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INTRODUCTION: Thereisaneed to develop simple, noninvasive, and sensitive outcome measur es
for respiratory therapy. Adventitious respiratory sounds (ie, crackles and wheezes) can be objec-
tively characterized with computerized respiratory sound analysis (CORSA) and have been shown
to contribute for diagnosis purposes, however, their potential for use as outcome measures is
unknown. Thus, this systematic review synthesizes the evidence on the use of computerized adven-
titious respiratory sounds as outcome measures. METHODS: The Web of Knowledge, MEDLINE,
EMBASE, and SCOPUS databases were searched. Reviewers independently selected studies ac-
cording to the digibility criteria. Effect sizes and 95% Cls were computed. RESULTS: Twelve
studies with different designs (observational, n = 3; quasi-experimental n = 7; and randomized
controlled trial, n = 2) wereincluded. Eight studies were conducted with adults, and 4 studies with
children. Most studies explored only one type of adventitious respiratory sound. For wheezes, the
occupation rate seemed to be the most promising parameter to be used asan outcome measur e, with
high/medium effect sizes (0.62-1.82). For crackles, the largest deflection width showed high effect
sizes (1.31 and 1.04); however, this was explored in only one study. Crackle number and 2-cycle
duration presented conflicting information, with high/poor effect sizes depending on the study.
CONCLUSIONS: Specific variables of each adventitious respiratory sound detected and charac-
terized by CORSA showed high effect sizes and, thus, the potential to be used as outcome measures.
Further research with robust study designs and larger samples (both of children and adult popu-
lations), and following CORSA guidelinesis needed to build evidence-based knowledge on thistopic.
Key words: computerized respiratory sound analysis; respiratory sounds; adventitious respiratory sounds;
wheezes; crackles; outcome measure. [Respir Care 2014;59(5):765—776. © 2014 Daedaus Enterprises]

Introduction

Respiratory diseasesareamajor cause of societal, health,
and economic burdens worldwide.r Therefore, in the last
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decade, significant research efforts have been dedicated to
improve early diagnosis and routine monitoring of patients
with respiratory diseases to allow timely interventions.
However, addressing these issues has been highly chal-
lenging since available respiratory measures such as spi-
rometry are dependent on patient motivation and cooper-
ation, and other tests such asblood gasanalysisand imaging
are not available in al clinical settings and are expen-
sive.23
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Computerized respiratory sound analysis (CORSA),
which consists of recording patients' respiratory sounds
with an €electronic device and analyzing them based on
specific signal characteristics, is a simple, objective, and
noninvasive method to detect and characterize adventi-
tious respiratory sounds (ARSs), ie, crackles (CRs) and
wheezes (WHS). ARSs provide crucia information on re-
spiratory dysfunction,* and changes in their characteristics
(eg, intensity, duration, timing) might inform the clinical
course of respiratory diseases and treatments.>¢ Through
the use of CORSA, ARSs have been found to be a more
sensitive indicator, detecting and characterizing the sever-
ity of the respiratory disease before any other measure.”
Thus, this approach, through objective data collection and
management, generation of permanent records of the mea-
surements made with easy retrievability, and graphic rep-
resentations, assists with the diagnosis and monitoring of
respiratory diseases.81t

Research on this topic has been focusing on the use of
CORSA as adiagnostic aid'2 and the findings reporting its
potential to be used as an outcome measure, that is, to
monitor respiratory treatments, are widespread in the lit-
erature. Thus, this systematic review synthesizes the evi-
dence on the use of computerized ARSs as outcome mea-
sures.

Methods
Search Strategy

An electronic literature search was performed from De-
cember 2012 to January 2013in Web of Knowledge (1970—
2012), MEDLINE (1948-2012), EMBASE (1974-2012),
and SCOPUS (1960—2013) databases. Search terms were
based on a combination of the following terms. monitor*
OR “computerized analyses” OR “digital auscultation” OR
“electronic auscultation” OR “automatic auscultation” OR
“acoustic signal processing” AND “added lung sounds’
OR*“abnormal lung sounds’ OR “adventitiouslung sounds’
OR “adventitious respiratory sounds’ OR crackle* OR
wheez*. The search terms were limited to titles and ab-
stracts. The reference lists of the selected articles were
scanned for other potential eligible studies. Additionally, a
weekly update was conducted until June 2013. This sys-
tematic review is reported according to Preferred Report-
ing ltems for Systematic Reviews and Meta-Analyses
(PRISMA) guidelines.23

Eligibility Criteria
Articles were included in the study if (1) they detected
and characterized ARSs with CORSA before and after an

intervention in adults or children; (2) were experimental,
quasi-experimental, or observational studies; (3) were full
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papers published as original articles or in conference pro-
ceedings; and (4) were written in English, Portuguese,
Spanish, or French. Articles were excluded if the study
wasconducted with animalsor assessed ARSswith CORSA
only at one specific moment in time. Book chapters, re-
view papers, abstracts of communications or meetings,
letters to the editor, commentaries to articles, unpublished
work, and study protocols were not considered suitable
and, therefore, were also excluded from this review.

Study Selection

First, duplicate articles were removed. Then, the title,
abstract, and key words were analyzed to assess the type
and relevance of the publication for the scope of the re-
view. Findly, the full text of potentially relevant articles
was independently screened for content by the 3 reviewers
to decide on its inclusion in the review. Reviewers re-
solved disagreements by consensus.

Data Extraction

Data from the included articles were extracted in the
following structured table format: first author’s last name,
year of publication, type of study, participants, interven-
tion, data collection protocol, recording device, data anal-
yses, ARS outcome, and findings.

Quality Assessment

The quality of the included studies was assessed with
the checklist created by Downs and Black.1# The checklist
provides a list of 27 questions to measure study quality,
split into the following 5 sections: reporting (10 items);
external validity (3items); internal validity— bias(7 items);
internal validity— confounding (7 items); and power (one
item). Similar to previous systematic reviews,516 the scor-
ing for question 27, dealing with statistical power, was
simplified to a choice of awarding either 1 point or 0
points, depending on whether there was sufficient power
to detect a clinically important effect. Downs and Black4
score ranges were grouped into the following 4 quality
levels: excellent (26—28), good (20-25), fair (15-19) and
poor (= 14).1516 The risk of bias assessment was carried
out by 2 independent reviewers. Disagreements between
reviewers were resolved by reaching a consensus through
discussion.

Data Analysis
To determine the consistency of the quality assessment
performed by the 2 reviewers, an inter-rater agreement

analysisusing the Cohen’ skappawasperformed. Thevalue
of Cohen’s kappa ranges from 0 to 1 and can be catego-

ResPirATORY CARE © MAY 2014 VoL 59 No 5



ARSs As OutcoME MEASURES FOR RESPIRATORY THERAPY

rizedasdight (0.0-0.20), fair (0.21-0.40), moderate (0.41—
0.60), substantial (0.61-0.80), or ailmost perfect (= 0.81)
agreement.1” This statistical analysis was performed using
PASW Statistics (version 18.0, SPSS, Chicago, Illinois).
When quantitative pooling was appropriate, the effect sizes
(ESs) together with the 95% Cls were computed for the
outcomes of interest. The ESs were interpreted as low
(0.20), medium (0.50), and high (0.80) effect magnitudes.8
These quantitative data analyses were performed using the
meta-analysis software Comprehensive Meta-Analysis,
version 2 (Biostat, Englewood, New Jersey).1®

Results
Study Selection

The database search identified 1,224 records. After the
removal of duplicates, 900 records were screened for rel-
evant content. During the title, abstract, and key word
screening, 876 articles were excluded. The full text of the
24 potentially relevant articles was assessed, and 18 arti-
cles were excluded for the following reasons: ARS detec-
tion was performed with standard auscultation (n = 2) or
manual annotation (n = 4); ARS automatic detection oc-
curred at only one specific time point to validate algo-
rithms (n = 5); data was not provided on ARSs (n = 3);
and an intervention was absent (n = 4). Six original arti-
cles were included in the review. The search for relevant
articles within the reference list of the selected articles
retrieved 6 studies, which were also included (Fig. 1).

Quality Assessment

The articles included in this review scored 10 to 21 on
the Downs and Black®4 checklist, with a mean of
14.42 + 0.93 (Table 1). Results of the risk of bias assess-
ment indicated that 7 studies (64%) had poor quality, 4 had
fair quality, and one had good quality. Studies scored par-
ticularly poorly on the following items: description of con-
founders, sample representativeness, patient blinding, out-
come assessor blinding, recruitment, randomization,
adjustment for confounding factors in the analysis, and
power to detect outcomesthat are clinically important. The
agreement between 2 reviewers was almost perfect
(kappa = 0.825, 95% CI = 0.758—-0.885, P = .001).

Study Characteristics

The mgjority of the included studies were quasi-exper-
imental,520-25 3 studies were observational ,26-28 and 2 stud-
ies were randomized controlled trials (Table 2).293 Ten
studies recruited patients receiving specialized care, and 2
studies recruited patients during hospital admission.24.27 A
total of 275 subjects (n = 126; 45.8% male) participated in
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Fig. 1. PRISMA flowchart of the included studies. ARS = adven-
titious respiratory sounds.

the included studies; 47 were healthy subjects and 208 had
respiratory conditions (asthma, n = 84; pneumonia, n = 11,
cystic fibrosis, n = 23; COPD, n = 6; prolonged cough,
n = 28; bronchiolitis, n = 27; bronchiectasis, n = 23; and
lower respiratory tract infection [LRTI], n = 26). Eight
studies were conducted with adults (n = 167; 60.7%; age
range 21-73 years)521.24-29 gnd 4 with children (n = 108
[39.3%]; age range 4 months—18 y).20.22.23.30

The interventions in most studies consisted of pharma-
cotherapy20-39; only 2 studies combined pharmacotherapy
with respiratory physical therapy.52° The respiratory phys-
ical therapy consisted mainly of an active cycle of breath-
ing techniques,>2° but also breathing retraining techniques
(incentive spirometry, thoracic mobility, expansion and
flexibility exercises, and aerobic training).2® In aimost all
studies, the respiratory sounds were recorded in more than
one chest location; however, in 3 studies recordings were
performed exclusively in the trachea22.2526 Only the 3
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Table 1. Quality Assessment Score for Selected Studies Based on the Downs and Black4 Checklist
Study Reporting External Validity Internal Validity-Bias Internal Validity-Confounding Power Total
(MS = 11) (MS=3) (MS=7) (MS = 6) (MS=1) Score
Baughman and Loudon?4 5 0 6 1 0 12
Piirila” 7 1 3 2 0 13
Sanchez et a2 6 1 4 0 0 11
Fizeta 7 0 5 0 0 12
Bentur et a3 8 0 4 1 0 13
Bentur et a2 8 2 5 2 1 18
Cortes et al26 6 1 1 2 0 10
Fiz eta® 8 0 5 3 0 16
Beck et a3 8 1 7 5 0 21
Marques et al> 8 1 5 2 0 16
Oliveira et a8 7 1 4 2 0 14
Dinis et a2 8 1 5 3 0 17

MS = maximum score

more recent studies®2829 gequired the respiratory sounds
following the CORSA guidelines for short-term acquisi-
tion. The recording devices used varied among studies, as
follows: microphones?1.24.25.27,29; pjezoelectric sen-
S0rs?0:22.23.26.30; gnd electronic stethoscopes.>28

Algorithms based on fast Fourier transformation were
the most used to automatically detect ARSs. Two stud-
ies?8:29 used an algorithm based on short-time Fourier trans-
formation, and one study2s used a modification of the al-
gorithm proposed by Shabtai-Musih et a3 and Homs-
Corbera et al.32 A tota of 9 studies analyzed WHSs (3
studies were conducted in children), 2 studies analyzed
CRs,527 and one study analyzed both WHs and CRs in
children.2° Two studies detected breathing cycles automat-
ically; one study® used an analogous method reported by
Qiu et a,33 and the other study3° used the algorithm of Huq
and Moussavi .34 Only 3 studies?6.27.29 considered thebreath-
ing phases (inspiration and expiration) in the analysis of
the ARSs.

Synthesis of the Results

WHs

Presence. The presence of WHswas used to identify a
bronchial response during bronchia provocation testsin 2
studies conducted with children.2022 Sanchez et al2° used
concentrations of methacholine, and found that WHSs had
50% sensitivity and 100% specificity to detect bronchial
hyper-reactivity. Bentur et al22 observed that WHs were
detected at a mean adenosine concentration of 15.6 mg/
mL. Both studies verified that WHs were feasible to assess
bronchial reactivity.

Number. Two studiesinvestigated the number of WHs
in adults. Oliveiraet al28 found asignificant increasein the
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number of WHSs after 3 weeks of standard medical treat-
ment (6 vs 14.8, P = .03; ES = 4.38) in patients with
LRTI. A similar result, but not significant, was found in
stable subjects with asthma after terbutaline inhalation
(ES = 0.34); however, in healthy subjects and nonstable
subjects with asthma a nonsignificant decrease was ob-
served (ES = —0.10 and —0.012, respectively).2s

Frequency. The frequency of WHs was investigated
in 4 studies conducted in adults.21:252829 After terbutaline
inhalation, the frequency of WHSs significantly decreased
in patients with asthma (ES = —0.15) and COPD (ES
= —0.21), and in healthy subjects (ES = —0.28).2t Sim-
ilar, although nonsignificant, results were found with the
same intervention in healthy subjects (ES = —0.18), and
nonstable subjects with asthma (ES = non-stable 0.24).25
In stable subjects with asthma (ES = 0.01)%5 and LRTI
(ES = —0.06),28 the frequency remained approximately
the same. Dinis et a0 investigated the effect of respiratory
physical therapy in subjects with LRTI, and observed a
nonsignificant increase in the frequency of inspiratory and
expiratory WHs in both of the experimental (ES = 0.73
and ES = 0.04, respectively) and control groups (ES = 0.97
and ES = 0.97, respectively).

Occupation Rate. This parameter, which is the pro-
portion of the respiratory cycle occupied by WHSs, was
explored in studies conducted with children and adults. In
3 studies,2425:30 the WH occupation rate (WH%) was used
to analyze the effect of pharmacotherapy. A nonsignificant
reduction in WH% during the night in the group of sub-
jects to whom long-acting sympathomimetic agent had
been administered (ES = —1.9) was found; wheress, in
the placebo group a significant increase was observed
(ES = 1.15).24 In a study®* conducted with infant viral
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bronchiolitis, WH% also decreased 10 min after the ad-
ministration of epinephrine (ES = —1.09); however, WH%
increased in the group of children to albuterol had been
administered (ES = 1.27). Nevertheless, no significant
differences were found between or within groups. When
exploring monophonic and polyphonic WH%, significant
change was also not found; however, low ESsin nonstable
and healthy subjects, and medium ESs in stable subjects
with asthma (ES = —0.54) were found.2> A significant
decrease in inspiratory and expiratory WH% was found
after 3 weeks of pharmacotherapy plus respiratory physi-
cal therapy (ES = —0.66 [inspiratory]; ES = —0.64 [ex-
piratory]) or pharmacotherapy alone (ES = —0.69 [in-
spiratory]; ES = —0.62 [expiratory]).2° A similar result
was found for the nocturnal WH index, calculated from the
WH% (after 2 d [ES = —0.61] and after 6 weeks [ES
= —0.80]), when monitoring respiratory sounds overnight
to assess the effects of montelukast in patients with noc-
turnal asthma.23

Duration. Two studies?6:28 explored thisvariable when
assessing the impacts of pharmacotherapy with adult sub-
jects. In both studies, WH duration remained approximately
the same before and after intervention. Only in subjects
with moderate and severe obstruction, changes in the du-
ration of WHs after medication were observed.26

CRs

Number. Three studies analyzed the number of CRs
before and after intervention, and no significant differ-
ences were found. In 2 studies, this variable remained
approximately the same, with ESs ranging from 0.02 to
0.22.527 |n the study by Beck et al,3° the number of CRs
increased (ES = 0.58) with albuterol therapy and decreased
with epinephrine therapy (ES = —1.65).

Frequency. The CR frequency was analyzed only in
one study.2” The peak frequency increased during inspira-
tion (ES = 0.11) and decreased during expiration (ES
= —0.47), whereas the upper frequency at the —20-dB
level decreased in both inspiration (ES = —0.12) and
expiration (ES = —0.35). No significant differences were
found.

2-CycleDuration, L argest Deflection Width, and Ini-
tial Deflection Width. Two studies analyzed the 2-cycle
duration (2CD) variable; Marques et a5 did not show any
change from before to after intervention (ES = 0.07), and
Piirila2” showed a nonsignificant reduction postinterven-
tion both in the inspiratory (ES = —0.85) and expiratory
(ES = —0.83) phases. In the study by PFiirila,2” both the
largest deflection width (LDW) and the initial deflection
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width (IDW) of inspiratory CRs (ES = —1.25 and —0.38,
respectively) and expiratory CRs (ES = —1 and —0.76)
were shorter after the intervention.

Timing. Only Piirila2” explored the timing parameters
of the CRsrelated to inspiratory tidal volume, and inspira-
tory and expiratory phases. These parameters were signif-
icantly different postintervention (ESs 0.5-1.14).

Due to the heterogeneity of the outcome measures used
across studies, a meta-analysis was not possible to com-
pute.

Discussion

The main finding of this systematic review was that
ARSs detected and characterized by CORSA show poten-
tial to be used as outcome measures in children and adults,
as specific variables of each ARS presented high ESs.
However, the most appropriate variable or variables are
yet to be explored.

Most studies (11 of 12) explored the presence and char-
acteristics of WHSs before/after an intervention. The WH%
seemed to be the most promising parameter to be used as
an outcome measure in children and adults, with medium
to high ESs varying from 0.62 to 1.9.2429 A strong asso-
ciation between the proportion of the respiratory cycle
occupied by WHSs and the degree of bronchial obstruction
has been widely demonstrated.21-23:35 This WH parameter,
even when identified with standard auscultation, has shown
to be sensitive to assess the effectiveness of respiratory
interventions in children.3537 The WH complexity may
also be avariable of interest as the presence of polyphonic
WHsindicatesamore serious obstruction than monophonic
WHSs?5; however, this was explored in only one study (ESs
0.24—0.54).25 WH monitoring has been found to provide
more information on the changes in airway obstruction
than measurements of pulmonary function,2* such as the
FEV, percent predicted in people with asthma2é Thus,
WHSs and their variables seem to be a promising objective
outcome measure for al populations with a special em-
phasis on noncollaborative populations such as children,
people with dementia, and people in the ICU. However, it
should be noticed that WHSs occur only when there is a
flow limitation (but flow limitation is not necessarily ac-
companied by WHSs) that reaches a critical value, which is
called “flutter velocity.”38 Thus, when there is not enough
flow to generate WHs, WH parameters will not be useful
despite the presence of the respiratory problem. The com-
plementary information provided by CRsis, therefore, cru-
cia.

CRs are assumed to be caused by the sudden opening of
abnormally closed airways,3%42 and their parameters pro-
vide essentia information about the function and structure
of the tracheobronchia tree*! (eg, CR recording during
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mechanical ventilation has been considered a simple
method to monitor lung recruitment/derecruitment).42 How-
ever, CR variables have been explored as outcome mea-
sures in only 3 studies.52730 From the limited evidence
available, LDW seemed to be the most valuable parameter
to be used as an outcome measure due to its high ESs (1
and 1.25).27 Hoevers and Loudon** had already found that
LDW seemed to be a better measure than IDW or 2CD
when differentiating between coarse and fine CRs. How-
ever, LDW was aso the variable less explored among
studies. Conflicting information was found for the number
of CRs and 2CD. The number of CRs had low ESs re-
ported in studies by Piirila2” (0.14 and 0.22) and Marques
et al’> (0.02), and medium/high ESs in the study by Beck
et a0 (0.74 and 1.65). High ESs (0.83 and 0.85)27 and low
ESs (0.07)5 were aso found for the variable 2CD. The
timing of CRs (ESs 0.5-1.14) was also shown to be sen-
sitive to the clinical course of pneumonia2” and has been
described as a sensitive parameter with which to discrim-
inate respiratory diseases.*> However, similarly to LDW,
limited research has been conducted considering this pa-
rameter as an outcome measure. At this point in time, it is
difficult to provide any recommendations in which the CR
variable is more adequate as an outcome measure to mon-
itor respiratory interventions. These limited and conflict-
ing data may be aresult of the different respiratory sound
acquisition sensors (which differ in their acoustic sensi-
tivity to capture CR waveforms), filtering, and analysis
methods used across studies.#647 Since CRs show poten-
tial for diagnostic purposes but also as an outcome mea-
surefor respiratory treatmentsin different clinical/research
contexts, these procedures need to be standardized. This
will alow comparisons among different studies and im-
prove the understanding of the mechanisms and acoustic
characteristics of CRs.

The study of both main types of ARSs is essentia to
gather complementary information about the tracheobron-
chia tree. This information may help health professionals
to conduct more accurate diagnoses and enhance their un-
derstanding about the respiratory system responsesto treat-
ments. However, only one study3° analyzed both types of
ARSs as an outcome measure in a study conducted with
children. Thus, the study of computerized ARSs is an ex-
citing area where much research is needed to develop
knowledge for the diagnosis of conditions and the moni-
toring of patients, but also for use as a noninvasive, ob-
jective, and reliable outcome measure for treatment.

The level of evidence that can be drawn at this moment
in time from this systematic review is considerably weak
due to the (1) small sample sizes; (2) distinct respiratory
therapies and doses implemented, and (3) different ARS
variables used in the included studies. The large variety of
acquisition methods used is an issue added to the list of
difficulties when comparing results across studies. A

ResPirATORY CARE © MAY 2014 VoL 59 No 5
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BIOMED 1 Concerted Action project entitted CORSA,
funded by the European Community, developed guidelines
for research and clinical practicein the field of respiratory
sound acquisition and analysis.#948 The CORSA project
group produced guidelines on the definitions of medical/
technical terms used in pulmonary acoustics; environmen-
tal conditions; patient management procedures; acquisi-
tion, pre-processing, digitization and analysis of respiratory
sounds; and also on publishing the results of research.4.9:48
These international guidelines have been available since
2000; however, from the 9 studies conducted after this
year, only 3 followed the acquisition procedures recom-
mended by CORSA. Regarding the analysis methods, al-
gorithms based on fast Fourier transformation were the
most used, which is in accordance with the CORSA rec-
ommendations. Future research, with improved study de-
signs and larger samples, both of children and adult pop-
ulations, and following the CORSA guidelines, should be
conducted to explore the ARS response to respiratory ther-
apies. This will facilitate the comparison of results from
different studies, promote research into the development
of standardized respiratory sound acquisition equipment
and analysis, and, finally, enhance the understanding of
computerized ARSs as well as their use as an outcome
measure.

Conclusion

Specific variables of each ARS detected and character-
ized with CORSA showed high ESs, and thus may have
potential to be an objective, reliable, and noninvasive out-
comemeasurefor respiratory therapy in children and adults.
Further research exploring the ARS response to different
respiratory therapies is needed to enhance the understand-
ing of computerized ARSs and their clinical use, not only
for purposes of diagnosis but also for monitoring patients
and treatments.
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