.78,10.1)
P 0.946 0.400 0.530 0.276 0.459 0.439

Atopyb (+) 9.19(4.58,11.6) 1.19(1.00, 2.10) 1.56 (0.68, 3.05) 2.38(0.62,3.40) 12.0 (4.63,13.5) 6.81(2.14,8.12)
Atopy (-) 7.57(2.70,12.1) 1.22(1.00, 2.49) 1.51(0.61,2.89) 1.21(042,2.84) 7.68(3.94,16.0) 433(1.73,10.1)
p 0.946 0.109 0514 0.063 0.091 0.067

? Wheezing group: infants with positive responses for wheezing-related items (Question 2 or 3)

b Atopy group: infants with positive responses for atopy-related items (Question 10 or 11)

€ Median (minimum, maximum)

P values were calculated by Mann-Whitney U-test. Bold letters represent values with a significant difference

lung sound measurements in healthy children and a his-
tory of wheezing and asthma.

Based on these results, physicians will be able to take
the examination one step further and include questions
about not only the history of wheezing, but also the his-
tory of allergic diseases, family history, smoking, and the
indoor environment. There are many confounding fac-
tors for asthma development that have been reported. To
confirm their influence, we are currently planning to use
our method to conduct a large-scale, multi-center pro-
spective study. If abnormalities in the parameters can be
confirmed, it is possible to consider more advanced blood
tests and image diagnosis. It is assumed that the new cri-
teria, which consider the results of lung sound analysis in
addition to existing evaluation methods [34, 35], will lead
to an early diagnosis of childhood asthma.

Conclusions

Although spirometry is the gold standard for lung func-
tion testing due to its accuracy, it cannot be performed
in small children [36]. However, this new method, which
can be safely and easily repeated during resting breath-
ing and can be automatically analyzed, is the preferred
lung function test for infants and young children. How-
ever, based on previous studies, we understand that lung
sound analyses are still experimental, and it may be dif-
ficult to implement such an analysis as a standard lung
function test. The present findings suggest that it is still
too early to use the results of lung sound analyses alone
to evaluate asthma in children, but we believe that a lung
sound analysis is a useful element to add to the medical
history at this stage.

Childhood asthma is a long-term chronic disease and
an important risk factor for adult-onset COPD [37, 38].
The performance of a lung sound analysis during infant
period when infants visit outpatient clinics or undergo
health checkups may enable the early detection and
diagnosis of childhood asthma. If it were possible to
prevent the onset of asthma or provide protection to
prevent it from becoming more severe before 3 years of
age, this would have greater significance.
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