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Summary

Over four million people die every year from chronic respiratory diseasdsas asthma
and chronic obstructive pulmonary disease (COPD). There is no cure currently available
for these diseaspfiowever, they may be controlled using inhaled medication which
directly targetghe airwaysto relieve symptomsMedication is usuafl administered to
asthma and COPD patients using inhaler devices. Patients are required to inhale through
the inhaler device in order to ldeer medication to the airwaydespite the proven
clinical efficacy of inhaler devicesip to 80% ofpatients makeritical user technique
errors which significantly reduce the amount of medication delivered to the patient. Poor
adherence to correct user technique is @ated with increased hospitadioons and
healthcare costdnhaler user technique isurrently asessed using checklistsom
healthcare professionathkiring treatment. However, they are subjective ade been
reportedto generatanaccurate assessmentspatientinhaleruser techniquelherefore,
there is an urgent clinical need for objective methtoassesp at i ent sdé i nhal
techniqueduring clinical consultation and remotely over the course of treatment

In this thesis, audibased signal processing methods waaeelopedo objectively
assess patient inhaler user technique. Audio déags of patients using inhaler devices
were obtained using microphones attached and distant to different gioasemulate
attachable and wearable monitoring devicesange of temporal and spectral features
were extracted from the inhaler audio recogdinoautomaticallyassess critical events
of inhaler useA new novel method of objectively assessing patient inhaler user technique
is introduced for the first timd-urthermore, his thesis also investigates thetential of
employing audiebased methal t o0 mo ni tclmical rgs@ohse & rtreasmiEnt,
providing promising insights inteewpotentialclinical measurem respiratory medicine.
The central aim of this research was to investigate the clinical applicability oflaaskal

signal processipmethods to assess critical steps of patient inhaler use.



The main findings of the studies detailed in this thesis suggest that temporal and
spectral audidased features of inhaler inhalation sounds can be used to objectively
estimate pertinent clinicaheasures of inhalation technique such as the peak inspiratory
flow rate (PIFR), inspiratory capacity and ramp time of inhalation. Furthermore, there
exists a relationship between authased measures of the PIFR of inhaler inhalations and
lung function. Tis may allow healthcare professionals to intervene before the onset of
an exacerbation. Moreoveheseaudiobased signal processing methods can accurately
detect the release of medication during inhaler lisgas shown thathte audiebased
methods premnted in thighesisprovidemore accurate assessment of patient inhaler user
techniquethan standard subjective clinical check$istThis highlights the need to
implementthesenew audicbased objective meassref user technique assessment into
clinical practice.

In conclusion, the original contribution to knowledge in this thesis lies in the
developmenbf audicbased signal processing methodgtovideobjectiveassessment
of patient inhaler user techniquthis thesis builds on previous researchayancing
signal processing methods to assess user technique in a range of different inhalers and
providing new clinical measures in the treatment of chronic respiratory dis@ases.
main findings of this thesis establish the acoustic propertiesakirsoundsandprovide
significant value for future research in the field of audiased inhaler monitoring
systems. The audibased methods described in the studies in this thesis can provide
healthcare professionals witmore accurateobjective information egardingpatient
inhaler user techniqud his information can be used to give patients feedlvaglarding
their inhaler user techniguéhich can improve the clinical efficacy of inhaleedication,
reduce healttare costs an@énhance precision medicine the treatment of chronic

respiratory diseases.
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Chapter 1. Introduction

Chronic respiratory diseases affect the airways and involve airflow obstruction and the
destruction of lung parenchym#oughton, 2013) These diseases include asthma,
chronic obstructive pulmonary disease (COPD), sleep apnoea and pulmonary
hypertension. Chronic respiratory disegdacesa si gni fi cant burden
qualty of life. Hundreds of millions of people are affected by these diseases worldwide
causing over four million deaths per ann(@ruzet al, 2007) In the European Union

(E.U), over 600,000 people die from respiratory diseases everyfweaBovenet al,

2017) As well as this, a significant economic burden is caused from chronic respiratory
diseases in terms of direct medical costs (e.g. hospital admissions) and indirect medical
costs (e.g. lost time at workMasoli et al, 2004) Two of the most prevalent chronic
respiratory diseases are asthma and COPD. There is currently no cure for these diseases
but theymay be controlled using inhaler devices to administer medication to patients.
Inhalers can improve symptom control and prevent exacerbations (sudden worsening of
symptoms) from occurringBosnicAnticevich et al, 2017) However, the initiation,
implementation and persistence of prescribed inhaled medication is imperative for the
long term treatment of astta and COPVrijens et al, 2016)

1.1 Asthma

Asthma is characterised by chronic inflammation of tineays. The small airways
can become narrow, constricted and inflamed causing symptoms such as shortness of
breath, chest tightness, cough and wheeze which can vary ovefNormaansell and
Kew, 2016) The airway obstruction caused by chronic inflammation is mostly reversible

in asthma patients. If not treated effectively, symptoms can increase in severity causing
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Figure 1.1. lllustr ation of the pathophysiologyof asthma(A.D.A.M, 2007).

an fiatbaclkxacerbation which can bFRgurgotenti al
1.1 illustrates the basic pathophysiologfyasthmaA.D.A.M, 2007)
Over 300 million people are affected by asthma worldwide and it is estimated that a
further 100 million will be affected by 20ZBlormansell and Kew, 2016; Zeki, 2014)
is the most common chronic disease suffered by children with over 6.8 million children
affected in the United States (U.S) aloiteis the most common chronic respiratory
diseasen adults with over 250,000 people affected in IrelgdsthmaSociety of Ireland,
2017; Health Service Executive, 20L@yer 250,000 people die from asthma every year
(Batemanet al, 2008) Ireland has the fourth highest prevalence of asthma worldwide
(Health Serwie Executive, 2017a)
The causes of asthma are not fully understood. Some of the risk factors associated with
asthma includéFerkol and Schraufnagel, 2014)
1 Genetic predisposition
1 Environmental allergens
1 Air pollutants
91 Dietary factors
1

Abnormal immunological responses

Asthma causes a significant economic burden making2% df health care budgets
in developed countrigd/asoli et al, 2004) More than 80% of healthcare resources ar
used by 20% of asthma pate(fizefleret al, 2011) The total cost of asthma to the U.S



economy is reporteto be over $50 billion per annum between direct and indirect costs
associated with the diseatzefleret al, 2011) In Europe, the estimated average cost

for a child with astzZ0m®a perngarsnudmown tuB 8830
0 Z45 per annum for aduli®riceet al, 2013) Costs can be significantly higher in
uncantrolled patient¢Accordiniet al, 2013) Much of this economic burdes associated

with patients not taking their inhaler or using their inhaler with incorrect user technique
(Normansell and Kew, 2016)

1.2 Chronic Obstructive Pulmonary Disease (COPD)

COPD is greventable progressivalisease that is characterised by airflow limitation
that is not fully reversible and is associated with an abnormal inflammatory response of
the lungs to noxious particles or gageauwels and &be, 2004; Batemaat al, 2008)

The main site of obstruction is reported to be in the smaller airways. The airways become
inflamed in response to noxious particles or gases such as tobacco(ktan&ria and
Sharafkhaneh, 2011The most common symptoms include shortness of breath, cough
and sputum productiaiGOLD, 2017) COPD is an umbrella term that is used to describe

a number of chronic respiratory diseases such as emphysema and chronic bronchitis that
cause limitabns in lung airflofd WHO, 2015) Emphysema involves gradual destruction

of the alveoli in he lungs while chronic bronchitis involves inflammation of the
bronchioles andan resulin chronic cough{Cruzet al, 2007) Differentiating between
asthma and COPD can sometimes be challenging in clinical practice as symptoms may
overlap, change orxest in parallel (Toy et al, 2011) Figure 1.2 illustrates the
pathghysiologyof COPD differetiating between emphysema and chronic bronchitis
(Houghton, 2013)

COPD affects 210 million people worldwid€ruz et al, 2007) It is the fourth
leading cause of death wondle and is predicted to be the third leading cause of death
by 2020(WHO, 2015; Decrameet al, 2012) The prevalence of CED in Europe is
estimated to be-40% with 110,000 people affected in Ireland alQvi@avitlles et al,

2016; Health Service Ecutive, 2017h) Exacerbations are common among COPD
patients, particularly in more severe patients, which involve rapid impairment of lung

function, disease progression and decreased quality @Plileeet al, 2011)
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Figure 1.2. lllustration of the pathophysiology of COPD (Houghton, 2013)

Smoking is responiie for 75% of COPD s ands the number one risk factor
associated with the disea#gt-Khaledet al, 2001) It has been reported that-25% of
smokers will be affected by COPD at some point in thigr(Houghton, 2013)Other
main risk factors associated with COPD incl@8erkol and Schraufnagel, 2014)

1 Indoor smoke

1 Occupational gasses and patrticles

1 Outdoor pollutants

1 Asthma

As with asthma, COPD causes a significant economic burden. In the U.S, COPD is
the fourth leading cause of death awtounts for 1.5 million emergency room tssi
There are 636,000 hospitadions every year costing a total of $42.6 billion, $11.3 billion
of which is directly associated with hospital cébalal et al, 2011) Direct costs of
COPD are estimated to be $1,500 per patient per annum. In, Europe, annual healthcare
costs associated wi t h3.4ChllienDwithacosts projecietb r t e d
continually increase to 2046ordet al, 2014; European Respiratory Society, 2017)

1.2.1Spirometry

Many patients may go undiagnosed, particularly GOPD, until the disease
progresses into advanced staffésceet al, 2011) Spirometry is the preferred clinical



test to diagnose chronic respiratory diseases such as asthma and COPD. Spirometry is
def i ne pghysmlegicah test that measures how an individual inhales or exhales
vol umes of air aM™ileaet al,u2005)t Patents ace finstructednte o
perform tidal breathing through a pneumotachograph npeetk before performing

forced inhalation and exhalation manoeuvres. The forced expiratory volumeein
second (FEV1), forced vital capacity (FVC), the ration between FEV1 and FVC and the
percentage of predicted FEV1 (FEV1%) are used to characterismvalnfhitation in
patients. Predicted values are based on th
moderate COPD tend to have FEV1% values of between&¥owith sevesr COPD

values between 30%0% (GOLD, 2017) FEV1/FVC values less than 0.7, particularly

after the administration of a bronchodilator, can signify the presence of Q&Rivels

and Rabe, 2004; Celli, 2000Reversible airflow obstruction can be diagnosed by
assessing lung function measurements before and after the administration of a

bronchodilator. This can assist in the diagnosis of as{hosket al, 2016)

1.3 Inhaled Therapy

Asthma and COPD are usually treated with medication administered through
inhalation. Inhalation therapy is the preferred choice over other forms of therapy, such as
oral or nasal administration, for a number of reasimialed medications directly target
the airways which is critical for relieving symptoms of asthma and COPD. The speed of
onset is significantly quicker than oral administration and the therapeutic effect may last
longer alsqHajianet al, 2016; Lavorini, 2013; Everard, 2003)\dverse sideffects are
limited with inhaled therapy as they require significantly smaller doses to relieve
symptoms in comparison to oral medicat{®odriguezMartinezet al, 2016; Hajiaret
al., 2016)

There are a range of inhaled medications available which can be csgdgoto
bronchodilators and corticosteroids. They are also sometimes referred to rescue/reliever
(bronchodilators) and  pventative/controller  (corticosteroids)  medications.
Bronchodilators usually come in the form of shacting betaagonists (SABA) such as
salbutamol and longcting betaagonists (LABA) such as salmeterol. These medications
are used to relieve symptomsretpiratory disease by opening or dilating the airways.
The LABA medications are also used in combination with corticosteroids (such as
fluticasone propionate/salmeterol) to dilate the airways and reduce inflammation over a



longer period of timéNormansell and Kew, 2016\ range of specific combinations of
medication are available for asthma and COPD patients depending on the severity of the
disease.

Inhaled medication is administered to pats using inhaler devices of which there
are three main types; pressedsnetered dose inhaler (pMDI), dry powder inhaler (DPI),
soft mist nebulizer¢Backmanet al, 2014) The most common inhaler devices used i

clinical practice are pMDIs and DPIs and so will be the primary focus ofebéarch

1.3.1Pressurisethetereddoseinhaler (pMDI)

The pMDI is the most commonly used inhaler worldwide with total worldwide sales
in excess of $2 billion per annufpavorini, 2013; Virchowet al, 2008) It is a handheld,
cheap, multidose, portable device that is available for a number of medicétiansrini,

2013) Approximately 40% of the aerosol particles in pMDIs are in the respirable range
(Lavorini, 2013) The pMDI consists of a presswes canister which contains the

medication, a metering valve and support casing as shokigure1.3.

Drug canister —» . ©

pMDI casing

Mouthpiece

Figure 1.3. Pressurised metered dose inhaler (pMDI).
Adapted from{(MPR, 2017; A.D.A.M, 2017)

The medication is suspended or dissolved in a propellant within theupseds
canister. Propellants are volatile substances that are gaseous at ambient temperature and
pressure but liquide when cooled. Originally, ahtofluorocarbon (CFC) propellants
were used in pMDIs but have been phased out in recent years due to the consensus that
they damage the-pone layer. For this reason, hydrofluoroalkane (HFA) propellants have
been introduced as a replacement for CiRzai, 2006)

When the user actuates (presses dowie) canister, the propellant/medication

solution/suspension is fired from the inhaler where the propellant thgroraves



immediately leaving only the medication to be inhaled by the patient. The metering valve
ensures a known consistent volume of propellant/medication is dispensed from the inhaler
(Roche and Dekhuijzen, 2016yhe HFA pMDIs contain ethanol so they tend to generate
a warmer temperature aerosol plume (approximately 8&)jorini et al, 2014) The
aerosol plume generated from HFA pMDIs generate slower velocity upon actuation also
compared to CFCs. This reduces the cold freon effect sometimes experienced by patients
whereby paéents cease their inhalation prematurely due to the cold sensation exhibited
from the aerosol plume hitting the back of the throat during actu@@immpton, 1982;
Gabrioet al, 1999)

As with all inhalers, pMDtequires a number of specific steps in order for the patient
to receive maximum therapeutic effect from the inhaler. The most critical step when using
any inhaler is the inhalation event. When using a pMDI, patients are instructed to actuate
the canisteof t he p MDI as they begi nMChystyfiand o wo a
Price, 2009) Patients are required to inhale steadily below 90 L/min in order to ensure
the medication reaches the lower airwgyd-Showair et al, 2007a; Ammari and
Chrystyn, 2013)The flow rate of inhalation directly affects the velocity of the aerosol
particles. Inhaling too fast may increase the probability of the aerosol particles being
deposited in the oropharynx and larynx ratihen the lower airwayd.aubeet al, 2011)

1.3.2Dry powderinhaler (DPI)

The DPIl isalsoa handheld, mukdose devicéhat delives medication to the airways
via an inhalation. DPIs are also available for a range of medications. As the name
suggests, the medication is in dry powder form and, theretbeg;do not require any
propellant gases to deliver medication. DPIs are braciiated devices meaning that
they do not require the patient to physically actuageitialer during inhalation.his
highlightsa major advantage of DPIs over pMDIs. It has been reported that patients make
fewer user techniquerrorsthat prohibit maximum drug deliverywhen using DPIs in
comparison to pMDIsFor this reason, DPlare becoming more and more popular in
clinical practice(Melzeret al, 2017)

The medication in DPIs is usually formulated with a carrier such as |la@tsz
Moral and Giner Donaire, 2018h order to remove the powder from the mouthpiece and
to deliver the medication efficientlytogh | ower ai rways, the pati
Ahard and as (Gheystyn aral Pricgg 20693 fadt &ne ard inhalation is



required to generate sufficient turbulent energy to break up aagjglemerate the

powder into an aerosol of salile particle size to reach the lower airways (<5 pum). The

turbulent energy within the DPI is caused from the pressure drop associated with the
patientds i nhal ati on flow rate and t he DPI

relationship can be represemtas follows;

Vs "o Y (11)

where0 is the pressure change inside the DBis the inhalation flow rate ari¥ is the

DPI resistance to airflofChrystyn and Price, 2009;zAuz and Chrystyn, 2012)

DPI resistance to airflow varies across different DPI designs, therefore, it is not suitable
to compare patient inhalation flow rate across DPI devices. The turbulent energy
generated within the device during inhalation is of ensignificance. Patients may be
able to achieve significantly higher inhalation flow rate in certain DPIs compared to
others.

Figure 1.4 presents the main components of a range of DPIs including the Diskus,
Ellipta and TurbuhaleDPIs also require a number of specific steps in order for patients
to receive maximum clinical benefit from the inhaler. There are many different designs
and brands of DPI devices, all with different airflow resistance levels and different
mechanisms tprepare the medication dose for inhalation. According to the literature, the
Aoptimal 06 inhalation flow rate of i nhal ati o
designs, therefore, the minimum inhalation flow rate required to generate sufficient
turbulentenergy within the device can be considered. The recommended minimum peak
inspiratory flow rate (PIFR) of inhalatn for DPIs is reported to (88 L/min(Azouz and
Chrystyn, 2012)However, total lung dose from DPIs is not only dependent on inhalation
flow rate, it is also dependent on the inspiratory capacity (IC) and acceleration (ramp or
rise time) of inhalatiorfHaughneyet al, 2010; broszet al, 2016) Failure to generate
the rapid, forceful and deep inhalation required taggregate the dose particles can lead
to medication being deposited in the oropharynx from where it may be swallowed by the

patient and have little therapeuéffect(Haughneyet al, 2010)
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Figure 1.4. Examples of dry powder inhalers(DPIs).
(A) DiskugGlaxoSmithKline London, UK] (B) Ellipta[GlaxoSmithKline, London, UKdnd
(C) TurbuhalefAstraZeneca, Stdertélje, Sweden]
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1.4 Adherence

Adherence is a term used to descriibe 0t
taking medication, following a diet, and/or execufifgstyle changes, corresponds with
agree@ recommendations from a healtla r e p (WHO, 2608)rAdherence is also
referred t ®oas fifpbeomplsit@amceod or @Petaharcc or dan
and Nicholls, 2015; Blaschlet al, 2012) In terms of inhaler use, adherence is composed
of temporal adherence (when the patient used their intzaddn)iser technique adherence
(how the patient used their inhaler). Adherence to inhaler medication is imperative for the
long term management of chronic respiratory dise@s®get al, 2011)

Poor adherence to inhaled medication is a complex problem and is a major clinical
concern in the treatment of chronic respiratory diseases. Adherence in asthma and COPD

is poorer corpared to other diseases such as diabetes, depression, hypertension and



osteoporosigSanduzziet al, 2014) According to a Cochrane review, up to 80% of
asthma patients do not use their inhaler with correct user tecli{higurmansell and Kew,
2016) COPD adheremchas not improved in the last 40 years, with studies reporting over
50% of COPD patients having poor inhaler adheré¢B8eachiset al, 2016; Molimardet
al., 2016) In terms of inhaler user technique adherenatepts often make critical errors
while using their inhaler which prohibits them from receiving the maximum available
medication dose. Critical errors can be defined as those resulting in little or no medication
reaching the lungs and resulting in po@edise outcoméBatterinket al, 2012; Pricest
al.,, 2017) Itis important to understand what critical errors are most common amongst
patients, what are the consequences of these critical errors in termscal clitcomes
and how can they be objectivelegrtechmque.t ored t o
Poor inhaler adherence leads to poor disease control in asthma patients, particularly
with uncontrolled asthm@riceet al, 2017; Horalet al, 2016; Girauckt al, 2011) It is
also associated with poor disease control in COPD patffeatset al, 2014) It was
previously reported that COPD patients &wece as likely to be hospitaksdl if they do
not use theiinhaler correctly{Molimard et al, 2016) Mortality rates have been reported
to double in COPD when patients are famtherent to their inhaler medicatifrestboet
al., 2009) Another previous study reported that COPD patients tend to have M&dr p
user technique during an exacerbatiBroederset al, 2004) This highlights that some
patients may not be able to use their inhaler corredtign they need it the most. Poor
inhalation technique in DPIs is associated with increased rate of exacerbations in asthma
patients (with 32%38% making this critical errorPrice et al, 2017) Furthermore,
patients may not feel an improvement inithespiratory health if they are naaherent
to their inhaler medication. Healthcare professionals may increase the dose of inhaler
medications as they may attribute poor disease control with the pharmacological
properties of the medication rather than adhergBomini and Usmani, 2015; Bateman
et al, 2008) This can increasé&ealthcare costs even though it may not be completely
necessary.
A substantial economic burden which affects patients, providers and the healthcare
system is caused due to poor adherence. In the U.S, over $50 billion is spariers
every year with $715 billion wasted due to poor adherer(&nk and Rubin, 2005;
Normansell and Kew, 2016lPoor adherence increases healthcare costs frosasing
the number of hospitabsions. Approximately 275 million medical visits are wasted each

year due to poor patient adhereriSehappert and Rechtsteiner, 2008yor inhalation

10



technique is associated with increased healthcare costs in Europe also. It was reported
that poor inhalation technique in inhalers
Spain, Sweden and the Uf{ewis et al, 2016) The estimated revenue loss to the
pharmaceutical industry is an estimated $6370biltlue to poor adheren¢€apgemini

Consulting, 2016)

Improving patient inhaler adherence can reduce the risk of exacerbations and improve
respiatory health. Therefore, there & urgentclinical need to provide healthcare
professionals with objective information regarding patient inhaler adherence (both
temporal and user techniqué)avis et al, 2017) Sensoibased inhaler monitoring
technologies have shown promising opportunities to dghextinent data regarding when
(temporal adherencandwhere patients use their inhal€kskidis et al, 2016; Charet
al., 2013; Suet al, 2017) The gl obal mar ket f @emablells mar t
monitoringtechnologieds on the rise and it is estimated that it will be a $3.56 billion
industry by 2024(Grand View Research, 201&)owever, many of the monitoring
devices available cannot objectively assess patient user technique adherence (how
patients use their inhalerl previous research, thmhaler Compliance Assessment
(INCA) systemhighlighted the potential in employing audiased methods to obtain
objective information regardinigoth temporal and user techniqaeherenceas well as
quantifying the amount of drug delivered to patients using the DiskugHdheset al,
2014a; Sulaimaret al, 2017) The system employedudicbased signal processing
methods to automatically classify inhaler events such as inhalation, drug preparation and
exhalation sounds. By assessingtingng and the order of these inhaler sound events,
objective assessment of patient user technique is possible. This allows healthcare
professionals to personalise treatment to
their adherence and their belietsvards their medication. However, little is known
regarding the use of audimased methods tbjectively assess patient usechnique in
pMDIs and other DPIs such as the Ellipta and TurbuhBlethermore, there is lack of
research to daten how audiebased methods of inhaler use can be used to observe

patientsd clinical response to treatment .

1.5 Research Goal and Collaborations

Theresearclyoal of this thesis was tevelop audidbased signal processing methods
to allow investigation into patient adhaoe tocorrectinhaleruser techniqueln order

11



for new adherence measures to be introduced into respiratory medicine, new signal
processing methods are needed to expextnentclinical information of patient inhaler

use. Based on the existing literai) previous audibbased methods of objectively
assessing patient inhaler user technique were examined in significantldetapecific

aims and hypothesis are presented in further deta@hapter 3 Studies to further
improve the scientific depth and applicability of these methods to a range of different
inhaler devices were conducted as part of this thesis.

This research involved a close collaboratibatween the Trinity Centre for
Bioengineering in Trinity College Dulnliand healthcare professionals in the Royal
College of Surgeons in Ireland (RCSI), Beaumont Hospital, Dublin, Ireland and in the
Bon Secours Hospital, Dublin, Ireland. This collaboration enabled the collection of
clinical data from patients with chronicspgratory diseases, enhanced the design of
patientfocused experiments and ensured that studies were performed in line with current
ethical guidelines. This research also involved collaboration with the engineering team at
Vitalograph Ireland Ltd., EnnisCo. Clare, Ireland who manufactured and provided

spirometers and INCAudio recordinglevices for acquiring inhaler flow and audio data.

1.6 Thesis Outline

This thesis is organised into a seriesstidies Chapter 2 reviews the literature
associated with thgrevalenceand consequences$ poor adherence to correct pMDI and
DPI user techniqgue amongst asthma and COPD patients. It also focuses on the existing
literature onaudicbased methods of detecting and classifying respiratory samatls
estimatingespirdory flow rate Chapte2 reviews the literature on audimased methods
of monitoring inhaler adherenemdthe clinical impact it has on the treatment of asthma
and COPD.Chapter 3 introduces the main aim and hypothesis of this thesis and the
specific regarch questions that were addressed.

The studiesdescribedin Chapter 4 investigate the use of audased methods to
estimate PIFR in pMDIs and DPIs as well as investigating the acoustic properties of
inhaler inhalation sounds and how they may signifigadiffer across inhaler devices.

The first studydescribedin Chapter 5 focuses on employing aubmsed methods to
estimate PIFR in asthma and COPD patients. It also investigates the spectral properties
of inhalation sounds across patients which magrsaguture audidbased algorithmic
development for monitoring patient inhaler adherefidee second study reported in

12



Chapter 5 investigates the relationship between doaed features of inhaler inhalation
sounds and patient lung function during anerafdn induced exacerbation with the aim
of remotely monitang lung function during treatmemiirough audio analysis of inhaler
inhalation soundsThe study described i@hapter 6 focuses on the development of a
method to estimatiéheinhalation flow proile (which allows for measuring PIFR, IC and
other flow parameters that directly influenceater drug delivery) from thgllipta DPI
using audiebased features from just one inhalation audio sigmalalibration The final
two studies of the thesesribedin Chapter 7 focusn the development of an audio
based signal processing algorithm to automatically objectively assess pMDI user
technique in asthma and COPD patiefitse second study in Chapter 7 also compares
the performance of the developed iaddased methods of assessing inhaler user
technique with aubjectiveclinical checklist method.

Finally, Chapter 8 presents a discussion of the main findings reported in this thesis
along with a discussion of the clinical impact of this research. Iniaddihe limitations
of this researctfollowed by recommendations for future studies in this research area are

alsodiscussed in order to further enhance ailodised inhaler monitoring systems.

13



Chapter 2. Literature Review

2.1 Patient Adherence ta&ssurised Meteredd3e Inhaler

User Technique

Although the pMDI is the most commonly used inhaleviceworldwide and generates
high dose consistency, there are some major disadvantages in terms of using pMDIs in
clinical practice. The main disadvantage with pMDIs is thahynpatients do not use
them with correct user technique which greatly impairs clinical outcomes for patients
(Crompton, 2004)The specific user technique steps regarding how to corresglyau
pMDI are given inTable2.1 (Laubeet al, 2011) The device requires the patient to
physically actuate the inhal@anisterto receive medicationtherefore, they are not
breathactuated. Good coordination between actuation and inhalation (also referred to as
actuation coordination) is critical (see step 8rable2.1) in ensuring maximum drug
depositon in the lower airways which makes it challenging to use for many patients
(Sanchiset al, 2016) Moreover the pMDI propellant fires the medicatidrom the
inhaler rapidly, therefore the patient is only required to guide the medication with a low
flow rate inhalatio(Murphy, 2016) The pMDI has minimal resiance to air flowvhich
may allow patiets to inhale too fast in relation to the recommended flow rate of 90 L/min
(Azouz et al, 2014) This causes high oropharyngeal deposition which reduces
therapeutic effedqiLavorini, 2013) Also, many pMDIs do not have dose counters, making
it very challengingfor patients to keep a record of the number of doses administered
(Chrystyn and Price, 2009)

Many studies have reported on patient pMBértechnique and they all lead to the

same consensus that many asthma and COPD patients cannot use pMDdsregth c

14



Table 2.1. Steps equired to correctly use a pressurised metered dose inhalggMDI) .

Step )
Number Instruction

1 Shake four or five times (if suspension formulation)
2 Take the cap off
3 Prime the ihaler (refer to the patient information leafl
4 Exhale slowly, as far as comfortable (to empty the lur
5 Hold the inhaler in an upright position

Immediately place the inhaler in the mouth between t
° teeth, with the tongue flat under the moudug

Ensure that the lips have formed a good seal with the
! mouthpiece

Start to inhale slowly, through the mouth and at the s
8 time press the canister to actuate a dose

Maintain a slow and deep inhalation, through the mot
9 until the lungs are fuof air. This should take an adult

4i 5 seconds

At the end of the inhalation, take the inhaler out of th
10 mouth and close the lips

Continue to hold the breath for as long as possible, o
1 to 10 ®condshefore breathing out
12 Breathe normally
13 If another dose is required, repeat stejgk?4

user technique. As there are a number of critical steps to perform, patients are prone to
make at least onmistake during inhaler use. AccordingRestrepcet al. (2008) 90%

of patients use their pMDI with poaser techniqu¢Restrepcet al, 2008) However,

some errors are more critical than others in terms of impeding drug delivery to the patient.
Studies have reported that 43.8% of patients n@dieal errors that impeded drug
delivery(Molimard et al, 2016) This is quite alarming as it suggests that these patients
did not receive the full clinical benefit from their inhaler medication. Also, patients are
more likely to make critical errors when using the pMDI as opposed to any other inhaler
device(Batterinket al, 2012; Sanchist al, 2016; Melzeet al, 2017) Table2.2 lists a

numberof studies that reported several critical errors associated with pMDIs. The top
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Table 2.2. Studies reporting common usertechnique errors associated with the pMDI

No. Most Common Errors (% of patients
Author _ _
Patients making error)

Inhalation too fat (47.2%)
Poor actuation coordination (34.79
Head not tilted upward (34.1%)

(Price et al, 2017) 760

Inhalation too fast (100%)
Poor atuation coordination (100%)
Insufficient breath hold (90%)

(Jhaet al, 2017) 105

Insufficient breath hold (46%)
Poor actuation coordination5%o)
Inhalation too fast (44%)

(Sanchiset al, 2016) 23,296

Insufficient breath hold (53%)
Inhalation too fast (52%)

No exhalation before inhalation
(50%)

(Melani et al, 2011) 1,633

= =4 = = 4 = = =4 = = =4 =

Inhalation too fast (37%)
Didndét shake int
No exhalation before inhalation
(28.9%)

(Molimard, 2005) 3,811

= =4 =

Insufficient breath hold (44%)
Inhalation too fast (34%)

Not inhaling to total inspiratory
capacity (23%)

(Giraud and Roche,
2002)

3,955

E

Poor actuation coordination (27%)
Insufficient breath hold (26%)
Inhalation too fast (19%)

(McFadden Jr, 1995) 955

Poor actuation coordination (73%)
Multiple actuations (17%)
Inhaled through nose (12%)

(Crompton, 1982) 1,038

= =4 = = =4 -4

three most common critical errors observed in each study are listedt &sdear from

Table 2.2 that inhaling too fast and poor actuation coordination are both very common
critical errors patients make when using a pMDI. A fast inhala&®RR over 90 L/min)
increases the velocity of the aerosol particles and increases the impaction aéarticl
where the airflow changes direction (such as at the back of the throat). Therefore, the

amount of drug penetrating the lower airways is significantly red(idedphy, 2016;
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Haughneyet al, 2010; Pirozynski and dSnowski, 2016) Poor coordination leads to
excess deposition in the oropharyi®iraud and Roche, 20Q2ylore specifically, even
actuating towards the end of an inhalation can reduce the penetration of deitpteeh

airways due to the reduced volume of inhalat{Birozynski and Sosnowski, 2016
Actuating the inhaler multiple times can reduce the delivered dose per actuation also
(Murphy, 2016) Reduced volume of inhalation can also come as a consequence of not
exhaling to empty the lungs loeé inhaling. Consequently, there was a clinical need to
introduce new inhaler device designs such as DPIs to address these issues. However, DPIs

have their own clinical disadvantages.

2.2 Patient Adherence to Dry Powder Inhaler User

Technique

Although DPIs @minate the issue of actuation coordination observed in pMDIs and
are breatkactuatedthere are still some concerns regarding DPI use in clinical practice
also. The clinical efficacy of DPIls is hea
The spcific steps regarding how to correctly use a DPI are listd@dlre2.3 (Laubeet
al.,, 2011) The patientdés inhalation flow profi
over time) affects the clinical performance@PIs (Doroszet al, 2016) There are a
number of flow parameters that can be computed from the inhalation flow profile from
DPIs. Figure 2.1 presents an illustration of an inhalation flgnofile from a DPI. The
PIFR corresponds to the maximum point on the flow profile curve. The IC corresponds
to the volume of air inhaled in litres which is computed as the area under the flow profile
curve. The ramp time (or rise time) refers to the timerntdkereach the PIFR. In DPIs,
the medication leaves the inhaler mouthpiece almost instantly at the onset of an
inhalation. Therefore, it is essential for the patient to inhale as fast and as hard as possible
(with sufficiently high PIFR and IC values wigihort ramp time) to receive the maximum
dose available.
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Table 2.3. Stepsrequired to correctly use a dry powder inhaler(DPI).

Step
Number
1
2

Instruction

Take the cap off (some do not have a cap)

Follow the dose preparation instructions in the pat
information leaflet

Do not point the mouthpiece downwards once a dose
been prepared for inhalation because the dose coul
out

Exhale slowly, as far as comfortable (to empty the lun
Do notexhale into the DPI

Start to inhale forcefully through the mouth from the v
beginning. Do not gradually build up the speed
inhalation

Continue inhaling until the lungs are full

At the end of the inhalation take the inhaler out of
mouthand close the lips. Continue to hold the breath
as long as possible, or up to 10 seconds

Breathe normally

If another dose is required, repeat stejfs 1
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Figure 2.1. lllustration of a DPI inhalation flow profile.

The plot demonstratdtow parameterdancluding peak inspiratory flow rate (PIFR) which
corresponds to the peak flow rate of the flpwfile curve, theinspiratory capacity (IC)
which corresponds to the aainderthe cuve (shaded regin) and the ramgime which
corresponds to the time at which PIFR is achieved.

Figure2.2 presents examples of two inhalation flow profiles through a(DRtystyn
and Prie, 2009; Haughnesgt al, 2010) In Figure2.2, both inhalation profiles generate
the same PIFR, however, it is clear that the inhalation demonstrated by Profile 2 is more
ideal due to a more rapid onset (shompatime) and, therefore, will deliver more of the
available dose to the patieithproper inhalation technique in DPIs can lead to over 50%
of the drug being deposited in the thr@dd Boeret al, 2016) Some patients may not be
physically able achieve the required inhalation flow parameters, particularly children
under the age of 5 years and COPD patients with impaired lung furfBibmmni and
Usmani, 2015; Fink and Rubin, 200®)PIs can be challenging to administer to non
cooperatingpatients. Also, the drug output is reported to be less accurate and reproducible
compared to other devic@dlelani, 2007) Exhaling into the mouthpiece of the DPI may
significantly reduce the dose available to fregient(Holmeset al, 2014b; Fink and

Rubin, 2005) This issue is noexistent in pMDIs.
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from reservoir/
blister type DPI
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Ideal inhalation profile
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~ inhalation profile
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Figure 2.2. DPI inhalation flow profiles from two different inhalation manoeuvres.

The plot presestpatient inhalation profiles that are usual (Flow Profile 1) vs. ideal (Flow
Profile 2) for DPI dose emission. Actual shape will vary with the device used (adapted from
(Chrystyn and Price, 2009; Haughney et aD10)).

New DPldevices are being developed regularly as the medication market for DPIs
continues to rise(Chrystyn and Niederlaender, 201Z)owever, new medication
formulations have to beptimised to the inhaler design. Certain formulations may be
tailored to high resistance or low resistance DPIs depending on the properties of the drug
carrier agglomerate and mixtures. Therefore, using the same formulation of medication
in different DPIsmay generate different clinical outcom{&swvorini et al, 2014)

Many patients make critical errors when using DPIs also. A studyiddgni et al.
(2011)reported that patients made more critical errors using DPIs than p(Melani
et al, 2011) Table 2.4 lists a number of studies that reported several critical errors
associated with DPI§he top three most common critical errors observed in each study
are listed also.

It is clear fromTable2.4 that there exists a significant clinical problem with DPIs in
that patients cannot generate sufficient inhalation eftomeceive the available dose.
Insufficient inspiratory effort increases the size of the emitted particles (which reduces
lower airway deposition) and can lead to a buifdof medication at the mouthpiece of
the inhaler where the medication is wagtgdlaimaret al, 2017; Virchowet al, 2008)

Not only do patients find it challenging to generate the required inhalation flow rate, they
also struggle to generate sufficient inspiratory volume also. Insufficiepiratory

volume can be a result from r@mnptying the lungs by exhaling residual capacity
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Table 2.4. Studies reporting common user technique errors associated with the DPI.

No. Most Common Errors (% of patients
Author DPI Used _ )
Patients making error)

9 Insufficient inhalation flow rate
(Price et al, ) (38.4%)
2017) Diskus 826 Head not tilted upward (34.6%)
No exhalation before inhalation
(32.4%)

=) =5

1 Insufficient drug preparation
(Price et al, (48.8%)
2017) Turbuhaler 2074 Head not tilted upward (34.3%)
’ Insufficient inhalation flow rate
(32.1%)

E =

1 No exhalation before inhalation
(Jhaet al, DPI e (87.7%)
Insufficient breath hold (82.2%)
20 Eensiel) Insufficient inhalation flow rate
(79.5%)

=) =)

1 No exhalation before inhalation

Sanchiset DPI
( 27,040 (46%)

al., 2016) (General) 1 Insufficient breath hold (37%)
1 Incorrect drug preparation (29%
1 Insufficient breatthold (32%)
(Melani et ) 1 Notinhaling to total inspiratory
h 1 Exhaling into the mouthpiece
(22%)
1 Insufficient breath hold (28%)
(Melani et 1 Insufficient inhalation flow rate
Turbuhaler 1,633 (22%)
al., 2011) . . -
1 Not inhaling to total inspiraty

capacity (22%)

before inhalation. Moreover, patients with severe COPD may not be able to generate the
required inhalation manoeuvdee to the obstructive pathophysiolagjjtheir disease. It

has been reported that exhalation before inhalation in iBRkssociated with an increase

in PIFR and may also improve drug delivery as a régalhdoet al, 2015) Insufficient

breath holdis also a common critical uségchnique error amongst patients. A recent
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study byHorvathet al.(2017)reported that a breath hold of even just five seconds during
DPI use can increase drug deposition in the airways by2BL5%0(Horvéathet al,, 2017)

2.3 Factors Associated with Poor Inhaler Adherence

There are a range of factors associated as to why poor adherence is so prevalent
amongst patients. These factors can be divided into a number of categories; patient,
treatment and tethcare professional fact(Bourbeau and Bartlett, 2008; Ari, 2015)

2.3.1Patientfactors

As previously mentioned, patient satisfaction with their device influences inhaler
adherence and clinical outcomes of inhaleerapy(Small et al, 2011; Makel&et al,
2013) However, it has been reported that patients may be still prone to incorrect user
technique even if they are satisfied with their de(ededetal, 2016) Pati ent s6 bel |
in their medication can play a sifjcant role in adherengg€onnet al, 2007) This may
relate to the patient not believing the medication has any clinical effect, or that they do
not have confidence in their healthcare professi@maine patiets believe that they use
their inhaler with correct user technique when in reality they ddJabiediet al, 2016)
In a study byGiraud and Roche (2002} was reported that 85% of patients with poor
user technique using a pMDI believed they had correcteskeniqugGiraud and Roche,
2002) A p anemowy af thé correct steps to use an inhaler device may diminish over
time also(Cromptonet al, 2006; Ammariet al, 2017) Cognitive ability may influence
patients becoming neadherentMoran et al, 2017; Bairdet al, 2017) Studies have
reported that performance in the minimental test (MMT) was significantly correlated with
inhdation techniquerE0.48, p=0.032(Allen and Ragab, 2002T his is also likely linked
with age as age has also been reported to be a significant influence on inhaler adherence
in several studiegJarviset al, 2007; Giaud and Roche, 2002; Melaei al, 2011;
Lurslurchachaiet al, 2014) Comorbidities such as visual and hearing loss are also
associated with poor inhaler adhere(dmmariet al, 2017)

Pati ent 0 sylévelsrfluemce ddieterce ia loth pMDIs and ORI€onor
et al, 2015) Heal th | iteracy can (imdividualdhavethel as t he
capacity to obtain, process and understand basic health information and services needed
to make appropr i &indig ehad,a2008)ht hak oeen previmusly o
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reported that elderly patients tend to have low levels of knowledge regarding their
respiratorydiseasgqOzturk et al, 2015) Education/literacy levels have shown to be a
significant factor on inhaler user technique with illiterptgients making more errors

thanpostgraduate/professionally qualified patee(Aroraet al, 2014)

2.3.2Treatment &ctors

There ejsts almost 200 different designs of inhalers across pMDIs ,DPIs and soft
mist nebulizers, each with their own different specific steps required to deliver the
medication efficiently(Braido et al, 2016a) Selecting a suitable inhaler device is a
critical step in treating asthma and COPD. However, there is a lack of consensus on the
standards for selecting appropriatedl@r devices for patien(8onini and Usmani, 2015;
Haughneytal,2010) Factors that should be consider
of device, the availability and cost of the device and the medic#ti®age of the patient
and their ability to use the device as we
what should be administeréDolovich et al, 2005; Hajiaret al, 2016; Restrepet al,

2008) Aspreviously discussed, there are advantages and disadvantages to using either a
p MD I or a DPI in the treatment of ast hma
inhaler with correct user technique is critical when selecting an inhaler device as it has
been previously reported that the choice of inhaler can be a predictor of poor adherence

in patientgJhaet al, 2017)

Patients are rafhg prescribed just one inhaldFink and Rubin, 2005)Usually
multiple different inhalers are prescribed for different medications which influences
adherencgBonini and Usmani, 2015; Chrystyat al, 2014) However, combination
medication inhalers are becoming more populharctv should decrease the number of
inhalers prescribed to patients. If patients are prescribed multiple inhalers, the devices
should require similar inhalation techniques. It has been reported that patients using
multiple inhalers with similar inhalatioe¢hniques are less likely to have an exacerbation
(BosnicAnticevich et al, 2017) The dosingregimena patient is put on by their
healthcare professional is important also. Increasing the dosage per day can have an
adverse effect on adheren@anduzziet al, 2014; Toyet al, 2011) with the majority
of patientspreferring a single dose per day syst@@amura and Ohta, 20Q7)
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2.3.3Healthcare pfessionafactors

How healthcare professionals educate patients on correct inhaler user technique is
crucial in ensuring patients undeandhow to use their inhaler devi¢g€hrystyn and
Price, 2009)It has been reported that it takes three clearlsfegiep demonstrations for
patients to understand how to use an inhaler d€fRo#tier andRubin, 2013; Takaket
al., 2017) However, in some cases, patients are not given sufficient information by their
healthcare professiong@banduzziet al, 2014) It has been widely reported that many
healthcare professionals cannot perform all steps of inhaler use correctly themselves. As
many as 3367% of healthcare profs®nals are unable to adequately perform all critical
inhaler stepgFink and Rubin, 2005; Broedeet al, 2009) Also, many patients visit
more than one healthcare professional so opinion on inhaler use mag elsangdingly
and become confusing for patierf®enderet al, 1997) Therefore, by standardising
adherence assessment using objective methods, it may improve treatment for respiratory

disease by educating patients as well as healthcare professionals on inhaler adherence.

2.4 Current Methods of Monitoring Inhaler Adherence

As previously mentioned, adherencensistsof temporal adherence and user
technique adherence. There are a range of subjective and objective methods of monitoring

inhalertemporal and useechnique adherence.

2.4.1Monitoring temporal dherence

2.4.1.1Subjectivemethods

Monitoring temporal adherendeavily relies on selfeported diaries from patients.
This is a simple and low cost method however they can be widely inaccurate. Patients
may intentionally or unintentionally report better adherence than their true adherence and
so this will impede heditare professionals from obtaining reliable d@atchard and
Nicholls, 2015; Micallefet al, 2014) The dose counters on the inhalers can give an
indication of temporal adherence i.e. was the inhaler usedtoHowever, they cannot
give exact time stamps of when the inhaler was usedcan theydistinguish trend#n

patient temporal adherence.
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2.4.1.20bjectivemethods

Objective methods of monitoring temporal adherence inobaaéster weighingfor
pMDIs. The weighbf the pMDI canister is measured upon prescribing the inhaler to the
patient. The canister is then weighed when the patient returns at a later date and the
difference in weight can give a measure of temporal adhefétmeardet al, 2014)
Although this method is relatively simple to implementtilt eequires a professional and
it is not capable of detecting canister dumping (also referred to as dose dumping)
(Pritchard and Nicholls, 2015Pose dumping refers to a patient emptying or dumping
the medicatio before they visit their healthcare professional.

Pharmacy recordson medication refills, the type of medication and the amount of
medication prescribed can give a measure of temporal adherence. However, this also
cannot detect dose dumping and it maybeuseful for certain inhalers if certain inhalers
are available over the coun{@ritchard and Nicholls, 2015)

Biochemical monitoringinvolves analysing blood, urine or secretions to measure
drug level(Ari, 2015) However, this method is invasive, expensive and is not available
for all medicationgVitolins et al, 2000) It also cannot distinguish trends in patient
adherence. The method may over efsfta otadt ewhidd
involves patients improving their adherence just prior to a scheduled healthcare visit
(Pritchard and Nicholls, 2015)

Electronic monitoring devicefEMDs) have been developed for inhalers in recent
years to obtain more objective data regarding patient temporal adherence. There are a
range of EMDs available® monitor temporal adherence.

TheDoset is an attachable device [Mégick Inc., Massachusetts, US#Nat records
time stamps of when pMDI actuatis occurred (i.e. when the inhaler was used). As many
pMDls do not have dose counters, the Doser can remind patients to take their inhaler and
inform them when the canister is nearly empty. However a disadvantage of the Doser is
that it does not allow fothe data to be transferred to a computer and so healthcare
professionals cannot monitor trends over time in patient adhefidoeardet al, 2014)

More advanced EMDs have been introduced for pMDIs such &Sntiaet Inhaler
Tracker? [Nexus 6, Auckland, New Zealand] which is shaped similar to a pktl

records time stamps of when actuations occurred. The device can also set reminders for

! https://www.doser.com/
2 http://www.smartinhaler.com/
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patients to use the inhaler. Other generations of this device were developed including the
SmartTrackand SmartTouch AVwhich provide better display screens anaalifor
smartphone interaction. They can also detect if the canister was inserted or removed from
the inhaler(Howard et al, 2014) Data can be transfed from the device fopost
analyses.

Other devices such as ti8piroscout [Propeller Health, Wisconsin, USA] also
include additional GPS sensorsaltow healthcare professionals analyse when and where
patients used their inhalers. This may be clinically beneficial to know if there are high
risk locations that may trigger an asthma attack in a pgkemthad and Nicholls, 2015)

Data can be transferred from the device forjaostlyses also.

In terms of DPIs, EMDs such as theskus Adherence LogggiDAL) [University of
Pennsylvania, Pennsylvania, USAhd SmartDisk [Adherium Ltd., Aukland, New
Sealandpre attachable devices that record drug preparation in the Diskus DPI (The DAL
uses a magnetic sensor and the SmartDisk uses a switch when the inhaler is blistered or
activated to record drug preparation). Data can be traedféiom the device fopost
aralyses. However, none of the above mentioned EMDs record any information on

inhalation technique and otheritical steps of inhaler uséechnique.

2.4.2Monitoring wsertechnique dherence

2.4.2.1Subjectivemethods

Checklists are the clioal standard for assessingentechnique based on visual
assessment from a healthcare professional in clinical practice. They are usedl&tecalc
a fAscor eod aethniquahased onta healtheare professional visual assessing
each critical step of inhaler use. Newly refirghecklists have reported promising résul
in training patients on uséechniquegMac Haleet al, 2014) However, checklists only
consider adherence at one point in time and give equal rating to all @Gutagnanet
al., 2017) Patients tend to perform better when being monitored in a clinical setting,
therefore, this visual assessment does not give a clear indication of hentgpase their
inhalers in real life outside of the clinical setting. Furthermore, given that some healthcare

professionals do not have sufficient knowledge of the correct critical steps during inhaler

3 https://www.propellerhealth.com/
4 http://www.smartinhaler.com/podfio/smartdisk/
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use (Broederset al, 2009) this method of ssessment is prone to error and over
estimation of adherenc@®pinion on inhaler technique will change from person to person
so this will generate variability and uncertainty regarding standardailmssessment of
inhaler usertechnique. Many studies ¥& used checklists to measure utazhnique
(Batterinket al, 2012; Ozturket al, 2015) Checklists based on visual assessment are
heavily subjective and it may be challenging to measure specific critical esiogsthis
method. For example, determining whether a patient inhaled at the correct flow rate in
any inhaler may be quite challenging for healthcare professionals based on visual
assessment. There is a clinical need for more objective methaumttorinhaler user
technique remotely in the treatment of chronic respiratory diseases.

Training devices have been developedétptpatients improve their ustachnique.
These devices are generally cheap and can give patients feedback on some aspects of their
technique. The Clement Clarke-GheckFlo-Tone [Clement Clarke International Ltd,
Harlow, UK] is an adebn mouthpiece for pMDIs. A plastic reed is situated on top of the
Flo-Tone which generates an audible sound once the patient inhales at approxdfately
60 L/min (clinically optimal flow rate for pMDIsjJAmmari et al, 2017) Patients are
instructed to inhale slowly and steadily until they hear the whistle from th&dfle.

When the whistle becomes audible,igats are to actuate their inhaler while keeping the
inhalation whistle sound constant and steady. Although thd &ihe@ gives the user an
audible signal upon inhalation, it may be difficult to interpret if the patient inhales too
fast. The device does ngive feedback on actuation coordination. However, studies have
reported an improvement in patient pMDI inhalation technique using thd dfle
(Ammari et al, 2017) The FleTone does not record any daa it does not allow for
remote monitoring of pMDI usetechnique. The Fldone devices were originally
developed dr training use only on placekohalers but the company have recently
introduced FleTone CR which can be used with real active pMDIs.

The 2Tone Traner® [Canday Medical, Newmarket, UK] is a device that is shaped
similar to a pMDI but does not attach to a real placebo or active infthaleorini et al,

2010) The device contains two reeds which generate audible sounds giving the patient
audible feedback ondir inhalation technique (correct or too fast inhalat{@h)Showair
et al, 2007b) As with the FleTone, the 2Tone Trainer does not record any data and does

not give objective feedback on actuation cocation.

5 http://www.flo-tone.com/
8 http://www.2tonetrainer.net/
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2.4.2.20bjective nethods

Other training devices are available that offer more objective measurements of user
technique for both pMDIs and DPIs.

TheMag-Flo’ [Fyne Dynamics Ltd., Harlow, UK¢an be used with both pMDIs and
DPIs. The device consists of aagnetic flow sensor to measure inhalation flow rate.
When the patient inhales at a correct flow rate it switches on a battery powered green light
to give patients visual feedback on their inhalation techr(igarorini et al, 2010) Data
cannot be transferred frothe device for posinalyses.

The Clement Clarkin-Check Diaf [Clement Clarke International Ltd, Harlow, UK]
is adevice that is used to objectively measure PIFR of inhaler inhalations. -Teetrk
Dial can simulate the airflow resistance of a numidatifferent pMDI and DPI devices
which assists healthcare professionals in choosing a suitable inhaler device for patients
(Chrystyn, 2003)The InCheck Dial was employed in a study which showed that elderly
patients generate lower inhalation flow rate in the Turbuhaler(R&Namatawonget
al., 2017) However, the device cannot be used with real inhalers, it can only measure
PIFR and cannot be used to remotely record data on real life inhaler useabata be
transferred from the device for pamtalyses.

TheTurbutest[Astra Draco, Lund, Swedenrg & training device used to train patients
on inhalation technique for the Turbuhaler DPIl. The device consists of a replica
Turbuhaler connected to an elextic sensor that measures PIFR. The patient receives
visual feedback through a number of lights that indicate if they inhaled at a clinically
acceptable flow range. The device also detects if the patient prepared the drug correctly
(Lavorini et al, 2010) Data @annot be transferred from the device for parsilyses.

The VitalographAerosol Inhalation Monitor (AIM)® [Vitalograph Ltd., Co. Clare,
Ireland] monitors inhalation flow rate, actuation coordination and breath hold for pMDIs.

It is an electronic desktop dee that gives patients visual feedback regarding their
inhalation technique. When using the AIM device, the patient is required to keep a needle
gauge witln a certain flow range. The AlMevice cannot be used with real pMDIs
remotely and data cannot transkrred from the device fquostanalyses.

A recent study introduced an image processing method of assessing inhalation
technique in DPIs such as the Turbuhaler and the Handithaderg et al, 2016) The

7 http://www.fynedynamics.com/
8 https://www.haagptreit.com/clementlarke/
9 https://vitalograph.ie/
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method consisted of placing a dark cloth over the air inlets of the inhalers and quantifying
the efficiency of inhalation based on the resulting image of the dry powder on the cloth
after inhalation. However, there is currently no device that can employ this method to
remotely monitor inhalation technique.

The main disadvantage with all of the previously discussed devices is that they cannot
monitor both temporal and ustachnique adhenee outside of the clinical setting. As
previously discussed, patient useéechnique differs in real life environments in
comparison to clinical settings. There is a clinical need for attachable EMDs that can
monitor real life inhaler use remotely. This wd allow healthcare professionals to
longitudinally monitor patient adherence and perhaps intervene if adherence declines over
time. Unfortunately, there are limited devices available that can monitor both temporal

andusertechnique adherence.

2.4.3Electronicmonitoring avices (EMDs)

There has been a surge in popularity in EMDs that can monitor adherence remotely
(Kikidis et al, 2016; Pritchard and Nicholls, 2015; Howardal, 2014) EMDs offer
much more irdepth rtinent information on patient behaviours outside of the clinical
setting in terms of when, how and where patients use their inhaler.

The MDILog !° [Westmed, Colorado, USA] is an attachable device for the pMDI. It
can record time stamps of actuations byhgsa mechanical beam with a strain gauge.
Inhalations through a pMDI are recorded using a heated thermistor which allows for
monitoring actuation coordination. The device can also record if a patient shakes the
inhaler through a movable magnet within tlexide. The device was previously used in
studies to monitor adherence in child{@&pauldinget al, 2012; McQuaickt al, 2003)
However, it does not record inhalation flow rate and does not give feedback olh overa
inhalation technique (inhalation flow rate and actuation coordinafidayvard et al.,

2014) Data can be transferred from the device forjaosiyses. However, the device is
no longer available for clinical use.

The SmartMist [Aradigm Corporation, California, USA] is a device which
encompassesearly all of the pMDI. The device actuates the inhaler automatically once

an inhalation flow rate of approximately-B9 L/min is generated by the user. The device

10 http://westmedinc.com/
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actuates the pMDI canister using a small plunger upon inhalation. It records time stamps
of actuations and inhalations also. Data can be transferred from the device for post
analyses. It can also provide feedback to the piaitiéorming them if their uséechnique

was sufficient or nofHowardet al, 2014) However, the size of the device is a major
disadvantage and it was also discorga(Pritchard and Nicholls, 2015)

The pMDI Dataloggeris small attachable device for pMDIs that can record time
stamps of actuations and inhalations. It consists of an ultrasonic sensor to detect
actuations, a lw sensor to detect inhalations and an accelerometer to detect if the inhaler
was shaker(Kikidis et al, 2016) It can give feedback on inhalation flow rate and
actuation coordination. However, the device does not contaimoard memory and
needs to be connisd to a computer to operate.

The Amiko!! [Amiko, Milan, ltaly] device was recently developed as an attachable
device and was tested on a range of DPIs. The device can detect drug preestatiate
inhalation PIFR and volume, andeasurethe orientationof the DPI(Braido et al,

2016@). The device cannot record inhalation flow profile. No informati@s been
reportedon whether the Amiko device is compatible with pMDIs. Also, no information
regarding the sensors within the deviceejsorted fronthe study. Details were not given

also on whether the data can be transferred from the device to a computer for post
analyses. Based on the literature, the device has ettasted on real asthma andRD
patients.

Figure2.3 displays some examples of inhalerattenic monitoring devices here is
a need for more clinically available monitoring systems with integrated ngensi
capabilities to monitor uséechnique in pMDIs and DPIs. Having the capability to obtain
data on real life inhaler use can help healthgamdessionals personalise respiratory
treatment to the patient. This may help patients change their attitude towards their
medication and grow more confident in their inhaler use. However, there remains a clear
lack of portable and attachable deviceseword when and how patients use their pMDIs
and DPIs.

11 http://amiko.io/
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Figure 2.3. Examples of inhaler electronic monitoring devices
(A) MDILog (Apter et al., 2001)(B) SmatMist (Much&o and Silva Filho, 2010{C) pMDI
Datalogger(Ditcham et al., 2014)XD) Amiko(Braido et al., 2016b)

2.5 Audio-Based Systems to Objectively Monitor Inhaler

Adherence

Recent advances in the development of abdi®ed systemisave shown promising
opportunities to monitor patient adherence (both time of use and user tecliDiguey
et al, 2014; Holmest al, 2014a; Sulaimaet al, 2016e) A major clinical advantage
that audiebase& inhaler monitoring systems have over other sehaeed inhaler
monitoring technologies is the capability of objectively assessing pasentechnique
remotely. By applying signal processing methods to audio recordings of patients using
their inhalerjt is possible taletect inhaler sound events (inhalation, drug preparation and
exhalation soundsyhich can be usetb objectivdy assespatientusertechnique. This
allows patients to receive personalised objective feedback regardingdherencéom

healthcare professionals to help improve the efficacy of treatment.
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Audio-based inhaler monitoring systems can be divided into three main sections;

1. Audio data acquisition system
2. Signal processing of audio data

3. Calculation and presentation of objeeti@dherence measures

Theaudio data acquisition systemrefers to how the audio recordings of inhaler use are
obtained. This is through the use of an inhaler audio recording devicesidrnd
processingmethods applied to inhaler audio recordings can Wdeti into threestages

i) automatic detection and classification of inhaler sounds (inhalation, exhalation and drug
preparation sounds), ii) estimation of inhalation flow parameters and iii) estimation of
pulmonary drug delivery. Thealculation and presentation of objective adherence
measuressection can be divided into twatagesi) calculation of adherence measures

and ii) presentation of adherence measures to the patient. This can be visually illustrated

in the block diagram presentedrigure2.4 (Taylor et al, 2018b)

Inhaler
Hardware ' Software

~
i
Mic. ; i Sound events Flow
Audio | detecti d .
O—v acquisition [ etection an ,| parameter o User

system : classification "| estimation 7 techniaue
patient ! algorithm algorithm d * Adherence
adherence scoring
Noises > and report

Temporal
adherence

STl

Figure 2.4. Block diagram of an audiebased inhaler manitoring system

The first section ofaudio-based inhaler monitoring systems is the audio data
acquisition systemThe main audidased inhaler monitoring system that will be
discussed in this section will be the Inhaler Compliance Assessment (INCAnsyste
which, according to the literature, is the only adbiEsed inhaler monitoring system
currently employed in clinical practice toneasure both temporal and usechnique
adherence. The INCA system applies signal processing methods to inhaler audio
recordngs in order to calculate an objective measure of adherence that accounts for both
temporal adherence and user technique adherence. It has been used to introduce new
standards of adherence assessment and has proven to improve inhaler adifyerence
providing patients with objective feedbagkulaimanet al, 2016c; Sulaimaret al,

2018) The system is currently being implemented in rgtitre clinical trials across
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Ireland, recruiting over 1,000 patients in sixjandhospitals and 77 pharmaci@Arcy
et al, 2014 ; etah RMLE, Sulaimaret al, 2016a; Sulaimart al, 2016d;
Mokokaet al, 2017)

2.5.1Inhalea Compliance Assessment (INCAgvce

The INCA audiebased monoring system acquires data using an audio recording
device (referred to as the INCA device in this thesis). The INCA dekigerge2.5) is a
norrinvasive attachable device designed specifically for the Diskus Biglre 2.5
illustrates the location of the device when attached to a DiBIRIs The device was
originally designedand developedat the Trinity Centre for Bioengineering, Trinity
College Dublin, Ireland and was license@011to Vitalograph_td. to manufacture. The
device consists of a microelectromechanical systems (MEMS) microphoitmacch
memory, an LED to indicate device activation and a battery to power the components.
The device is activated using a magnetic reed switch within theedehich aligns with
a magnet situated inside the inhaler casing when the inhaler is opened. The INCA device
begins to record audio when the Diskus DPI is fully opened and ceases recording when
the inhaler is closed or left open for 90 seconds. Recadiraggthen each saved onto the
device from where they can be transferred to a compiatesSBfor further analysis.

Audio signals are sampled at 8 kHz with 8 bits per sample resolution and are stored
as mono WAV files. The device also records a time gtaheach audio recording which

allows for accurate measurement of temporal adherence. Usually patigmtssaréed

A B

INCA

. Microphone
Device P

Figure 2.5. Inhaler Compliance Assessment (INCAlevice
(A) INCA device attached ® Diskus DPI and (B) the INCA device opened without casing
and the battery removed ((A) adapted fr(Beheult et al., 2014))
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to use the Seretide (preventative medication) Diskus inhaler twice a day for one month
before returning for a clinical consultation. As a result, the INCA device was designed to
store up to 60 recordings (two uses per fda80 days), each of 90 secoddration.

Figure2.6 presents an example ofygpical audio recording of an asthma patient using a
Diskus DPI recorded from the INCA device. It illustrates the patient preparing the drug
(blister), then exhaling to empty the lungs followed by an inhalation. It is evident from
Figure2.6 that INCA audio recordings of inhaler use may contain importaatrrdtion
regarding inhaler uséechnique. However, for each patient there may be up to 90 minutes
of inhaler audio recordings at each clinicaitv(60 recordings x 90 secomldration).

This makes it very challenging and timnensuming for healthcare professionals to
aurally review or overead each audio recording in order to assess inhaletegbeique.
Consequently, there is a need for automatic detection and classifiamithms to
determine what events occurred in each inhaler audio recording and to interpret these

inhaler events to assess patient user technique.

Figure 2.6. Example of a typical Diskus DPI INCA recoding audio time domain signal
(linear representation of sound pressureand corresponding spectrogram
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