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ABSTRACT

Background: Diagnosing and monitoring of children with respiratory disorders is often challenging. Respiratory
sounds (RS) are simple, non-invasive and universally available measures that are directly related to movement of
air, within the tracheobronchial tree. Thus, RS may be valuable indicators of respiratory health, their charac-
teristics in the paediatric population are scattered in the literature and not systematized.

Aim: Systematically review the different acoustic RS properties in healthy children and in children with different
respiratory disorders. Methods: MEDLINE, EMBASE, AMED and CINHAL databases were searched on Sept 2020.
One author extracted data and two independently assessed the quality of the articles using the National Heart
Lung and Blood Institute quality assessment tool.

Results: Twenty-eight studies were included with a total 2032 participants (44% with a respiratory condition,
such as asthma, bronchiolitis, cystic fibrosis, presence of wheezing and non-specified low respiratory tract in-
fections). A high heterogeneity in the procedures, outcomes and outcome measures used was found. Healthy
participants showed lower values of F50 (from 194 + 26 to 521 + 18Hz) than those with asthma (from 140 + 8
to 769 + 85Hz) or bronchiolitis (from 100 to 80Hz). F50 tend to increase with provocation tests (136 + 9 to 909
+ 81Hz) and decrease with treatments (128 + 6 to 781 + 57Hz). Wheeze rates ranged from 0 to 24.7 + 25% on
asthmatic participants. Crackles findings ranged from 6% on people with recurrent wheezing to 30.8% in middle
lobe atelectasis.

Conclusion: RS show different acoustic properties in healthy children vs with different respiratory disorders and
thus may be useful in the diagnostic and monitoring on paediatrics.

1. Introduction

radiation delivery [11-14]. All these factors prevent the monitoring of
paediatric patients with the required frequency.

Respiratory complaints are about one-quarter of primary care con-
sultations among children [1] and the leading reason for hospitalization
in infants after the neonatal period [2,3]. More precisely, lower respi-
ratory tract infections (LRTI) are the number one killer in children under
the age of 5 years old [4-7].

Currently, health professionals use their clinical rationale to di-
agnose respiratory conditions but there is no accurate clinical algorithm
to diagnose most respiratory diseases. Chest X-ray is the gold standard
for detecting and monitoring respiratory infections [8-10]. However, it
has been recommended that it should not be performed routinely in
infants due to its limited value for diagnosing and classifying disease
severity in uncomplicated situations, associated costs and doses of

Respiratory sounds, detected with a stethoscope, are directly related
to the movement of air, changes within the lung tissue and position of
secretions within the tracheobronchial tree, which make them valuable
indicators of respiratory health [15-21]. Additionally, respiratory
sounds overcome some of the drawbacks with imaging methods, as
stethoscopes are nearly universally available, inexpensive, non-invasive,
comfortable, cost-effective, can be repeated as often as necessary and
require minimal participant co-operation [15-22].

Research of the acoustic properties of paediatric respiratory sounds
has shown that the presence of respiratory diseases is often marked by
changes in normal respiratory sounds and the presence of adventitious
respiratory sounds (ARS), i.e., crackles and wheezes. This highlights the
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usefulness of respiratory sounds to detect and inform the clinical course
of respiratory diseases and treatments. Nevertheless, auscultation pre-
sents high levels of interobserver subjectivity [23-26] as it depends not
only on the experience but also on the memory, visual/hearing capac-
ities of health professionals, the terminology used and acoustic proper-
ties of the stethoscopes [26-31].

Computerized respiratory auscultation may contribute to over-
coming these shortcomings [32] as it allows signal amplification and
ambient noise reduction [33] and allow respiratory sounds to be ana-
lysed, saved, revisited and reanalysed, avoiding memory problems and
potential difficulties with transcribing data [25].

Nevertheless, respiratory sounds change according to age, body
height, position and presence of respiratory conditions [15,22,26].
There is information published on the respiratory sounds of children
however, this knowledge is scattered in the literature, without system-
atization. Without enhancing our understanding of the acoustic prop-
erties of respiratory sounds and the existence of reference values in
healthy children, health professionals are limited in interpreting
changes in respiratory sounds. In this sense, this study aimed to sys-
tematically review the characteristics of computerized respiratory
sounds in the paediatric population, with and without lung diseases.

2. Methodology’

This systematic review is reported according to Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA) checklist
[34] (Appendix A).

2.1. Search strategy

A specific search in the Cochrane Library and the International
database of prospectively registered systematic reviews (PROSPERO)
was conducted prior to the development of this review to exclude the
existence of similar reviews/protocols. Since no similar studies were
found, the systematic review protocol was registered at PROSPERO (ref.
CRD42016041941).

An electronic literature search was performed in April 2020 in
MEDLINE, EMBASE, AMED and CINHAL databases. The search strategy
was performed as recommended [35] and the search terms Th e search
terms were based on a combination of the following keywords: Paedi-
atric OR paediatric OR new-born OR infant OR toddler OR children OR
teenager OR adolescent OR baby (for Population) AND healthy OR lower
respiratory tract infection OR bronchiolitis (for Comparisons) AND
computerized auscultation OR computerized auscultation OR electronic
auscultation OR automatic auscultation AND sound AND lung OR pul-
monary OR respiratory OR breath* OR wheeze* OR crackle* OR
adventitious (for Outcomes). . Weekly updates have been performed
until September 2020. The reference lists of the selected articles were
scanned for other potentially eligible studies. Hand literature search was
also performed.

2.2. Eligibility criteria

Studies were considered eligible if they were validating, exploring or
using computerized respiratory sounds in a paediatric population, i.e.,
<18 years and were written in English, French, Spanish or Portuguese.

Papers were excluded if respiratory sounds were assessed with con-
ventional auscultation only or if studies were conducted on animals.
Additionally, book chapters, abstracts in conferences or meetings, single
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case studies, letters to the editor, commentaries to articles, unpublished
work, study protocols or reviews, were excluded.

2.3. Study selection

Initially, duplicated studies were removed. Then, the screening of
abstracts, selection of the papers against the inclusion/exclusion criteria
and data extraction was performed by one researcher and reviewed by a
second researcher. The full text of potentially relevant articles was
screened for content to decide on its inclusion. For each accepted study,
the following data were extracted to a structured table: study design,
author, year and country, participants characteristics, intervention, data
collection procedures, recording device, data analysis, outcome mea-
sures and findings.

2.4. Quality assessment

Two authors independently assessed the quality of the studies using
the National Heart Lung and Blood Institute (NHLBI) quality assessment
tool (Appendix B) [36]. This tool assesses the quality of before-after
(pre-post) studies with no control group (12 different criteria) and
observational cohort and cross-sectional studies (14 different criteria)
[36]. Ratings are given to each study for overall quality (i.e., good, fair
or poor).

2.5. Data analysis

The inter-rater agreement analysis was performed using Cohen’s
kappa [37] to determine the consistency of the quality assessment per-
formed by the two reviewers. The value of Cohen’s kappa was inter-
preted as i) <0.00-0.20: none ii) 0.21-0.39: minimal agreement; iii)
0.40-0.59: week; iv) 0.60-0.79: moderate; v) 0.80-0.90: strong; vi) 0.91
to 100: almost perfect agreement [38]. The statistical analysis was
performed using SPSS version 24.

3. Results
3.1. Study selection

Database search identified 963 records and the hand search retrieved
17 additional studies. After removal of duplicates, 895 records were
screened for relevant content. During the title, abstract and keyword
screening, 809 articles were excluded. The full text of the 86 potentially
relevant articles was assessed, and 58 articles were excluded due to the
following reasons: the sample was not paediatric, or the age range was
not stated (n=36); presented conventional auscultation only (n=9); was
a book chapter (n=2) or a letter to the editor (n=1), was conducted on
animals (n=1) or did not include data on respiratory sounds (n=9).
Twenty-eight original articles were included in the review (Fig. 1), as
showed in PRISMA’s flowchart [39].

3.2. Quality assessment

Seven observational studies had fair (46.6%) [40-45], four had good
(26.7%) [46-49] and four had poor (26.7%) [50-53] quality (Table 1).
Considering the 12 before-after studies, six had fair (50%) [21,29,
54-57] and six had good [58-63] quality (appendix B). The randomized
controlled-trial had good quality [64]. The overall agreement between
the two reviewers was almost perfect (85.71%) and kappa revealed a
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Fig. 1. Flow diagram of the literature search.



Table 1

Computerized respiratory sounds in paediatrics: observational, cohort or cross-sectional studies (n=13).

Author, Year  Country Participants and intervention Data collection Recording Device Data analysis Outcome measures Findings
procedures
Adachi, Japan Group 1 (G1): e Sensors over AS-R, AS- e Air-coupled microphones e FFT (2048 points, Hanning Sound pressure level (dB) Baseline
2016 Right middle lobe atelectasis L e IC recorder (16-bit resolution, window) on 3 different octave band

e n=13:895¢43
e 5+ 1.4 years
Intervention
Treatment:

e standard RPT (CPAP mask, 3-4

times daily, 50 breaths)
e bronchodilator
e oxygen therapy if needed
Group 2 (G2):
Healthy
e n=16:6283
e 5.6 + 1.5 years

Slow and deep
breathing (examiner
used hand signals to
direct the inhalations
and exhalations)
Supine position
Recording for 30 s:

- G1 at baseline and after
the radiographical
resolution of atelectasis
- G2 at baseline

sampling frequency of 44.1 kHz)

e Sound pressure level in three
octave bands (100-200 Hz,
200-400 Hz, and 400-800 Hz)
Visual inspection of
spectrogram and time-
expanded waveform (accord-
ing to CORSA) for ARS

frequency levels (100-200
Hz. 200-400 Hz and
400-800Hz) analysed by R/
L I/E phases

e Presence of ARS

o Inspiration phase:
100-200Hz: 80.1 + 4.4
(G2) vs 77.6 + 3.8 (G1)
p=0.13

200-400Hz: 78.3 + 4.3
(G2) vs 75.8 + 4.4 (G1)
p=0.15

400-800Hz: 65.9 + 4.9
(G2) vs 64.1 £+ 6.3 (G1)
p=0.42

o Expiration phase:
100-200Hz: 74.4 + 4.7
(G2) vs 72.7 + 4.4 (G1).
p=0.33

200-400Hz: 68.4 + 5.8
(G2) vs 66.9 + 5.4 (G1)
p=0.50

400-800Hz: 54.2 & 5.6
(G2) vs 55.3 £ 5.5 (G1)
p=0.60

e Inspiratory R/L ratios:
100-200 Hz: 1.0 &+ 2.7
(G2) vs —2.2 + 2.1 (G1)
p=0.02

200-400 Hz: —1.4 + 2.3
(G2) vs —4.8 + 2.5 (G1)
p=0.001

400-800 Hz: —1.7 + 2.7
(G2) vs —=5.9 + 2.3 (G1)
p=0.007

e Expiratory R/L ratios:
100-200 Hz: 1.5 + 3.2
(G2) vs —0.6 + 3.3 (G1)
p=0.11

200-400 Hz: 2.4 + 3.2
(G2) vs —0.1 + 3.9 (G1)
p=0.08

400-800 Hz: 0.5 + 3.0
(G2) vs —1.5 + 2.3 (G1)
p=0.06

e R/L ratios:

100-200 Hz: —6.6 + 2.0
(G2) vs —4.8 + 2.1 (G1).
p=0.03

200-400 Hz: —11.9 + 2.9
(G2) vs —9.0 + 3.6 (G1)
p=0.02

400-800 Hz: —13.5 £ 2.6
(G2) vs —9.5 £+ 3.7 (G1)
p=0.01

After RPT

e Inspiratory R/L ratios:

(continued on next page)
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Table 1 (continued)

Participants and intervention

Data collection
procedures

Recording Device

Data analysis

Outcome measures

Findings

Author, Year Country

Bokov 2016 France

Ellington, Pert
2014

Presence of 1 abnormal
respiratory sound (wheeze,
crackle, rhonchus) acute laryngitis
or rhinitis:

Presence of wheezing:

e 1492133

e 8 [4-7]( months

Absence of wheezing:

02292463

#15 [6-36] months

Healthy:
e n=151: 7192804

e Microphone close
(5-10 cm) to the
mouth and over TR
Breathing without
vocals or crying for
>50% recording
length

e Recording for 30 s

e Microphone (sensitivity at 94 dB
SPL @ 1 kHz is —42 dBV/Pa,
frequency response curve
presenting less than 0.1% variation
in the 100 Hz-4000 Hz zone)

e Digital stethoscope
e Standard mp3 recorder

Sampling frequency: 16 KHz
Segments of length 64 ms with
50% overlap using a Hanning
window

WH detection: FFT

Sounds frequency between
200 and 2500 Hz

e Sampling frequency at 44.1
kHz

WH%

Duration of each WH (ms)
F50 (Hz)

PSD (W/Hz)

Features (F1-F14) of PSD

MFCC

e PW (s)

100-200 Hz: 1.0 + 2.7

(G2) vs —1.4 + 2.2 (G1)

p=0.02

200-400 Hz: —1.4 + 2.3

(G2) vs —3.8 + 2.7 (G1)

p=0.02

400-800 Hz: —1.7 + 2.7

(G2) vs —5.1 + 4.4 (G1)

p=0.03

e Expiratory R/L ratios:

100-200 Hz: 1.5 + 3.2

(G2) vs —1.1 + 3.2 (G1)

p=0.06

200-400 Hz: 2.4 + 3.2

(G2) vs —1.2 £+ 2.6 (G1)

p=0.003

400-800 Hz: 0.5 + 3.0

(G2) vs —1.6 + 3.2 (G1)

p=0.008

e R/L ratios:

100-200 Hz: —6.6 + 2.0

(G2) vs —6.5 + 3.2 (G1)

p=0.91

200-400 Hz: —11.9 £+ 2.9

(G2) vs —12.1 + 2.4 (G1).

p=0.84

400-800 Hz: —13.5 + 2.6

(G2) vs —11.0 + 3.7 (G1).

p=0.06

e ARS (Coarse crackles:
n=4 and Ronchi: n=7)
disappeared in all
participants of the G1

Presence of wheezing

(mouth vs neck)

WH%: 46 + 31 vs 16 +

14

Duration WH: 151 + 39

vs 95 £+ 40

F50: 399 + 106 vs 762

+ 271

PSD: 16.8 + 5.5 vs 5.6

+ 5.5

Absence of wheezing

(mouth vs neck)

WH%: 61 + 46 vs 22 +

27

Duration of each WH:

148 + 32 vs 90 + 48

F50: 396 + 90 vs 683 +

253

PSD: 18.0 + 6.4 vs 4.3

+ 4.1

Mean [5 and 95%

percentiles]

(continued on next page)
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Table 1 (continued)

Author, Year Country

Participants and intervention

Data collection
procedures

Recording Device

Data analysis

Outcome measures

Findings

Faber et al., Netherland

2015

e 2.2 + 1.4 years

Bronchiolitis:

e n=30:12218 ¢4
e 4.9 + 4.8 months
Intervention
Treatment:

e Sensors over AS-R, AS-
L, PS-R, PS-L, AI-R, Al-
L, PI-R, PI-L

e Normal breathing
pattern without deep
breaths

e Supine or upright
position

e Recording for 10 s

e Sensors over TR, AS-R,
AS-L, AR, AI'L

e Recordings for 5 min:

- Before/after 15min of
treatment

e Acoustic sensors

e Pulmotrack

Microphone Pneumograph belt
sensor

Segments of 2-s using a rect-
angular window with 50%
overlap.

Signals low-pass filtered using
a fourth order Butterworth
filter at 1 kHz cut-off, down-
sampled to 2 kHz, normalized
to have zero mean and unit

variance.

Power spectrum with FFT
(214-p0int) and Butterworth
filter (at 20 Hz)

e Karmelsonix software
algorithms for WH

e Frequency content between 50
and 3.000 Hz

SL (dB/octave)

PLN (dB)

PR (%)

spectral shape (scales)
temporal modulations
(rates).

e Presence of wheezing

o WH%-Ttot

e Breathing frequency
(breaths/min)

e I/E ratio

e MFCC; p<0.001:

ALL: 4.9 [4.2;5.4]

AS-R and L: 4.7 [3.8;5.7]

AI-R and L: 4.7 [3.9;5.6]

PS-R and L: 5.2 [4.0;6.1]

I-R and L: 5.1 [3.7;6.2]

e MFCC;3 p<0.001:

ALL: 1.1 [0.8;1.4]

AS-R and L: 1.0 [0.6;1.3]

AI-R and L: 1.0 [0.7;1.4]

PS-R and L: 1.1 [0.7;1.5]

I-R and L: 1.1 [0.7;1.5]BR

and BL: 1.1 [0.7;1.5]

e PW p<0.001:

ALL: 158.3 [93.4;237.2]

AS-R and L: 174.9

[91.2;260.11

AI-R and L: 168.0

[84.5;250.1]

PS-R and L: 139.3

[77.9;232.0]

I-R and L: 138.1

[71.8;199.8]

e Scales; x IE-3 p=0.002:

ALL: 94.6 [78.0;110.1]

AS-R and L: 99.2

[67.5;119.2]

AI-R and L: 95.8

[67.5;119.2]

PS-R and L: 90.5

[57.1;123.1]

I-R and L: 90.9

[53.6;122.5]

e Rates™; x IE-3
p=0.002:

ALL: 19.0 [12.7;24.2]

AS-R and L: 16.2

[6.9;24.9]

AI-R and L: 16.2

[8.3;23.3]

PS-Rand L: 17.6

[10.1;25.3]

I-Rand L: 17.7

[10.3;24.9]

e Rates’; x [E-3 p=0.004:

ALL: 10.9 [7.8;13.5]

AS-R and L: 9.0 [4.2;12.7]

AI-R and L: 8.9 [5.1;12.2]

PS-R and L: 9.8 [6.1;13.7]

I-R and L: 9.8 [6.0;13.0]

Before vs after:

e Wheezing:

9 of 27 (33%) increased

5 of 27 (18%) decreased

(continued on next page)
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Table 1 (continued)

Author, Year ~ Country Participants and intervention Data collection Recording Device Data analysis Outcome measures Findings
procedures
e Hypertonic (3%) saline solution e Ambient microphone e No. cough episodes o WH%-Ttot: 3.4 +
e volume: 4 ml + chest impedance 3.84% vs 2.0 + 2.7499
e via jet nebulizers with p=0.05
continuous flow of 100% e Breathing frequency:
oxygen 0.70 £+ 0.61 vs 0.52 =
0.70 p=0.23
e I/E: 0.85 + 0.15 vs
0.85 + 0.18 p=0.93
e No. cough episodes:
1.44 + 2.42% vs 2.63
+ 3.36 p=0.03
Gnitecki, Canada Non-specified health status: e Sensor over AI-R e Accelerometer e Digitization at 10,240 Hz and e Power (dB): Responders:

2004 Responders (drop of >20% of e Facemask attached to e Pneumotachograph 12-bits. The flow signal down RMS-SNR e RMS-SNR: 58.3 +
FEV1 after BPT): a pneumotach e Pressure transducer sampled to 320 Hz RMS-SNR + KFD 39.3% TP; 26.1 &
en=4:32138 e Normal breathing o Signals amplified (200x) and RMS-SNR + VFD 32.8% FP
e 11 + 3 years e Recordings for 70 s filtered with 8th order e RMS-SNR + KFD: 90.3
Non-responders (drop of <20% of (including a 10 s Butterworth passband of + 12.6% TP, 23.4 +
FEV1 after BPT): breath hold at the end 7.5-2500 Hz 38.2% FP
en=4:2923 of the recording): e Two fractal dimension (FD) e RMW-SNR + VDF: 63.5
e 12 + 2 years -Baseline/after BPT algorithms were applied: Katz + 43% TP, 24.9 +
Intervention (KDF) and Variance (VFD) 43.8% FP
Direct BPT: e True and false positives (TP Non-responders:

o methacholine and FP) between values of e RMS-SNR: 60.2 +
estarting concentration of 0,2 mg/ sounds and AFEV1 10.0% TP; 45.4 +
ml doubling concentrations for 2 e Frequency content between 75 15.4% FP
min until drop of FEV1>20% and 600 Hz filtered into 4 e RMS-SNR + KFD: 79.9
(Responders) or when the ranges (75-600, 75-150, + 12.8 %TP, 28.1 +
maximal dose of 8 mg/mL was 150-300 and 300-600 Hz) 26.5% FP
reached with 5 order Butterworth on e RMW-SNR + VDF: 72.2
MATLAB + 4.8% TP, 44.5 £+ 21.0
FP
Hidalgo, United Healthy: e Microphone over AS-R e Handheld microphone e 4096 samples /s and low-Pass Inspiratory amplitude e F25=139 + 15 /136
1991 States of e n=35:17218 3 (0.7 cm distance) e Preamplifier with filter filter at 2000 Hz frequency spectra (IAFS) with e F50=194 + 26
America e Age range: 0-13 years e Normal breathing e Magnetic-tape recorder o Sound preamplified (x5000) oF25 (Hz) e F75 =277 + 34
e Standing position and high pass filter (5-pole e F50 (Hz) e FO5= 467 + 45
elliptical filter, cut-off fre- e F75 (Hz) e Different shapes in
quency 100 Hz, minimum o F95 (Hz) children’s vs adult’s
stop-band loss of 60 dB at 50 IAFS pattern on F25,
Hz) F50 and F95 p<0.05
o FFT (4096 points with 1 Hz) butnoton F75p = 0.11
Amplitude frequency from 100 e Decrease in F25, F50.
to 1000 Hz and F75 associated
with increasing age or
height in children
p<0.001
e No relationship of F95
with age or height p >
0.05
Kevat, 2017 Australia Cystic fibrosis, LRTI, asthma or e Auscultation on PS-R, o 2 different digital stethoscopes e High-pass filter (Butterworth, WH: e Total of 156 recordings

pre-school wheeze:
e n=20:4916 3
e 7.6 years (4.6-17.1)

PS-L, PI-R, PI-L.
Recording for 20 s
(each quadrant)

100 Hz. 6™ order) and a low-
pass filter (Butterworth, 1000
Hz. 4™ order)

Spectrograms analysed and
listened by paediatric
respiratory doctor

.

e dominant frequency (Hz)
e I/E ratio

eduration (ms)

CR:

o duration (s)

WH:

periodic waveform
with dominant
frequency range of
100-1050

i/e ratio: 1/3

(continued on next page)
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Table 1 (continued)

Author, Year ~ Country Participants and intervention Data collection Recording Device Data analysis Outcome measures Findings
procedures
e expiratory longer (0.29
(0.03-1.2)) than
inspiratory (0.19
(0.04-0.4))
CR:
e duration 10-15 ms
(range 6-20 ms)
Mazic, 2003 Croatia Asthma: e Sensor on TR, AI-R, Al- e Microphone e Sampling with amplitude- o WPF (Hz) Mean [min; max]
e n=7 (gender not reported) L o Accelerometers frequency characteristic e Duration WH (ms)
e 3-7 years e Normal (NB) or forced within +5 dB and frequency e No. WH e NB (n=1):
breathing (FB) range from 100 Hz to 2 kHz e No. WHin 10 s WPF = 400
e Supine position and at 8 kHz rate. Duration WH = 100
e Signals analysed with No. WH=1
MATLAB v6 No. WH in 10 s: 4
e Visual and auditory inspection
of the recorded signals. e FB (n=4):
WPF = 352.5 + 82.3
[250;460]
Duration WH= 200.0 +
93.5 [100;350]
No. WH = 1.3 + 0.4 [1,2]
No.WHin10s:3.24+1.3
[1,4]
e NB + FB (n=2):
WPF = 380.0 + 0.0
Duration WH= 250.0 £+
0.0
No. WH = 2.5 + 0.5 [2,3]
No. WHin 10 s: 3.0 = 1.0
[1,4]
Murayama, Japan Healthy in the past 7 days: o Handheld microphone e Microphone e Sampling frequency at 10,240 e Presence of WH Presence of WH:
2019 e n=283:147 2136 & over AS-R e Pneumotachograph Hz e F99 (Hz) e Healthy:n=3:2913;7
e 7 (7-9) months e Normal breathing e Sound spectrometer (10,240 Hz) Frequency read digitally at 10 Hz e spectrum curve indices: (5-7) months
Acute respiratory infection (ARI) e Standing position intervals Band-pass filter from 40 - Spectral slope at e ARL:n=10:595g; 14
in the past 7 days: e Recordings for >10 s to 2500 Hz Spectra obtained with 600-1200 Hz (-dBm/ (7-18) months
e n=115:61 9543 Hanning window octave) No differences on other
e 9 (7-18) months e FFT - A3/AT (%) outcome measures
e Hanning window B4/AT (%) between the group with
e Frequency content between e RPF50 (dBm/Hz) and without wheezes.
100 and 2500 Hz o RPF75 (dBm/Hz)
Pasterkamp, Canada e Healthy e Sensor over PI-R e Sound sensor e 10,240 samples/s with 12 bits resolution e Length of digitized e Ti/Ttot: Gain in power at HF:
1996 infants: e Mask covering mouth and nose e Pneumotachograph e Length of recordings: recording per subject Inspiratory signal-to-noise ratio:
e n=10:5¢ or nose clip + mouth piece o Differential pressure e Infant: 52.7 + 9.3 at LF (s) o Infant: 0.41 + 0.03 at LF
53 e Infants at LF of 15 ml/s/kg + transducer e Children: 46.1 + 8.2 at LF, 39.2 + 7.8 at HF e Fmax (Hz) e Children: 0.38 & 0.03 at LF,
e 1+05 20% tolerance and children at e Video tape e Segments containing artifacts were identified visually e Fmin (Hz) 0.42 + 0.06 at HF
days both LF and HF of 30 ml/s/kg + e Sound digitalizer and by auditory verification and excluded e Ti/Ttot (%) e FLow-i:
e Healthy 20% tolerance only e Low-pass filtered (sixth order Butterworth, cut-off at e Average flow at o Infant: 0.05 + 0.01 at LF
children: o Sleeping in the prone position 2400 Hz) inspiration (FLow-i) e Children: 0.38 + 0.07 at LF,
e n=9:594 e Recordings for 60 s e The sound signal was parsed into segments of 2048 data and expiration (Flow- 0.71 £+ 0.12 at HF
3 points with a 50% overlap of points between successive e) (L/s) e FlLow-e:
e 7+0.8 segments windowed with a Hanning function before e Signal to noise ratio e Infant: 0.03 + 0.01 at LF
years power spectral estimates were obtained by FFT e Fmax spectral slope (at e Children: 0.37 + 0.07 at LF,

Sample frequency between 100 and 2000 Hz

LF and HF)

0.73 + 0.16 at HF
Fmin:

(continued on next page)
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Table 1 (continued)

e Average respiratory sound spectra obtained at LF and at
HF

e Spectral slope at
300-700 Hz (dB)

e Gain in power at
20-100 Hz (dB)

Infant: 126 + 36 at LF

Children: 57 + 38 at LF (F
probability = 0.016: p<0.001)

e Children at HF: 1270 at HF

e Fmax:

Infants had higher quartile
frequencies and spectral edge
frequencies than children at LF (F
probability <0.01).

e Children had higher Fmax as
well as a higher SE 95 and SE99
with HF p <0.05 at HF
Spectral slope:

Infant: —17.7 + 3.9

e Children: —17.2 + 1.7

e Gain in power:

o Infant: 8.0 + 4.1

e Children: 9.2 + 2.6

Ramanathan,.2020

Australia

Term infants (between 37
and 40 weeks) without
pulmonary pathology or
major foetal deformation,
non instrumental delivery
and no required resuscitation
at birth.

Group CS:

Delivered via elective
caesarean section

e n=39:249154

e 38[37,39] gestation weeks
e 3222 + 0.297 Kg

e 1-min Apgar score: 9 [8,9]
Group NVD:

Normal vaginal delivery

e n=32:17215¢g

e 3166 + 0.447 Kg

e 1-min Apgar score: 9 [9,9]

Auscultation over anterior
and posterior right chest.
Non-crying segments
Supine position for
posterior recording; Prone

o Digital Stethoscope
e Standard audio recording
application on a smartphone

to anterior recording
Average of the anterior
and posterior recordings
for each infant at each
time point
Recording for 60 s:
- 1 min post-delivery

-2 h post-delivery

Signals analysed with MATLAB
R2018a

A fourth order Butterworth
band pass filter at 100-1000 Hz
FFT (2048 points, Hanning
window)

Sound pressure level in three
octave bands (Low:100-200
Hz, Medium: 200-400 Hz, and
High: 400-800 Hz)

Visual inspection of
spectrogram and time-
expanded waveform (accord-
ing to CORSA) for ARS

Sample frequency between 100
and 1000 Hz

Mean frequency
(Hz)

F25 (Hz)

F50 (Hz)

F75 (Hz)

AP (x10%n.u.)
Power ratios
within frequency
bands:

Low (100-200 Hz
(LBF), medium
200-400 Hz (MBF),
high 400-800 Hz
(HB).

lminvs2h

e Mean frequency

Combined: 334 + 35 vs 303 +
47 (p=0.0002) NVD: 346 + 40
vs 304 + 44 (p=0.0003)

e F25

Combined: 214 [182;244] vs
176 [153;201] (p<0.0001)
NVD: 234 + 57 vs 184 + 45
(p=0.0004)

e F50

Combined: 314 + 50 vs 24 + 65
(p=0.009) NVD: 329 + 57 vs
281 + 66 (p=0.001)

e F75

Combined: 416 [396;457] vs
396 [353;440] (p=0.01) NVD:
430 + 46 vs 392 + 67 (p=0,01)
o AP

Combined: 2.49 [1.64;4.38] vs
0.74 [0.43;1.79] (p<0.0001)
NVD: 2.50 [1.47;4.38] vs 0.63
[0.40;1.60] (p=0.016) CS: 2.49
[1.91;4.65)] vs 0.77
[0.53,2.28] (p=0.0002)

e LBF

Combined: 0.27 + 0.11 vs 0.37
+ 0.15 (p=0.0001) NVD: 0.23
[0.15;0.31] vs 0.38 [0.28;0.50]
(p=0.0003) CS: 0.29 + 0.09 vs
0.36 + 0.14 (p=0.05)

o MBF

Combined:0.48 [0.39;0.56] vs
0.38 [0.29;0.48] (p=0.003)
NVD: 0.48 [0.37,0.57] vs 0.35
[0.28;0.42] (p=0.05) CS

0.48 + 0.10 vs 0.40 + 0.11
(p=0.01)

e HBF

(continued on next page)
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Table 1 (continued)

Rietveld, 1999

Sanchez, 2005

Shioya, 2019

Netherlands

Canada

Japan

Asthma

e n=60: 50 with asthma and
10 without (no gender
specified)

e 12.1 + 2.9 years

Acute bronchiolitis (16 with
RSV):

e Nn=22:8914 3

e 5.2 + 1 months
Intervention

Treatment:

@10 min of oxygen
nebulization with salbutamol
(0.5 mL solution, 5%
concentration).

Acute respiratory infection

(within past 7 days):

e n=115 (gender not
specified)

e 3-24 months

Healthy:

e n=283:136 ¢ 147 3

Sensor over TR
Continuous respiratory
telemetry (transmitter and
battery in a waist belt and
at night. kept in a bag
beside the pillow)
Recordings for 20 s

Sensors over PI-R, PI-L

Airflow at 0.1 & 0.02 L/s,

silicone air-cushioned

covering mouth and nose

Participant sleeping in a

prone position

Recordings for 2 min:

- Baseline

- After 20 min of
salbutamol
administration

Microphone (handheld)
over AS-R

Normal breathing
Standing position
Recordings for >10 s

Microphone (range 20-25000 Hz
within 3 dB)

Small transmitter

Receiver

Hifi video recorder

Two sound sensors (flat frequency
response from 60 to 500 Hz, a
small gain of approximately 4 dB
between 500 and 1000 Hz, and a
—15 dB/octave roll-off above
1200 Hz)

Infant mask

Pneumotachograph

Differential pressure transducer
Analog-to-digital converser

Microphone

Amplifying unit for 100-2500 Hz
sounds

Sound spectrometer

Samples of 2 s duration each
prefiltered by a fourth-order
Butterworth analogue filter
with a band pass of 100-1500
Hz and subsequently processed
with a 1300 Hz low-pass digital
filter

Sample frequency between 100
and 1300 Hz divided in 26
bands of approximately 46 Hz
each.

o FFT

Categorization by human
examiners and by artificial neural
networks

e Low-pass filtered (sixth order
Butterworth, cut-off at 2400
Hz)

Segments of 2048 data points
with a 50% overlap of points
between successive segments

and windowed with a Hanning
function.
e FFT
Distinctive peaks on frequency
Periodic waveform
Auditory verification on playback
e Frequency content between
100 and 1000Hz

e Sampling frequency was
10,240 Hz and the spectra were
obtained using a Hanning
window

o FFT

e Sample frequency between 100
and 1000 Hz

e Presence of WH

o WH%-Ttot
Type of
wheezing:
sinusoidal (SW)
complex (CW).
avgFw (Hz)
Minimal
frequency (Hz)
Duration of
segments (ms)
For inspiration
and expiration:
F25 (Hz)

F50 (Hz)

F75 (Hz)

F99 (Hz)

.

e F99 (Hz)
e spectrum curve
indices:
- Spectral slope
(-dBm/octave)
- A3/AT (%)
e RPF50 (dBm/Hz)

NVD: 0.32 [0.25;0.39] vs 0.28

[0.21;0.36] (p=0.02)

NVD vs CS at 1 min

e Mean frequency: NVC > CS
(p=0.005)

e F25: NVD > CS (p=0.01)

e F50: NVC > CS (p=0.03)

e LBF: NVD < CS (p=0.04)

NVD vs CS at 2h

e none

Presence of WH:

in 11 with a decrease in PEF

>20%.

in 4 a decrease in PEF<20%

e in none when there was no

PEF decrease.

Of the 34-h associated with

more than 20% decrease in

PEF. wheezes were observed

in 31 (91%) and in 4 of the

hours associated with a

decrease in PEF of less than
20% (0.7%).

Range between 100 and 800
Hz

11 participants (50%) with
SW -+ 11 with CW

Minimal frequency higher in
SW (252 + 10) than in CW
(162 £ 16) p<0.001
Duration of segments longer
in SW (250 =+ 22) than in CW
(35 £ 11) p<0.001
Harmonics and sinusoidal
waveforms in all SW vs only
2 in CW p<0.001

Positive salbutamol
response:

Correlation between WH%-Ttot
on SW (9/11) vs CW (3/11)
p<0.01

Increase F25 and F50) after
salbutamol p<0.01

Positive linear correlation
between WH%-Ttot with F50
and F99 p<0.001

Correlation between
salbutamol and increase of F25
and F50 p<0.01

Healthy with: (median
[range])

With presence of wheezing vs
not

e A3/AT: 12.7 [5.4,19.9] vs
12.4 [7.0, 20.1]

(continued on next page)
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Table 1 (continued)

e 9.0 £+ 4.5 months

e RPF75 (dBm/Hz)

RPF75: 6.9 [1.8, 17.0] vs 6.6
[2.5, 18.0]

RPF50: 6.7 [2.1, 14.3] vs 6.3
[2.3,18.7]

Slope: 26.3 [3.1, 57.9] vs
27.7 [-1.7, 66.5]

F99: 690 [260, 1260] vs 675
[280, 1460]

Past RSV vs not

A3/AT: 12.4 [7.2, 20.1] vs
12.5 [5.4, 19.9]

RPF75: 6.4 [3.4, 14.2] vs 6.6
[1.8, 18.0]

RPF50: 7.1 [3.0, 11.2] vs 6.4
[2.1, 18.7]

Slope: 27.0 [14.5, 54.5] vs
27.1 [-1.7, 66.5]

F99: 900 [400, 1340] vs 670
[260, 1460] p=0.024

Past hospitalization vs not

A3/AT: 11.1 [7.2,12.0] vs
12.6 [5.4, 20.1] p=0.042
RPF75: 5.8 [5.6, 7.4] vs 6.7
[1.8, 18.0]

RPF50: 6.8 [5.1, 7.7] vs 6.4
[2.1, 18.7]

Slope: 27.0 [19.6, 33.8] vs
27.1 [-1.7, 66.5]

F99: 815 [370, 1260] vs 680
[260, 1460]

With allergy vs not

A3/AT: 12.1 [9.9, 16.7] vs
12.5 [5.4, 20.1]

RPF75: 8.0 [4.3, 14.1] vs 6.5
[1.8, 18.0] p=0.008

RPF50: 7.7 [4.1, 12.9] vs 6.3
[2.1, 18.7] p=0.004

Slope: 31.5 [20.9, 64.9] vs
26.7 [-1.7, 66.5] p=0.013
F99: 720 [380, 970] vs 680
[260, 1460]

With atopic dermatitis vs not

A3/AT: 12.3 [8.0, 17.0] vs
12.6 [5.4, 20.1]

RPF75: 8.0 [3.4, 18.0] vs 6.5
[1.8, 17.4] p=0.021

RPF50: 7.6 [3.2, 16.5] vs 6.2
[2.1, 18.7] p=0.001

Slope: 30.8 [3.9, 66.5] vs
26.7 [-1.7, 66.4]

F99: 730 [350, 1130] vs 670
[260, 1460] p=0.033

With family history vs not

(continued on next page)
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Table 1 (continued)

Tinkelman, 1991

United States
of America

Absence of ARS:

e n=>50 (gender not
specified)

e 2-6 years

Wheezing:

e n=18 (gender not
specified)

e 2-6 years

Wheezing and asthmatic:

e n=10(gender not
specified)
e 8-54 years

Digital stethoscope PI-R
Measures for lung sounds
(over PI-R), heart sounds
(over precordium) and
voice (over PI-R with
children singing “ABC”)
Normal breathing

e Digital stethoscope (High Filter
Frequency between 20 and
2000Hz)

e Phono pneumograph

Recordings for 40 s

e Sound segments between 5 and
8s

e Spatial averaging of the points
was determined

e Frequency content between 60
and 300 Hz

e EV

A3/AT: 12.7 [7.0, 20.1] vs
11.9 [5.4, 19.0] p=0.037
RPF75: 6.9 [2.5, 18.0] vs 6.3
[1.8, 16.8]

RPF50: 6.4 [2.1, 16.2] vs 6.4
[2.3,18.7]

Slope: 27.0 [-1.7, 66.5] vs
27.2 [-1.7, 66.4]

F99: 700 [280, 1340] vs 640
[260, 1460]

Acute respiratory infection
(within past 7 days):
(median)

e A3/AT: [11.1, 12.7]

e RPF75: [5.8, 8.0]

e RPF50: [6.2, 7.7]

e Slope: [26.3, 13.5]

F99: [640, 900]

EV

Lung sounds:

e No ARS:461 + 114

2 years old: 476 =+ 88

3 years old: 459 + 119

4 years old: 451 + 120

5 years old: 468 + 140

6 years old: 450 + 93

e Wheezing: 1867 + 1006

o Wheezing and asthmatic:
1811 + 1125

Difference between intensity in

normal and wheezing children

p<0.002
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V. Abreu et al.

substantial agreement (k=0.79; 95% CI, 0.59 to 0.98; p<0.005).

3.3. Study characteristics

Detail description of the included studies is presented in Tables 1-3.

Studies were published between 1985 and 2020 with 77.7% (n=21)
[40-43,46-49,51,53-55,58-66] being published after the CORSA
guidelines publication in 2000. Study designs were observational
(n=16) (Table 1) and before-after intervention with no control group
(n=12) (Table 2). Four observational studies collected and analysed
respiratory sounds before and after routine intervention [43,47,48,64].
A total of 2042 participants (840 girls (41.1%); 911 boys (44.6%); in 291
gender was not specified (14.3%)), with an age-range between 0 and 18
years old were included in the studies. A total of 1143 participants
where healthy and 899 (44.0%) presented respiratory conditions, i.e.,
465 (22.9%) had asthma [29,45,51,54,59,62,67], 286 (14.4%) bron-
chiolitis [47,64] and 148 (7.3%) other respiratory diseases, such as
atelectasis and cystic fibrosis [46,53,66].

Sixteen studies (57,1% of the total sample) described interventions,
with provocation tests [29,43,55,56,61,62,67], pharmacological treat-
ments (B2-agonist, oxygen therapy, hypertonic saline solution,
epinephrine and fluticasone) [40,47,48,54,57-59,63,68] and physio-
therapy treatments [29,55,61,64,67,69].

3.4. Respiratory sound acquisition

Respiratory sounds were mostly recorded during normal breathing
[41-44,46,49-52,55,58-61,64,66]. However, forced breathing [51] and
slow and deep breathing were also used [40] and seven studies [29,45,
48,53,54,57,70] did not report the breathing manoeuvre used during
the respiratory sounds recordings. Six studies controlled the ventilation
flow at values of approximately 0.1 1/s in infants [47,63] to 0.4-2 1/s in
children from 4 to 14 years old [56,62,67,71]. Digital stethoscopes were
used in five studies [42,49,50,54,55], accelerometers or piezoelectric
sensors in six studies [21,29,43,56,62,63] and microphones in fifteen
studies [40,41,44-48,52,53,57,59-61,66,68] to acquire respiratory
sounds. Two studies used both accelerometers and microphones [51,
64]. Duration of the recordings varied between 10 s [42,46,55,57,60,61,
66] and 5 min [48,64], with reported sampling segments for analysis
ranging from 64 ms [41] to 8 s [50]. Sixteen studies recorded respiratory
sounds at anterior superior right chest [29,40,42,46,48,52,54,55,57-62,
66,671, eight at trachea [29,41,45,48,51,56,62,67], eight at anterior
inferior right chest [42,43,48,51,56,63,64,67], six at anterior and infe-
rior left chest [42,48,51,63,64,67], four at anterior and superior left
chest [40,42,48,671, six at posterior and inferior right chest [42,44,47,
50,53,67], three at posterior and superior left and right chest and pos-
terior inferior left chest [42,53,57], one at the left and right axilla [64],
one at non specified anterior right and left chest [49] and 1 near the
mouth [41]. A substantial methodological heterogeneity was observed
throughout the studies.

3.5. Respiratory sound analysis

Respiratory sounds were filtered using Fast Fourier Transformation
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(FFT) in 23 studies [29,40,41,44-47,49,52,54-57,59,60,62-64,66-68,
72,73]. Frequency contents between 40 Hz [54,55,59-61,66,68] and
3000 Hz [29] were used during data analysis. Most studies (n=24) found
energy of respiratory sounds between 100 Hz [40,44-47,49,51-53,56,
59,62,63,67,68] and 2500 Hz [41,54,55,58-61,66,68].

Legend: Data are presented as mean + standard deviation or median
[interquartile range], unless otherwise stated; Q-female; 3-male; A3-
third area under the curve; Al - anterior inferior; AM-anterior middle;
ARS-adventitious respiratory sounds; AS - anterior superior; AT-total
area under the curve of 100 Hz to the highest frequency of the of the
of the dBm power spectrum; avgFw-average peak frequency; AX-axilla;
BPT-bronchial provocation test; CG-control group; CORSA-
computerized respiratory sounds analysis; CR-crackle; EV — energy
values as an arbitrary value which correlates with loudness; F25, F50,
F75, F90, F95, F99 - frequencies of 25, 50, 75, 90, 95, 99% respectively
of the spectral sound measured (Hz); FD-fractal dimension; FEV1-forced
expiratory volume on the 1st second; FFT-Fast Fourier transformation;
Fmax-maximal frequency; Fmin-minimal frequency; HF-high flow; I-
inferior; I/E — inspiratory/expiratory; IC-Integrated Circuit AKA Digital
voice; IG-intervention group; L-left; LF — low flow; MFCC-mel-frequency
cepstral coefficient (measures chest formation); PEF-peak expiratory
flow; Pl-posterior inferior; PLN-power of regression line; PR-power
ratio; PS-posterior superior; PSD-Power spectral density; PW-spectrum
peak width; R/L-right to left; RMS-root mean square of the sound
signal; RPF50 or 75-ratio power/frequency at 50 or 75% of the highest
frequency of the dBm power (dBm/Hz); RPT-respiratory physical ther-
apy; R-right; RSV-respiratory syncytial virus;; SNR-signal to noise ratio;
Te-expiratory time; Ti-inspiratory time; TR-trachea; Ttot-total respira-
tory time; WH%-wheeze occupation rate; WH-wheeze; WPF-wheezing
pitch frequency.

Legend: Data are presented as mean + standard deviation or median
[interquartile range], unless otherwise stated; @-female; 3-male; Al -
anterior inferior; AX-axilla; CR-crackle; FFT-Fast Fourier trans-
formation; L-left; R-right; WH%-wheeze occupation rate; WH-wheeze.

3.6. Data synthesis and analysis

Pooling the results was not possible due to the large heterogeneity of
the outcomes, outcome measures and procedures used for respiratory
sounds recordings and analysis. Instead, a synthesis of all results (Ap-
pendix C) per NRS and ARS characteristics was conducted.

3.7. Normal respiratory sounds

Normal respiratory sound characteristics were evaluated in healthy
participants [44,46,49,52,62,66,67], children with asthma [54,56,
59-62,67,68], bronchiolitis [47] and LRTI, 7 days after the onset [46,
66].

The most used outcome measure was median frequency of the
spectral sound (F50), measured in Hz (Fig. 2) [41,46,47,49,50,52,54,56,
58,60,62,671, followed by frequency at 99% of the spectral sound (F99)
[46,58-62,66], the spectral slope [44,46,58-61,66] and the ratio pow-
er/frequency at 50% (RFP50) or 75% (RPF75) of the highest frequency
of the dBm power [46,58-61,66]. The power of spectral slope showed a
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Table 2

Computerized respiratory sounds in paediatrics: before-after (pre-post) studies without control group (n=12).

Author, Year Country  Participants Intervention Data collection procedures Recording Device Data analysis Outcome measures Findings
Enseki, 2019 Japan Asthma: Treatment e Handheld microphone over e Microphone e Sampling frequency at e F99 (Hz) Baseline vs After Treatment:
e n=9:4Q953 (bronchodilation): AS-R e Pneumotachograph 10,240 Hz e F50 (Hz) (median [range])
e 7.0 years e 1 time e Normal breathing e Sound spectrometer Frequency read digitally at e spectrum curve e F99: 950 [380, 1310] vs 1080
e (2 agonist e Standing position (10,240 hz) 10 Hz intervals Band-pass indices: [620, 1290] p=0.02
o procaterol 30 pg + e Recordings for >10 s: filter from 40 to 2500 Hz - Spectral slope at e F50: 140 [110, 170] vs 160
saline 2.0 ml - Baseline Spectra obtained with Han- 600-1200 Hz [120, 190] p=0.061
- After Treatment (15 min) ning window (-dBm/octave) e Slope: 23.4 [14.8, 31.5] vs
e FFT - P3/PT (%) 28.5 [19.7, 29.2] p=0.057
e Hanning window - P4/PT (%) e P3/PT: 49.8 [8.8, 76.6] vs
e Frequency content e RPF50 (dBm/Hz) 55.2 [11.9, 89.8] p=0.021
between 100 and 2500 e RPF75 (dBm/Hz) e P4/PT: 38.4 [3.7, 60.9) vs
Hz 43.0 [2.8, 72.1] p=0.015
e RPF50: 6.0 [2.3, 8.1] vs 6.9
[4.9, 9.2] p=0.011
e RPF75:4.2[3.1, —] vs 7.3
[6.7, 8.2] p=0.024
Fenton, 1985 Canada 1G: Indirect BPT: e Sensors over TR and AS-R e Contact accelerometers o Before digital conversion o WH%-Ti 1G
o Asthmatic with e 10 min o Sitting position (frequency responses sounds through fifth- o WH%-Te Baseline (n=5): WH%-Ti=0.4 +
BPT e exercise testing - bicycle e Recording for 3 min: within 45 dB over the order elliptic low-pass e Max WH 0.8 [0;2] WH%-Te=0 + 0
e n=>5 (gender ergometer - At baseline. frequency range 20-2000 filter with a cut-off fre- frequency (Hz) Maximum obstruction (n=7):

not reported)
e 10-16 years
CG:
o Healthy
e n=2
e 10 and 19 years

increase heart rate to
80% of predicted
maximum
Bronchodilatation:

e salbutamol

e 2 times
e 200 pg

- After BPT

- At maximum obstruction

- 20 min after
bronchodilator

Flow measured with
pneumotachograph +
differential pressure transducer

Hz)
Pneumotachograph
Tape recorder at 39 cm/s

quency of 1000 Hz.
Analog-to-digital
conversion to sample the
sound signals at 2.56 kHz
and the flow signal at 10
Hz.

FFT and a 5% cosine data
window.

WH amplitude
ratio (%)

WH%-Ti=24.7 + 25.9 [0;73]
WH%-Te=21.6 + 25.3 [0; 61]
After bronchodilator (n=6): WH
%-Ti=0 + 0 WH%-Te=0.4 + 0.8
[0; 2]

Max WH frequency:

Inspiration: 630 + 80
Expiration: 630 + 110 WH
amplitude ratio:

(continued on next page)
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Table 2 (continued)

Author, Year Country  Participants Intervention Data collection procedures Recording Device Data analysis Outcome measures Findings
e Frequency content 29.7 £15.7 CG
between 110 and 1200 WH%-Ti=0 + 0 WH%-Te=0 + 0
Hz.
Habukawa, Japan Asthma Treatment: e Sensor over AS-R e Digital stethoscope e Frequency read digitally e HFI (Hz) Baseline (IG + CG):
2009 All (IG + CG): e Fluticasone for 1 month e Recording for 10 s: o LSA-2000 sound at 10 Hz intervals e HFE (Hz) e HFI = 666 + 131
e n=131:78953 e 100 or 200 mg/day - At baseline for IG + CG spectrometer e Band-pass filter from 40 e HFE = 499 + 115
3 - After treatment for IG e Digital stethoscope signal to 2500 Hz o Significant correlation
e 9.3 £ 2.7 years conditioning unit e FFT (HF that exceeded between the severity of
e Severity —25 dBm in each breath asthma and HFI p<0.001:
(GINA) groups: cycle was identified) Group 1: 576 + 78
v 1:24 Group 2: 630 + 137
intermittent Group 3: 710 + 127
v 2: 56 mildly Group 4: 769 + 85
persistent After treatment (IG):
v 3:45 HFI decreased from 711 + 120
moderately before treatment to 565 + 15
persistent after inhaled corticosteroids’
v 4: 6 severely treatment p< 0.001
persistent
IG (included
above):
e n=69 (age and
gender not
reported)
e Severity
(GINA) groups:
v 2:18 mildly
persistent
v 3:45
moderately
persistent
v 4: 6 severely
persistent
Habukawa, Japan Asthma: Direct BPT: e Sensor over AS-R e Digital stethoscope e Sound conditioning unit e HFI (Hz) For all 36 participants:
2010 e n=17 (age and o methacholine e Normal breathing e Signal conditioning unit with a 40-2500 Hz band- e HFE (Hz) e Max HFI mean (615 + 220)
gender not e inhalation 2 ml o Sitting position e Sound spectrometer pass filter and the capac- greater than baseline-HFI
reported) e starting concentration e Recordings >10 s: ity to analyse sounds mean (482 + 130) p<0.001

With wheezing:

e n=4 (age and
gender not
reported)

Without asthmatic

symptoms:

e n=15 (age and
gender not
reported)

All 36

participants:

e 149223

of 49 ug/ml
doubling
concentrations for 1
min until respiratory
resistance doubles
Bronchodilatation:
esalbutamol

- Baseline
- After BPT

from 40 to 2000 Hz
o FFT
Spectrograph
HFI and HFE determined
manually.

Post-HFI mean (504 + 178)
lower than Max-HFIp<0.001
Max-HFE mean (346 + 96)
greater than baseline-HFE
mean (290 + 55) p<0.001

o After BPT- HFE mean (289 +
76) lower than Max-HFE
p<0.001
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Table 2 (continued)

Author, Year Country  Participants Intervention Data collection procedures Recording Device Data analysis Outcome measures Findings
8.2 + 3.7 years
Kondo, 2018 Japan Asthma: Treatment o Handheld microphone over e Microphone e Sampling frequency at e F99 (Hz) Baseline vs After Treatment:
e n=61:229393  (bronchodilation): AS-R e Pneumotachograph 10,240 Hz e Spectrum curve e F99: 931.6 + 268.0 vs 970.1
e 9.2 + 2.8 years e 1 time e Normal breathing o Sound spectrometer e Frequency read digitally indices: +201.3
e (2 agonist e Standing position (10,240 hz) at 10 Hz intervals Band- - A3/AT (%) e A3/AT:12.1 £1.7vs13.6 +
e procaterol 30 pg + e Recordings for >10 s: pass filter from 40 to - B4/AT (%) 1.5 p<0.001
saline 2.0 ml - Baseline 2500 Hz Spectra ob- e RPF50 (dBm/Hz) e B4/AT:7.16 £ 1.3vs 8.12 &+
- After treatment (15min) tained with Hanning o RPF75 (dBm/Hz) 1.2 p<0.001
window o RPF50:60 +1.7vs7.47 +1.8)
e FFT p<0.001
e Hanning window e RPF75:5.80 + 1.3 vs 7.00 +
Frequency content between 1.4 p<0.001
100 and 2500 Hz
Malmberg, Finland Asthma: Direct BPT: o Sensors over TR and AI-R e Air-coupled condenser e Sampling rate at 12 KHz e F50 within Chest:
1994 histamine BPT e histamine e Flow at 1-1.25 1/s microphone e Signal divided into 75-2.000 Hz (Hz) F50 Baseline
responders e increasing doses (0.025, e Sitting position e Piezoelectric contact inspiratory and e AF50i: difference
(decrease 0.1, 0.4 and 1.6 mg) e Recordings for consecutive sensor expiratory phases on inspiration e Inspiration: responders 177 +
FEV1>15%): e at intervals of 5 min 30 s (at least 10 respiratory e Pneumotachograph o Prefilter with 3rd order (Hz) 15; non-responders 164 + 14
e n=7:62 18 until drop of cycles): e 8-channel data recorder high- pass filter with a e AF50e: difference e Expiration: responders 140 +
e 12(10-14) FEV1>15% - Baseline e Analog-to-digital cut-off frequency of 50 on expiration (Hz) 8; non-responders 139 + 16
years (responders) or until the - After BPT (90 s after) convertor Hz. e ARMS:i: difference F50 After BPT

histamine BPT

non-responders

(decrease of FEV1

>15%):

e n=4: 29 238

e 12 (10-13)
years

maximum dose of
histamine was inhaled
Bronchodilatation:
e salbutamol
e 200 pug

- After SALB (15min after
salbutamol)

Inspiratory and expiratory

peak flows constant. within

the range of 1.0-1.25 1/s; all

participants were carefully

trained

High-pass filtered (digital
Kaiser-FIR filtering) with
a cut-off frequency of
100 Hz (24 dB/oct.)
Power spectrum of each
respiratory phase was
computed using the
overlapped- segment
method of Welch based
on 2048-point FFT with
Hanning window

WH detection: evaluated
during chest and trachea
auscultation + visual
examination of a
sinusoidal waveform
with a duration of more
than 200 ms

on inspiration
(Hz) (mV)
ARMSe: difference
on expiration
(Hz). (mV)

range sounds (Hz)
for WH and their
harmonics

o Inspiration: responders 194 +
17; non-responders 163 + 12
e Expiration: responders 162 +
12; non-responders 136 + 9
F50 After SALB

e Inspiration: responders 181 +
18; non-responders 169 + 27

e Expiration: responders 136 +
8; non-responders 128 + 6

e AF50i on responders:

After BPT-Baseline = —0.332 +

0.109 p=0.052

After bronchodilator-Baseline:

p<0,05

e AF50e on responders:

After BPT-Baseline = —0.706 +
0.085 p=0.001

After bronchodilator-Baseline:
p<0,01

e ARMSi on responders:

After BPT-Baseline = —0.601 +
0.354 p=0.01

After bronchodilator-Baseline:
p<0,01

eAFEV1 vs AF50: r= 0.865 f = -
0.706; p= 0.0001
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Table 2 (continued)

Author, Year Country  Participants

Intervention

Data collection procedures

Recording Device

Data analysis

Outcome measures

Findings

Asthma:
e N=64:269383
e 8.9 + 2.8 years

Nukaga,
2018

Japan

Treatment

(bronchodilation):

e 1 time

e (2 agonist

e procaterol 30 pg +
saline 2.0 ml

Microphone (handheld) over
AS-R

e Normal breathing

Standing position
Recordings for >10 s:

- Baseline

- After inhalation (15 min)

e Microphone

e Pneumotachograph

e Sound-amplifying unit for
100-2500 Hz sounds

o Sound spectrometer
(10,240 hz)

Sampling frequency at
10,240 Hz

Band-pass filter at
40-2500 Hz band-pass
filter

FFT

Spectrograph (Hanning
window)

HFI and HFE determined
manually

F50 (Hz)

e F99 (Hz)

spectrum curve

indices:

- Spectral slope
(-dBm/octave)

- A3/AT (%)

- B4/AT (%)

- P3/PT (%)

- P4/PT (%)

RPF50 (dBm/Hz)

RPF75 (dBm/Hz)

responders=> increase of 8%
in F50 r = 0.927; p= 0.003
range sounds:

- WH: 175-350

- WH harmonics 475-600
Trachea:

F50 Baseline

e Inspiration: responders 687 +
128; non-responders (568 +
209)

e Expiration: responders 710 +
110; non-responders 608 + 59

F50 After BPT

o Inspiration: responders 835 +
120; non-responders 558 +
216

e Expiration: responders 909 +
81; non-responders 568 + 133

F50 After SALB

Inspiration: responders 773 +
113; non-responders 558 +
186

Expiration: responders 781 +
57; non-responders 575 + 112
Range sounds of WH: up to
1200

e AF50e on responders:

After BPT-Baseline: p<0.001
After bronchodilator-Baseline:
p<0,01

Baseline vs after inhalation

F50: 180.8 + 86.0 vs 188.1 +
88.3 p=0.127

F99: 907.3 + 270.1 vs 953.3
+219.2 p=0.122

Slope: 24.9 + 9.7 vs 25.3 +

10.5 p=0.735

o A3/AT:12.1 +£1.9vs 13.7 £
1.6 p<0.001

e B4/AT: 7.3 +1.4vs 8.3+ 1.3
p=0.001

o P3/PT: 124 £ 2.2vs 13.0 +
3.6 p=0.243

e P4/PT:7.3 £ 1.5 vs 7.8 & 2.9
p=0.263

o RPF50:6.00 £ 1.5vs 7.2 £ 1.5
p<0.001

RPF75: 6.10 + 1.6 vs 7.80 +
2.0 p<0.001
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Table 2 (continued)

Author, Year Country  Participants Intervention Data collection procedures Recording Device Data analysis Outcome measures Findings
Pasterkamp, Canada Asthma: Direct BPT: o Sensors over TR and chest e Piezoelectric e Sampling rate at 10,240 e Power (atlow and  Responders
1997 e n=15 (no e methacholine (AS-R, AS-L, PI-R, PI-L, AI-R, accelerometers points/s High-pass filter high frequencies) Baseline
gender e starting concentration AI-L, AM-R) e Heated (1* order Butterworth, (dB)
specified) of 0,25 mg/ml e Nose clip pneumotachograph cut-off 50 Hz) and e F50 (Hz) e Power at low freq (100-200
e 12 + 2 years e doubling e Flowat 21/s e Pressure transducer amplified (200 x) e F99 (Hz) Hz):
Healthy: concentrations for 2 o Sitting position o Analog-to-digital o Low-pass filter (8" order Trachea: 53.3 (Insp); 55.6 (Exp)
e n=9 (no gender min until drop of e Recording for at least 40 s: converter Butterworth, cut-off 2.5 Chest: 47.2-52.4 (Insp);
specified) FEV1>20% - Baseline KHz) 39.0-45.0 (Exp)
e 12 + 2 years (Responders) - After BPT e Sound signals parsed in
Bronchodilatation: segments of 2048 data e Power at high freq
e salbutamol points with 50% overlap (400-20000 Hz):
e 2 times of points between Trachea: 44.6 (Insp); 49.5 (Exp)
e 200 pg successive segments. Chest: 17.1-27.9 (Insp);

Segments windowed with
Hanning function

FFT

Frequency content
between 100 and 2000
Hz.

Auditory confirmation to
confirm wheeze
detection

4.9-18.0 (Exp)

e F50:

Trachea: 463 (Insp); 566 (Exp)
Chest: 142-181 (Insp); 115-167
(Exp)

e F99:

Trachea: 1583 (Insp); 1354
(Exp)

Chest: 403-555 (Insp); 397-616
(Exp)

After BPT

e Power at low freq (100-200
Hz):

Trachea: 53.7 (Insp); 55.3 (Exp)

Chest: 43.5-49.6 (Insp);

41.7-46.7 (Exp)

e Power at high freq
(400-20000 Hz):

Trachea: 44.7 (Insp); 48.7 (Exp)

Chest: 17.4-26.2 (Insp);

9.2-22.2 (Exp)

e F50:

Trachea: 504 (Insp); 589 (Exp)
Chest: 146-202 (Insp); 126-183
(Exp)

e F99:

Trachea: 1498 (Insp); 1399
(Exp)

Chest: 413-538 (Insp); 293-833
(Exp)

Non-Responders

(continued on next page)
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Table 2 (continued)

Author, Year

Country

Participants

Intervention

Data collection procedures

Recording Device

Data analysis

Outcome measures

Findings

Baseline

e Power at low freq (100-200
Hz):

Trachea: 52.2 (Insp); 53.2 (Exp)

Chest: 48.7-53.4 (Insp);

39.7-46.6 (Exp)

e Power at high freq
(400-20000 Hz):

Trachea: 46.1 (Insp); 52.7 (Exp)

Chest: 19.9-27.8 (Insp);

6.3-20.7 (Exp)

e F50:

Trachea: 593 (Insp); 780 (Exp)
Chest: 138-179 (Insp); 125-157
(Exp)

e F99:

Trachea: 1533-1634 (Insp1354-
1477 (Exp)

Chest: 403-678 (Insp); 293-833
(Exp)

After BPT

e Power at low freq (100-200
Hz):

Trachea: 54.3 (Insp); 55.6 (Exp)

Chest: 45.3-50.7 (Insp);

41.8-47.0 (Exp)

e Power at high freq
(400-20000 Hz):

Trachea: 46.1 (Insp); 52.0 (Exp)

Chest: 19.8-26.3 (Insp);

8.7-21.6 (Exp)

e F50:

Trachea: 529 (Insp); 725 (Exp)
Chest: 151-193 (Insp); 127-168
(Exp)

e F99:

Trachea: 1533 (Insp): 1457
(Exp)

Chest: 490-626 (Insp); 314-673
(Exp)
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Table 2 (continued)

Author, Year Country  Participants Intervention Data collection procedures Recording Device Data analysis Outcome measures Findings
Sanchez, Canada Asthma: Direct BPT: o Sensor over TR and AS-R e Piezoelectric o Sampling rate at 10 kHz e F50 (Hz) Asthmatic
2001 e n=40:209203 o methacholine e Flow between 0.4 and 0.6 1/s accelerometers e High-pass filter at 7.5 Hz e F99 (Hz) Baseline
e 5.2+ 1 year e from 0,06-8 mg/m e Recording >1 min: (100-1200 Hz) (1st order Butterworth o Intensity of LFr
Healthy: e until drop of - Baseline e Pneumotachograph filter) and low-pass filter (Plow= 100-200 e F50 = 501.32 + 12.9
e n=40:229183 Ptc02>20% - After BPT at 2.5 kHz (8th order Hz) and HFr e F99 =718.50 + 12.94
e 5.6 =1 year Butterworth filter) (Phigh= e Plow = 0.000159+7e-6
e FFT (Hanning data 400-2000 Hz) e Phigh = 0.000163+7e-6
window, 1024 data bands. (dB) After BPT
points, 75% overlap)
e Frequency content e F50 =521.23 +£18.1
between 100 and 2000 e F99 = 798.68 + 31.58
Hz e Plow = 0.6509+7e-3
e Phigh = 0.6026+1e-2
Baseline < After BPT (for F50,
F99, Plow and Phigh): p<0,05
Healthy
Baseline
e F50 = 498.28 + 24.06
e F99 = 719.50 + 23
e Plow = 0.000160+1e-5
e Phigh = 0.000164+8e-6
After BPT
e F50 =539.08 + 29
e F99 = 845.13 + 45.54
e Plow = 0.6579+9e-3
S o Phigh = 0.6232+2e-2
Baseline < After BPT (for F50,
F99, Plow and Phigh): p<0,05
After BPT: Healthy > Asthmatic
(for F50, F99, PHigh): p<0,05
Séanchez, Canada Acute Treatment e Sensors over AI-R, AI-L e Piezoelectric e Sampling rate at 10 kHz e Presence of: AB group
2002 bronchiolitis (AB): (bronchodilation): e Flow between 0.1 4 0.02 1/s accelerometers e High-pass filtered at 7.5 WH,
e Nn=7628948 3 e salbutamol e Lying position (spontaneous (100-1200 Hz) Hz (1st order CR + WH o 53% with WH + 47% with CR
e 55+0.7 e usual dosage sleep) e Pneumotachograph Butterworth filter) and e Duration of WH or + WH
months e Recordings for 40 s: low-pass at 2.5 kHz (8th CR + WH (ms) e Minimum frequency: 252 +
Random subgroup - Baseline order Butterworth filter). e Minimum 10 (WH) vs 162 + 16 (CR +
of 22 participants - After bronchodilatation e Signal processing with frequency (Hz) WH) p<0.001
Recurrent (20 min) FFT (Hanning data e F50 (Hz) e WH% vs range displacement
wheezing (RW): window, 1024 data e F99 (Hz) including F50 & F99: r=0.81
e n=32:1292048 points, 75% overlap) o WH% p<0.001
e 11242 e Frequency content e Sound spectra e Sound spectra between 100
months between 100 and 1000 range (Hz) and 600Hz

Hz

Subgroup of 22 subjects

e 50% with WH + 50% with CR
+ WH

Duration: 250 £ 22 (WH) vs
35+ 11 (WH + CR) p <0.001
WH with classical harmonics
and sinusoidal wave vs WH +
CR with none p<0.001
Minimum frequency on WH:
252 + 10 vs WH + CR: 162 +
16 p <0.001
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Table 2 (continued)

Author, Year

Country  Participants

Intervention

Data collection procedures

Recording Device

Data analysis

Outcome measures

Findings

Tabata, 2018

Asthma:
e n=49:3392163
e 10.2 + 2.5 years

Japan

Direct BPT:

e methacholine

o diluted two-fold with
saline

series of 10 strengths,
from 25 mg/mL to
approximately 49 pg/
mL

until Rrs doubled the
baseline value.

e 1 time
Bronchodilatation:

e (2 agonist

Microphone (handheld) over

AS-R

Normal breathing

Standing position

Recordings for >10 s:

- Baseline

- After BPT (immediately)

- After Bronchodilatation
(15 min)

e Microphone

e Pneumotachograph

o Sound spectrometer
(10,240 hz)

Sampling frequency at
10,240 Hz

Band-pass filter at
40-2500 Hz band-pass
filter

FFT

Spectrograph (Hanning
window)

HFI and HFE determined
manually

F50 (Hz)

F99 (Hz)

spectrum curve

indices:

- Spectral slope
(-dBm/octave)

- PT (%)

- AT - A3/AT (%)

B4/AT (%)
P3/PT (%)
P4/PT (%)

RPF50 (dBm/Hz)
RPF75 (dBm/Hz)

Different response to
salbutamol between WH
participants (9/11) vs WH +
CR participants (3/11).
p<0.001

RW group

94% with WH + 6% with CR
+ WH

WH% vs range displacement
including F50 & F99: r=0.88.
p<0.001

Sound spectra between 100
and 900 Hz

After Bronchodilatation

No. of obstructive episodes in
AB participants with WH (26/
40) vs with WH + CR (8/36)
p<0.01

No. of obstructive episodes in
AB vs RW participants (30/34)
p<0.01

Baseline vs after BPT vs after
bronchodilatation:

F50: 145.6 + 30.9 vs 144.1 +
27.5 vs 139.6 + 32.80

F90: 722.3 £+ 207.0 vs 789.9
+ 294.3 vs 754.0 + 263.9
Slope: 23.7 £+ 8.9 vs 20.0 +
10.9vs 24.8 £ 11.0

PT: 146.9 + 58.3 vs 170.4 +
87.5 vs 146.3 + 76.0

AT: 5584.7 + 1341.3 vs
6377.1 & 2113.2 vs 5741.6 +
1785.4

A3/AT:12.5 + 2.2 vs 10.0 £
21vs125+27

B4/AT:7.6 £1.6 vs 5.5+ 1.6
vs 7.4+ 1.8

P3/PT: 56.8 + 15.7 vs 53.9 +
13.5vs 59.3 £ 16.0

P4/PT: 44.7 + 14.2 vs 42.4 +
12.3vs 46.9 + 14.5

RPF50: 5.8 + 1.1 vs 4.3 £ 1.3
vs 6.06 + 1.4

RPF75: 6.7 £ 1.7 vs 4.0 £ 1.4
vs 6.6 + 2.2

Significant differences:

Baseline vs after BPT: AT
(p=0,001); A3/AT (p<0,001);
B4/AT (p<0,001); RPF50
(p<0,001); RPF75 (p<0,001)
After BPT vs after
bronchodilation: P3/PT
(p=0,007); P4/PT (p=0,011);

(continued on next page)

D 39 N2UqY A

£Z000I (1202) € X :audipay Liow.ndsay



[44

Table 2 (continued)

Author, Year Country  Participants Intervention Data collection procedures Recording Device Data analysis Outcome measures Findings
AT (p=0,015); Slope (p=0,012);
A3/AT (p<0,001); B4/AT
(p<0,001); RPF50 (p<0,001);
RPF75 (p<0,001)
Baseline vs after
bronchodilation: none
Tal, 1991 United Bronchiolitis: Treatment (bronchodilation): e Sensors over AS-R or e Microphone e Sampling rate at 5120 Hz per e wheezes Before salbutamol
States of e n=16: 49 e salbutamol: PS-R or PS-L (depend- e Respiratory inductive channel waveforms administration:
America 123 e 0.03 ml of nebulized ing on participants plethysmography e Low-pass filtered with 6th- (sinusoidal or e Wheezes waveforms:
e 9.4 [1-23] solution per kilogram of comfort position) e Four-channel order Butterworth filter at complex repetitive) 14 complex repetitive
months body weight e Awake, resting on a frequency modulation 1200 Hz o WH% 1 sinusoidal
o the 0,5% nebulizer solution parent’s lap or bed instrumentation e FFT to 1024 data points at 100 e I/E ratio Before vs after salbutamol
contains 0,9% saline that is eRecordings for 10-15 s: e Analog-to-digital ms segments with 50% overlap e RR (breaths/min) administration:
added to a total volume of 2 - Baseline converter into adjacent 100 ms segments e avgFw (Hz) o7 responders: WH%: 47
ml. - After salbutamol e Loudspeakers or and Hanning window e Responders: WH + 26 vs 20 + 25
(10-15 min) headphones eSegments of 100 ms were %<2% or drop of 1/E ratio: 0.7 + 0.2 RR: 65

marked as wheezing or normal WH% > 10% + 8 vs 57 £+ 7; p<0.05
based on (1) distinct peaks in the avgFw: 230 + 5 vs 255 +
frequency domain. 101

(2) periodic waveform ©9 non-responders: WH%:

appearance in the time 31 £13vs 38 £12

domain. I/E ratio: 0.7 = 0.1 RR: 53
(3) auditory verification on + 10 vs 56 + 9 avgFw:
playback. 271 + 64 vs 206 + 21;

p<0.05

Legend: Data are presented as mean =+ standard deviation or median [interquartile range], unless otherwise stated; @-female; 3-male; A1000-area under the curve>1000Hz (dBm/Hz); A3-third area under the curve; Al -
anterior inferior; AM-anterior middle; ARS-adventitious respiratory sounds; AS - anterior superior; AT-total area under the curve of 100 Hz to the highest frequency of the of the of the dBm power spectrum; avgFw-average
peak frequency; AX-axilla; B4-forth area under the curve; BPT-bronchial provocation test; CG-control group; CORSA-computerized respiratory sounds analysis; CR-crackle; EV — energy values as an arbitrary value which
correlates with loudness; F25, F50, F75, F90, F95, F99 - frequencies of 25, 50, 75, 90, 95, 99% respectively of the spectral sound measured (Hz); FD-fractal dimension; FEV1-forced expiratory volume on the 1st second;
FFT-Fast Fourier transformation; Fmax-maximal frequency; Fmin-minimal frequency; GINA-global initiative for asthma; HF-high flow; HFr-high frequency; HFE-highest frequency on breath expiratory sounds; HFI-highest
frequency on breath inspiratory sounds; I-inferior; I/E — inspiratory/expiratory; IC-Integrated Circuit AKA Digital voice; IG-intervention group; L-left; LFr - low frequency; LF — low flow; P-power; P3-third area of power
area; P4-forth area of power area; PEF-peak expiratory flow; PI-posterior inferior; PR-power ratio; PS-posterior superior; PtcO2- transcutaneous oxygen tension; PT-total power area; R/L-right to left; RMS-root mean
square of the sound signal; RPF50 or 75-ratio power/frequency at 50 or 75% of the highest frequency of the dBm power (dBm/Hz); R-right; RR-respiratory rate; Te-expiratory time; Ti-inspiratory time; TR-trachea; WH
%-wheeze occupation rate; WH-wheeze.
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Table 3
Computerized respiratory sounds in paediatrics: controlled intervention studies (n=1).
Author, Country  Participants Intervention Data collection Recording Data analysis Outcome Findings
Year procedures Device measures
Beck, Israel Bronchiolitis: Treatment e Sensors over e Piezoelectric e Pneumotrack: e WH eWH%-Ttot:
2007 Total: with a single AX-R, AX-L, contact amplification %-Ttot After  Epinephrine  Salbutamol p
e n=27:89Q dose of: AI-R, AI-L sensors (linear x3000; band- e No. 0s 9.1+34 5.5 + 3.08 0.53
1948 1 mgr e Breathing +3 dB pass filtration CR/ 10s 547 £3.26 911+ 0.15
e 44+08 nebulized without frequency 80-4000 Hz at breath 2.52
months epinephrine crying response from 28 dB/OCT cycle 30s 7.1 +3.63 11.9+ 45 0.20
Group or 2.5 mgr e Recording 75t0 2000 Hz, e WH detection: oCR/breathing cycle:
Epinephrine: nebulized for 5 min a resonance at FFT After  Epinephrine  Salbutamol p
e n=12:49Q salbutamol. e Ambient 2.7 kHz, a CR counter 0s 1.88 + 0.59 1.74 + 0.68
83 noise — with useable range algorithm 0.42
e 49+ 0.8 an air- that extends (confirmed 10s 2.48 + 0.92 1.14 + 0.37
months coupled beyond 4 kHz)  manually by 2 0.23
Group microphone e Microphone pneumologists) 30s 2.26 £ 0.7 L1314+ 0.35
Salbutamol: placed near e PulmoTrack 0.33
e n=15:49¢ the system
1148 participant Phono
e 4+1.35 Breathing pneumograph
months activity - with
chest
impedance

consistent increase with treatments in asthmatics [59,61,68,74].

F50 ranged between 194 + 26 [52] and 521 + 18 Hz [62] in healthy
participants and between 180 + 86 [60] and 909 + 81Hz [56] in asth-
matic participants (Fig. 2).

Bronchial provocation tests increased F50 in healthy participants (up
to 40%) and those with asthma with methacholine (up to 12%) [62] and
with histamine (up to 28%) [56]. When p2-agonist was used in asth-
matic participants no significant changes were found [21,60,61,68], but
one [47] of the two [47,63] studies with bronchiolitis showed a signif-
icant increase of F50.

Sound intensities of 14.3 + 1.7 dB/oct and between —1.7 and
66.5dB/oct were detected in spectral slopes of 300-700Hz and
600-1200Hz, respectively, in healthy participants [44,46]. In asthmatic
children and children with LRTI sound intensities between 14.8 and 31.5
dB/oct [58] and —1.7 and 66.5dB/oct [46] were detected in a spectral
slope of 600-1200Hz, respectively. Asthmatic participants with
f2-agonist treatments showed a consistent increase from 0.16 to 2.18%
on power in a spectral slope of 600-1200Hz [58,60,72].

3.8. Adventitious respiratory sounds

ARS characteristics were evaluated in healthy participants [29,45,
66] and in participants with bronchiolitis [47,48,63,64], asthma [29,45,
51,53], atelectasis [40], recurrent wheezing [63], acute respiratory
infection [66] and non-specified health status [41,53]. A total of 13
studies analysed wheezes [29,40,41,45,47,48,51,53,56,57,63,64,66]
and the outcomes measures used were: wheeze occupation rate [29,48,
57,63,64], presence of wheezes [40,45,48,63,66], duration [41,47,51,
53,63] and highest [51,56,57,66,75] and lowest frequency [47,56,63].
Breathing phases (inspiration and expiration) were considered in two
studies [29,53] and only one analysed both normal and forced breathing
[51]. Pre-post bronchial provocation test was assessed in one study [45]
and pre-post treatment in three studies [40,48,57].

The presence of wheeze was detected in 11-33% of participants with
bronchiolitis [48,63], 9% of participants with acute respiratory infec-
tion [66], 0%-18.3% of healthy and asthmatic participants [45], 94% of
wheezing participants (53% in the absence of crackles and 47% in as-
sociation with crackles [63]) and in participants with atelectasis, but
quantification was not reported [40].

Wheeze occupation rate was 0% [29] in healthy participants, varied
in bronchiolitis from 47 4 26% before treatment [57] to 2 4+ 2.7% after

23

hypertonic saline nebulization [48] over the trachea and during inspi-
ration in asthmatic children from 0% to 24.7 + 25.9% [29]. For par-
ticipants with non-specified health status, these values were between
1.6 + 1.4% over the trachea and 6.1 + 4.6% over the mouth [41].

Overall, the duration of wheezes ranged from 24 ms [47,63] in
bronchiolitis to 400 ms [53] during the inspiration in asthma. Different
durations were observed, ranging from 24 to 277 ms in bronchiolitis
[47,63], from 40 [53] to 350 ms [51] in asthmatics and from 32 to 400
ms in other several respiratory conditions (e.g., cystic fibrosis, LRTI or
pre-school wheezes) [53]. In participants with non-specified health
status, duration ranged between 42 and 190 ms [41].

Frequency values of wheezes were between 146 and 335 Hz in
bronchiolitis [57,63] and between 175 and 1200 Hz over the trachea in
asthmatic participants [29,51,56]. For participants with non-specified
health status, the values were between 293 and 1033Hz [41].

Only four studies analysed crackles [40,53,63,64], but none used the
same outcome measure. Crackles were present in 6% of participants
with recurrent wheezing [63].

Respiratory physiotherapy reduced the number of crackles in par-
ticipants with atelectasis [40] by 20.8%. Duration of crackles was re-
ported in only one study and ranged between 6 and 20 ms in participants
with asthma, cystic fibrosis, LRTI and pre-school wheezes [53]. Only one
study counted crackles per breath cycle after treatment (epinephrine
and salbutamol) in bronchiolitis and 1.14 & 0.23 to 2.48 & 0.97 crackles
were reported [64].

4. Discussion

The major findings emerging from this systematic review were: i)
high heterogeneity in the procedures, outcomes and outcome measures
used to record and analyse respiratory sounds in paediatrics; ii) F50 is
the most used outcome measure for NRS and presence of wheezes and
their occupation rate (WH%) for ARS; iii) asthmatic participants showed
highest values on F50 than other populations, F50 tend to increase with
provocation test (histamine and methacholine) and decrease with
treatments (B2-agonist); iv) breath sounds intensity decrease with
bronchoconstriction; v) crackles were related to the presence of
atelectasis.
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Fig. 2. Mean and standard deviation (whenever reported) of the median frequency of the spectral sound (F50) in a) Healthy participants and in b) asthmatic
participants, Legend: A — 1 min after birth; B — 2 h after birth; C - with wheezes; D - without wheezes; 1 — GINA severity grade 1; 2 - GINA severity grade 2; 3 - GINA
severity grade 3; 4 - GINA severity grade 4; 5 — responders, at chest; 6 — non-responders, at chest; 7 — responders, at trachea; 8 — non-responders, at the trachea.
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4.1. Respiratory sound acquisition

The CORSA guidelines recommended reporting the flow rate and
type of breathing [76] since they influence respiratory sounds amplitude
and frequency [21,77-79], however, these parameters were not re-
ported in 21.5% of the included studies [29,45,48,53,54,57,80]. The
absence of reporting these parameters has been previously acknowl-
edged [81] and is strongly recommended to facilitate comparisons
across studies.

Microphones were the equipment most used to acquire respiratory
sounds in children. Despite the need of reporting the specificities of the
microphone used, this device seems to be the best option due to its high
practicability, capacity for continuous monitoring [17] and accuracy
when compared with stethoscopes [17,78]. Nevertheless, digital
stethoscopes are more available than microphones on a daily basis [53,
82,83], and may therefore be the first choice for studies conducted in
clinical settings with large samples.

The literature suggests the trachea and left and right posterior infe-
rior chest as minimum essential recording locations for lung ausculta-
tion [84]. Other recommended locations are left and right anterior
superior chest and optionally right and left axillary chest [84]. Never-
theless, only 30% of the included studies used the trachea and 12-23%
used the right/left posterior inferior chest. Moreover, 46% of the studies
used one single location.

Characteristics of respiratory sounds are affected by the dimension of
the airways but other factors such as airflow, sex and chest location
influence their production [69,81,85-87]. A variety of locations as well
as a single location [84] for acquiring the sound will hinder comparisons
across studies. A compliance to sound acquisition guidelines is strongly
recommended in future studies to allow interpretation and generaliza-
tion of respiratory sound findings.

4.2. Respiratory sound analysis

The sound bandwidth of the studies ranged from 40 Hz to 2.7 KHz.
These values include the recommended minimum limit of 60-100 Hz
and a maximum over 2 KHz for wheeze detection but may miss the
detection of other ARS, such as crackles, which can go up to 6 KHz [88,
89].

4.3. Normal respiratory sounds

Spectral slopes from 600 to 1200Hz were higher in healthy [44,46]
than asthmatic participants [58] and in these, the values consistently
increased after treatment [58,60,72]. Similar results have been found
previously in studies comparing either healthy vs. asthmatics or asth-
matic before vs. after bronchial provocation tests [90-93], corrobo-
rating the utility of this outcome measure as a bronchoconstriction
evaluation.

Another commonly reported outcome measure was the frequency of
normal respiratory sounds, F50, which, similarly to other studies [21,94,
95], showed an increase in asthmatic participants after bronchial
provocation tests [56]. Nevertheless, this significant increase was not
observed in all studies [67,72], maybe due to the fact that the frequency
content can reach higher values during a late asthmatic response than on
an early asthmatic response. It seems, therefore, that an increase of pitch
and decrease in the intensity of lung sounds is a finding of airway nar-
rowing [90,91,94]. In sum, breath sound intensity decreases and F50
increases when maximal bronchial constriction occurs.

4.4. Adventitious respiratory sounds
Wheezes were the adventitious respiratory sound most reported. In a

previous review, mostly with adults, the wheeze occupation rate seemed
to be the most promising parameter to be used as an outcome measure,
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with high/medium effect sizes (0.62-1.82), when compared with other
wheezing (timing, presence, number, frequency) and crackles variables
[96].

Overall, the duration of wheezes ranged from 24 ms [47,63] in
bronchibolitis to 400 ms [53] during inspiration in asthma. The American
Thoracic Society has set a minimum duration of 250 ms for a wheeze
[15,97], however, lower minimum values between 80 and 100 ms are
currently reported [21,98]. In this review, shorter lengths of wheezes
were found, i.e., between 24 ms in children up to 2 years [47,63] and 32
ms in children and teenagers [53]. Since the respiratory rate is higher in
younger individuals [99-101], it is likely that the duration of these
sounds within the inspiratory or expiratory phases are also shorter than
in older individuals. This difference highlights the need for adventitious
respiratory sounds reference values in paediatrics and may eventually be
not as useful as the wheeze occupation rate since their absolute length
values are age-dependent on this population.

Paediatrics are more likely to develop atelectasis than adults [102]
and the computerized analysis identified crackles that decreased after
physiotherapy using inspiratory manoeuvres in children with atelectasis
[40]. This finding corroborated that crackles presence might be related
to atelectasis [21,103-105].

5. Conclusion

Respiratory sounds show different acoustic properties in healthy
children and children with different respiratory disorders and thus may
be a useful parameter to be used in the diagnosis and monitoring of
children. However, respiratory sound acquisition procedures and anal-
ysis varied widely across studies which limited the pooling of the results
and establishment of sound patterns in children. Nevertheless, this
systematic review provides information on the most and less used pro-
tocols and outcome measures for respiratory sounds acquisition and
analysis in children. Breath sound intensity, spectral slope, the presence
of crackles the presence and occupation rate of wheezing are common
and valuable outcome measures to examine the respiratory system.

Regarding Wheezes the cut-off values for sound frequency should be,
for this population, in a range between less than 60 Hz-2000 Hz. For
wheezes the minimal lengths can be as low as 24 ms. Without reference
values indexed for different respiratory frequencies this outcome mea-
sure is not very informative and their presence or occupation rate is way
more relevant. Gradient slopes that show intensity increase as well as
breath sounds that show intensity decrease are a useful outcome mea-
sure to evaluate bronchial constriction. Crackles are useful to evaluate
atelectasis and crackles can be found on values as high as 6000 Hz.

Future studies should focus on understanding the reason for studies
not to comply with CORSA recommendations and eventually update
those guidelines, namely including paediatric specificity regarding
positioning, devices, locations and ventilation’s flow and type. Cutoff
values must be adapted to ensure adventitious sounds findings and
reference values related to ventilation’s changes due to age are
important.
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Appendix A. PRISMA 2009 checklist

Section/topic # Checklist item Reported
on page
#
TITLE
Title 1 Identify the report as a systematic review, meta-analysis, or both. cover
ABSTRACT
Structured summary 2 Provide a structured summary including, as applicable: background; objectives; data sources; study eligibility criteria, participants, \/
and interventions; study appraisal and synthesis methods; results; limitations; conclusions and implications of key findings;
systematic review registration number.
INTRODUCTION
Rationale 3 Describe the rationale for the review in the context of what is already known. 1-2
Objectives 4 Provide an explicit statement of questions being addressed with reference to participants, interventions, comparisons, outcomes,
and study design (PICOS).
METHODS
Protocol and registration 5 Indicate if a review protocol exists, if and where it can be accessed (e.g., Web address), and, if available, provide registration 2
information including registration number.
Eligibility criteria 6 Specify study characteristics (e.g., PICOS, length of follow-up) and report characteristics (e.g., years considered, language, 2
publication status) used as criteria for eligibility, giving rationale.
Information sources 7 Describe all information sources (e.g., databases with dates of coverage, contact with study authors to identify additional studies) in 2
the search and date last searched.
Search 8 Present full electronic search strategy for at least one database, including any limits used, such that it could be repeated. 2
Study selection 9 State the process for selecting studies (i.e., screening, eligibility, included in systematic review, and, if applicable, included in the 3
meta-analysis).
Data collection process 10  Describe method of data extraction from reports (e.g., piloted forms, independently, in duplicate) and any processes for obtaining 3
and confirming data from investigators.
Data items 11  List and define all variables for which data were sought (e.g., PICOS, funding sources) and any assumptions and simplifications 3
made.
Risk of bias in individual 12 Describe methods used for assessing risk of bias of individual studies (including specification of whether this was done at the study =~ 3-4
studies or outcome level), and how this information is to be used in any data synthesis.
Summary measures 13  State the principal summary measures (e.g., risk ratio, difference in means). CD
Synthesis of results 14  Describe the methods of handling data and combining results of studies, if done, including measures of consistency (e.g., 1) foreach ~ NA
meta-analysis.
Risk of bias across studies 15  Specify any assessment of risk of bias that may affect the cumulative evidence (e.g., publication bias, selective reporting within ~ NA
studies).
Additional analyses 16  Describe methods of additional analyses (e.g., sensitivity or subgroup analyses, meta-regression), if done, indicating which NA
were pre-specified.
RESULTS
Study selection 17  Give numbers of studies screened, assessed for eligibility, and included in the review, with reasons for exclusions at each stage, 4
ideally with a flow diagram.
Study characteristics 18  For each study, present characteristics for which data were extracted (e.g., study size, PICOS, follow-up period) and provide the =~ 7-21
citations.
Risk of bias within studies 19 Present data on risk of bias of each study and, if available, any outcome level assessment (see item 12). 5
Results of individual 20  For all outcomes considered (benefits or harms), present, for each study: (a) simple summary data for each intervention group ~ 7-21
studies (b) effect estimates and confidence intervals, ideally with a forest plot.
Synthesis of results 21  Present the main results of the review. If meta-analysis done, include for each, including confidence intervals and measures of =~ 5-25
consistency.
Risk of bias across studies 22 Present results of any assessment of risk of bias across studies (see Item 15). NA
Additional analysis 23 Give results of additional analyses, if done (e.g., sensitivity or subgroup analyses, meta-regression [see Item 16]). NA
DISCUSSION
Summary of evidence 24  Summarize the main findings including the strength of evidence for each main outcome; consider their relevance to key groups 25
(e.g., healthcare providers, users, and policy makers).
Limitations 25 Discuss limitations at study and outcome level (e.g., risk of bias), and at review-level (e.g., incomplete retrieval of identified 25-27
research, reporting bias).
Conclusions 26  Provide a general interpretation of the results in the context of other evidence, and implications for future research. 27
FUNDING
Funding 27  Describe sources of funding for the systematic review and other support (e.g., supply of data); role of funders for the systematic =~ NA
review.
Legend: CD=cannot determine; NA, not applicable.
Appendix B. Study quality assessment tables
Quality Assessment for Observational Cohort and Cross-Sectional Studies:
Adachi, Beck, Bokov, Ellington Faber, Gnitecki, Hidalgo, Kevat, Mazic, Murayama, Pasterkaamp, Rietveld, Sanchez, Shioya, Tinkelman, Ramanathan,
2016 2007 2016 etal, 2015 2004 1991 2017 2003 2019 1996 1999 2005 2018 1991 2020
2014
reviewer 1 2 b1 2 b12b 12D 1 2b1 2 b12b 12b12b12b 12b 12b 12b 1 2b12b 1 2b
1 YY YY YY YY Y Y Y Y YY YY YY NY YY YY YY Y Y YY Y Y
2 YY YY YY YY Y Y NN oYy NN YY YY YY YY YY Y Y NN Y Y

(continued on next page)
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(continued)

Adachi, Beck, Bokov, Ellington Faber, Gnitecki, Hidalgo, Kevat, Mazic, Murayama, Pasterkaamp, Rietveld, Sanchez, Shioya, Tinkelman, Ramanathan,

2016 2007 2016 etal, 2015 2004 1991 2017 2003 2019 1996 1999 2005 2018 1991 2020
2014

reviewer 12 b12 b12b12b 1 2b1 2 b12b 12b12b12Db 12b 12b 12b 1 2b12b 1 2b
3 ON YN YY OO Y Y CDCD ON OO0 ON OO ON (o6} 00 Y O OO Y Y
4 oY YY YY YY NRN NRY 00 NY YO YY NN NN oYy Y Y OO Y Y
5 NNA ONA NN NY N Y NN N O ON ON NN NN NN NN N N NN N Y
6 YN YN Yy ON Y O Y N oY oY YY YY [o)e] YY YY Y Y YY Y Y
7 YNA YNA OO OO Y Y CDO ON OO0 00O OO 0o Y O YY Ccbo OO Y Y
8 oYy NY NO OO0 N Y Y O 00 NY NY YY oYy YY NN N N NY O O
9 NY NY N O N O Y Y CDN N O NO NY YY YY YY NY N N OY Y Y
10 YY YY NO NO N N Y Y N O NO NN NN NN YN YY N O NN Y Y
11 NY YY YY NY Y Y NN NY NY NN NN NY NY YY Y O YO Y Y
12 oy ON OO0 OO NRO NRNR OO 00O 00 OO ON oY ON cby OO Y Y
13 YN YN YO YO Y Y NRY YO YY YO [e)e] YO NY YY Y Y NO Y Y
14 NNA NNA NN NO N O CboO NO NY NO 00 NO NY NO CDY NN CDY
Quality FF FGG GFFF FFF G GGP P PPPP PFPPPPFFF FFF GGG GGG G GGPPP G GG
Rating

Legend: b=both; Y=Yes, N"No; O=Other (CD=cannot determine; NA, not applicable; NR, not reported), F=Fair; G=Good, P=Poor. Questions: 1. Was the research
question or objective in this paper clearly stated?, 2. Was the study population clearly specified and defined?, 3. Was the participation rate of eligible persons at least
50%?, 4. Were all the subjects selected or recruited from the same or similar populations (including the same time period)? Were inclusion and exclusion criteria for
being in the study prespecified and applied uniformly to all participants?, 5. Was a sample size justification, power description, or variance and effect estimates
provided?, 6. For the analyses in this paper, were the exposure(s) of interest measured prior to the outcome(s) being measured?, 7. Was the timeframe sufficient so that
one could reasonably expect to see an association between exposure and outcome if it existed?, 8. For exposures that can vary in amount or level, did the study examine
different levels of the exposure as related to the outcome (e.g., categories of exposure, or exposure measured as continuous variable)?, 9. Were the exposure measures
(independent variables) clearly defined, valid, reliable, and implemented consistently across all study participants?, 10. Was the exposure(s) assessed more than once
over time?, 11. Were the outcome measures (dependent variables) clearly defined, valid, reliable, and implemented consistently across all study participants?, 12.
Were the outcome assessors blinded to the exposure status of participants?, 13. Was loss to follow-up after baseline 20% or less?, 14. Were key potential confounding
variables measured and adjusted statistically for their impact on the relationship between exposure(s) and outcome(s)?.

Quality Assessment Tool for Before-After (Pre-Post) Studies with No Control Group.

Enseki, Fenton, Habukawa Habukawa, Kondo, Malmberg, Nukaga, Pasterkamp, Sanchez, Sanchez, Tabata, Tal,
2019 1985 2009 2010 2018 1994 2018 1997 2001 2002 2018 1991
reviewer 1 2b 1 2b 125D 1 2 b 1 2b 1 2b 1 2b 1 2b 1 2b 1 2 b 1 2Db 125>
1 Y Y Y Y Y N Y Y y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y
2 N N N N NY N N y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y
3 N N N N OoOP CD O CD Y Y N CD O N N NR O NR NR CD O Y O
4 CK O NR O Y N Y O CD O oY Ch O NR O NR Y NR Y Ch O Y Y
5 N N N O oY Ch Y Ch Y (O 6] Ch Y NR O NR Y NR Y Ch Y O N
6 Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y N Y Y Y Y Y
7 Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y
8 NR O NR O OO0 Ch O Ch O [ONe] Ch O NR O NR O NR O Ch O OO0
9 Y Y Y Y Y Y Y Y Y Y NY Y Y Y Y Y Y N Y Y Y NY
10 Y Y N N Y Y Y Y Y Y Y'Y Y Y Y Y Y Y Y O Y Y Y Y
11 N N N N N N N N N N N N N N N N N N N Y N N N N
12 N O N O NY N N N N N N N N N N N N N Y N N NY
Quality Rating F F F F F F F F F F F F F GF F F F F GF F F F F GG F F F F GF FFF

Legend: b=both; Y=Yes, N"No; O=Other (CD=cannot determine; NA, not applicable; NR, not reported), F=Fair; G=Good, P=Poor. Questions: 1. Was the study
question or objective clearly stated?; 2. Were eligibility/selection criteria for the study population prespecified and clearly described?; 3. Were the participants in the
study representative of those who would be eligible for the test/service/intervention in the general or clinical population of interest?; 4. Were all eligible participants
that met the prespecified entry criteria enrolled?; 5. Was the sample size sufficiently large to provide confidence in the findings?; 6. Was the test/service/intervention
clearly described and delivered consistently across the study population?; 7. Were the outcome measures prespecified, clearly defined, valid, reliable, and assessed
consistently across all study participants?; 8. Were the people assessing the outcomes blinded to the participants’ exposures/interventions?;9. Was the loss to follow-up
after baseline 20% or less? Were those lost to follow-up accounted for in the analysis?; 10. Did the statistical methods examine changes in outcome measures from
before to after the intervention? Were statistical tests done that provided p values for the pre-to-post changes?; 11. Were outcome measures of interest taken multiple
times before the intervention and multiple times after the intervention (i.e., did they use an interrupted time-series design)?; 12. If the intervention was conducted at a
group level (e.g., a whole hospital, a community, etc.) did the statistical analysis take into account the use of individual-level data to determine effects at the group
level?;

Beck, 2007
reviewer 1 2 both
1 Y Y
2 CD N
3 Y Y
4 Y Y
5 Y Y
6 N Y
7 Y Y

(continued on next page)
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(continued)
Beck, 2007
reviewer 1 2 both
8 Y Y
9 N NA
10 N CD
11 Y Y
12 N N
13 NA Y
14 N Y
Quality Rating G G G

Quality Assessment Tool for Randomized Controlled-Trial.

Legend: b=both; Y=Yes, N—No; O=Other (CD=cannot determine; NA, not applicable; NR, not reported), F=Fair; G=Good, P=Poor. Questions: 1.
Was the study described as randomized, a randomized trial, a randomized clinical trial, or an RCT?; 2. Was the method of randomization adequate (i.
e., use of randomly generated assignment)?; 3. Was the treatment allocation concealed (so that assignments could not be predicted)?; 4. Were study
participants and providers blinded to treatment group assignment?; 5. Were the people assessing the outcomes blinded to the participants’ group
assignments?; 6. Were the groups similar at baseline on important characteristics that could affect outcomes (e.g., demographics, risk factors, co-
morbid conditions)?; 7. Was the overall drop-out rate from the study at endpoint 20% or lower of the number allocated to treatment?; 8. Was the
differential drop-out rate (between treatment groups) at endpoint 15 percentage points or lower?; 9. Was there high adherence to the intervention
protocols for each treatment group?; 10. Were other interventions avoided or similar in the groups (e.g., similar background treatments)?; 11. Were
outcomes assessed using valid and reliable measures, implemented consistently across all study participants?; 12. Did the authors report that the
sample size was sufficiently large to be able to detect a difference in the main outcome between groups with at least 80% power?; 13. Were outcomes
reported or subgroups analysed prespecified (i.e., identified before analyses were conducted)?; 14. Were all randomized participants analysed in the
group to which they were originally assigned, i.e., did they use an intention-to-treat analysis?
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Appendix C. Supplementary Tables

Table A

Synthesis of normal respiratory sound measurements (n=15).

Health Autor, Year Location F50 (Hz) F99 (Hz) P low Freq P high Freq Spectral RPF50 RPF75 A3/AT
Status (dB) at (dB) at slope on
100-200 Hz 200-400Hz) 600-1200
Hz (dB/
oct)
Healthy Sanchez, AS-R + TR Baseline 501,32 + 718,50 + 0,000159+7°  0,000163+77°
2001 12,9 12,94 (at 400-2000
Hz)
After BPT 521,23+ 798,68+  0,6509+7 3 0,6026+17 (at
18,1 31,58 400-2000 Hz)
Hidalgo, AS-R inspiration 194 + 26
1991 (Median) 195
Pasterkamp, Infants (1 +
1996 0,5 days)
at low flow inspiration + 17.7 £3.9
breathing expiration (300-700
Hz)
Children (7
+ 0,8 years)
at low flow  inspiration + 17.2+ 1.7
breathing expiration (300-700
Hz)
at high flow inspiration + 143+ 1.7
breathing expiration (300-700
Hz)
Ramanathan, Anteriorand 1 min after
2020 posterior vaginal delivery
right lung caesarean section
combined 314 £ 50 0,27 + 0,11 0,48
[0,39-0,56]
2 h after vaginal
delivery
caesarean section
combined 284 + 68 0,37 £ 0,15 0,38
[0,29-0,48]
Tinkelmann, PI-R all 461 + 114
1991 2 years old 476 + 88
3 years old 459 + 119
4 years old 451 + 120
5 years old 468 + 140
6 years old 450 + 93

with wheezing

28

(continued on next page)



V. Abreu et al.

Table A (continued)

Respiratory Medicine: X 3 (2021) 100027

Health Autor, Year Location F50 (Hz) F99 (Hz) P low Freq P high Freq Spectral RPF50 RPF75 A3/AT
Status (dB) at (dB) at slope on
100-200 Hz 200-400Hz) 600-1200
Hz (dB/
oct)
1867 +
1006
Shioya, 2018  AS-R wheezing 690 [260, 26.3[3.1, 6.7 6.9 12.7
(median [range]) 1260] 57.9] [2.1, [1.8, [5.4,
14.3] 17.0] 19.9]
no wheezing 675 [280, 27.7 [-1.7, 6.3 6.6 12.4
1460] 66.5 [2.3, [2.5, [7.0,
18.8 18.1 20.1]
RSV 900 [400, 27.0 7.1 6.6 12.4
1340] [14.5, [3.0, [1.8, [7.2,
54.5] 11.2] 18.0] 20.1]
no RSV 670 [260, 271117, 7.1 6.6 125
1460] 66.5] [3.0, [1.8, [5.4,
11.2] 18.0] 19.9
hospitalization 815 [370, 27.0 6.8 5.8 11.1
1260] [19.6, [5.1, [5.6, [7.2,
33.8] 7.71 7.4] 12.0]
no hospitalization 680 [260, 27.1[-1.7, 6.4 6.7 12.6
1460] 66.5 [2.1, [1.8, [5.4,
18.7] 18.0] 20.1]
allergy 720 [380, 31.5 7.7 8.0 12.1
970] [20.9, [4.1, [4.3, [9.9,
64.9] 12.9] 14.1] 16.7]
no allergy 680 [260, 26.7 [1.7, 6.3 6.5 12.5
1460 66.5] [2.1, [1.8, [5.4,
18.8 18.0] 20.1]
atopic dermatitis 730 [350, 30.8 [3.9, 7.6 8.0 12.3
1130] 66.5] [3.2, [3.4, [8.0,
16.5] 18.0] 17.0]
no atopic 670 [260, 26.7 [-1.7, 6.2 6.5 12.6
dermatitis 1460] 66.4] [2.1, [1.8, [5.4,
18.71 17.4] 20.1]
family history 700 [280, 27.0 [-1.7, 6.4 6.9 12.7
1340] 66.5] [2.1, [2.5, [7.0,
16.2] 18.0] 20.1]
no family history 640 [260, 27.2[-1.7, 6.4 6.3 11.9
1460] 66.4] [2.3, [1.8, [5.4,
18.71 16.8 19.0]
Asthma Sanchez, AS-R + TR Baseline 498,28 + 719,50 + 0,000160+1">  0,000164+87°
2001 24,06 23,0
After BPT 539,08 + 845,13 + 0,6579:&9’3 0,6232:&2’2
29,0 45,54
Habukawa, AS-R Expiration 499 + 115
2009 Inspiration 666 + 131
Insp on grade 1 576 + 78
GINA
Insp on grade 2 630 + 137
GINA
Insp on grade 3 710 £+ 127
GINA
Insp on grade 4 769 + 85
GINA
Malmberg, AI-R PRE-BPT - 177 £ 15
1994 (responders inspiration vs 164 +
Vs non 14
responders)  PRE-BPT - 140 + 8 vs
expiration 139 + 16
POST-BPT - 194 + 17
inspiration vs 163 +
12
POST-BPT - 162 + 12
expiration vs 136 + 9
POST-SALB - 181 +£18
inspiration vs 169 +
27
POST-SALB - 136 £ 8 vs
expiration 128 + 6
TR PRE-BPT - 687 + 128
(responders  inspiration vs 568 +
Vs non 209
responders)  PRE-BPT -
expiration
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Table A (continued)

Health Autor, Year Location F50 (Hz) F99 (Hz) P low Freq P high Freq Spectral RPF50 RPF75 A3/AT
Status (dB) at (dB) at slope on
100-200 Hz 200-400Hz) 600-1200
Hz (dB/
oct)
710 £ 110
vs 608 +
59
POST-BPT - 835 + 120
inspiration vs 558 +
216
POST-BPT - 909 + 81
expiration vs 568 +
133
POST-SALB - 773 £ 113
inspiration vs 558 +
186
POST-SALB - 781 + 57
expiration vs 575 +
112
Tinkelman wheezing 1811 +
1991 1125
Kondo, 2018 AS-R baseline 931.6 + 6.00 + 5.80 + 12.1 +
268.0 1.7 1.3 1.7
after treatment 970.1 + 7.47 + 7.00 + 13.6 +
201.3 1.8 1.4 1.5
Nukaga, 2018 AS-R baseline 180.8 + 86 907.3 + 249 +9.7 6.00 + 6.10 + 12.1 +
270.1 1.5 1.6 1.9
after treatment 188.1 + 953.3 + 253 + 7.2+ 7.80 + 13.7 £
88.3 219.2 10.5 1.5 2.0 1.6
Enseki, 2019 AS-R baseline (median 140 [110, 950 [380, 23.4 6.0 4.2
[range]) 170] 1310] [14.8, [2.3, [3.1,
31.5] 8.1] —I
after treatment 160 [120, 1080 [620, 28.5 6.9 7.3
190] 1290] [19.7, [4.9, [6.7,
29.2] 9.2] 8.2]
Tabata, 2018  AS-R baseline 145.6 + 23.7+£89 58+ 6.7 + 12,5 +
30.9 1.1 1.7 2.2
after BPT 144.1 + 20.0 + 4.3 + 4.0 + 10.0 +
27.5 10.9 1.3 1.4 2.1
after 139.6 + 24.8 + 6.06 + 6.6 + 12,5 +
bronchodilatation  32.80 11.0 1.4 2.2 2.7
Healthy + Pasterkamp, TR After MCh Non Non Non Non responders
Asthma 1997 responders  responders  responders
Insp: 529 Insp: 1533 Insp: 54,3 Insp: 46,1
Exp: 725 Exp: 1457 Exp: 55,6 Exp: 52,0
Responders  Responders  Responders Responders
Insp: 504 Insp: 1634 Insp: 53,7 Insp: 44,7
Exp: 589 Exp: 1477 Exp: 55,3 Exp: 48,7
Chest (AS-R, Non Non Non Non responders
AS-L, PI-R, responders  responders  responders
PI-L, AI-R, Insp: 151- Insp: 490- Insp: Insp: 19,8-26,3
AI-L, AR) 193 626 45,3-50,7
Exp: 127- Exp: 314- Exp: 41,8-47,0 Exp: 8,7-21,6
168 673
Responders Responders Responders Responders
Insp: 146- Insp: 573- Insp: Insp: 17,4-26,2
202 678 45,3-49,6
Exp: 126- Exp: 383- Exp: 41,7-47,6  Exp: 9,2-22,2
183 581
TR Baseline Non Non Non Non responders
responders  responders  responders
Insp: 593 Insp:1498 Insp: 52,2 Insp: 46,1
Exp: 780 Exp: 1399 Exp: 53,2 Exp: 52,7
Responders  Responders  Responders Responders
Insp: 463 Insp: 1583  Insp: 53,3 Insp: 44,6
Exp: 566 Exp: 1354 Exp: 55,6 Exp: 49,5
Chest (AS-R, Non Non Non Non responders
AS-L, PI-R, responders  responders  responders
PI-L, AI-R, Insp: 138- Insp: 406- Insp: Insp: 19,9-27,8
AI-L, AR) 179 538 48,7-53,4
Exp: 125- Exp: 293- Exp: 39,7-46,6  Exp: 6,3-20,7
157 833
Responders Responders Responders Responders
Insp:142- Insp: 403- Insp: Insp: 17,1-27,9
181 555 47,2-52,4

Exp: 39,0-45,0 Exp: 4,9-18,0

(continued on next page)
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Health Autor, Year Location F50 (Hz) F99 (Hz) P low Freq P high Freq Spectral RPF50 RPF75 A3/AT
Status (dB) at (dB) at slope on
100-200 Hz 200-400Hz) 600-1200
Hz (dB/
oct)
Exp: 115- Exp: 397-
167 616
Bronchiolitis  Sanchez, AI-R, AI-L 100-800
2005
7 days post Shioya, 2018  AS-R All participants Median Median Median  Median  Median
LRTI range: 640 range: 6,3  range: range: range:
to 900 to 13,5 6.2 to 5.8 to 11.1 to
7.7 8.0 12.7
wheezing vs not 690 [260, 6.4 [2.1, 6.7 6.9 12.7
median [range] 1260] vs 16.2] vs [2.1, [1.8, [5.4,
675 [280, 6.4 [2.3, 14.3]vs 17.0]vs 19.9] vs
1460] 18.71 6.3 6.6 12.4
[2.3, [2.5, [7.0,
18.7 18.0] 20.1]
RSv vs not 900 [400, 27.0 7.1 6.4 12.4
1340] vs [14.5, [3.0, [3.4, [7.2,
670 [260, 54.5] vs 11.2] vs 14.2]vs 20.1] vs
1460] 271 [-1.7, 6.4 6.6 12.5
66.5] [2.1, [1.8, [5.4,
18.7] 18.0] 19.9]
hospitalization vs 815 [370, 27.0 6.8 5.8 11.1
not 1260] vs [19.6, [5.1, [5.6, [7.2,
680 [260, 33.8] vs 7.71 vs 7.4] vs 12.0] vs
1460] 271 [-1.7, 6.4 6.7 12.6
66.5] [2.1, [1.8, [5.4,
18.7] 18.0] 20.1]
allergy vs not 720 [380, 315 7.7 8.0 121
970] vs 680 [20.9, [4.1, [4.3, [9.9,
[260, 1460 64.9] vs 129]vs 14.1]vs 16.7]vs
26.7 [[1.7, 6.3 6.5 12.5
66.5] [2.1, [1.8, [5.4,
18.71 18.0] 20.1
atopic dermatitis 730 [350, 30.8 [3.9, 7.6 8.0 12.3
Vs not 1130] vs 66.5] vs [3.2, [3.4, [8.0,
670 [260, 26.7 [[1.7, 16.5]vs 18.0]vs 17.0] vs
1460] 66.4] 6.2 6.5 12.6
[2.1, [1.8, [5.4,
18.71 17.4] 20.1]
family history vs 700 [280, 27.0 [-1.7, 6.4 6.9 12.7
not 1340] vs 66.5] vs [2.1, [2.5, [7.0,
640 [260, 27.2[-1.7, 16.2]vs 18.0]vs 20.1]vs
1460] 66.4] 6.4 6.3 11.9
[2.3, [1.8, [5.4,
18.7] 16.8] 19.0]

Legend: Data is presented as mean =+ standard deviation or median [interquartile range], unless otherwise stated; AI - anterior inferior; AM-anterior middle; AS -
anterior superior; AX-axilla; A3-third area under the curve; AT-total area under the curve of 100 Hz to the highest frequency of the of the of the dBm power spectrum;
BPT-bronchial provocation test; CG-control group; CR-crackle; F50, F99 - frequencies of 50, 99% respectively of the spectral sound measured (Hz); Freq-frequency;
GINA-global initiative for asthma; IG-intervention group; L-left; MCh-methacholine challenge; P-power; PI-posterior inferior; PS-posterior superior;; R-right; R/L-
right to left; RPF50 or 75-ratio power/frequency at 50 or 75% of the highest frequency of the dBm power (dBm/Hz); R-right; RSV-respiratory syncytial virus; TR-
trachea; SALB-salbutamol.

Table B

Synthesis of adventitious respiratory sound - wheezes measurements (n=12).

Health Status Author Year Location Timing Presence of WH% Lowest Freq Higher Freq of Duration of
wheezes of WH (Hz) WH (Hz) WH (ms)
Healthy Fenton 1985 TR Inspiratory 0.0 £ 0.0
Expiratory 0.0 + 0.0
Murayama AS-R Both 1.6%
2019
Bronchiolitis Beck 2007 AX-R, AX-L, AI-  Total 5.47 £ 3.26 to
R, AI-L 11.9 + 4.50
Sanchez AI-R, AI-L Sinusoidal WH 252 £ 10 250 + 22
2005 Complex WH 162 + 16 35+11
Faber 2015 TR, AS-R, AS-L, Pre nebulization 33% 3.4 + 3.84
AI-R, AI-L Post nebulization 18% 2.0 £+ 2.7499
Sanchez AI-R, AI-L WH 11% 53% 252 + 10 250 + 22
2002 CR + WH 11% 47% 162 + 16 35+11
Tal 1991
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Health Status Author Year Location Timing Presence of WH% Lowest Freq Higher Freq of Duration of
wheezes of WH (Hz) WH (Hz) WH (ms)
AS-R or PS-R or AWH% > 10% (pre- 47 + 26% to 230 + 5 to 255
PS-L post salbutamol) 20 + 25% +1
AWH% < 10% (pre- 31% + 13%-— 271 + 64 to
post salbutamol) 38% + 12% 206 + 21
Asthma Fenton 1985 TR Inspiration 0to24.7 £ 630 + 80
25.9
Expiration 0to21.6 £ 630 + 110
25.3
Mazic 2003 TR, AI-R normal breathing 400 100
(NB)
forced breathing (FB) 352.5 + 82.3 200 + 93.5
[250;460] [100;350]
normal and forced 380 + 0.0 250 + 0.0
breathing (FB)
Malmberg AI-R, AI-L 175 350
1994 TR 1200
Healthy + Asthma Rietveld TR PEF >20% 18.30%
1999 PEF<20% 6.60%
no decrease on PEF 0%
Recurrent wheezing Sanchez AI-R, AI-L only WH 94%
2002 WH and CR 6%
Non-specified health Bokov 2016 Mouth with WH 4.6 + 3.1 151 + 39
status without WH 6.1 +£4.6 148 + 32
TR with WH 1.6 £1.4 95 + 40
without WH 2.2+27 90 + 48
Atelectasis Adachi 2016 AS-R, AS-L Pre-Post RPT —7 (53.8%)
Asthma, CF, LRTI or Kevat 2017 PS-R, PS-L, PI- inspiratory 190 (40;400)
pre-school wheezes R, PI-L expiratory 290 (310;120)
Murayama AS-R Both 8.7%
2019

Legend: Data is presented as mean =+ standard deviation or median [interquartile range], unless otherwise stated; Al - anterior inferior; AM-anterior middle; AS -
anterior superior; AX-axilla; BPT-bronchial provocation test; CG-control group; CR-crackle; F50 - frequencies of 50% of the spectral sound measured (Hz); Freq-
frequency; IG-intervention group; L-left; MCh-methacholine challenge; P-power; PI-posterior inferior; PS-posterior superior; R-right; R/L-right to left; RPF50 or 75-
ratio power/frequency at 50 or 75% of the highest frequency of the dBm power (dBm/Hz); RPT-respiratory physical therapy; RSV-respiratory syncytial virus; TR-

trachea; WH%-wheeze occupation rate; WH-wheeze.

Table C
Synthesis of adventitious respiratory sound - crackles measurements (n=4).

Health Status Author, Year Location Situation Presence of crackles  N° of Crackles per breath cycle Duration (ms)

Bronchiolitis Beck 2007 AX-R, AX-L, AI-R, AI-L.  Per breath cycle 1.14 + 0.23 to 2.48 + 0.97

Right middle lobe atelectasis Adachi 2016 AS-R, AS-L Pre-Post RPT —4 (30.8%)

Asthma, CF, LRTI or pre-school Kevat 2017 PS-R, PS-L, PI-R, PI-L 10 to 15 (6-20)
wheezes

Recurrent wheezing Sanchez 2002 AI-R, AI-L WH and CR 6%

Legend: Data is presented as mean =+ standard deviation or median [interquartile range], unless otherwise stated; Al - anterior inferior; AM-anterior middle; AS -
anterior superior; AX-axilla; CR-crackle; L-left; PI-posterior inferior; PS-posterior superior; R-right; R/L-right to left; RPT-respiratory physical therapy; WH-wheeze.

References

[1] D.U.T.C.H. The, Paediatric respiratory diseases, in: European Respiratory Society,
European Lung Foundation, The European Lung White Book, 2012, pp. 184-195,
https://doi.org/10.1007/978-88-470-2135-8_9.

[2] S. Leader, K. Kohlhase, Recent trends in severe respiratory syncytial virus (RSV)

among US infants, 1997 to 2000, J. Pediatr. 143 (2003) 127-132, https://doi.

org/10.1067,/50022-3476(03)00510-9.

R. Keren, Prioritization of comparative effectiveness research topics in hospital

pediatrics, Arch. Pediatr. Adolesc. Med. 166 (2012) 1155, https://doi.org/

10.1001/archpediatrics.2012.1266.

P. Christopher, J.L. Murray, Global, regional, and national life expectancy, all-

cause mortality, and cause-specific mortality for 249 causes of death, 1980-2015:

a systematic analysis for the Global Burden of Disease Study 2015, Lancet 388

(2016) 1459-1544, https://doi.org/10.1016/50140-6736(16)31012-1.

[5] J. Groothuis, J. Bauman, F. Malinoski, M. Eggleston, Strategies for prevention of
RSV nosocomial infection, J. Perinatol. : Official Journal of the California
Perinatal Association 28 (2008) 319-323, https://doi.org/10.1038/jp.2008.37.

[6] H. Nair, E.A. Simoes, I. Rudan, B.D. Gessner, E. Azziz-Baumgartner, J.S.F. Zhang,
D.R. Feikin, G.A. Mackenzie, J.C. Moiisi, A. Roca, H.C. Baggett, S.M. Zaman, R.
J. Singleton, M.G. Lucero, A. Chandran, A. Gentile, C. Cohen, A. Krishnan, Z.
A. Bhutta, A. Arguedas, A.W. Clara, A.L. Andrade, M. Ope, R.O. Ruvinsky,

M. Hortal, J.P. McCracken, S.A. Madhi, N. Bruce, S.A. Qazi, S.S. Morris, S. El
Arifeen, M.W. Weber, J.A.G. Scott, W.A. Brooks, R.F. Breiman, H. Campbell,

[3]

[4

=

Severe Acute Lower Respiratory Infections Working Group, Global and regional
burden of hospital admissions for severe acute lower respiratory infections in
young children in 2010: a systematic analysis, Lancet 381 (2013) 1380-1390,
https://doi.org/10.1016/50140-6736(12)61901-1.

S. Geoghegan, A. Erviti, M.T. Caballero, F. Vallone, S.M. Zanone, J.V. Losada,
A. Bianchi, P.L. Acosta, L.B. Talarico, A. Ferretti, L.A. Grimaldi, A. Sancilio,

K. Duenas, G. Sastre, A. Rodriguez, F. Ferrero, E. Barboza, G.F. Gago, C. Nocito,
E. Flamenco, A.R. Perez, B. Rebec, F.M. Ferolla, R. Libster, R.A. Karron, E. Bergel,
F.P. Polack, Mortality due to respiratory syncytial virus. Burden and risk factors,
Am. J. Respir. Crit. Care Med. 195 (2017) 96-103, https://doi.org/10.1164/
rcem.201603-06580C.

Scottish Intercollegiate Guidelines Network, Bronchiolitis in Children, A national
clinical guideline., Edinburgh, 2006, 978 1 905813 54 4.

[9] A.M. Pirret, S.J. Neville, S.J. La Grow, Nurse practitioners versus doctors
diagnostic reasoning in a complex case presentation to an acute tertiary hospital:
a comparative study, Int. J. Nurs. Stud. 52 (2015) 716-726, https://doi.org/
10.1016/j.ijnurstu.2014.08.009.

H.Q. Nguyen, D. Donesky, L.F. Reinke, S. Wolpin, L. Chyall, J.O. Benditt, S.

M. Paul, V. Carrieri-Kohlman, Internet-based dyspnea self-management support
for patients with chronic obstructive pulmonary disease, J. Pain Symptom Manag.
46 (2013) 43-55, https://doi.org/10.1016/j.jpainsymman.2012.06.015.

W.C. Bordley, M. Viswanathan, V.J. King, S.F. Sutton, A.M. Jackman, L. Sterling,
K.N. Lohr, Diagnosis and testing in bronchiolitis: a systematic review, Arch.
Pediatr. Adolesc. Med. 158 (2004) 119-126, https://doi.org/10.1001/
archpedi.158.2.119.

[7

8

[10]

[11]

32


https://doi.org/10.1007/978-88-470-2135-8_9
https://doi.org/10.1067/S0022-3476(03)00510-9
https://doi.org/10.1067/S0022-3476(03)00510-9
https://doi.org/10.1001/archpediatrics.2012.1266
https://doi.org/10.1001/archpediatrics.2012.1266
https://doi.org/10.1016/S0140-6736(16)31012-1
https://doi.org/10.1038/jp.2008.37
https://doi.org/10.1016/S0140-6736(12)61901-1
https://doi.org/10.1164/rccm.201603-0658OC
https://doi.org/10.1164/rccm.201603-0658OC
http://refhub.elsevier.com/S2590-1435(21)00002-6/sref8
http://refhub.elsevier.com/S2590-1435(21)00002-6/sref8
https://doi.org/10.1016/j.ijnurstu.2014.08.009
https://doi.org/10.1016/j.ijnurstu.2014.08.009
https://doi.org/10.1016/j.jpainsymman.2012.06.015
https://doi.org/10.1001/archpedi.158.2.119
https://doi.org/10.1001/archpedi.158.2.119

V. Abreu et al.

[12]

[13]

[14]

[15]

[16]

[17]

[18]
[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

S.L. Ralston, A.S. Lieberthal, H.C. Meissner, B.K. Alverson, J.E. Baley, A.

M. Gadomski, D.W. Johnson, M.J. Light, N.F. Maraqa, E.A. Mendonca, K.

J. Phelan, J.J. Zorc, D. Stanko-Lopp, M.A. Brown, I. Nathanson, E. Rosenblum,
S. Sayles, S. Hernandez-Cancio, American academy of pediatrics, clinical practice
guideline: the diagnosis, management, and prevention of bronchiolitis, Pediatrics
134 (2014) e1474, https://doi.org/10.1542/peds.2014-2742. —e1502.

S. House, S. Ralston, Diagnosis, prevention, and management of bronchiolitis in
children: review of current controversies, Minerva Pediatr. 69 (2017) 141-155,
https://doi.org/10.23736/50026-4946.16.04865-9.

AM.Y. Cao, J.P. Choy, L.N. Mohanakrishnan, R.F. Bain, M.L. van Driel, Chest
radiographs for acute lower respiratory tract infections, in: L.N. Mohanakrishnan
(Ed.), Cochrane Database of Systematic Reviews, John Wiley & Sons, Ltd,
Chichester, UK, 2013, p. CD009119, https://doi.org/10.1002/14651858.
CD009119.pub2.

M. Sarkar, I. Madabhavi, N. Niranjan, M. Dogra, S. Malay, M. Irappa,

N. Narasimhalu, D. Megha, Auscultation of the respiratory system, Ann. Thorac.
Med. 10 (2015) 158-168, https://doi.org/10.4103/1817-1737.160831.

A.R.A. Sovijarvi, L.P. Malmberg, G. Charbonneau, J. Vanderschoot, F. Dalmasso,
C. Sacco, M. Rossi, J.E. Earis, Characteristics of breath sounds and adventitious
respiratory sounds, Eur. Respir. Rev. 10 (2000) 591-596.

R.X.A. Pramono, S. Bowyer, E. Rodriguez-Villegas, Automatic adventitious
respiratory sound analysis: a systematic review, PLoS One 12 (2017), e0177926,
https://doi.org/10.1371/journal.pone.0177926.

R.G. Loudon, R.L.H. Murphy, Lung sounds, in: R. Crystal, J. West, E. Al (Eds.), The
Lung: Scientific Foundation, Lippincort, Raven, Philadelphia, 1997.

P. Forgacs, Crackles and wheezes, Lancet 2 (1967) 203-205, https://doi.org/
10.1016/s0140-6736(67)92038-7.

R.L.H. Murphy, S.K. Holford, W.C. Knowler, Visual lung-sound characterization
by time-expanded wave-form analysis, N. Engl. J. Med. 296 (1977) 968-971,
https://doi.org/10.1056/NEJM197704282961704.

H. Pasterkamp, S.S. Kraman, G.R. Wodicka, Respiratory sounds. Advances beyond
the stethoscope, Am. J. Respir. Crit. Care Med. 156 (1997) 974-987, https://doi.
org/10.1164/ajrccm.156.3.9701115.

A. Bohadana, G. Izbicki, S.S. Kraman, Fundamentals of lung auscultation, N. Engl.
J. Med. 370 (2014) 744-751, https://doi.org/10.1056/NEJMral302901.

H.E. Elphick, Validity and reliability of acoustic analysis of respiratory sounds in
infants, Arch. Dis. Child. 89 (2004) 1059-1063, https://doi.org/10.1136/
adc.2003.046458.

D. Brooks, J. Thomas, Interrater reliability of auscultation of breath sounds
among physical therapists, Phys. Ther. 75 (1995) 1082-1088.

R.L. Murphy, A. Vyshedskiy, V. Power, D. Bana, P. Marinelli, A. Wong-Tse,

R. Paciej, Automated lung sound analysis in patients with pneumonia, Respir.
Care 49 (2004) 1490-1497, https://doi.org/10.1378/chest.124.4_
MeetingAbstracts.190S-b.

R.J. Adolph, In defense of the stethoscope, Chest 114 (1998) 1235-1237, https://
doi.org/10.1378/chest.114.5.1235.

S. Reichert, R. Gass, C. Brandt, E. Andres, Analysis of respiratory sounds: state of
the art, clinical medicine. Circulatory, Respiratory and Pulmonary Medicine 2
(2008), https://doi.org/10.4137/CCRPM.S530. CCRPM.S530.

H. Pasterkamp, W. Wiebicke, R. Fenton, Subjective assessment vs computer
analysis of wheezing in asthma, CHEST Journal 91 (1987) 376, https://doi.org/
10.1378/chest.91.3.376.

T.R. Fenton, H. Pasterkamp, A. Tal, V. Chernick, Automated spectral
characterization of wheezing in asthmatic children, IEEE Transactions on
Biomedical Engineering. BME 32 (1985) 50-55, https://doi.org/10.1109/
TBME.1985.325616.

H. Pasterkamp, P.L. Brand, M. Everard, L. Garcia-Marcos, H. Melbye, K.N. Priftis,
Towards the standardisation of lung sound nomenclature, Eur. Respir. J. 47
(2016) 724-732, https://doi.org/10.1183/13993003.01132-2015.

A.R.A. Sovijarvi, F. Dalmasso, J. Vanderschoot, L.P. Malmberg, G. Righini, S.A.
T. Stoneman, Definition of terms for applications of respiratory sounds, Eur.
Respir. Rev. 10 (2000) 597-610.

A. Gurung, C.G. Scrafford, J.M. Tielsch, O.S. Levine, W. Checkley, Computerized
lung sound analysis as diagnostic aid for the detection of abnormal lung sounds: a
systematic review and meta-analysis, Respir. Med. 105 (2011) 1396-1403,
https://doi.org/10.1016/j.rmed.2011.05.007.

A. Lakhe, 1. Sodhi, J. Warrier, V. Sinha, Development of digital stethoscope for
telemedicine, J. Med. Eng. Technol. 40 (2016) 20-24, https://doi.org/10.3109/
03091902.2015.1116633.

A. Liberati, D.G. Altman, J. Tetzlaff, C. Mulrow, P.C. Ggtzsche, J.P.A. Ioannidis,
M. Clarke, P.J. Devereaux, J. Kleijnen, D. Moher, The PRISMA statement for
reporting systematic reviews and meta-analyses of studies that evaluate health
care interventions: explanation and elaboration, J. Clin. Epidemiol. 62 (2009),
https://doi.org/10.1016/j.jclinepi.2009.06.006 el-e34.

A.M. Methley, S. Campbell, C. Chew-Graham, R. McNally, S. Cheraghi-Sohi,
PICO, PICOS and SPIDER: a comparison study of specificity and sensitivity in
three search tools for qualitative systematic reviews, BMC Health Serv. Res. 14
(2014) 579, https://doi.org/10.1186/5s12913-014-0579-0.

National Heart Lung and Blood Institute, Study Quality Assessment Tools,
Natonal Institutes of Health, 2018, 1-35, https://www.nhlbi.nih.gov/health-topi
cs/study-quality-assessment-tools. (Accessed 25 May 2016). accessed.

J.R. Landis, G.G. Koch, The measurement of observer agreement for categorical
data, Biometrics 33 (1977) 159-174.

M.L. McHugh, Interrater reliability: the kappa statistic, Biochem. Med. 22 (2012)
276.

33

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

Respiratory Medicine: X 3 (2021) 100027

A. Liberati, D.G. Altman, J. Tetzlaff, C. Mulrow, P.C. Gotzsche, J.P.A. Ioannidis,
M. Clarke, P.J. Devereaux, J. Kleijnen, D. Moher, The PRISMA statement for
reporting systematic reviews and meta-analyses of studies that evaluate
healthcare interventions: explanation and elaboration, BMJ 339 (2009), https://
doi.org/10.1136/bmj.b2700 b2700-b2700.

S. Adachi, H. Nakano, H. Odajima, C. Motomura, Y. Yoshioka, Lung sounds in
children before and after respiratory physical therapy for right middle lobe
atelectasis, PLoS One 11 (2016), e0162538, https://doi.org/10.1371/journal.
pone.0162538.

P. Bokov, B. Mahut, P. Flaud, C. Delclaux, Wheezing recognition algorithm using
recordings of respiratory sounds at the mouth in a pediatric population, Comput.
Biol. Med. 70 (2016) 40-50, https://doi.org/10.1016/].
compbiomed.2016.01.002.

L.E. Ellington, D. Emmanouilidou, M. Elhilali, R.H. Gilman, J.M. Tielsch, M.

A. Chavez, J. Marin-Concha, D. Figueroa, J. West, W. Checkley, Developing a
reference of normal lung sounds in healthy Peruvian children, Lung 192 (2014)
765-773, https://doi.org/10.1007/s00408-014-9608-3.

J. Gnitecki, Z. Moussavi, H. Pasterkamp, Classification of lung sounds during
bronchial provocation using waveform fractal dimensions., Conference
Proceedings, in: Annual International Conference of the IEEE Engineering in
Medicine and Biology Society. IEEE Engineering in Medicine and Biology Society.
Conference 5, 2004, pp. 3844-3847, https://doi.org/10.1109/
IEMBS.2004.1404076.

H. Pasterkamp, R.E. Powell, I. Sanchez, Lung sound spectra at standardized air
flow in normal infants, children, and adults, Am. J. Respir. Crit. Care Med. 154
(1996) 424-430, https://doi.org/10.1164/ajrccm.154.2.8756817.

S. Rietveld, M. Oud, E.H. Dooijes, Classification of asthmatic breath sounds:
preliminary results of the classifying capacity of human examiners versus
artificial neural networks, Computers and Biomedical Research, an International
Journal 32 (1999) 440-448, https://doi.org/10.1006/cbmr.1999.1522.

H. Shioya, H. Tadaki, F. Yamazaki, M. Miyamoto, S. Yoshihara, M. Enseki,

H. Tabata, K. Hirai, H. Furuya, M. Kato, S. Ito, H. Mochizuki, Characteristics of
breath sound in infants with risk factors for asthma development, Allergol. Int. 68
(2019) 90-95, https://doi.org/10.1016/j.alit.2018.07.011.

1. Sanchez, C. Vizcaya, D. Garcia, E. Campos, Response to bronchodilator in
infants with bronchiolitis can be predicted from wheeze characteristics,
Respirology 10 (2005) 603-608, https://doi.org/10.1111/j.1440-
1843.2005.00756.x.

T.E. Faber, A.W. Kamps, M.H. Sjoerdsma, S. Vermeulen, N.J. Veeger, L.J. Bont,
Computerized assessment of wheezing in children with respiratory syncytial virus
bronchiolitis before and after hypertonic saline nebulization, Respir. Care 60
(2015) 1252-1256, https://doi.org/10.4187 /respcare.03754.

A. Ramanathan, F. Marzbanrad, K. Tan, F.T. Zohra, M. Acchiardi, R. Roseby,

A. Kevat, A. Malhotra, Assessment of breath sounds at birth using digital
stethoscope technology, Eur. J. Pediatr. 179 (2020) 781-789, https://doi.org/
10.1007/500431-019-03565-8.

D.G. Tinkelman, C. Lutz, B. Conner, Analysis of breath sounds in normal and
asthmatic children and adults using computer digitized airway
phonopneumography (CDAP), Respir. Med. 85 (1991) 125-131, https://doi.org/
10.1016/50954-6111(06)80290-8.

I. Mazic, S. Sovilj, R. Magjarevic, Analysis of respiratory sound in asthmatics
infant, Meas. Sci. Rev. 3 (2003) 9-12.

H.A. Hidalgo, M.J. Wegmann, W.W. Waring, Frequency spectra of normal breath
sounds in childhood, Chest 100 (1991) 999-1002, https://doi.org/10.1378/
chest.100.4.999.

A.C. Kevat, A. Kalirajah, R. Roseby, Digital stethoscopes compared to standard
auscultation for detecting abnormal paediatric breath sounds, Eur. J. Pediatr. 176
(2017) 989-992, https://doi.org/10.1007/s00431-017-2929-5.

C. Habukawa, Y. Nagasaka, K. Murakami, T. Takemura, High-pitched breath
sounds indicate airflow limitation in asymptomatic asthmatic children,
Respirology 14 (2009) 399-403, https://doi.org/10.1111/j.1440-
1843.2008.01465.x.

C. Habukawa, K. Murakami, H. Mochizuki, S. Takami, R. Muramatsu, H. Tadaki,
S. Hagiwara, T. Mizuno, H. Arakawa, Y. Nagasaka, Changes in the highest
frequency of breath sounds without wheezing during methacholine inhalation
challenge in children, Respirology 15 (2010) 485-490, https://doi.org/10.1111/
j-1440-1843.2010.01706.x.

L.P. Malmberg, R. Sorva, a R. Sovijérvi, Frequency distribution of breath sounds
as an indicator of bronchoconstriction during histamine challenge test in
asthmatic children, Pediatr. Pulmonol. 18 (1994) 170-177, https://doi.org/
10.1002/ppul.1950180309.

A. Tal, Respirosonography in infants with acute bronchiolitis, Arch. Pediatr.
Adolesc. Med. 145 (1991) 1405, https://doi.org/10.1001/
archpedi.1991.02160120073023.

M. Enseki, M. Nukaga, H. Tadaki, H. Tabata, K. Hirai, M. Kato, H. Mochizuki,
A breath sound analysis in children with cough variant asthma, Allergol. Int. 68
(2018) 33-38, https://doi.org/10.1016/j.alit.2018.05.003.

Y. Kondo, M. Nukaga, M. Enseki, H. Tabata, K. Hirai, M. Kato, H. Mochizuki,
Clinical application of high-pitched breath sound in children with asthma, Tokai
J. Exp. Clin. Med. 43 (2018) 74-80.

M. Nukaga, H. Tabata, M. Enseki, K. Hirai, H. Furuya, M. Kato, H. Mochizuki,
Changes in the breath sound spectrum with bronchodilation in children with
asthma, Respiratory Investigation 56 (2018) 392-398, https://doi.org/10.1016/j.
resinv.2018.05.004.

H. Tabata, M. Enseki, M. Nukaga, K. Hirai, S. Matsuda, H. Furuya, M. Kato,

H. Mochizuki, Changes in the breath sound spectrum during methacholine


https://doi.org/10.1542/peds.2014-2742
https://doi.org/10.23736/S0026-4946.16.04865-9
https://doi.org/10.1002/14651858.CD009119.pub2
https://doi.org/10.1002/14651858.CD009119.pub2
https://doi.org/10.4103/1817-1737.160831
http://refhub.elsevier.com/S2590-1435(21)00002-6/sref16
http://refhub.elsevier.com/S2590-1435(21)00002-6/sref16
http://refhub.elsevier.com/S2590-1435(21)00002-6/sref16
https://doi.org/10.1371/journal.pone.0177926
http://refhub.elsevier.com/S2590-1435(21)00002-6/sref18
http://refhub.elsevier.com/S2590-1435(21)00002-6/sref18
https://doi.org/10.1016/s0140-6736(67)92038-7
https://doi.org/10.1016/s0140-6736(67)92038-7
https://doi.org/10.1056/NEJM197704282961704
https://doi.org/10.1164/ajrccm.156.3.9701115
https://doi.org/10.1164/ajrccm.156.3.9701115
https://doi.org/10.1056/NEJMra1302901
https://doi.org/10.1136/adc.2003.046458
https://doi.org/10.1136/adc.2003.046458
http://refhub.elsevier.com/S2590-1435(21)00002-6/sref24
http://refhub.elsevier.com/S2590-1435(21)00002-6/sref24
https://doi.org/10.1378/chest.124.4_MeetingAbstracts.190S-b
https://doi.org/10.1378/chest.124.4_MeetingAbstracts.190S-b
https://doi.org/10.1378/chest.114.5.1235
https://doi.org/10.1378/chest.114.5.1235
https://doi.org/10.4137/CCRPM.S530
https://doi.org/10.1378/chest.91.3.376
https://doi.org/10.1378/chest.91.3.376
https://doi.org/10.1109/TBME.1985.325616
https://doi.org/10.1109/TBME.1985.325616
https://doi.org/10.1183/13993003.01132-2015
http://refhub.elsevier.com/S2590-1435(21)00002-6/sref31
http://refhub.elsevier.com/S2590-1435(21)00002-6/sref31
http://refhub.elsevier.com/S2590-1435(21)00002-6/sref31
https://doi.org/10.1016/j.rmed.2011.05.007
https://doi.org/10.3109/03091902.2015.1116633
https://doi.org/10.3109/03091902.2015.1116633
https://doi.org/10.1016/j.jclinepi.2009.06.006
https://doi.org/10.1186/s12913-014-0579-0
https://www.nhlbi.nih.gov/health-topics/study-quality-assessment-tools
https://www.nhlbi.nih.gov/health-topics/study-quality-assessment-tools
http://refhub.elsevier.com/S2590-1435(21)00002-6/sref37
http://refhub.elsevier.com/S2590-1435(21)00002-6/sref37
http://refhub.elsevier.com/S2590-1435(21)00002-6/sref38
http://refhub.elsevier.com/S2590-1435(21)00002-6/sref38
https://doi.org/10.1136/bmj.b2700
https://doi.org/10.1136/bmj.b2700
https://doi.org/10.1371/journal.pone.0162538
https://doi.org/10.1371/journal.pone.0162538
https://doi.org/10.1016/j.compbiomed.2016.01.002
https://doi.org/10.1016/j.compbiomed.2016.01.002
https://doi.org/10.1007/s00408-014-9608-3
https://doi.org/10.1109/IEMBS.2004.1404076
https://doi.org/10.1109/IEMBS.2004.1404076
https://doi.org/10.1164/ajrccm.154.2.8756817
https://doi.org/10.1006/cbmr.1999.1522
https://doi.org/10.1016/j.alit.2018.07.011
https://doi.org/10.1111/j.1440-1843.2005.00756.x
https://doi.org/10.1111/j.1440-1843.2005.00756.x
https://doi.org/10.4187/respcare.03754
https://doi.org/10.1007/s00431-019-03565-8
https://doi.org/10.1007/s00431-019-03565-8
https://doi.org/10.1016/S0954-6111(06)80290-8
https://doi.org/10.1016/S0954-6111(06)80290-8
http://refhub.elsevier.com/S2590-1435(21)00002-6/sref51
http://refhub.elsevier.com/S2590-1435(21)00002-6/sref51
https://doi.org/10.1378/chest.100.4.999
https://doi.org/10.1378/chest.100.4.999
https://doi.org/10.1007/s00431-017-2929-5
https://doi.org/10.1111/j.1440-1843.2008.01465.x
https://doi.org/10.1111/j.1440-1843.2008.01465.x
https://doi.org/10.1111/j.1440-1843.2010.01706.x
https://doi.org/10.1111/j.1440-1843.2010.01706.x
https://doi.org/10.1002/ppul.1950180309
https://doi.org/10.1002/ppul.1950180309
https://doi.org/10.1001/archpedi.1991.02160120073023
https://doi.org/10.1001/archpedi.1991.02160120073023
https://doi.org/10.1016/j.alit.2018.05.003
http://refhub.elsevier.com/S2590-1435(21)00002-6/sref59
http://refhub.elsevier.com/S2590-1435(21)00002-6/sref59
http://refhub.elsevier.com/S2590-1435(21)00002-6/sref59
https://doi.org/10.1016/j.resinv.2018.05.004
https://doi.org/10.1016/j.resinv.2018.05.004

V. Abreu et al.

[62]

[63]

[64]

[65]

[66]

671

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[771

[78]

791

[80]

[81]

[82]

inhalation in children with asthma, Respirology 23 (2018) 168-175, https://doi.
org/10.1111/resp.13177.

I. Sanchez, C. Alvarez, C. Claveria, C. Lisboa, Computer analysis of respiratory
sounds in bronchial obstruction evaluation in small children that do not
collaborate with spirometry tests, Rev. Med. Chile 129 (2001) 1271-1278.

L. Sanchez, H. Navarro, P. Bertrand, C. Alvarez, C. Lisboa, [Acoustic analysis of
wheezing in infants with acute bronchial obstruction. A follow-up study ], Rev.
Med. Chile 130 (2002) 760-767.

R. Beck, N. Elias, S. Shoval, N. Tov, G. Talmon, S. Godfrey, L. Bentur,
Computerized acoustic assessment of treatment efficacy of nebulized epinephrine
and albuterol in RSV bronchiolitis, BMC Pediatr. 7 (2007) 22, https://doi.org/
10.1186/1471-2431-7-22.

T. Grzywalski, M. Piecuch, M. Szajek, A. Brgborowicz, H. Hafke-Dys, J. Kocinski,
A. Pastusiak, R. Belluzzo, Practical implementation of artificial intelligence
algorithms in pulmonary auscultation examination, Eur. J. Pediatr. 178 (2019)
883-890, https://doi.org/10.1007/s00431-019-03363-2.

Y. Murayama, H. Shioya, H. Tadaki, M. Miyamoto, S. Yoshihara, H. Tabata,

H. Furuya, A. Uchiyama, H. Mochizuki, Objective evaluation of wheezing in
normal infants, Pediatr. Int. 61 (2019) 956-961, https://doi.org/10.1111/
ped.13994.

H. Pasterkamp, R. Consunji-Araneta, Y. Oh, J. Holbrow, R. Consunjil-Araneta,
Y. Oh, J. Holbrow, chest surface mapping of lung sounds during methacoline
challenge, Pediatr. Pulmonol. 23 (1997) 21-30, https://doi.org/10.1002/(SICI)
1099-0496(199701)23.

M. Enseki, M. Nukaga, H. Tabata, K. Hirai, S. Matsuda, H. Mochizuki, A clinical
method for detecting bronchial reversibility using a breath sound spectrum
analysis in infants, Respiratory Investigation 55 (2017) 219-228, https://doi.org/
10.1016/j.resinv.2016.11.005.

L.P. Malmberg, K. Kallio, S. Haltsonen, T. Katila, A.R. Sovijarvi, Classification of
lung sounds in patients with asthma, emphysema, fibrosing alveolitis and healthy
lungs by using self-organizing maps, Clin. Physiol. 16 (1996) 115-129.

D. Emmanouilidou, E.D. McCollum, D.E. Park, M. Elhilali, Computerized lung
sound screening for pediatric auscultation in noisy field environments, IEEE (Inst.
Electr. Electron. Eng.) Trans. Biomed. Eng. 65 (2018) 1564-1574, https://doi.
org/10.1109/TBME.2017.2717280.

H. Pasterkamp, 1. Sanchez, Effect of gas density on respiratory sounds, Am. J.
Respir. Crit. Care Med. 153 (1996) 1087-1092, https://doi.org/10.1164/
ajrccm.153.3.8630549.

H. Tabata, M. Hirayama, M. Enseki, M. Nukaga, K. Hirai, H. Furuya,

H. Mochizuki, A novel method for detecting airway narrowing using breath sound
spectrum analysis in children, Respiratory Investigation 54 (2016) 20-28,
https://doi.org/10.1016/j.resinv.2015.07.002.

L.E. Ellington, R.H. Gilman, J.M. Tielsch, M. Steinhoff, D. Figueroa, S. Rodriguez,
B. Caffo, B. Tracey, M. Elhilali, J. West, W. Checkley, Computerised lung sound
analysis to improve the specificity of paediatric pneumonia diagnosis in resource-
poor settings: protocol and methods for an observational study, BMJ Open 2
(2012), https://doi.org/10.1136/bmjopen-2011-000506 e000506—-e000506.

M. Nukaga, H. Tabata, M. Enseki, K. Hirai, H. Furuya, M. Kato, H. Mochizuki,
M. Nukaga, K. Hirai, S. Matsuda, H. Furuya, M. Kato, H. Mochizuki, Changes in
the breath sound spectrum during methacholine inhalation in children with
asthma, Respirology 23 (2018) 168-175, https://doi.org/10.1111/resp.13177.
H. Pasterkamp, A. Tal, F. Leahy, R. Fenton, V. Chernick, The effect of
anticholinergic treatment on postexertional wheezing in asthma studied by
phonopneumography and spirometry, Am. Rev. Respir. Dis. 132 (1985) 16-21,
https://doi.org/10.1164/arrd.1985.132.1.16.

a R. a Sovijérvi, J. Vanderschoot, J.E. Earis, Standardization of computerized
respiratory sound analysis Current methods used for computerized respiratory
sound analysis, North 10 (2000) 974-987.

S. Reichert, R. Gass, E. Andres, Analyse des sons auscultatoires pulmonaires, Irbm
28 (2007) 169-180, https://doi.org/10.1016/j.rbmret.2007.09.004.

E. Andres, R. Gass, A. Charloux, C. Brandt, A. Hentzler, Respiratory sound
analysis in the era of evidence-based medicine and the world of medicine 2.0,
Journal of Medicine and Life 11 (2018) 89-106.

M. Rossi, A.R.A. Sovijarvi, P. Piirila, L. Vannuccini, F. Dalmasso, J. Vanderschoot,
Environmental and subject conditions and breathing manoeuvres for respiratory
sound recordings, Eur. Respir. Rev. 10 (2000) 611-615.

D. Emmanouilidou, M. Elhilali, in: Characterization of Noise Contaminations in
Lung Sound Recordings, Engineering in Medicine and Biology Society (EMBC),
2013 35th Annual International Conference of the IEEE, 2013.

A. Oliveira, A. Marques, Respiratory sounds in healthy people: a systematic
review, Respir. Med. 108 (2014) 550-570, https://doi.org/10.1016/j.
rmed.2014.01.004.

R. Palaniappan, K. Sundaraj, S. Sundaraj, Artificial intelligence techniques used in
respiratory sound analysis—a systematic review, Biomedizinische Technik.

34

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

Respiratory Medicine: X 3 (2021) 100027

Biomedical Engineering 59 (2014) 7-18, https://doi.org/10.1515/bmt-2013-
0074.

R. Palaniappan, K. Sundaraj, N. Ahamed, A. Arjunan, S. Sundaraj, Computer-
based respiratory sound analysis: a systematic review, IETE Tech. Rev. 30 (2013)
248, https://doi.org/10.4103/0256-4602.113524.

A.R.A. Sovijarvi, J. Vanderschoot, J.E. Earis, Computerized respiratory sound
analysis (CORSA) : recommended standards for terms and techniques, Eur.
Respir. Rev. 10 (2000) 585-649.

S. Hugq, Z. Moussavi, Automatic breath phase detection using only tracheal
sounds, in: 2010 Annual International Conference of the IEEE Engineering in
Medicine and Biology Society, EMBC’10, IEEE, 2010, pp. 272-275, https://doi.
org/10.1109/IEMBS.2010.5627437.

AR.A. Sovijarvi, L.P. Malmberg, E. Paajanen, P. Piirila, K. Kallio, T. Katila,
Averaged and time-gated spectral analysis of respiratory sounds: repeatability of
spectral parameters in healthy men and in patients with fibrosing alveolitis, Chest
109 (1996) 1283-1290, https://doi.org/10.1378/chest.109.5.1283.

L.C. Puder, S. Willitzki, C. Buhrer, H.S. Fischer, G. Schmalisch, Computerized
wheeze detection in young infants: comparison of signals from tracheal and chest
wall sensors, Physiol. Meas. 37 (2016) 2170-2180.

L. Vannuccini, J.E. Earis, P. Helisto, B.M.G. Cheetham, M. Rossi, A.R.A. Sovijarvi,
J. Vanderschoot, Capturing and preprocessing of respiratory sounds, Eur. Respir.
Rev. 10 (2000) 616-620.

B.M.G. Cheetham, G. Charbonneau, A. Giordano, P. Helisto, J. Vanderschoot,
Digitization of data for respiratory sound recordings, Eur. Respir. Rev. 10 (2000)
621-624.

H.J.W. Schreur, Z. Diamant, J. Vanderschoot, A.H. Zwinderman, J.H. Dijkman, P.
J. Sterk, Lung sounds during allergen-induced asthmatic responses in patients
with asthma, Am. J. Respir. Crit. Care Med. 153 (1996) 1474-1480, https://doi.
org/10.1164/ajrccm.153.5.8630589.

Y. Nagasaka, Lung sounds in bronchial asthma, Allergol. Int. : Official Journal of
the Japanese Society of Allergology 61 (2012) 353-363, https://doi.org/
10.2332/allergolint.12-RAI-0449.

G. Charbonneau, J.L. Racineux, M. Sudraud, E. Tuchais, An accurate recording
system and its use in breath sounds spectral analysis, J. Appl. Physiol. Respir.
Environ. Exerc. Physiol. 55 (1983) 1120-1127, https://doi.org/10.1152/
jappl.1983.55.4.1120.

H. Pasterkamp, Acoustic markers of airway responses during inhalation challenge
in children, Pediatr. Pulmonol. 37 (2004) 175-176, https://doi.org/10.1002/
ppul.70097.

H.J. Schreur, J. Vanderschoot, A.H. Zwinderman, J.H. Dijkman, P.J. Sterk,
Abnormal lung sounds in patients with asthma during episodes with normal lung
function, Chest 106 (1994) 91-99, https://doi.org/10.1378/chest.106.1.91.

K. Anderson, S. Aitken, R. Carter, J.E.S. Macleod, F. Moran, Variation of breath
sound and airway caliber induced by histamine challenge, Am. Rev. Respir. Dis.
141 (1990) 1147-1150, https://doi.org/10.1164/ajrccm/141.5 Pt 1.1147.

A. Marques, A. Oliveira, C. Jacome, Computerized adventitious respiratory
sounds as outcome measures for respiratory therapy: a systematic review, Respir.
Care 59 (2014) 765-776, https://doi.org/10.4187 /respcare.02765.

M.J. Mussell, The need for standards in recording and analysing respiratory
sounds, Med. Biol. Eng. Comput. 30 (1992) 129-139, https://doi.org/10.1007/
bf02446121.

a R. a Sovijarvi, J. Vanderschoot, J.E. Earis, Standardization of computerized
respiratory sound analysis Current methods used for computerized respiratory
sound analysis, North 10 (2000) 974-987.

L.A. Wallis, M. Healy, M.B. Undy, 1. Maconochie, Age related reference ranges for
respiration rate and heart rate from 4 to 16 years, Arch. Dis. Child. 90 (2005)
1117-1121, https://doi.org/10.1136/adc.2004.068718.

S.A. Shah, S. Fleming, M. Thompson, L. Tarassenko, Respiratory rate estimation
during triage of children in hospitals, J. Med. Eng. Technol. 39 (2015) 514-524,
https://doi.org/10.3109/03091902.2015.1105316.

S. Fleming, M. Thompson, R. Stevens, C. Heneghan, A. Pliddemann,

1. MacOnochie, L. Tarassenko, D. Mant, Normal ranges of heart rate and
respiratory rate in children from birth to 18 years of age: a systematic review of
observational studies, Lancet 377 (2011) 1011-1018, https://doi.org/10.1016/
S0140-6736(10)62226-X.

M.S. Schechter, Airway clearance applications in infants and children, Respir.
Care 52 (2007) 1382-1390, discussion 1390-1.

J.J. Fredberg, S.K. Holford, Discrete lung sounds: crackles (rales) as stress-
relaxation quadrupoles, J. Acoust. Soc. Am. 73 (1983) 1036-1046, https://doi.
org/10.1121/1.389151.

P. Piirila, A.R. Sovijarvi, Crackles: recording, analysis and clinical significance,
Eur. Respir. J. 8 (1995) 2139-2148, https://doi.org/10.1183/
09031936.95.08122139.

G. Postiaux, Fisioterapia Respiratoria Pediatrica: O Tratamento Guiado Pela
Auscultacao, 2004, 2a, Porto Alegre.


https://doi.org/10.1111/resp.13177
https://doi.org/10.1111/resp.13177
http://refhub.elsevier.com/S2590-1435(21)00002-6/sref62
http://refhub.elsevier.com/S2590-1435(21)00002-6/sref62
http://refhub.elsevier.com/S2590-1435(21)00002-6/sref62
http://refhub.elsevier.com/S2590-1435(21)00002-6/sref63
http://refhub.elsevier.com/S2590-1435(21)00002-6/sref63
http://refhub.elsevier.com/S2590-1435(21)00002-6/sref63
https://doi.org/10.1186/1471-2431-7-22
https://doi.org/10.1186/1471-2431-7-22
https://doi.org/10.1007/s00431-019-03363-2
https://doi.org/10.1111/ped.13994
https://doi.org/10.1111/ped.13994
https://doi.org/10.1002/(SICI)1099-0496(199701)23
https://doi.org/10.1002/(SICI)1099-0496(199701)23
https://doi.org/10.1016/j.resinv.2016.11.005
https://doi.org/10.1016/j.resinv.2016.11.005
http://refhub.elsevier.com/S2590-1435(21)00002-6/sref69
http://refhub.elsevier.com/S2590-1435(21)00002-6/sref69
http://refhub.elsevier.com/S2590-1435(21)00002-6/sref69
https://doi.org/10.1109/TBME.2017.2717280
https://doi.org/10.1109/TBME.2017.2717280
https://doi.org/10.1164/ajrccm.153.3.8630549
https://doi.org/10.1164/ajrccm.153.3.8630549
https://doi.org/10.1016/j.resinv.2015.07.002
https://doi.org/10.1136/bmjopen-2011-000506
https://doi.org/10.1111/resp.13177
https://doi.org/10.1164/arrd.1985.132.1.16
http://refhub.elsevier.com/S2590-1435(21)00002-6/sref76
http://refhub.elsevier.com/S2590-1435(21)00002-6/sref76
http://refhub.elsevier.com/S2590-1435(21)00002-6/sref76
https://doi.org/10.1016/j.rbmret.2007.09.004
http://refhub.elsevier.com/S2590-1435(21)00002-6/sref78
http://refhub.elsevier.com/S2590-1435(21)00002-6/sref78
http://refhub.elsevier.com/S2590-1435(21)00002-6/sref78
http://refhub.elsevier.com/S2590-1435(21)00002-6/sref79
http://refhub.elsevier.com/S2590-1435(21)00002-6/sref79
http://refhub.elsevier.com/S2590-1435(21)00002-6/sref79
http://refhub.elsevier.com/S2590-1435(21)00002-6/sref80
http://refhub.elsevier.com/S2590-1435(21)00002-6/sref80
http://refhub.elsevier.com/S2590-1435(21)00002-6/sref80
https://doi.org/10.1016/j.rmed.2014.01.004
https://doi.org/10.1016/j.rmed.2014.01.004
https://doi.org/10.1515/bmt-2013-0074
https://doi.org/10.1515/bmt-2013-0074
https://doi.org/10.4103/0256-4602.113524
http://refhub.elsevier.com/S2590-1435(21)00002-6/sref84
http://refhub.elsevier.com/S2590-1435(21)00002-6/sref84
http://refhub.elsevier.com/S2590-1435(21)00002-6/sref84
https://doi.org/10.1109/IEMBS.2010.5627437
https://doi.org/10.1109/IEMBS.2010.5627437
https://doi.org/10.1378/chest.109.5.1283
http://refhub.elsevier.com/S2590-1435(21)00002-6/sref87
http://refhub.elsevier.com/S2590-1435(21)00002-6/sref87
http://refhub.elsevier.com/S2590-1435(21)00002-6/sref87
http://refhub.elsevier.com/S2590-1435(21)00002-6/sref88
http://refhub.elsevier.com/S2590-1435(21)00002-6/sref88
http://refhub.elsevier.com/S2590-1435(21)00002-6/sref88
http://refhub.elsevier.com/S2590-1435(21)00002-6/sref89
http://refhub.elsevier.com/S2590-1435(21)00002-6/sref89
http://refhub.elsevier.com/S2590-1435(21)00002-6/sref89
https://doi.org/10.1164/ajrccm.153.5.8630589
https://doi.org/10.1164/ajrccm.153.5.8630589
https://doi.org/10.2332/allergolint.12-RAI-0449
https://doi.org/10.2332/allergolint.12-RAI-0449
https://doi.org/10.1152/jappl.1983.55.4.1120
https://doi.org/10.1152/jappl.1983.55.4.1120
https://doi.org/10.1002/ppul.70097
https://doi.org/10.1002/ppul.70097
https://doi.org/10.1378/chest.106.1.91
https://doi.org/10.1164/ajrccm/141.5_Pt_1.1147
https://doi.org/10.4187/respcare.02765
https://doi.org/10.1007/bf02446121
https://doi.org/10.1007/bf02446121
http://refhub.elsevier.com/S2590-1435(21)00002-6/sref98
http://refhub.elsevier.com/S2590-1435(21)00002-6/sref98
http://refhub.elsevier.com/S2590-1435(21)00002-6/sref98
https://doi.org/10.1136/adc.2004.068718
https://doi.org/10.3109/03091902.2015.1105316
https://doi.org/10.1016/S0140-6736(10)62226-X
https://doi.org/10.1016/S0140-6736(10)62226-X
http://refhub.elsevier.com/S2590-1435(21)00002-6/sref102
http://refhub.elsevier.com/S2590-1435(21)00002-6/sref102
https://doi.org/10.1121/1.389151
https://doi.org/10.1121/1.389151
https://doi.org/10.1183/09031936.95.08122139
https://doi.org/10.1183/09031936.95.08122139
http://refhub.elsevier.com/S2590-1435(21)00002-6/sref105
http://refhub.elsevier.com/S2590-1435(21)00002-6/sref105

	Computerized respiratory sounds in paediatrics: A systematic review
	1 Introduction
	2 Methodology’
	2.1 Search strategy
	2.2 Eligibility criteria
	2.3 Study selection
	2.4 Quality assessment
	2.5 Data analysis

	3 Results
	3.1 Study selection
	3.2 Quality assessment
	3.3 Study characteristics
	3.4 Respiratory sound acquisition
	3.5 Respiratory sound analysis
	3.6 Data synthesis and analysis
	3.7 Normal respiratory sounds
	3.8 Adventitious respiratory sounds

	4 Discussion
	4.1 Respiratory sound acquisition
	4.2 Respiratory sound analysis
	4.3 Normal respiratory sounds
	4.4 Adventitious respiratory sounds

	5 Conclusion
	Declaration of interest
	CRediT authorship contribution statement
	Appendix A PRISMA 2009 checklist
	Appendix B Study quality assessment tables
	Appendix C Supplementary Tables
	References


