POLYTECHNIQUE

PCLYPUBLIE

A [
UNIVERSITE )

Polytechnique Montréal D'INGENIERIE

Titre: Acoustic airway clearance devices: a systematic review of
Title: experimental and numerical studies

Auteurs:  Arife Uzundurukan, Sébastien Poncet, Daria Camilla Boffito, &
Authors: Philippe Micheau

Date: 2024
Type: Article de revue / Article

L, Uzundurukan, A., Poncet, S., Boffito, D. C., & Micheau, P. (2024). Acoustic airway
Référence: clearance devices: a systematic review of experimental and numerical studies.
Citation:  Biomedical Engineering Advances, 8, 100134 (13 pages).
https://doi.org/10.1016/j.bea.2024.100134

Document en libre acces dans PolyPublie
Open Access document in PolyPublie

URL de PolyPublie:

PolyPublie URL: https://publications.polymtl.ca/62122/

Version: Version officielle de I'éditeur / Published version
" Révisé par les pairs / Refereed

Conditions d’utilisation

Creative Commons Attribution 4.0 International (CC BY)
Terms of Use:

Document publié chez I’éditeur officiel
Document issued by the official publisher

Titre de la revue:

Journal Title: Biomedical Engineering Advances (vol. 8)

Maison d’édition:
Publisher:

URL officiel:
Official URL:

Mention légale: ©2024 The Authors. Published by Elsevier Inc. This is an open access article under the
Legal notice:  CC BY license (http://creativecommons.org/licenses/by/4.0/).

Elsevier

https://doi.org/10.1016/j.bea.2024.100134

Ce fichier a été téléchargé a partir de PolyPublie, le dépot institutionnel de Polytechnique Montréal
This file has been downloaded from PolyPublie, the institutional repository of Polytechnique Montréal


https://publications.polymtl.ca/
https://doi.org/10.1016/j.bea.2024.100134
https://publications.polymtl.ca/62122/
https://doi.org/10.1016/j.bea.2024.100134

Biomedical Engineering Advances 8 (2024) 100134

Contents lists available at ScienceDirect

BIOMEDICAL
ENGIN

Biomedical Engineering Advances

FI. SEVIER

journal homepage: www.journals.elsevier.com/biomedical-engineering-advances

Check for

Acoustic airway clearance devices: A systematic review of experimental and |
numerical studies

a,b,*

Arife Uzundurukan , Sébastien Poncet *, Daria Camilla Boffito ", Philippe Micheau*

2 Centre de Recherche Acoustique-Signal-Humain, Université de Sherbrooke, 2500 Bd de 1'Université, Sherbrooke, JIK 2R1, QC, Canada
b Department of Chemical Engineering, Ecole Polytechnique de Montréal, 2500 Chem. de Polytechnique, Montréal, H3T 1J4, QC, Canada

ARTICLE INFO ABSTRACT

Keywords:

Acoustic airway clearance devices (ACDs)
Muco-obstructive pulmonary diseases
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High-frequency chest wall oscillation (HFCWO)
Oral high-frequency oscillation (OHFO)

The global respiratory care devices market, including acoustic airway clearance devices (ACDs), is expected to
experience a compound annual growth rate of 6.10 % from 2023 to 2030. However, there are a number of in-
consistencies in the categorization and working frequency range from one discipline to another one. A better
understanding of the mechanisms of action of these devices is therefore of prime importance in order for phy-
sicians, physiotherapists, scientists, and engineers to remain abreast of up-to-date studies in the field and spe-
cifically on the frequency range used. In the present review, we have categorized acoustic ACDs according to
their working principles while reviewing their existing shortcomings in both experimental and numerical studies,
thereby paving the way for future research directions. A total of 14 different ACDs are discussed, taking into
account their working principle and frequency range, and classified as follows: mechano-acoustic devices, high-
frequency chest wall compression (HFCWC), and high-frequency chest wall oscillation (HFCWO) for high-
frequency chest compression (HFCC) and oral high-frequency oscillation (OHFO). Existing studies highlight
that ACDs with HFCWC distinguish themselves from other devices by supplying compression in a homogeneous
manner, allowing the delivery of both efficient and gentle therapy up to approximately 40 Hz. Notwithstanding,
a stark difference in the working frequency range across the various devices was found and identified as a
literature gap. Given that this difference arises from both experimental and numerical studies between the
various disciplines, the studies are further classified according to their respective objectives, methodology and
outputs to help readers quickly and straightforwardly locate the articles of interest for potential future in-
vestigations. The review also brings to light the interdisciplinary nature of ACDs, whereby numerical biomedical
studies can actively assist experimental studies in terms of reproducibility and reliability, creating a digital twin
of the human chest and its respective components.

1. Introduction respectively [4]. It is one of the reasons explaining the compound annual

growth rate in respiratory medical devices, which is expected to increase

Bronchial mucus can obstruct the airways either because its physico-
chemical properties render it too adhesive or due to its presence in
excessive amounts [1]. An increase in mucus production in the bronchi
and bronchioles coupled with a decrease in the ability to expectorate
sputum is acknowledged as a hallmark of muco-obstructive pulmonary
diseases [2,3]. Such pulmonary diseases were furthermore reported as
the second and third most common cause of death in 1990 and 2019,
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by 6.10 % from 2023 to 2030 [5]. Indeed, utilization of these devices has
been shown to reduce rehospitalization and length of hospital stay [6].
Although acoustic airway clearance devices (ACDs) are used in most
cases to facilitate expectoration during therapy, their actual effective-
ness remains to be properly quantified. Hence, there is an unmet need
for large prospective studies to properly assess the efficiency of me-
chanical airway clearance therapies [7]. With the advent of the Internet
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of Medical Things (IoMT), wearable smart devices are increasingly used
to replace or supplement traditional physiotherapy (CPT) [8,9]. The
main objective of ACDs is to help patients gain greater autonomy,
allowing them to independently apply the respiratory therapy them-
selves whenever and wherever necessary [10,11]. The devices can be
used to enhance breathing in patients with muco-obstructive pulmonary
diseases such as chronic obstructive pulmonary disease (COPD), bron-
chiectasis, cystic fibrosis (CF), COVID-19, emphysema and asthma
[12-14]1."

Over the years, ACDs have been classified in various manners,
including intermixing working methods with the devices as well as
taking into account the patient’s activity during therapy, hence causing
misunderstanding with regard to their classification from one study to
the next. For example, Hristara et al. [15] categorized the devices as
positive expiratory pressure (PEP), high-frequency chest wall oscillation
(HFCWO), oral high-frequency oscillation (OHFO), intrapulmonary
percussive ventilation (IPV), incentive spirometry (IS), Flutter®, Aca-
pella®, and Cornet® devices. However, there is a mixture of information
in this categorization with certain terminology such as PEP referring to
the actual workings of the device and others referring to device names
which deliver a type of airway clearance therapy. Homnick et al. [16],
on the other hand, divided the devices and treatment techniques into
two general categories, ’active’ and ’passive’, according to those
necessitating substantial patient effort to administer and those requiring
less effort. However, at the first glance, this subcategorization does not
appear clear-cut or understandable in terms of either their usage or their
type. Another study categorized these devices as PEP, airway oscillating,
and mechanical percussive (MP) with external high-frequency chest
compression (HFCC), high-frequency chest wall compression (HFCWC)
and HFCWO devices [17]. This characterization may be misleading
since all of these devices are aimed at creating airway oscillations, which
was used as one of the classifications of these devices. Therefore, their
mechanism of action still remains ill-defined since complex technical,
methodological and statistical factors render the interpretation of data
challenging [7,18] in addition to the applied frequency range.

The frequency range used by these devices for their categorization as
high- and low-frequency remains an additional inconsistency. Different
frequency ranges are determined for different scales from one study to
another. For example, the frequency range in some instances is cate-
gorized as being low-frequency (under 100 Hz), middle-frequency
(200-600 Hz), and high-frequency (600-1200 Hz) [43]. However, in
another categorization, the range is determined by the" Goldman Tri-
angle" [44], i.e. 6-11 Hz, 15 Hz, and 20 Hz for resonance frequency,
low-frequency, and high-frequency, respectively. However, the oper-
ating frequencies of commercial devices used for both OHFO and HFCC
differ quite significantly from these ranges, and vary between 2-300 Hz
and 1-65 Hz, respectively as shown in Table 2 [19,20]. To overcome this
inconsistency, it is necessary to review these devices by considering both
the experimental and numerical studies, including multidisciplinary
studies underpinning these various device types according to their
working principles.

Experimental studies on the vibration response of ACDs are long-
established and generally patient-based. Recently, these studies have
increasingly focused on the physico-chemical properties of mucus and

1 Abbreviations: ACDs, airway clearance devices; BCV, biphasic cuirass
ventilator; CF, cystic fibrosis; COPD, chronic obstructive pulmonary disease;
CPT, conventional physiotherapy; CT-FEM, computed tomography-based finite
element model; FEV, forced expiratory volume; FEV1, forced expiratory volume
in one second (FEV1); FVC, forced vital capacity; Freq, frequency (Hz); HFCC,
high-frequency chest compression, HFCWC, high-frequency chest wall
compression; HFCWO, high-frequency chest wall oscillation; IoMT, Internet of
Medical Things; NEP, negative expiratory pressure; OHFO, oral high-frequency
oscillation; PEP, positive expiratory pressure; PMC, peripheral mucus clearance;
TMC, tracheal mucus clearance.
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their extreme variability [21]. Although the improvements in ACDs have
paved the way for more in-depth experimental acoustic studies, by the
latter 1950s [22], researchers recognized that the application of har-
monic acoustic excitation from the mouth or onto the chest surface with
the aid of an ACD constitutes an effective treatment [23,24]. Given that
the main objective of the ACDs is to change the physico-chemical
properties of mucus in order to facilitate expectoration, biomedical en-
gineering studies have gained significant importance in quantifying
mucus properties. For example, in healthy humans, mucin content
represents 1 % by weight, with a total protein and glycoprotein con-
centration of approximately 2.5 % [25], increasing up to 5.6 £ 2.0 % by
weight for patients with CF [26]. Hence, in recent years, experimental
studies conducted by scientists and biomedical engineers have sup-
ported medical and physiotherapy research by measuring the visco-
elastic, shear-thinning, and thixotropic properties of bronchial mucus
[27-29]. While numerous frequency ranges were considered, experi-
mental studies have generally been conducted in the under 100 Hz range
[27,30], most of which have focused in the 5-20 Hz frequency range
[19,31].

The advent of numerical biomedical studies, on the other hand, is
more recent and has accelerated for five years. Whereas it is difficult to
conduct experimental studies in a living patient with a muco-obstructive
disease, numerical models can expand our understanding of both the
vibration response of the body and the physico-chemical properties of
the mucus [26,32]. To illustrate, computed tomography-based finite
element model (CT-FEM) studies can increase both the reproducibility
and accuracy of the results since they are based on an in vivo-derived
modeled geometry [33] (see [34] for the entire body and [35,36] for
the lungs). However, the mucus layer remains very small (O 107> m)
even in diseased patients when compared to the whole human thorax.
This multiscale issue makes it difficult to address the entirety of the
problem with a single numerical solver. As a result, numerical studies
focusing on the physio-chemical properties of mucus have gained
increasing importance, and have been predominantly dedicated to the
mucociliary transport mechanism by ciliated epithelial cells [37], the
search for an optimum frequency [20,38], and the average velocity and
instantaneous flow rate [30] for mucus mobilization. These studies can
be used to enhance our understanding of relevant sound transmission
phenomena, particularly in the field of biomechanics. As for the fre-
quency range, in contrast to the many reported varieties and in-
consistencies, in numerical studies, these are consistent with the latest
experimental studies up to 100 Hz [34,35].

In light of the above, and given the lack of consideration of the
different domains when performing complex categorizations together
with the large multiplicity of working frequency ranges used, we hy-
pothesized that a simple and well-defined categorization would provide
greater clarity and address the wide frequency ranges by reviewing both
experimental and numerical studies while taking into account multi-
disciplinary research. Therefore, in the present comprehensive review,
the 14 most known ACDs are categorized into two main groups, namely
OHFO and HFCC devices. OHFO is the transmission of sound generated
at the mouth and its propagation through the airway, whereas HFCC
creates vibrations from the surface of the chest wall and transmits the
latter through the airways using two different specific techniques,
HFCWC and HFCWO. The HFCWC technique involves a vibratory exci-
tation mechanism located on a vest to vibrate the chest wall while
HFCWO inflates and deflates the vest with oscillating pressure to create
air-assisted vibrations. In addition to the categorization of the devices in
an understandable and detailed manner, an additional novelty of this
study is that both experimental and numerical acoustic studies are
considered from a multidisciplinary perspective. It includes: (1) the vi-
bration response of the thorax or internal organs and (2) the influence of
transmission on the physic-chemical properties of bronchial mucus,
thereby contributing to encompassing the viewpoints of medical pro-
fessionals, physiotherapists, scientists, and engineers, with a primary
focus on the most recent five-year literature.
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2. Literature search methodology
2.1. Preparatory search

A targeted search was first performed using MEDLINE, PubMed,
Scopus, Web of Science, and Google Scholar to incorporate various
disciplines from January 3, 2020 through August 16, 2024. The key-
words were defined as pulmonary therapy, HFCC, HFCWO, HFCWC,
OHFO, mucus, mucus obstructive, COPD, cystic fibrosis, and acoustic pul-
monary therapy. This preparatory screening was further enhanced by
assessing the reference lists of selected articles. The inclusion and
exclusion of documents were achieved through a total of 5 rounds, each
with specific criteria. The number and motives for the discarded articles
at each round are provided in Fig. 1 and Table 1.

2.2. Content selection method

A total of 3532 documents were initially screened, including

3532
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conference papers, full-length articles, master’s and doctoral theses,
books, ACD user manuals, and patents, to evaluate both experimental
and numerical studies. After eliminating duplicated documents, the
initial search was shortlisted through totally 5 analysis rounds to 107
documents, consisting of 94 full-length articles, 5 books, 3 conference
papers, 3 instruction manuals, 1 report, and 1 doctoral thesis. The search
involved a time frame spanning more than 65 years up to August 2024,
although most documents are from the last 5 years as a result of the
increment in technical knowledge which has remarkably up-lifted IoMT
and numerical studies, as well as improvements in experimental studies.
In addition, research papers based on important aspects such as objec-
tives, methods, and findings were categorized as an aid for locating them
efficiently and straightforwardly. Fig. 2 presents the number of publi-
cations distributed over time between 1958 and 2024.

January

12

round)

si:ggzd . Inclusions/
1212
(The first e
xclusions

The second round:

January

7
Inclusions/

2332 papers

1349
Exclusions

The third round:

January

4
Inclusions/

990 papers

782
Exclusions

The fourth round:

January

17
Inclusions/

212 papers

127
Exclusions

The fifth round:

August

6
Inclusions/

102 papers

1
Exclusions

107
Papers
reviewed

Fig. 1. The review journey with the number of included and excluded papers from January 2020 to August 2024.

*Inclusion and exclusion strategies are given in e-Table 1.
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Table 1

Biomedical Engineering Advances 8 (2024) 100134

Exclusion and inclusion strategies in the review process with the associated numbers of publications.

Search Round Number of Reason for exclusion Number of excluded Reason for inclusion Number of included
publications papers papers
Initial search and 3532 Duplicated studies 1025 Up-to-date' and reference 12
1st round Low-quality studies” 144 checking
No vulnerable population** 43
2nd round 2332 Non-pulmonary study 566 Up-to-date' and reference 7
Not specifically on OHFO or HFCC 783 checking
3rd round 990 Low-quality rehabilitation study* 686 Up-to-date' and reference 4
Study predominantly concentrated on cilia 96 checking
4th round 212 Insufficient information on software and CT data (for 59 Up-to-date' and reference 17
the numerical studies) checking’
Insufficient information on the experimental set-up 68
5th round 102 Changed with corresponding up-to-date 1 Up-to-date' 6

comprehensive published work

Studies with insufficient quantitative data related to the working frequency range were eliminated.
" Studies lacking information on sex, age, and physical diversity were eliminated.

" Insufficient information related to data collation and boundary conditions were detected in experimental and numerical studies, respectively.
T Articles, including hot-published papers, over the last more than four years were actively reviewed.
* All papers were reviewed by cross-checking their cited references. The references of the reviewed articles were included, even if not available in the source

material.
All articles selected were in English language (no translations).

3. Acoustic airway clearance devices
3.1. Oral high-frequency oscillations

OHFO techniques are based on acoustic excitation at the mouth to
create oscillations as illustrated in Fig. 3. These techniques are used in
physiotherapy to promote pulmonary function [39] and are underscored
in various surveys as the most preferable technique [40]. The most
common OHFO devices are Flutter®, Simeox® Aerobika®, Acapella®,
PARI-OPEP®, Shaker®, RC Cornet®, and Lung Flute®.

Finding common attributes for comparing these devices remains
nonetheless challenging with no particular device deemed superior to
another [41,42]. For example, Santos et al. [41] compared the me-
chanical performance of the Flutter®, Shaker®, and Acapella® devices
by measuring pressure amplitude, OPEP, and oscillation frequency.
Poncin et al. [42] compared six different OHFO devices, namely
Flutter®, Gelomuc®, Shaker®, PARI-OPEP®, Acapella®, and Aero-
bika® at 12 Hz or above and PEP ranging between 10 and 20 cm H,0.
Both groups concluded that all devices exhibited similar mechanical

performances, although Acapella® and Aerobika® required higher
expiratory pressure to reach vibration response efficiency.

3.2. High-frequency chest compression

The working principle of HFCC lies in the creation of vibrations on
the chest wall to clear secretions [27,43]. The frequency effect on the
human chest wall was first documented, by McKusick [22] in 1958,
whereas its role in mucus removal for patients with muco-obstructive
pulmonary diseases was originally reported by Beck [44] in 1966. It
has advantages over CPT in terms of sputum expectoration, stabilization
or improvement of respiratory function, increasing airflow in low lung
volumes, and has a positive effect on forced vital capacity (FVC) and
forced expiratory volume (FEV) [45]. It contributes positively to not
only tracheal mucus clearance (TMC) but also peripheral mucus clear-
ance (PMC) [46]. HFCCs are categorized as HFCWC, HFCWO, and
mechano-acoustic devices according to the working principle as illus-
trated in Fig. 3.

The well-known commercial brands of HFCWO devices are The

14
|D§| IIIi This review considers nearly 65 years, but mostly focuses on the last 5 years.
12 s --+- Moving average rise
Article: 94
10 b Book:3
- Conference paper: 3
i Instruction manual: 3
< gt Report:l
[- W .
o~ PhD thesis: 1
(<]
£ 6r
Z .l
2 F
2 N > a0 > D S & e & S >
FR T FF T F T I I

Years

Fig. 2. Total number of papers included in this study according to the year of publication.
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Fig. 3. Classification of ACDs according to their working principle and comparison in terms of the applied frequency range (prepared according to Table 2 and

references [27,33,61]).
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Vest®, Hayek® Biphasic Cuirass Ventilator (BCV) and Smartvest®
which operate in the form of a wearable smart vest technology under a
low-frequency range. Although HFCWO with BCV is commonly and
effectively used in emergency medicine in combination with high-flow
nasal oxygenation [47], one study conversely concluded that oscil-
lating pressure may not enhance the effectiveness of HFCC therapy since
oscillating pressure can reduce end-expiratory lung volume, which in
turn may lead to a decrease in airway size and subsequent airway
obstruction [48]. HFCWC is effective in enhancing both PMC and TMC
[46] with the AffloVest® and RespIn 11 Bronchial Clearance System®,
which operate up to approximately 20 Hz. Frequencer® is a
mechano-acoustic device used in the 20-65 Hz frequency range and
provides the best airway clearance therapy at 40 Hz [27].

3.3. Perspectives on airway clearance devices

Some studies have pointed out that acoustic ACDs provide 1.8 times
higher mucus clearance in a single therapy session compared to con-
ventional physiotherapy (CPT) [63]. However, other studies reported no
evidence that one device is better than the other in transmitting the
vibration response [64]. In terms of comfort, some patients preferred
OHFO to HFCC [65] while others preferred the opposite [40]. Therefore,
when comparing different ACDs, a comprehensive numerical model is
necessary to impose equal conditions between each device and repeat
the tests accordingly to avoid this choice-based source of confusion [33].
However, instead of results based on patient choice, a greater amount of
measurable data and numerical calculations need to be considered such
as a decrease in sputum production [66] and high acoustic pressure
distribution from the applied source to the bronchioles [67]. When all
methods were considered, HFCWC devices were found to be distin-
guishable in terms of increasing both PMC and TMC in a homogeneous
manner in addition to enhanced treatment efficiency due to a uniform
frequency supply. In addition, HFCWC was found to provide more
mobility for patients with wearable small battery technologies [62].

4. Experimental acoustic studies

Experimental acoustic ACDs studies have long been established and
associated with airway clearance as a vibration response, with numerous
studies focused on determining the resonance frequency in order to
provide the most efficient therapy [22,68,69]. These studies have
recently been supported by biomedical engineering studies on the
physico-chemical properties of mucus [27,28]. Table 3 provides a
summary of the experimental studies on acoustic ACDs categorized ac-
cording to their objective, applied frequency, subjects, method, condi-
tions and outputs in chronological order. With regard to the frequency
range, experimental studies are generally conducted below 100 Hz [27,
30] and mostly focus on the 5 to 20 Hz range [19,31]. There is consensus
among these studies as to the 40 Hz cut-off frequency because of lung-rib
cage interactions [70] and as an appropriate frequency for the rheo-
logical properties of mucus [27].

4.1. Vibration response

The main challenge of experimental acoustic studies resides in the
non-stationary nature of the vibrations and sound transmission in the
human chest as well as the positioning of the acoustic ACDs, which are
not easily repeatable [71]. The effectiveness of all these treatments
varies according to each disease, although are of significant use in
subjects with CF in both the pediatric and adult populations [72].

There are several experimental studies in the literature regarding the
influence of vibration response on excessive sputum clearance in bron-
chial secretions [24,46,73]. In these studies, a, F, and P-values are the
probability parameters used to obtain a statistical summary of the main
effect, with group interactions of lung function defined as forced expi-
ratory volume in one second (FEV1) and FEV1/FVC ratio that is equal to

Biomedical Engineering Advances 8 (2024) 100134

or more extreme than the observed value under a specified statistical
model such as the sample mean difference between two groups [74]. In
addition to these parameters, oxygen saturation (S,05) is also used as an
assessment parameter for the comparison of airway clearance therapies
[751.

Chest resonance frequency is contingent on a multitude of factors
such as body mass index (BMI), the subject’s mass, height, chest size,
age, and sex [68,69]. In 1994, Goodwin [69] measured the average
resonance frequency of the chest wall by applying frequencies between
0 and 100 Hz in 15 fully healthy subjects, yielding values of 25 Hz and
33 Hz for male and female volunteers, respectively. In 2006, Ong and
Ghista [68] found chest resonance frequencies of 26.7 Hz and 27.8 Hz in
a sample of 23 healthy male and female volunteers, respectively. In
contrast, McKusick [22] previously reported respective resonance fre-
quencies of 125 Hz, 150-175 Hz, and 300-400 Hz in men, women, and
children. In addition to the above inconsistencies, different frequencies
have been used for commercial devices investigated in the literature,
including 15-50 Hz [68], 6.1 Hz [76], and 6-19 Hz [77]. With regard to
oral sound excitation, 13 Hz and 10-28.5 Hz [41] were found as a
resonance frequency for dogs.

In accordance with Table 3, low frequencies ranging up to 40 Hz are
typically utilized for treating the human chest surface as they are known
to have therapeutic effects on the chest area. On the other hand, fre-
quencies below 25 Hz are applied for oral vibration tests. These tests are
conducted to assess the vibratory sensation in the oral cavity, which can
be useful in diagnosing certain medical conditions.

4.2. Physico-chemical properties of mucus

According to studies on the physico-chemical properties of mucus in
healthy humans, mucin content is 1 % by weight with a total protein and
glycoprotein concentration of approximately 2.5 % [25]. However, its
rheological properties change according to the patient’s disease [77].
The bronchial drainage function is a complex phenomenon directly
linked to the thermophysical and rheological properties of the mucus
layer coating the airways [28,29]. Lafforgue et al. [29] measured the
rheological properties of a mucus simulant mimicking bronchial mucus
under different disease settings in the range of 1 to 100 rad.s!. They
also measured their density, surface tension, thermal diffusivity, and
thermal conductivity as a function of temperature. Schieppati et al. [27]
investigated the influence of frequency and amplitude on mucus visco-
elasticity in-vitro. The authors concluded that a frequency of 40 Hz
coupled with a 0.5 gL. ! NaCl rehydrated mucus lowers its viscosity and
potentially facilitates its expectoration.

Given that parameters vary from one muco-obstructive pulmonary
disease to another [78], it may be of valued interest to quantify the in-
fluence of oscillation frequency on the cohesive and adhesive failure of
mucus, which has yet to be considered to date. Indeed, taking into ac-
count these changes could provide a much-needed contribution to the
well-being of respiratory patients. The seminal study by Button et al.
[79] accordingly demonstrated a direct relationship between airway
clearance and the cohesive and adhesive failure of mucus in healthy
subjects. The authors found that both adhesive and cohesive strengths
are dependent on velocity (and thus shear force) and concentration,
indicating that energy dissipation occurs within the mucus during
coughing. However, the cohesion and adhesion of mucus under vibra-
tions have yet to be quantified.

5. Numerical acoustic studies

Numerical simulations are crucial for eliminating external factors
and ensuring consistent test conditions for devices in both HFCC- and
OHFO-related biomedical engineering applications. In addition, the
recent developments of IoMT have enabled the acceleration of CT-FEM
studies by which researchers are able to illustrate the effect of an
acoustic medical device on the human body [34] as well as on the lungs
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[35,36]. In terms of numerical acoustic studies on physico-chemical
properties of the mucus, coughing effect and mucociliary clearance by
beating cilia at under approximately 20 Hz are the two main mecha-
nisms for airway clearance in healthy patients [37], and likely one of the
reasons of the many studies near this frequency. This, in turn, has led to
an increasing number of studies on the optimum frequency for airway
clearance [20,38] and on the generated average velocity and instanta-
neous flow rate of mucus [30]. These studies are listed in chronological
order in Table 4 and are categorized according to their objective, applied
frequency, geometry, method, conditions, and outputs. Numerical
studies are generally conducted below the frequency range of 100 Hz
[35].

5.1. Vibration response

The internal sound propagation in the human chest is non-stationary
and poorly reproducible [71,94] and whose characteristics are depen-
dent on multiple factors including the patient’s health condition, age,
sex, and physical geometric features. Numerical models can thus be used
to enhance our understanding of relevant sound transmission phenom-
ena. In addition to the material properties of the respiratory systems, CT
data are necessary to generate accurate results from 3D numerical
studies [20,35,95]. The Biot’s theory for the human lungs and the Kel-
vin-Voigt model for both soft tissues and osseous regions are often
applied in numerical studies to determine the material properties
[96-98]. It is also essential to have a realistic, high-quality, and
easily-simulated CT-FEM [33]. When comparing acoustic ACDs, the
same conditions such as frequency range and the same patient should be
taken into account simultaneously, which is nearly impossible. Never-
theless, according to a recent advancement, CT-FEM can provide
numerically reliable and reproducible tests under the same conditions
with different excitations, thus generating comparable outputs.
Furthermore, it is an invaluable instrumental tool for putting together a
scientific multidisciplinary puzzle as illustrated in Fig. 4.

In a recent study, CT-FEM was created to numerically test airway

Diagnose and treat the disorders
with determination of the needs,
taking into account of diversity
and population size

Physician

Assess clients' physical
abilities through planning,
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clearance therapy, with the resonance frequency of the human thorax
determined at 28 Hz [34]. The lung energy density distributions under
HFCC were furthermore investigated within the 5-100 Hz range,
whereby both kinetic and elastic strain energy density distribution peaks
were observed to be below approximately 40 Hz [35,36]. These findings
were supported by two different literature experimental studies for the
resonance frequency [68,69] with the cut-off frequency found at 40 Hz
as a result of lung-rib cage interactions [70]. However, a previous
experimental study performed in 1958 contradicts these findings [22],
thus warranting further studies addressing the persisting confusion
surrounding the frequency range.

5.2. Physico-chemical properties

Mucus properties are dependent on the patient’s health conditions
[78,99] and change with respect to the frequency range, so it is hard to
standardize them and serve as inputs to numerical studies. To illustrate
that, over a given small airway segment, cilia may synchronize to beat
uniformly in the periciliary fluid (with their tips in the mucus layer) at
generally under 20 Hz [37]. However, Brunengo et al. [20,38] identified
the optimum frequency for airway clearance as 6.5 Hz for RespIn 11
Bronchial Clearance System®. The authors further observed that in the
frequency range between 3 Hz and 15 Hz, the amount of airflow at the
mouth opening remained within 1 % of its maximum. Obembe et al. [30]
recently found that vibration frequency affects the average velocity and
the instantaneous flow rate. Using a constructed 2D model, they re-
ported an improvement of 68 % in the mucus mobilized in the tube when
the vibration frequency was increased by a factor of 2 (from 15 Hz to 30
Hz) and of 343 % when increasing the vibration frequency by a factor of
6 (from 15 Hz to 90 Hz). Recently, El Naser and Karayel [100] identified
a significant trend in their numerical study, where increasing the fre-
quency up to 30 Hz led to a pronounced decrease in mucus viscosity for
oscillating ACDs. Moreover, their findings highlighted the importance of
frequency-dependent behavior in optimizing applied vibrations for
enhancing mucus clearance through adjustments in amplitude, pressure

Engineer

Develop and validate the
numerical models with
experimental studies and
design therapy devices

o

Scientist

evaluation, and therapy
> (adjustment, manipulation)

Physiotherapist

= Conduct physical, chemical
and biological laboratory-
based investigations and
experiments simultaneously

\_/

Fig. 4. Recommended interdisciplinary framework for future studies (visualization supported CT-FEM [33]).
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differentials, fluid properties, and ciliary movements.

Given these discrepancies, it becomes clear that no direct correlation
can be established between the numerical simulations and the experi-
mental findings detailed in Section 4.2. This divergence is primarily
attributable to the varying assumptions made, particularly regarding the
presence or absence of ciliary activity and the insufficient modeling of
mucus rheological properties, which exhibit considerable variation
across different frequency spectra [27]. Furthermore, the influence of
dynamic oscillatory forces on both nasal and pulmonary mucus prop-
erties was ignored. To illustrate that, the sputum in chronic obstructive
disease is significantly more elastic and viscous compared to that in
healthy individuals [101]. Furthermore, it changes according to the
severity of the disease and other factors [102], but these effects have not
been considered so far in the literature.

6. Discussions and perspectives on airway clearance devices

In order to facilitate a comprehensive comparative analysis, a bar
chart was therefore developed incorporating a total of 14 different ACDs
based on the applied frequency ranges as shown in Fig. 3 (see also
Table 2). As it can be seen, there are inconsistencies in the frequency
ranges used for both OHFO and HFCC, ranging from 2 to 300 Hz and
1-65 Hz, respectively [19,20]. Consequently, an accurate frequency
range was only recommended when an agreement between experi-
mental and numerical results was obtained for a gentle and effective
therapy in the low-frequency range. For instance, the resonance fre-
quency for the chest wall was found to be 26.7 Hz and 27.8 Hz in 23
healthy male and female volunteers, respectively [68] and supported
numerically as 28 Hz with a male model [34]. Furthermore, the cut-off
frequency was found to be 40 Hz due to lung-rib cage interactions [70],
and the strong decrease in energy density distribution in the lungs above
40 Hz [35]. Furthermore, in light of both numerical experimental
studies done in the recent five-year studies, an increase in the frequency
range up to nearly 30-50 Hz was indicated as useful (see Tables 3, 4 and
specifically references [27,35,36,100]). Therefore, although the di-
versity in BMI, weight, height, chest size, and disease severity (among
other parameters) plays a crucial role in the effective applied frequency
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range, it would appear that both experimental and numerical studies
generally agree that a low-frequency range up to around 40 Hz is suf-
ficient and effective as a gentle therapy.

As illustrated in Fig. 4, which presents a recommended interdisci-
plinary framework for future studies, the inconsistency in the frequency
range used by acoustic ACDs can be further elucidated. This framework,
supported by a visualization based on the CT-FEM model [33], un-
derscores the importance of interdisciplinary research. Such studies may
not only clarify the observed frequency variations but also promote
collaboration across fields like medicine, physiotherapy, science, and
engineering. This cross-disciplinary effort is essential for advancing the
development and optimization of ACDs. With the help of numerical
studies, mimicking the medical devices’ effects can be accurately
repeatable across tests so as to generate a digital twin of the human chest
under vibrations by including organ geometry as well as the amount and
rheologic properties of mucus. Implementing CT-FEM studies could
hence foster enhanced collaboration among medical professionals,
physiotherapists, scientists, and engineers, leading to significant bene-
fits in ACDs.

7. Conclusions and perspectives

A number of studies are currently being conducted independently,
leading to inconsistencies in the frequency range identified as the most
appropriate for ACDs in the setting of muco-obstructive pulmonary
diseases. This review provides a comprehensive point of view on the
state of the art of the working frequencies used in acoustic ACDs, taking
into account both experimental and numerical studies, with the aim of
paving the way for future interdisciplinary studies, including medicine,
physiotherapy, and engineering domains.

In a first instance, a total of 14 currently available ACDs for OHFO
and HFCC were described according to their working principles and
frequency ranges (Fig. 3 and Table 2). Despite numerous devices being
described in the literature, many discrepancies remain both in the
manner in which these are applied and the type of patients investigated.
All of the devices were categorized herein and, to the best of our current
knowledge, we conclude that HFCWC devices are unique as they provide

Table 2
Currently used modern acoustic ACDs.
Type Name Form Freq. (Hz) Working Principle Ref.
OHFO  Flutter® Hand-held portable 2-32 (mean 11.3  The fluctuation of pressure and airflow are triggered by a steel ball movement [49-51]
pipelike device with OPEP  + 1.5) during expiration.
Simeox® Electronic NEP device 6-20 Pneumatic vibratory stimulus oscillations during expiration. [1,52]
Aerobika® Hand-held portable device ~ 5-20 (meanl1.6 Pressure pulses are generated during exhalation. [53-55]
with OPEP +2.2)
Acapella® 15.0 £ 3.7 Using a counterweighted lever and magnet, PEP can be achieved. Exhaled gas [51,53]
(mean) generates air flow oscillations.
PARI-OPEP® 15 (mean) The vibratory movement of a ball generates oscillatory pressure when the [42,56]
patients exhale.
Shaker® 16.41-27.48 During exhalation, resistance generates PEP along with airflow rates and [39,41]
oscillation frequencies.
RC Cornet® 20-300 (mean PEP device operates using a latex-free hose, which creates oscillations by [19]
80) randomly striking the top and bottom of the tube, intermittently obstructing the
flow.
Lung Flute® 16-22 Tubular PEP device, with a plastic mouthpiece at one end, attached to a Mylar [2,57,
reed that flutters during use. 58]
HFCC Frequencer® Acoustic treatment with a 20-65 An electro-acoustical transducer is used to create oscillatory sound waves, [27,43]
mechano-acoustic device which cause vibrations on the chest wall.
The Vest® Wearable technology with ~ 5-20 Repeated inflation and deflation of the vest helps create oscillations of the [59]
HFCWO thorax.
Smart Vest® 5-20 The vest is inflated and deflated with a single hose, causing pulses of air that [60]
softly squeeze and release the thorax.
Hayek® BCV 1-17 The device uses BCV technology that flattens the diaphragm down and creates [47,61]
negative pressure for the inspiratory phase.
AffloVest® Wearable mobile 5-20 (mean 12) The device works with eight mechanical oscillating motors. They are engineered [62]
technology with HFCWC to target all five lobes of the lungs, front and back.
Respln 11 Bronchial 1to 20 (perline)  The device controls the frequency and the intensity of the piston expansion in [20]

Clearance System®

different lines, front and back, by focused pulse techniques. Two lines in the
front and three lines in the back side can be powered alone or together.
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Table 3
Experimental studies on acoustic ACDs.
Year Objective Freq. Subjects Method Outputs Ref.
(Hz)

1983 Observation of the clearance of mucus in the 3-17 9 dogs HFCWO HFCWO was effective in the 11-15 Hz range, with a [24]

trachea peak at 13 Hz for mucus clearance.

1985 Investigation of the effects of oscillations on 13 5 dogs HFCWO with (1) 13 Hz with 100-120 cm H,O significantly enhanced [46]

PMC and TMC 0-150 cmH»0 the PMC index in peripheral airways. (2) TMC rate at
13 Hz with 50 cmH,0 reached a plateau level. (3) 13
Hz with 50-60 cmH,O significantly increased the PMC
index.

1986 Effects of pressure oscillations in an air-filled 3.5-8 3 males and 2 HFCWO with (1) HFCWO at 3-5 Hz reduced spontaneous minute [80]

cuff wrapped around the lower thorax females 90-120 cm H,0 ventilation and maintained gas exchange. (2) 8 Hz and
higher frequencies could be uncomfortable for patients.

1990  Development of a device to aid in mucus 5-25 5 participants HFCWO, 3.7-5.2  Anaverage of 3.3 cc and 1.8 cc of mucus were collected ~ [63]

clearance kPa and CPT during a therapy session based on HFCWO therapy and
CPT, respectively.
1990  Determine the chest resonance frequency 6 mongrel dogs (4 OHFO Resonance frequency was measured at 6.1 + 0.9 Hz [76]
male and 2 female) which was very close to the panting frequency (5.7 Hz)
of the same dogs.

1991  Detection of the long-term effects of 5-22 16 patients with CF HFCWO (1) The pre-HFCWO period predicted the FVC slope as  [45]

oscillation therapy —0.013, which represents an average decline of
approximately 5 % predicted FVC per year. (2) For the
period during HFCWO therapy, the predicted FVC
slope was 0.012 (P < 0.001).

1992  Determining whether the airway oscillations 10 8 asthmatic and 6 OHFO with 25 The initial FEV and FVC were 3.4 + 0.91 and 4.6 + [81]

cause bronchoconstriction normal subjects psi 1.01 with maximal drop observed at 60 min following
vibrations (FEV and FVC 3.1 & 1.11 and 4.3 + 0.41,
respectively (P > 0.05).

1994  Measurement of the thorax resonance 0-100 15 volunteers Mechano- The resonance frequency was 25 Hz and 33 Hz for [69]

frequency acoustic males and females, respectively.

1994  Comparison of HFCC and CPT 6-19 50 patients with CF HFCC and CPT There was no significant difference between HFCC [82]
therapy and CPT, although there was a significant
improvement after both therapies in terms of weight
gain, respiratory rate, SpO,, white blood cell count, and
absolute neutrophil count in both groups within 7 and
14 days.

1995  Analysis of the effect of the Hayek Oscillator ~ 1-5 20 healthy HFCWO (1) The oscillator could ventilate individuals through [83]

on humans volunteers chest wall oscillations at frequencies ranging from 1 to
3 Hz. (2) In a study of five of the twenty patients with
respiratory failure, external HFCWO improved
oxygenation by 16 % and reduced arterial carbon
dioxide by 6 % when compared to intermittent positive
pressure ventilation.

1996  Comparison of CPT with HFCWO therapy 6-19 15 male and 14 CPTand HFCWO  The mean wet expectorated secretions were 2.86+4.0g  [77]

female CF patients and 6.76+9.7 g for CPT and HFCWO, respectively (P <
0.001). The mean dried weights were 0.26-:0.45 g and
0.74+2.4 g for CPT and HFCWO, respectively (P <
0.01).
1998  Comparison of ACDs and CPT 8-16 14 patients with CF OHFO, HFCWO, The wet and dry sputum weights varied from 4.3 + 1.2 [84]
and CPT gto 7.6 + 3.1 g and from 0.14+0.04 g to 0.41+0.08 g,
respectively. There were no significant differences
among OHFO, HFCWO, and CPT in terms of wet and
dry sputum weights. However, patients tended to
choose HFCWO in terms of self-administration.
2004  Comparison of HFCC with a sine and triangle 5 8 patients with CF HFCC Approximately 75 % and 60 % of the vest pressure was ~ [85]
waveform pulses attenuated within 2 ms for the triangle and sine
waveform, respectively. More sputum was collected
with the triangle waveform than with the sine
waveform.

2006  Investigation of the resonance frequency 15-50 8 males and 13 Mechano- The resonance frequency was measured at 26.7 Hzand  [68]

females acoustic 27.8 Hz in males and females, respectively.

2006  Test a novel HFCC device 25-40 22 individuals Mechano- The maximum amount of sputum was collected at 40 [43]

acoustic Hz with 50 % amplitude.

2008 Investigation of the external layer effect in 2.5-10.5 5 males and 13 CPT with a The addition of a sheet or towel did not notably affect ~ [86]

CPT females sheet, and with a the force applied on the chest (F = 0.6%, P = 0.55%) and
towel generated vibration (F = 2.53% P = 0.09%).
2011  Comparison of the short-term effects of 15-20 34 patients with CF HFCWO and (1) There was no significant difference between [65]
different ACDs OHFO HFCWO and OHFO. (2) S,0, decreased after the
treatments (98 + 1.0 % versus 97 + 1.2 %, P < 0.001).
(3) Patients tended to choose OHFO.
2015  Measuring lung function using sound waves 5-20 Patients of different OHFO Higher frequencies (>20 Hz) travelled shorter [87]

ages and sex

distances (generally up to the large airways), while
lower frequencies (<15 Hz) travelled deeper into the
lungs and reached the small airways and lung
parenchyma.

(continued on next page)
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Year Objective Freq. Subjects Method Outputs Ref.
(Hz)

2017  Investigation of the thermo-physical 0.159 Synthetic mucus Excitation Density and thermal properties of the synthetic mucus ~ [28]
properties of mucus in certain conditions directly applied were measured. They were formulated as a function of

on mucus the temperature and the concentration of Actigum™.

2017  Measurement of the rate of early moderate- 5-20 Hz 405 patients with OHFO (1) 18.5 % of patients using Aerobika vs. 25.7 % of [88]
to-severe exacerbations and related costs COPD controls had a moderate-to-severe exacerbation, P =

0.014. (2) 13.8 % of patients with Aerobika vs. 19.0 %
of controls had a severe exacerbation, P = 0.046. (3)
Per-patient cost of moderate-to-severe exacerbations in
the Aerobika group was 34 % lower than the control
group, P = 0.012.

2018  Characterization of complete rheological 10°-100  Synthetic mucus Excitation (1) The viscoelasticity, viscoplasticity, shear-thinning, [29]
properties of mucus in certain conditions directly applied and thixotropy as a function of Actigum concentration

on mucus were investigated. (2) The temperature dependence of
the gel response was negligible in the 20-37°C range.

2019  Effect of the frequency range on the 20-65 Synthetic mucus Directly applied A frequency of 40 Hz coupled with a 0.5 g.L'! NaCl [27]
expectoration of excessive mucus to mucus rehydrated mucus, lowered its viscosity and rendered

container expectoration easily.

2019  Development of an ACD algorithm to 5-20 65 patients with HFCWC Overall antibiotic usage was reduced annually for pre-  [89]
examine the long-term effects bronchiectasis and post-initiation as 2.5 + 0.86 and 2.1 + 0.92,

respectively, P < 0.0001.

2020 Measurement of the effectiveness of a mobile 10-15 6 males and 3 HFCWC The new mobile HFCWC device could be an effective [10]

HFCWC females option for CPT in terms of mobility and effectiveness
with an overall improvement in the Brody index (57.71
+ 16.55 vs 55.20 + 16.98 for mobile and standard
HFCWC device, respectively, P = 0.001).

2020  Comparison of the clinical outcomes of OHFO  5-20 5029 patients with OHFO (1) Patients with Aerobika were less likely to have [31]

devices COPD severe breathing problems in 30 days and 12 months
compared to those who used Acapella. (2) They also
had fewer severe breathing problems within 12 months
(0.7 vs. 0.9 per patient per year). (3) Aerobika users
were less likely to be admitted to the hospital for any
reason in 30 days (13.9 % vs. 20.3 %) and 12 months
(44.9 % vs. 51.8 %) than Acapella users.

2020  Examination of the impact of Aerobika on 5-20 10 patients with OHFO Generally, there were no significant alterations, except ~ [90]

patients COPD for a significant 2.88 % increase in determined specific
airway volume after treatment.

2020  Comparison of OHFO devices 5-20 60 patients with OHFO (1) FEV1 improved by 2.64 %, 8.92 %, and 10.49 % for [91]
COPD patients with routine treatment, active cycle breathing

technique treatment, and OHFO therapy, respectively.
(2) FEV1/FVC and walking distance also improved in
all patients. (3) Quality of life was improved in all
patients.

2021  Verify the safety and compare the immediate ~ 15-40 15 women and 15 OHFO (1) 3 min of voiced OHFO with the New Shaker [39]
effects of voiced high-frequency oscillation men healthy increases “fatigue when speaking” in both genders.
using different types of Shaker devices individual (2) 5 min of voiced OHFO with the New Shaker reduces

“voice failure” in women, while 3 min with the Shaker
Plus reduces “dry cough” and “voice failure” in men.

2022  Development of a disposable OHFO device, 26 a healthy volunteer OHFO A mean pressure of 14.82 cm H,O at a mean flow rate ~ [92]
with comparable mechanical performance to of 18.82 L/min generated an oscillation frequency of
commercial devices 26 Hz with an amplitude of 1.28 cm H,0.

2023  Efficiency of Simeox in homecare treatment 20 8-17-year-old OHFO 20 Hz causes a significant drop in proximal airway [1]

patients with CF obstruction with maximum expiratory flow at 75 % of
FVC.
2023  Examine the impact of Aerobika 5-20 53 subjects OHFO Remarkable improvements in small airway resistance [55]
at 5-20 Hz were measured as early as 12 weeks of
usage, with sustained improvement in lung function at
24 weeks.
2024  Testing the new prototype for HFCWO and 5-20 Mannequin HFCWO (1) The prototype can maintain a vibration frequency [93]

comparing it with commercial VEST-205
device

of up to 14 Hz.

(2) The pressure waveform with the prototype is
similar to VEST-205 device at 8-12 Hz and 2-4
pressure intensity levels.

the gentlest therapy with the least side effects. Moreover, a low-
frequency range of up to approximately 40 Hz appears to be adequate
in providing an effective and gentle airway clearance.

Secondly, acoustic airway clearance experimental studies are long-
established as listed in Table 3. In recent years, experimental physio-
therapy studies have been expanded to include an engineering
perspective. These studies now focus on the use of synthetic or real
mucus to better understand its physico-chemical properties such as
surface tension, thixotropic and shear-thinning behaviors under
different settings mimicking ACDs.

10

Thirdly, the numerical studies pertaining to acoustic ACDs are listed
in Table 4. Despite the fact the physico-chemical properties of mucus are
clearly dependent on frequency, the numerical studies underpinning this
mechanism of action are very few. We have highlighted that frequency-
dependent realistic geometry and material properties play a key role in
generating accurate results. Therefore, the medical imaging process,
which has recently been used for CT-FEM, is critical in creating this
realistic geometry.

We also identified the biggest technical gap, namely the difference
between experimental and numerical studies, and suggested that 3D CT-
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Table 4
Numerical studies on acoustic ACDs.
Year Objective Freq. Geometry Method Condition Outputs Ref.
(Hz)

2005  Analyze the respiratory airflow ~ 5-21 1D Electrical circuit HFCWO Nonlinear characteristic of the respiratory [103]

analogue system was simulated at 5, 15, and 20 Hz.

2011  Measurement of muco-ciliary 3-20 2D Projection method Muco-ciliary As the frequency increased, the mean velocity [104]
transport in terms of the mean combined with the transport of the mucus layer also increased linearly.
mucus velocity Immersed Boundary

Method

2018 Detection of the mechanisms 10 3D - OHFO (1) The exact location of gas transport [105]

that facilitate gas exchange mechanisms in the preterm infant at 10 Hz was
with the low tidal volumes of 2.0 mlkg‘l. 2
Lung volume increased during the first four
breaths and remained stationary thereafter.

2019 Examination of the thickness 0-80 CT, 3D ANSYS Fluent OHFO (1) The mere presence of the serous layer was [106]
of the two layers of mucus and found to increase mucus clearance by more
oscillating airflow than 15 %. (2) An oscillating flow enhanced

clearance by up to 5 %.

2021 Effect of the idealized HFCWO 1-20 2D Numerically-generated OHFO with 200 Frequencies between 3 and 15 Hz maximized [20]
manipulation on the lung air branches, Octave Pa the airflow inside the airways with an optimal
model value at 6.5 Hz.

2022  Effect of boundary vibrationon  15-90 2D, A Newtonian and an Mechanical 48 %, 57 %, and 343 % improvements in mucus [30]
mucus mobilization Cylindrical Oldroyd-B fluid, oscillation in the mobilization were documented by optimizing

Tube COMSOL Multiphysics® bulk fluid the mean relaxation time, vibration amplitude,
and vibration frequency, respectively.

2023  Study of variations in mucus 15-30 2D Mathematical model Mucosal-based The shear stress levels were found as 2, 1, and [107]
velocity under varying medical 0.01 Pa during sneezing, coughing, and quiet
conditions treatments breathing, respectively.

2023 Modeling of the human thorax 20-60 3D human Repairment, COMSOL Mechano- The generation of 3D human thorax CT-FEM [33]
under low-frequency range thorax CT- Multiphysics® 6.1 acoustic methodology was acknowledged with the

FEM decision-making process and validation.

2023 Examination of lung behavior 5-100 3D human Repairment, COMSOL Mechano- The lungs exhibited 2 peaks for both kinetic [35,

under HFCC thorax CT- Multiphysics® 6.1 acoustic energy and elastic strain energy densities at 36]
FEM approximately 30 and 40 Hz.

2024  Investigation of the vibrations 0-30 1D COMSOL Multiphysics HFCWO Applied vibrations enhanced mucus clearance, [100]
acting in the axial, radial, and v.5.4 providing changes in vibration amplitude and
tangential directions on mucus frequency, pressure differentials, fluid
clearance properties, and ciliary movements on the flow

up to 30 Hz.

2024  Investigation of the resonance 5-100 3D human Repairment, COMSOL Mechano- Two apparent resonance frequencies at 28 Hz [34]
frequency of the thorax and its thorax CT- Multiphysics® 6.1 acoustic and 41 Hz were found.
response FEM Thoracic and internal organ responses at low-

frequency resonance were simulated.
FEM could help reduce these discrepancies. It might also be helpful to References
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future studies take into account of the interdisciplinary aspects of airway (i
clearance in muco-obstructive pulmonary diseases and potentially
include both experimental and numerical studies. As an example of the
latter, a frequency of up to 40 Hz is recommended in this review, based

on various engineering and medical studies. Lastly, the inconsistency of

[2

the frequency range used by acoustic ACDs could be elucidated through
interdisciplinary studies which, in turn, may facilitate cross-disciplinary [3]
collaboration between professionals in the fields of medicine, physio-

therapy, science, and engineering.

Data availability

Data will be made available on request

[4]

Funding sources 51
This research did not receive any specific grant from funding [l

agencies in the public, commercial, or not-for-profit sectors.

Declaration of competing interest [7]
The authors declare that they have no known competing financial 8]

interests or personal relationships that could have appeared to influence

the work reported in this paper.

11

D. Sands, K. Walicka-Serzysko, J. Milczewska, M. Postek, N. Jeneralska,

A. Cichocka, E. Siedlecka, U. Borawska-Kowalczyk, L. Morin, Efficacy of the
Simeox® airway clearance technology in the homecare treatment of children
with clinically stable cystic fibrosis: a randomized controlled trial, Children 10
(2023) 204, https://doi.org/10.3390/children10020204.

S. Sethi, J. Yin, P.K. Anderson, Lung flute improves symptoms and health status in
COPD with chronic bronchitis: a 26 week randomized controlled trial, Clin.
Transl. Med. 3 (2014) 29, https://doi.org/10.1186/s40169-014-0029-y.

M.A. Greenwald, S.L. Meinig, L.M. Plott, C. Roca, M.G. Higgs, N.P. Vitko, M.

R. Markovetz, K.R. Rouillard, J. Carpenter, M. Kesimer, D.B. Hill, J.C. Schisler, M.
C. Wolfgang, Mucus polymer concentration and in vivo adaptation converge to
define the antibiotic response of Pseudomonas aeruginosa during chronic lung
infection, MBio 15 (2024) 03451, https://doi.org/10.1128/mbio.03451-23. -23.
T. Vos, S.S. Lim, C. Abbafati, K.M. Abbas, M. Abbasi, M. Abbasifard, M. Abbasi-
Kangevari, H. Abbastabar, F. Abd-Allah, A. Abdelalim, Global burden of 369
diseases and injuries in 204 countries and territories, 1990-2019: a systematic
analysis for the global burden of disease Study 2019, Lancet 396 (2020)
1204-1222, https://doi.org/10.1016/50140-6736(20)30925-9.

Therapeutic respiratory devices market share report, 2030, https://www.gra
ndviewresearch.com/industry-analysis/therapeutic-respiratory-devices-market
(accessed August 16, 2024).

V. Tayade, V. Vardhan, The effect of Aerobika device and Acapella device on
rehospitalisation and pulmonary functions in patients with chronic obstructive
pulmonary disease-A systematic review, J. Clin. Diagn. Res. 17 (2023)
YC01-YCO04, https://doi.org/10.7860/JCDR/2023/58926.18124.

A1 Gipsman, N.C. Lapinel, O.H. Mayer, Airway clearance in patients with
neuromuscular disease, Paediatr. Respir. Rev. 47 (2023) 33-40, https://doi.org/
10.1016/j.prrv.2023.02.002.

D.F.T. Morais, G. Fernandes, G.D. Lima, J.J.P.C. Rodrigues, IoT-based wearable
and smart health device solutions for capnography: analysis and perspectives,
IETE Tech. Rev. 12 (2023) 1169, https://doi.org/10.3390/electronics12051169.



https://doi.org/10.3390/children10020204
https://doi.org/10.1186/s40169-014-0029-y
https://doi.org/10.1128/mbio.03451-23
https://doi.org/10.1016/S0140-6736(20)30925-9
https://www.grandviewresearch.com/industry-analysis/therapeutic-respiratory-devices-market
https://www.grandviewresearch.com/industry-analysis/therapeutic-respiratory-devices-market
https://doi.org/10.7860/JCDR/2023/58926.18124
https://doi.org/10.1016/j.prrv.2023.02.002
https://doi.org/10.1016/j.prrv.2023.02.002
https://doi.org/10.3390/electronics12051169

A. Uzundurukan et al.

[9] S. Razdan, S. Sharma, Internet of medical things (IoMT): overview, emerging

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

technologies, and case studies, IETE Tech. Rev. 39 (2022) 775-788, https://doi.
0rg/10.1080/02564602.2021.1927863.

G. Leemans, D. Belmans, C. Van Holsbeke, B. Becker, D. Vissers, K. Ides,

S. Verhulst, K. Van Hoorenbeeck, The effectiveness of a mobile high-frequency
chest wall oscillation (HFCWO) device for airway clearance, Pediatr. Pulmonol.
55 (2020) 1984-1992, https://doi.org/10.1002/ppul.24784.

M.S. Zach, B. Oberwaldner, Chest physiotherapy, in: L.M. Taussig, L.I. Landau
(Eds.), Pediatric Respiratory Medicine, 2nd Edition, Mosby, Philadelphia, 2008,
pp. 241-251, https://doi.org/10.1016/B978-032304048-8.50022-0.

M.A. Zafar, R. Sengupta, A. Bates, J.C. Woods, C. Radchenko, F.X. McCormack, R.
J. Panos, Oral positive expiratory pressure device for excessive dynamic airway
collapse caused by emphysema, Chest 160 (2021) e333-e337, https://doi.org/
10.1016/j.chest.2021.04.059.

L. Warnock, A. Gates, Airway clearance techniques compared to no airway
clearance techniques for cystic fibrosis, Cochrane Database Syst. Rev. 4 (2023)
CD001401, https://doi.org/10.1002/14651858.CD001401.pub4.

M. Gelik, A.M. Yayik, B. Kerget, F. Kerget, O. Doymus, A. Aksakal, S. Ozmen, M.
H. Aslan, Y. Uzun, High-frequency chest wall oscillation in patients with COVID-
19: a pilot feasibility study, Eurasian J. Med. 54 (2022) 150-156, https://doi.org/
10.5152/eurasianjmed.2022.21048.

A. Hristara-Papadopoulou, J. Tsanakas, G. Diomou, O. Papadopoulou, Current
devices of respiratory physiotherapy, Hippokratia 12 (2008) 211-220.

D.N. Homnick, Making airway clearance successful, Paediatr. Respir. Rev. 8
(2007) 40-45, https://doi.org/10.1016/.prrv.2007.02.002.

Medical Advisory Secretariat, Airway clearance devices for cystic fibrosis: an
evidence-based analysis, Ont. Health Technol. Assess. Ser. 9 (2009) 1-50.

M.T. Williams, Chest physiotherapy and cystic fibrosis. Why is the most effective
form of treatment still unclear? Chest 106 (1994) 1872-1882, https://doi.org/
10.1378/chest.106.6.1872.

V.Prem Shabari, G.K. Alaparthi, Comparison of Acapella and RC-Cornet for
airway clearance in bronchiectasis-A pilot study, Int. J. Curr. Res. 3 (2011)
138-148.

M. Brunengo, PhD dissertation, Université Cote d’Azur, 2021.

J.R. Guarino, Auscultatory percussion of the chest, Lancet 1 (1980) 1332-1334,
https://doi.org/10.1016/50140-6736(80)91788-2.

V.A. McKusick, Cardiovascular sound in health and disease, 49 (1958) 556-567.
https://doi.org/10.7326/0003-4819-49-3-5.

M. Maxwell, A. Redmond, Comparative trial of manual and mechanical
percussion technique with gravity-assisted bronchial drainage in patients with
cystic fibrosis, Arch. Dis. Child. 54 (1979) 542-544, https://doi.org/10.1136/
adc.54.7.542.

M. King, D.M. Phillips, D. Gross, V. Vartian, H.K. Chang, A. Zidulka, Enhanced
tracheal mucus clearance with high frequency chest wall compression, Am. Rev.
Respir. Dis. 128 (1983) 511-515, https://doi.org/10.1164/arrd.1983.128.3.511.
S. Kirkham, J.K. Sheehan, D. Knight, P.S. Richardson, D.J. Thornton,
Heterogeneity of airways mucus: variations in the amounts and glycoforms of the
major oligomeric mucins MUC5AC and MUCS5B, Biochem. Eng. J. 361 (2002)
537-546, https://doi.org/10.1042/0264-6021:3610537.

E. Puchelle, S. de Bentzmann, J.M. Zahm, Physical and functional properties of
airway secretions in cystic fibrosis therapeutic approaches, Respiration 62 (2009)
2-12, https://doi.org/10.1159/000196486.

D. Schieppati, R. Germon, F. Galli, M.G. Rigamonti, M. Stucchi, D.C. Boffito,
Influence of frequency and amplitude on the mucus viscoelasticity of the novel
mechano-acoustic Frequencer™, Respir. Med. 153 (2019) 52-59, https://doi.
org/10.1016/j.rmed.2019.04.011.

O. Lafforgue, N. Bouguerra, S. Poncet, I. Seyssiecq, J. Favier, S. Elkoun, Thermo-
physical properties of synthetic mucus for the study of airway clearance,

J. Biomed. Mater. Res. A 105 (2017) 3025-3033, https://doi.org/10.1002/jbm.
a.36161.

O. Lafforgue, I. Seyssiecq, S. Poncet, J. Favier, Rheological properties of synthetic
mucus for airway clearance, J. Biomed. Mater. Res. A 106 (2018) 386-396,
https://doi.org/10.1002/jbm.a.36251.

A.D. Obembe, M. Roostaie, R. Boudreault, Y. Leonenko, On the effect of boundary
vibration on mucus mobilization, Int. J. Non-Linear Mech. 142 (2022) 104019,
https://doi.org/10.1016/j.ijnonlinmec.2022.104019.

J. Tse, K. Wada, Y. Wang, D. Coppolo, V. Kushnarev, J. Suggett, Impact of oscillating
positive expiratory pressure device use on post-discharge hospitalizations: a
retrospective cohort study comparing patients with COPD or chronic bronchitis
using the Aerobika® and Acapella® devices, Int. J. Chron. Obstruct. Pulmon. Dis. 15
(2020) 2527-2538, https://doi.org/10.2147/COPD.S256866.

T. Ghazanfari, A. Elhissi, Z. Ding, K. Taylor, The influence of fluid
physicochemical properties on vibrating-mesh nebulization, Int. J. Pharm. 339
(2007) 103-111, https://doi.org/10.1016/j.ijpharm.2007.02.035.

A. Uzundurukan, S. Poncet, D.C. Boffito, P. Micheau, Realistic 3D CT-FEM for
target-based multiple organ inclusive studies, J. Biomed. Eng. and Biosci. 10
(2023) 24-35, https://doi.org/10.11159/jbeb.2023.005.

A. Uzundurukan, S. Poncet, D.C. Boffito, P. Micheau, CT-FEM of the human
thorax: frequency response function and 3D harmonic analysis at resonance,
Comput. Methods Programs Biomed. 246 (2024) 108062, https://doi.org/
10.1016/j.cmpb.2024.108062.

A. Uzundurukan, S. Poncet, D.C. Boffito, P. Micheau, Effect of the transpulmonary
pressure on the lungs’ vibroacoustic response: a first numerical perspective,
Front. Digit. Health (2024) in revision.

12

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

Biomedical Engineering Advances 8 (2024) 100134

A. Uzundurukan, S. Poncet, D.C. Boffito, P. Micheau, Poroelastic model of the
lungs at low frequencies predicted by Biot’s theory, J. Acoust. Soc. Am. 155 (3
Supplement) (2024) A245, https://doi.org/10.1121/10.0027379.

D.A. Archard, R. Chatelin, M. Murris-Espin, D. Sanchez, M. Thiriet, A. Didier,
P. Poncet, Modeling cystic fibrosis and mucociliary clearance. Modeling of
Microscale Transport in Biological Processes, Elsevier, 2017, pp. 113-154,
https://doi.org/10.1016/B978-0-12-804595-4.00005-5.

M. Brunengo, B.R. Mitchell, A. Nicolini, B. Rousselet, B. Mauroy, Optimal
efficiency of high frequency chest wall oscillations and links with resistance and
compliance in a model of the lung, Phys. Fluids 33 (2021) 121909, https://doi.
org/10.1063/5.0073842.

D. Hencke, C.O. Rosa, A.E. da S. Antonetti, K.C.A.S. Silverio, L. Siqueira,
Immediate effects of performance time of the voiced high-frequency oscillation
with two types of breathing devices in vocally healthy individuals, J. Voice 38
(2021) 293-303, https://doi.org/10.1016/j.jvoice.2021.08.022.

B. Herrero-Cortina, A.L. Lee, A. Oliveira, B. O’Neill, C. Jacome, S. Dal Corso,
W. Poncin, G. Munoz, D. Inal-Ince, V. Alcaraz-Serrano, G. Reychler, A. Bellofiore,
A. Posthumus, , Patient representative, T. Tonia, J.D. Chalmers, A. Spinou,
European respiratory society statement on airway clearance techniques in adults
with bronchiectasis, Eur. Respir. J. 62 (2023) 2202053, https://doi.org/10.1183/
13993003.02053-2022.

A.P. Dos Santos, R.C. Guimaraes, E.M. de Carvalho, A.C. Gastaldi, Mechanical
behaviors of Flutter VRP1, Shaker, and Acapella devices, Respir. Care. 58 (2013)
298-304, https://doi.org/10.4187 /respcare.01685.

W. Poncin, G. Reychler, M. Liistro, G. Liistro, Comparison of 6 oscillatory positive
expiratory pressure devices during active expiratory flow, Respir. Care. 65 (2020)
492-499, https://doi.org/10.4187 /respcare.07271.

A.M. Cantin, M. Bacon, Y. Berthiaume, Mechanical airway clearance using the
Frequencer electro-acoustical transducer in cystic fibrosis, Clin. Invest. Med. 29
(2006) 159-165.

G.J. Beck, Chronic bronchial asthma and emphysema. Rehabilitation and use of
thoracic vibrocompression, Geriatrics 21 (1966) 139-158.

W.J. Warwick, L.G. Hansen, The long-term effect of high-frequency chest
compression therapy on pulmonary complications of cystic fibrosis, Pediatr.
Pulmonol. 11 (1991) 265-271, https://doi.org/10.1002/ppul.1950110314.

D. Gross, A. Zidulka, C. O’Brien, D. Wight, R. Fraser, L. Rosenthal, M. King,
Peripheral mucociliary clearance with high-frequency chest wall compression,
J. Appl. Physiol. 58 (1985) 1157-1163, https://doi.org/10.1152/
jappl.1985.58.4.1157.

G.W. Mefford, Biphasic cuirass ventilation for airway secretions, in: A.

M. Esquinas (Ed.), Humidification in the Intensive Care Unit: The Essentials,
Springer International Publishing, Cham, 2023, pp. 313-321, https://doi.org/
10.1007/978-3-031-23953-3_34.

C.F. Dosman, R.L. Jones, High-frequency chest compression: a summary of the
literature, Can. Respir. J. 12 (2005) 37-41, https://doi.org/10.1155/2005/
525813.

E.M. App, R. Kieselmann, D. Reinhardt, H. Lindemann, B. Dasgupta, M. King,
P. Brand, Sputum rheology changes in cystic fibrosis lung disease following two
different types of physiotherapy: flutter vs autogenic drainage, Chest 114 (1998)
171-177, https://doi.org/10.1378/chest.114.1.171.

M.W. Konstan, R.C. Stern, C.F. Doershuk, Efficacy of the Flutter device for airway
mucus clearance in patients with cystic fibrosis, J. Pediatr. 124 (1994) 689-693,
https://doi.org/10.1016/50022-3476(05)81356-3.

B. McCarren, J.A. Alison, Physiological effects of vibration in subjects with cystic
fibrosis, Eur. Respir. J. 27 (2006) 1204-1209, https://doi.org/10.1183/
09031936.06.00083605.

H. Schmidt, M. Toth, C. Kappler-Schorn, U. Siebeneich, S.F.N. Bode, D. Fabricius,
Short-term effects of a novel bronchial drainage device: a pilot cohort study in
subjects with cystic fibrosis, Health Sci. Rep. 5 (2022) e812, https://doi.org/
10.1002/hsr2.812.

D. Pursley, Analysis of three oscillating positive expiratory pressure devices
during simulated breathing, Respir. Ther. 12 (2017) 52-56.

S.J. Ghaben, M.O.A. Aqel, S.A. Baroud, W.H. Abo Sabha, R.K. Abu Hammad, Z.
M. Al Zaq, S.F.A. Alsersawi, R.A. Salha, D.H. Al-Masri, Aerobika as an evidence
based physiotherapy procedure for COPD and the proposition of a smart OPEP
device, iCareTech (2020) 143-148, https://doi.org/10.1109/
iCareTech49914.2020.00035.

S.N. Sahardin, M.F.M. Jailaini, N.N.N. Abeed, A.Y.-L. Ban, N.B. Hau, A.A. Azmel,
S.A. Shah, M.F.A. Hamid, Impact of Aerobika® oscillating positive expiratory
pressure in improving small airway resistance, lung function, symptoms and
exercise capacity in chronic obstructive pulmonary disease, Front. Med. 10
(2023) 1202380, https://doi.org/10.3389/fmed.2023.1202380.

Thorlabs, Instructions for use PARI O-PEP. PARI GmbH Spezialisten fur effective
Inhalation Moosstrabe, (2020). https://www.pari.com/fileadmin/user_upload/
PARI.com-US/Documents/Airway-clearance-devices/OPEP/018D0200-Rev
-A-02-17-PARI-O-PEP-IFU.pdf.

N. Anjuman, N. Li, M. Guarnera, S.A. Stass, F. Jiang, Evaluation of Lung Flute in
sputum samples for molecular analysis of lung cancer, Clin. Transl. Med. 2 (2013)
15, https://doi.org/10.1186/2001-1326-2-15.

K. O’Neill, A.E. O’Donnell, J.M. Bradley, Airway clearance, mucoactive therapies
and pulmonary rehabilitation in bronchiectasis, Repirol 24 (2019) 227-237,
https://doi.org/10.1111/resp.13459.

K.M. Chaisson, S. Walsh, Z. Simmons, R.L. Vender, A clinical pilot study: high
frequency chest wall oscillation airway clearance in patients with amyotrophic
lateral sclerosis, Amyotroph Lateral Scler 7 (2006) 107-111, https://doi.org/
10.1080/14660820600640570.


https://doi.org/10.1080/02564602.2021.1927863
https://doi.org/10.1080/02564602.2021.1927863
https://doi.org/10.1002/ppul.24784
https://doi.org/10.1016/B978-032304048-8.50022-0
https://doi.org/10.1016/j.chest.2021.04.059
https://doi.org/10.1016/j.chest.2021.04.059
https://doi.org/10.1002/14651858.CD001401.pub4
https://doi.org/10.5152/eurasianjmed.2022.21048
https://doi.org/10.5152/eurasianjmed.2022.21048
http://refhub.elsevier.com/S2667-0992(24)00023-9/sbref0015
http://refhub.elsevier.com/S2667-0992(24)00023-9/sbref0015
https://doi.org/10.1016/j.prrv.2007.02.002
http://refhub.elsevier.com/S2667-0992(24)00023-9/sbref0017
http://refhub.elsevier.com/S2667-0992(24)00023-9/sbref0017
https://doi.org/10.1378/chest.106.6.1872
https://doi.org/10.1378/chest.106.6.1872
http://refhub.elsevier.com/S2667-0992(24)00023-9/sbref0019
http://refhub.elsevier.com/S2667-0992(24)00023-9/sbref0019
http://refhub.elsevier.com/S2667-0992(24)00023-9/sbref0019
http://refhub.elsevier.com/S2667-0992(24)00023-9/sbref0020
https://doi.org/10.1016/s0140-6736(80)91788-2
http://doi.org/10.7326/0003-4819-49-3-5
https://doi.org/10.1136/adc.54.7.542
https://doi.org/10.1136/adc.54.7.542
https://doi.org/10.1164/arrd.1983.128.3.511
https://doi.org/10.1042/0264-6021:3610537
https://doi.org/10.1159/000196486
https://doi.org/10.1016/j.rmed.2019.04.011
https://doi.org/10.1016/j.rmed.2019.04.011
https://doi.org/10.1002/jbm.a.36161
https://doi.org/10.1002/jbm.a.36161
https://doi.org/10.1002/jbm.a.36251
https://doi.org/10.1016/j.ijnonlinmec.2022.104019
https://doi.org/10.2147/COPD.S256866
https://doi.org/10.1016/j.ijpharm.2007.02.035
https://doi.org/10.11159/jbeb.2023.005
https://doi.org/10.1016/j.cmpb.2024.108062
https://doi.org/10.1016/j.cmpb.2024.108062
http://refhub.elsevier.com/S2667-0992(24)00023-9/sbref0035
http://refhub.elsevier.com/S2667-0992(24)00023-9/sbref0035
http://refhub.elsevier.com/S2667-0992(24)00023-9/sbref0035
https://doi.org/10.1121/10.0027379
https://doi.org/10.1016/B978-0-12-804595-4.00005-5
https://doi.org/10.1063/5.0073842
https://doi.org/10.1063/5.0073842
https://doi.org/10.1016/j.jvoice.2021.08.022
https://doi.org/10.1183/13993003.02053-2022
https://doi.org/10.1183/13993003.02053-2022
https://doi.org/10.4187/respcare.01685
https://doi.org/10.4187/respcare.07271
http://refhub.elsevier.com/S2667-0992(24)00023-9/sbref0043
http://refhub.elsevier.com/S2667-0992(24)00023-9/sbref0043
http://refhub.elsevier.com/S2667-0992(24)00023-9/sbref0043
http://refhub.elsevier.com/S2667-0992(24)00023-9/sbref0044
http://refhub.elsevier.com/S2667-0992(24)00023-9/sbref0044
https://doi.org/10.1002/ppul.1950110314
https://doi.org/10.1152/jappl.1985.58.4.1157
https://doi.org/10.1152/jappl.1985.58.4.1157
https://doi.org/10.1007/978-3-031-23953-3_34
https://doi.org/10.1007/978-3-031-23953-3_34
https://doi.org/10.1155/2005/525813
https://doi.org/10.1155/2005/525813
https://doi.org/10.1378/chest.114.1.171
https://doi.org/10.1016/s0022-3476(05)81356-3
https://doi.org/10.1183/09031936.06.00083605
https://doi.org/10.1183/09031936.06.00083605
https://doi.org/10.1002/hsr2.812
https://doi.org/10.1002/hsr2.812
http://refhub.elsevier.com/S2667-0992(24)00023-9/sbref0053
http://refhub.elsevier.com/S2667-0992(24)00023-9/sbref0053
https://doi.org/10.1109/iCareTech49914.2020.00035
https://doi.org/10.1109/iCareTech49914.2020.00035
https://doi.org/10.3389/fmed.2023.1202380
https://www.pari.com/fileadmin/user_upload/PARI.com-US/Documents/Airway-clearance-devices/OPEP/018D0200-Rev-A-02-17-PARI-O-PEP-IFU.pdf
https://www.pari.com/fileadmin/user_upload/PARI.com-US/Documents/Airway-clearance-devices/OPEP/018D0200-Rev-A-02-17-PARI-O-PEP-IFU.pdf
https://www.pari.com/fileadmin/user_upload/PARI.com-US/Documents/Airway-clearance-devices/OPEP/018D0200-Rev-A-02-17-PARI-O-PEP-IFU.pdf
https://doi.org/10.1186/2001-1326-2-15
https://doi.org/10.1111/resp.13459
https://doi.org/10.1080/14660820600640570
https://doi.org/10.1080/14660820600640570

A. Uzundurukan et al.

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

ELECTROMED, INC., Smart Vest®Airway clearance Systems, Instruction manual,
Model SV2100/SV2100-I, NW, Mandan, USA, 2013. https://smartvest.com/wp-c
ontent/uploads/2017/12/SmartVest-SV2100-Instruction-Manual.pdf.

R.L. Chatburn, High-frequency assisted airway clearance, Respir. Care. 52 (9)
(2007) 1235-1237.

Tactile Medical, AffloVest instructions for use and user manual, (2023). https
://afflovest.com/wp-content/uploads/sites/2/2023/10/English-AffloVest-User-
Guide.pdf (accessed August 16, 2024).

L.G. Hansen, W.J. Warwick, High-frequency chest compression system to aid in
clearance of mucus from the lung, Biomed. Instrum. Technol. 24 (1990) 289-294.
L. Morrison, S. Milroy, Oscillating devices for airway clearance in people with
cystic fibrosis, Cochrane Database Syst. Rev. 4 (2020) CD006842, https://doi.
org/10.1002/14651858.CD006842.pub5.

V. Fainardi, F. Longo, S. Faverzani, M.C. Tripodi, A. Chetta, G. Pisi, Short-term
effects of high-frequency chest compression and positive expiratory pressure in
patients with cystic fibrosis, J. Clin. Med. Res. 3 (2011) 279-284, https://doi.org/
10.4021/jocmr697w.

F.D. McCool, M.J. Rosen, Nonpharmacologic airway clearance therapies: ACCP
evidence-based clinical practice guidelines, Chest 129 (2006) 250S-259S,
https://doi.org/10.1378/chest.129.1_suppl.250S.

L. Aliboni, F. Pennati, T.J. Royston, J.C. Woods, A. Aliverti, Simulation of
bronchial airway acoustics in healthy and asthmatic subjects, PLoS ONE 15
(2020) €0228603, https://doi.org/10.1371/journal.pone.0228603.

J. Ong, D. Ghista, Applied chest-wall vibration therapy for patients with
obstructive lung disease, Human Respiration: anatomy and Physiology,
Mathematical Modeling, Numerical Simulation and Applications, WIT
Transactions on State of the Art in Sci. Eng. 24 (2006) 157-167, https://doi.org/
10.2495/978-1-85312-944-5/08s.

M. Goodwin, Measurement of resonant frequencies in the human chest, Proc. Inst.
Mech. Eng. H: J. Eng. Med. 208 (1994) 83-89, https://doi.org/10.1243/PIME_
PROC_1994 208 _269_02.

S. Ganesan, C.S. Man, S.J. Lai-Fook, Generation and detection of lung stress waves
from the chest surface, Respir. Physiol. 110 (1997) 19-32, https://doi.org/
10.1016/s0034-5687(97)00065-0.

A. Marshall, S. Boussakta, Signal analysis of medical acoustic sounds with
applications to chest medicine, J. Frank. Inst. 344 (2007) 230-242, https://doi.
org/10.1016/j.jfranklin.2006.08.003.

S. Musella, E. Sciarrillo, Humidification in the Intensive Care Unit: the Essentials,
in: A.M. Esquinas (Ed.), High-frequency Chest Wall Oscillations and
Compressions, Springer International Publishing, Cham, 2023, pp. 297-302,
https://doi.org/10.1007,/978-3-031-23953-3_32.

A. Gallon, Evaluation of chest percussion in the treatment of patients with
copious sputum production, Respir. Med. 85 (1991) 45-51, https://doi.org/
10.1016/50954-6111(06)80209-x.

R.L. Wasserstein, N.A. Lazar, The ASA statement on P-values: context, process,
and purpose, Am. Stat. 70 (2016) 129-133, https://doi.org/10.1080/
00031305.2016.1154108.

M.W. Wukitsch, M.T. Petterson, D.R. Tobler, J.A. Pologe, Pulse oximetry: analysis
of theory, technology, and practice, J. Clin. Monit. 4 (1988) 290-301, https://doi.
org/10.1007/BF01617328.

G. Hahn, Resonant frequency of the chest-lung system by analysis of the
respiratory flow curve, Comp. Biochem. Physiol. A Mol. Integr. Physiol. A Com.
Physiol. 96 (4) (1990) 499-502, https://doi.org/10.1016,/0300-9629(90)90669-
J.

J. Kluft, L. Beker, M. Castagnino, J. Gaiser, H. Chaney, R.J. Fink, A comparison of
bronchial drainage treatments in cystic fibrosis, Pediatr. Pulmonol. 22 (1996)
271-274, https://doi.org/10.1002/(SICI)1099-0496(199610)22:4<271::AID-
PPUL7>3.0.CO;2-P.

J. Patarin, E. Ghiringhelli, G. Darsy, M. Obamba, P. Bochu, B. Camara, S. Quétant,
J.-L. Cracowski, C. Cracowski, M. Robert de Saint Vincent, Rheological analysis of
sputum from patients with chronic bronchial diseases, Sci. Rep. 10 (2020) 15685,
https://doi.org/10.1038/541598-020-72672-6.

B. Button, H.P. Goodell, E. Atieh, Y.-C. Chen, R. Williams, S. Shenoy, E. Lackey, N.
T. Shenkute, L.-H. Cai, R.G. Dennis, R.C. Boucher, M. Rubinstein, Roles of mucus
adhesion and cohesion in cough clearance, Proc. Natl. Acad. Sci. USA 115 (2018)
12501-12506, https://doi.org/10.1073/pnas.1811787115.

P.M. Calverley, H.K. Chang, V. Vartian, A. Zidulka, High-frequency chest wall
oscillation. Assistance to ventilation in spontaneously breathing subjects, Chest
89 (1986) 218-223, https://doi.org/10.1378/chest.89.2.218.

M.L. Aitken, J.M. Vincent, D.J. Pierson, Effects of pulmonary function of oral high
frequency oscillation in normal and asthmatic subjects, Respir. Med. 86 (1992)
211-214, https://doi.org/10.1016/s0954-6111(06)80057-0.

R. Arens, D. Gozal, K.J. Omlin, J. Vega, K.P. Boyd, T.G. Keens, M.S. Woo,
Comparison of high frequency chest compression and conventional chest
physiotherapy in hospitalized patients with cystic fibrosis, Am. J. Respir. Crit.
Care Med. 150 (1994) 1154-1157, https://doi.org/10.1164/
ajrcem.150.4.7921452.

N.M. Al-Saady, S.S. Fernando, A.J. Petros, A.R. Cummin, V.S. Sidhu, E.D. Bennett,
External high frequency oscillation in normal subjects and in patients with acute
respiratory failure, Anaesthesia 50 (1995) 1031-1035, https://doi.org/10.1111/
j.1365-2044.1995.tb05945.x.

T.A. Scherer, J. Barandun, E. Martinez, A. Wanner, E.M. Rubin, Effect of high-
frequency oral airway and chest wall oscillation and conventional chest physical
therapy on expectoration in patients with stable cystic fibrosis, Chest 113 (1998)
1019-1027, https://doi.org/10.1378/chest.113.4.1019.

13

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

Biomedical Engineering Advances 8 (2024) 100134

C.E. Milla, L.G. Hansen, A. Weber, W.J. Warwick, High-frequency chest
compression: effect of the third generation compression waveform, Biomed.
Instrum. Technol. 38 (2004) 322-328.

S.K. Li, Y.R. Silva, Investigation of the frequency and force of chest vibration
performed by physiotherapists, Physiother. Can. 60 (2008) 341-348, https://doi.
org/10.3138/physio.60.4.341.

B. Brashier, S. Salvi, Measuring lung function using sound waves: role of the
forced oscillation technique and impulse oscillometry system, Breathe (Sheff) 11
(2015) 57-65, https://doi.org/10.1183/20734735.020514.

C. Burudpakdee, A. Seetasith, P. Dunne, G. Kauffman, B. Carlin, D. Coppolo,

J. Suggett, A real-world study of 30-day exacerbation outcomes in chronic
obstructive pulmonary disease (COPD) patients managed with Aerobika OPEP,
Pulm. Ther. 3 (2017) 163-171, https://doi.org/10.1007/s41030-017-0027-5.

J. Powner, A. Nesmith, D.P. Kirkpatrick, J.K. Nichols, B. Bermingham, G.

M. Solomon, Employment of an algorithm of care including chest physiotherapy
results in reduced hospitalizations and stability of lung function in bronchiectasis,
BMC Pulm. Med. 19 (2019) 82, https://doi.org/10.1186/512890-019-0844-4.
G. Leemans, D. Belmans, C. Van Holsbeke, V. Kushnarev, J. Sugget, K. Ides,

D. Vissers, W. De Backer, A functional respiratory imaging approach to the effect
of an oscillating positive expiratory pressure device in chronic obstructive
pulmonary disease, Int. J. Chron. Obstruct. Pulmon. Dis. 15 (2020) 1261-1268,
https://doi.org/10.2147/COPD.S242191.

M. Shamakh, N. Badr, M. El-Batanouny, M. Shendy, Acapella versus hand-held
positive expiratory pressure on pulmonary functions in management of chronic
obstructive pulmonary diseases, J. Adv. Pharm. Educ. Res. 10 (2020) 27-34.
K.J. O’Sullivan, C.P. Dunne, B. Linnane, D. McGrath, L. O’Sullivan, Design and
initial testing of a novel disposable oscillating positive expiratory pressure device,
Ir, J. Med. Sci. 192 (2023) 2291-2299, https://doi.org/10.1007/s11845-02.2-
03225-1.

M.J. Kim, S.H. Kim, S.U. Yun, G.H. Kim, K.W. Nam, In vitro comparative study of
wall portbased high-frequency chest wall oscillation device and internal air-pulse
generator device, Proc Inst Mech Eng H 238 (2024) 45-54, https://doi.org/
10.1177/09544119231214620.

H. Palnitkar, B.M. Henry, Z. Dai, Y. Peng, H.A. Mansy, R.H. Sandler, R.A. Balk, T.
J. Royston, Sound transmission in human thorax through airway insonification:
an experimental and computational study with diagnostic applications, Med. Biol.
Eng. Comput. 58 (2020) 2239-2258, https://doi.org/10.1007/s11517-020-
02211-y.

A. Uzundurukan, S. Poncet, D.C. Boffito, P. Micheau, Examination of the
behaviour of the lungs under high-frequency chest compression airway clearance
therapy, Progress in Canadian Mechanical Engineering 6 (2023) 320, https://doi.
org/10.17118/11143/20716 article.

Z. Dai, Y. Peng, H.A. Mansy, R.H. Sandler, T.J. Royston, Comparison of
poroviscoelastic models for sound and vibration in the lungs, J. Vib. Acoust. 136
(2014) 050905, https://doi.org/10.1115/1.4026436.

T.J. Royston, Z. Dai, R. Chaunsali, Y. Liu, Y. Peng, R.L. Magin, Estimating
material viscoelastic properties based on surface wave measurements: a
comparison of techniques and modeling assumptions, J. Acoust. Soc. Am. 130
(2011) 4126-4138, https://doi.org/10.1121/1.3655883.

E. Garner, R. Lakes, T. Lee, C. Swan, R. Brand, Viscoelastic dissipation in compact
bone: implications for stress-induced fluid flow in bone, J. Biomech. Eng. 122
(2000) 166-172, https://doi.org/10.1115/1.429638.

C.J. Fowler, K.N. Olivier, J.M. Leung, C.C. Smith, A.G. Huth, H. Root, D.B. Kuhns,
C. Logun, A. Zelazny, C.A. Frein, J. Daub, C. Haney, J.H. Shelhamer, C.E. Bryant,
S.M. Holland, Abnormal nasal nitric oxide production, ciliary beat frequency, and
toll-like receptor response in pulmonary nontuberculous mycobacterial disease
epithelium, Am. J. Respir. Crit. Care Med. 187 (2013) 1374-1381, https://doi.
org/10.1164/rccm.201212-21970C.

Y. Hamida El Naser, D. Karayel, Modeling the effects of external oscillations on
mucus clearance in obstructed airways, Biomech. Model. Mechanobiol. 23 (2024)
335-348, https://doi.org/10.1007/s10237-023-01778-3.

M. Abrami, A. Biasin, F. Tescione, D. Tierno, B. Dapas, A. Carbone, G. Grassi,
M. Conese, S. Di Gioia, D. Larobina, M. Grassi, Mucus structure, viscoelastic
properties, and composition in chronic respiratory diseases, Int. J. Mol. Sci. 25
(2024) 1933, https://doi.org/10.3390/ijms25031933.

S.K. Lai, Y.-Y. Wang, D. Wirtz, J. Hanes, Micro- and macrorheology of mucus,
Adv. Drug Deliv. Rev. 61 (2009) 86, https://doi.org/10.1016/].
addr.2008.09.012.

K. Sohn, W.J. Warwick, Y.W. Lee, J. Lee, J.E. Holte, Investigation of non-uniform
airflow signal oscillation during high frequency chest compression, Biomed. Eng.
Online 4 (2005) 34, https://doi.org/10.1186/1475-925X-4-34.

W.L. Lee, P.G. Jayathilake, Z. Tan, D.V. Le, H.P. Lee, B.C. Khoo, Muco-ciliary
transport: effect of mucus viscosity, cilia beat frequency and cilia density,
Comput. Fluids 49 (2011) 214-221, https://doi.org/10.1016/j.
compfluid.2011.05.016.

C.J. Roth, K.M. Forster, A. Hilgendorff, B. Ertl-Wagner, W.A. Wall, A.W. Flemmer,
Gas exchange mechanisms in preterm infants on HFOV — A computational approach,
Sci. Rep. 8 (2018) 13008, https://doi.org/10.1038/541598-018-30830-x.

C. Paz, E. Sudrez, J. Vence, A. Cabarcos, Analysis of the volume of fluid (VOF)
method for the simulation of the mucus clearance process with CFD, Comput.
Methods Biomech. Biomed. Engin. 22 (2019) 547-566, https://doi.org/10.1080/
10255842.2019.1569637.

M.A. Modaresi, E. Shirani, Mucociliary clearance affected by mucus-periciliary
interface stimulations using analytical solution during cough and sneeze, Eur.
Phys. J. Plus 138 (2023) 201, https://doi.org/10.1140/epjp/s13360-023-03796-
7.


https://smartvest.com/wp-content/uploads/2017/12/SmartVest-SV2100-Instruction-Manual.pdf
https://smartvest.com/wp-content/uploads/2017/12/SmartVest-SV2100-Instruction-Manual.pdf
http://refhub.elsevier.com/S2667-0992(24)00023-9/sbref0061
http://refhub.elsevier.com/S2667-0992(24)00023-9/sbref0061
https://afflovest.com/wp-content/uploads/sites/2/2023/10/English-AffloVest-User-Guide.pdf
https://afflovest.com/wp-content/uploads/sites/2/2023/10/English-AffloVest-User-Guide.pdf
https://afflovest.com/wp-content/uploads/sites/2/2023/10/English-AffloVest-User-Guide.pdf
http://refhub.elsevier.com/S2667-0992(24)00023-9/sbref0063
http://refhub.elsevier.com/S2667-0992(24)00023-9/sbref0063
https://doi.org/10.1002/14651858.CD006842.pub5
https://doi.org/10.1002/14651858.CD006842.pub5
https://doi.org/10.4021/jocmr697w
https://doi.org/10.4021/jocmr697w
https://doi.org/10.1378/chest.129.1_suppl.250S
https://doi.org/10.1371/journal.pone.0228603
https://doi.org/10.2495/978-1-85312-944-5/08s
https://doi.org/10.2495/978-1-85312-944-5/08s
https://doi.org/10.1243/PIME_PROC_1994_208_269_02
https://doi.org/10.1243/PIME_PROC_1994_208_269_02
https://doi.org/10.1016/s0034-5687(97)00065-0
https://doi.org/10.1016/s0034-5687(97)00065-0
https://doi.org/10.1016/j.jfranklin.2006.08.003
https://doi.org/10.1016/j.jfranklin.2006.08.003
https://doi.org/10.1007/978-3-031-23953-3_32
https://doi.org/10.1016/s0954-6111(06)80209-x
https://doi.org/10.1016/s0954-6111(06)80209-x
https://doi.org/10.1080/00031305.2016.1154108
https://doi.org/10.1080/00031305.2016.1154108
https://doi.org/10.1007/BF01617328
https://doi.org/10.1007/BF01617328
https://doi.org/10.1016/0300-9629(90)90669-J
https://doi.org/10.1016/0300-9629(90)90669-J
https://doi.org/10.1002/(SICI)1099-0496(199610)22:4&tnqh_x003c;271::AID-PPUL7&tnqh_x003e;3.0.CO;2-P
https://doi.org/10.1002/(SICI)1099-0496(199610)22:4&tnqh_x003c;271::AID-PPUL7&tnqh_x003e;3.0.CO;2-P
https://doi.org/10.1038/s41598-020-72672-6
https://doi.org/10.1073/pnas.1811787115
https://doi.org/10.1378/chest.89.2.218
https://doi.org/10.1016/s0954-6111(06)80057-0
https://doi.org/10.1164/ajrccm.150.4.7921452
https://doi.org/10.1164/ajrccm.150.4.7921452
https://doi.org/10.1111/j.1365-2044.1995.tb05945.x
https://doi.org/10.1111/j.1365-2044.1995.tb05945.x
https://doi.org/10.1378/chest.113.4.1019
http://refhub.elsevier.com/S2667-0992(24)00023-9/sbref0085
http://refhub.elsevier.com/S2667-0992(24)00023-9/sbref0085
http://refhub.elsevier.com/S2667-0992(24)00023-9/sbref0085
https://doi.org/10.3138/physio.60.4.341
https://doi.org/10.3138/physio.60.4.341
https://doi.org/10.1183/20734735.020514
https://doi.org/10.1007/s41030-017-0027-5
https://doi.org/10.1186/s12890-019-0844-4
https://doi.org/10.2147/COPD.S242191
http://refhub.elsevier.com/S2667-0992(24)00023-9/sbref0091
http://refhub.elsevier.com/S2667-0992(24)00023-9/sbref0091
http://refhub.elsevier.com/S2667-0992(24)00023-9/sbref0091
https://doi.org/10.1007/s11845-022-03225-1
https://doi.org/10.1007/s11845-022-03225-1
https://doi.org/10.1177/09544119231214620
https://doi.org/10.1177/09544119231214620
https://doi.org/10.1007/s11517-020-02211-y
https://doi.org/10.1007/s11517-020-02211-y
https://doi.org/10.17118/11143/20716
https://doi.org/10.17118/11143/20716
https://doi.org/10.1115/1.4026436
https://doi.org/10.1121/1.3655883
https://doi.org/10.1115/1.429638
https://doi.org/10.1164/rccm.201212-2197OC
https://doi.org/10.1164/rccm.201212-2197OC
https://doi.org/10.1007/s10237-023-01778-3
https://doi.org/10.3390/ijms25031933
https://doi.org/10.1016/j.addr.2008.09.012
https://doi.org/10.1016/j.addr.2008.09.012
https://doi.org/10.1186/1475-925X-4-34
https://doi.org/10.1016/j.compfluid.2011.05.016
https://doi.org/10.1016/j.compfluid.2011.05.016
https://doi.org/10.1038/s41598-018-30830-x
https://doi.org/10.1080/10255842.2019.1569637
https://doi.org/10.1080/10255842.2019.1569637
https://doi.org/10.1140/epjp/s13360-023-03796-7
https://doi.org/10.1140/epjp/s13360-023-03796-7

	Acoustic airway clearance devices: A systematic review of experimental and numerical studies
	1 Introduction
	2 Literature search methodology
	2.1 Preparatory search
	2.2 Content selection method

	3 Acoustic airway clearance devices
	3.1 Oral high-frequency oscillations
	3.2 High-frequency chest compression
	3.3 Perspectives on airway clearance devices

	4 Experimental acoustic studies
	4.1 Vibration response
	4.2 Physico-chemical properties of mucus

	5 Numerical acoustic studies
	5.1 Vibration response
	5.2 Physico-chemical properties

	6 Discussions and perspectives on airway clearance devices
	7 Conclusions and perspectives
	Data availability
	Funding sources
	Declaration of competing interest
	References


