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Abstract  
 

The overarching goal of this thesis was to gain improved understanding of the delivery 

efficacy and safety of aerosolised medications used in an off-label manner via laboratory 

and computational investigation. The series of experiments described were intended to 

generate an empirical evidence base for solid particles and liquid droplet aerosols – the 

two forms of aerosols generated by devices that produce aerosolised medications. The 

computational investigation was intended to study the physics of aerosolised medicines 

that comprise of solid particles and to make considerable progress towards the 

development of improved computational models. A long-term goal of the work is to 

further develop the computational methods to have suitable validity to be integrated with 

(or eventually replace) laboratory investigations for applications involving both solid and 

liquid aerosolised medications.  

The aerosolised medications investigated were primarily those given to children off-label 

in a hospital setting (Chapters 2, 3 & 5) but also the widely used and “unapproved” 

electronic cigarette (Chapter 6) – used “off-label” by all users. Specifically: 

• Chapter 2, 3 & 5: inhaled salbutamol produced by a pressurised metered dose 

inhaler to children using an artificial airway (a solid particle aerosol);  

• Chapter 4 inhaled tobramycin produced by a nebuliser to children using a 

tracheostomy airway (a liquid droplet aerosol);  

• Chapter 6 inhaled “e-liquid” aerosol produced by the electronic cigarette (a liquid 

droplet aerosol). The “e-liquid” is the “base” excipient component to which 

nicotine can be added.   

As the first two studies involved drugs which have already been approved in children 

(who breathe through their native airways) and therefore have known safety profiles, the 

aim of the first two studies was primarily to determine the efficacy of delivery of the 
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aerosolised medication. Efficacy was determined via obtaining data on the estimated 

delivered dose, which was previously unknown in the settings described above (i.e. to 

patients with artificial airways or using a tracheostomy airway). The first two studies were 

conducted via laboratory investigation. The first experimental study (involving a solid 

particle aerosol) was then supplemented with computer modeling and simulation.   

Results from Chapter 3 indicated that aerosolised delivery was not comparable in efficacy 

across all methods used to deliver aerosolised salbutamol and, in some cases, methods 

were completely inefficacious and therefore unlikely to deliver expected doses. These 

results helped inform clinical practice at Perth Children's Hospital and those methods that 

were completely inefficacious (where delivered dose was negligible) were discontinued. 

Results from Chapter 4 indicated that the delivered dose of aerosolised medication was 

comparable to the dose that a child breathing through their native airway would receive, 

and similar to the dose that an adult would receive via a tracheostomy airway. However, 

results also indicated that delivery of the medication was unlikely to be via aerosolization 

as expected – it was more likely that aerosol delivery was via larger droplets formed when 

aerosol formed liquid film in the tracheostomy tube. This has important implications, as 

if large droplets are the primary method of medicine delivery, medication is unlikely to 

reach the lungs to provide therapeutic effect. Results from Chapter 4 will be used to help 

inform the development of standardized guidelines, which do not exist for children using 

tracheostomy airway. While efficacy of delivery was the primary reason for investigation 

in both Chapter 3 & 4, it was found that safety is also an important concern where the 

delivered dose is not being received, or unlikely to be received at all, particularly if the 

medication is potentially lifesaving, as with salbutamol.  

In Chapter 6 the primary concern was to determine safety before efficacy given the 

completely “unapproved” (in any population) status of the electronic cigarette. To study 

safety, my research developed a novel method to produce an electronic cigarette aerosol 

in a way that enabled it to be easily quantified and that was improved on current more 
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difficult and time-consuming methods. This novel method was then used in further 

laboratory investigation, to determine the safety of the inhaled aerosol, via quantification 

of the chemical composition of the produced (thermochemically altered) aerosol, which 

appears in the appendix of this thesis. Results from study (3) (both the thesis and the 

appendix) indicated that the aerosol produced by the base e-liquid component contained 

chemicals that were unsafe to be inhaled, either at all, or at certain quantities, and some 

chemicals/ingredients should be entirely banned. The results in the appendix of this thesis 

were used to inform government consultation processes that eventuated in an update to 

the Therapeutic Goods Order 110 in 2021 with a list of banned ingredients. Later in 2023, 

a full ban on importation of electronic cigarettes was announced.   

In summary, this work has: 

• Added to the empirical evidence base to guide clinical best practice of off-label 

use for two commonly prescribed aerosolised medicines in Australia. 

• Added to the empirical evidence base which can be used to develop 

international standardized guidelines for inhaled medicine delivery to 

children with tracheostomy airways. 

• Generated an empirical evidence base to support development of credible 

computational models to investigate solid and liquid particle aerosolised 

medication delivery to children. 

• Made substantial progress toward a credible in silico method to study solid 

particle aerosolised medications, particularly in off-label settings, in addition 

to identifying key issues/limitations with current approaches.   

• Developed an improved method to study the chemical composition and safety 

of the e-liquids that are used with electronic cigarettes. 

• Advised government consultation for the safe use of electronic cigarettes. 

 



8 

 

Acknowledgements 
 

To my supervisory team for their guidance and patience: Professor Ben Mullins PhD, Associate 

Professor Alex Larcombe PhD, Professor Britta Regli von Ungern Sternberg PhD MD, Dr Julien 

Cisonni, PhD, Dr Andrew King PhD, Dr Ryan Mead Hunter PhD. Especially thanks to Alex, you are 

supervisor of the year every year in my books!  

To my research groups over the years: Dr Will Ditcham PhD, Professor Britta Regli von Ungern 

Sternberg MD PhD, Ms Lliana Slevin, Dr Aine Sommers PhD, Dr Barry Clements MD PhD, Dr Helga 

Mikkelson PhD. Thanks especially to Will, I am glad I don’t have to hear anymore, “just get it done” 

and Britta for continually inspiring me, sticking up for me, always being interested in what I was doing 

and encouraging me to follow my dreams.  

To the ladies who helped with my acknowledgement of country statement: Dr Mara West PhD and Dr 

Kate Harriden PhD. Especially thanks to Kate for her lovely and very interesting emails, I am grateful 

to be pen friends!  

To the Curtin Lab team: Edwin Jungali, Dr Tahlia Bejoy PhD and Dr Mala Senarata PhD.  

To my extended family for inspiring me: Dr Alan Kitchen PhD and Dr Mark Kitchen, MD PhD.  

To Dr Sarah Clarke MD for her support in helping with a part of this work.  

To my family; Dad and mum for their support and cooking for me, and to my brothers for not knowing 

or caring less what I was doing this whole five years. Especially thanks to Dad for his tutoring and 

sharing his wealth of wisdom in engineering when I hassled him with fluid dynamics problems. I am 

sure my interest in engineering comes from you dad.  

To my friends and mentors for supporting me and giving me hope throughout: Ms Leesa Harris (Yes 

Girl), Ms Tabitha Woodman (Tabz), Ms Danielle Unwin, Dr Rebecca Watkinson PhD, Ms Michele 

Schwager, Ms Yasmine Khandan, Dr Sarah Lutz MD, Dr Patricia Belinelo MD PhD, Dr Katherine 

Landwehr PhD, Dr Francesca Sanna PhD, Dr Stephanie Trend PhD, Dr Emily Fletcher PhD, Dr Snezana 

Radjovich PhD, Dr Elena De Juan Pardo PhD, and Dr Monica Gumulya PhD.  

To my husband Ruairidh for all his support and encouragement, I cannot be more grateful.  

 



9 

 

Funding source acknowledgements 

I would like to thank the Curtin University School of Population Health for awarding me a Research 

Training Program Scholarship that supported this work.  

I would like to thank the Stan and Jean Perron Charitable Foundation for awarding me The Stan and Jean 

Perron Excellence Award that supported my professional development. 

I would like to thank Telethon Kids Institute Student Development program for funding that supported 

my progress and development throughout this work. 

I would like to acknowledge the Perth Childrens Hospital Foundation (grant ID 9522) for funding which 

supported this work (Chapters 3 & 4).  

I would like to acknowledge the Minderoo Foundation and The Scottish Masonic Charitable Foundation 

(Grant no. CTR-JL-14357-1), The Lung Foundation Australia (grant no CTR-JL-14356-1) and the 

Cancer Council WA for funding which supported this work (Chapter 6).   

 

 

 

 

 

 

 

 

 

 

 

 



10 

 

Copyright statements 
 

I have obtained permission from the copyright owners to use any third-party copyright material reproduced in the 

thesis (e.g. questionnaires, artwork, unpublished letters), or to use any of my own published work (e.g. journal 

articles) in which the copyright is held by another party (e.g. publisher, co-author). 

Chapter 1: Figure 1.1.1.4 

SPRINGER NATURE LICENSE 

TERMS AND CONDITIONS 

Jun 12, 2023 

 

 
 

This Agreement between Curtin University -- Natalie Anderson ("You") and Springer 

Nature ("Springer Nature") consists of your license details and the terms and conditions 

provided by Springer Nature and Copyright Clearance Center. 

License Number 5566290477935 

License date Jun 12, 2023 

Licensed Content Publisher Springer Nature 

Licensed Content Publication Pharmaceutical Research 

Licensed Content Title 
Using Filters to Estimate Regional Lung Deposition with 

Dry Powder Inhalers 

Licensed Content Author Scott Tavernini et al 

Licensed Content Date Aug 31, 2021 

Type of Use Thesis/Dissertation 

Requestor type academic/university or research institute 

Format print and electronic 

Portion figures/tables/illustrations 

Number of 

figures/tables/illustrations 
1 

Will you be translating? no 

Circulation/distribution 1 - 29 

Author of this Springer Nature 

content 
no 

Title 
Computational Assessment of Aerosols for Improved 

Understanding of their Potential to Impact Health 
 

Institution name Curtin University  

Expected presentation date Aug 2023  

Order reference number 1  

Portions Figure 2 (a) and (b)  



11 

 

Requestor Location 

Curtin University 

15 

 

 

Perth, 6019 

Australia 

Attn: Curtin University 

 

Total 0.00 AUD  

Terms and Condition  

 

Chapter 1, Figure 1.1.2 

This Agreement between Curtin University -- Natalie Anderson ("You") and John Wiley and Sons 

("John Wiley and Sons") consists of your license details and the terms and conditions provided by 

John Wiley and Sons and Copyright Clearance Center. 

License Number 5641681341332 

License date Oct 03, 2023 

Licensed Content 

Publisher 
John Wiley and Sons 

Licensed Content 

Publication 
British Journal of Clinical Pharmacology 

Licensed Content 

Title 

Pulmonary drug delivery. Part I: Physiological factors affecting therapeutic 

effectiveness of aerosolized medications 

Licensed Content 

Author 
N. R. Labiris, M. B. Dolovich 

Licensed Content 

Date 
Aug 20, 2003 

Licensed Content 

Volume 
56 

Licensed Content 

Issue 
6 

Licensed Content 

Pages 
12 

Type of Use Dissertation/Thesis 

Requestor type University/Academic 

Format Electronic 

Portion Figure/table 

Number of 

figures/tables 
1 

Will you be 

translating? 
No 



12 

 

Title 
Progress towards the integration of experimental and computational 

techniques to better understand the delivered dose of aerosolised medication 
 

Institution name Curtin University  

Expected presentation 

date 
Nov 2023  

Portions Figure 3  

Requestor Location 

Curtin University 

15 

 

 

Perth, 6019 

Australia 

Attn: Curtin University 

 

Publisher Tax ID EU826007151 

Total 0.00 AUD   

 

Chapter 1, Figure 1.3.1.4 

ELSEVIER LICENSE 

TERMS AND CONDITIONS 

Oct 07, 2023 

 

 
 

This Agreement between Curtin University -- Natalie Anderson ("You") and Elsevier 

("Elsevier") consists of your license details and the terms and conditions provided by 

Elsevier and Copyright Clearance Center. 

License Number 5643460817451 

License date Oct 07, 2023 

Licensed Content Publisher Elsevier 

Licensed Content Publication Respiratory Medicine 

Licensed Content Title Summing up 100 years of asthma 

Licensed Content Author Zuzana Diamant,J. Diderik Boot,J. Christian Virchow 

Licensed Content Date Mar 1, 2007 

Licensed Content Volume 101 

Licensed Content Issue 3 

Licensed Content Pages 11 

Start Page 378 

End Page 388 

Type of Use reuse in a thesis/dissertation 

Portion figures/tables/illustrations 



13 

 

Number of 

figures/tables/illustrations 
1 

Format electronic 

Are you the author of this 

Elsevier article? 
No 

Will you be translating? No 

Title 

Progress towards the integration of experimental and 

computational techniques to better understand the 

delivered dose of aerosolised medication 

 

Institution name Curtin University  

Expected presentation date Nov 2023  

Portions Figure 2  

Requestor Location 

Curtin University 

15 

 

 

Perth, 6019 

Australia 

Attn: Curtin University 

 

Publisher Tax ID GB 494 6272 12 

Total 0.00 AUD   

Terms and Condition   

 

Chapter 2: 

JOHN WILEY AND SONS LICENSE 

TERMS AND CONDITIONS 

Nov 01, 2022 

 

 
 

This Agreement between Curtin University -- Natalie Anderson ("You") and John Wiley and Sons 

("John Wiley and Sons") consists of your license details and the terms and conditions provided by 

John Wiley and Sons and Copyright Clearance Center. 

License Number 5401640881327 

License date Oct 03, 2022 

Licensed Content 

Publisher 
John Wiley and Sons 

Licensed Content 

Publication 
Paediatric Anasthesia 

Licensed Content Title 
Aerosolized drug delivery in awake and anesthetized children to treat 

bronchospasm 

Licensed Content Author Britta S. Ungern‐Sternberg, Sarah Clarke, Natalie Anderson 



14 

 

Licensed Content Date Dec 14, 2021 

Licensed Content 

Volume 
32 

Licensed Content Issue 2 

Licensed Content Pages 11 

Type of use Dissertation/Thesis 

Requestor type Author of this Wiley article 

Format Print and electronic 

Portion Full article 

Will you be translating? No 

Title 
Computational Assessment of Aerosols for Improved Understanding of 

their Potential to Impact Health 
 

Institution name Curtin University  

Expected presentation 

date 
Jan 2023  

Requestor Location 

Curtin University 

15 

 

 

Perth, 6019 

Australia 

Attn: Curtin University 

 

Publisher Tax ID EU826007151 

Total 0.00 AUD   

Terms and Conditions   

 

Chapter 3:  

JOHN WILEY AND SONS LICENSE 

TERMS AND CONDITIONS 

Nov 01, 2022 

 

 
 

This Agreement between Curtin University -- Natalie Anderson ("You") and John Wiley and Sons 

("John Wiley and Sons") consists of your license details and the terms and conditions provided by 

John Wiley and Sons and Copyright Clearance Center. 

License Number 5401660676746 

License date Oct 03, 2022 

Licensed Content 

Publisher 
John Wiley and Sons 

Licensed Content 

Publication 
Paediatric Anasthesia 



15 

 

Licensed Content 

Title 

Assessment of different techniques for the administration of inhaled salbutamol 

in children breathing spontaneously via tracheal tubes, supraglottic airway 

devices, and tracheostomies 

Licensed Content 

Author 
Britta S. Ungern‐Sternberg, William Ditcham, André Schultz, et al 

Licensed Content 

Date 
Oct 18, 2020 

Licensed Content 

Volume 
30 

Licensed Content 

Issue 
12 

Licensed Content 

Pages 
15 

Type of use Dissertation/Thesis 

Requestor type Author of this Wiley article 

Format Print and electronic 

Portion Full article 

Will you be 

translating? 
No 

Title 
Computational Assessment of Aerosols for Improved Understanding of their 

Potential to Impact Health 
 

Institution name Curtin University  

Expected 

presentation date 
Jan 2023  

Requestor 

Location 

Curtin University 

15 

 

 

Perth, 6019 

Australia 

Attn: Curtin University 

 

Publisher Tax ID EU826007151 

Total 0.00 AUD   

 

Chapter 4: 

Appendix A 

JOHN WILEY AND SONS LICENSE 

TERMS AND CONDITIONS 

Sep 13, 2023 

 

 
 

This Agreement between Curtin University -- Natalie Anderson ("You") and John Wiley 



16 

 

and Sons ("John Wiley and Sons") consists of your license details and the terms and 

conditions provided by John Wiley and Sons and Copyright Clearance Center. 

License Number 5626951340330 

License date Sep 13, 2023 

Licensed Content 

Publisher 
John Wiley and Sons 

Licensed Content 

Publication 
MEDICAL JOURNAL OF AUSTRALIA 

Licensed Content 

Title 
Chemical analysis of fresh and aged Australian e‐cigarette liquids 

Licensed Content 

Author 
Benjamin Mullins, Natalie Anderson, Ryan Mead‐Hunter, et al 

Licensed Content 

Date 
Oct 6, 2021 

Licensed Content 

Volume 
216 

Licensed Content 

Issue 
1 

Licensed Content 

Pages 
6 

Type of use Dissertation/Thesis 

Requestor type Author of this Wiley article 

Format Print and electronic 

Portion Full article 

Will you be 

translating? 
No 

Title 

Progress towards the integration of experimental and computational 

techniques to better understand the delivered dose of aerosolised 

medication 

 

Institution name Curtin University  

Expected 

presentation date 
Sep 2023  

Requestor Location 

Curtin University 

15 

 

 

Perth, 6019 

Australia 

Attn: Curtin University 

 

Publisher Tax ID EU826007151 

Total 0.00 AUD   

 



17 

 

Publications arising from this work 
 

Anderson, N, Schultz, A, Ditcham, W, von Ungern-Sternberg, BS. Assessment of different techniques for the 

administration of inhaled salbutamol in children breathing spontaneously via tracheal tubes, supraglottic airway 

devices, and tracheostomies. Pediatr Anesth. 2020; 30: 1363– 1377. Doi: https://doi.org/10.1111/pan.14028 

Anderson, N, Clarke, S, von Ungern-Sternberg, BS (2022). Aerosolized drug delivery in awake and anesthetized 

children to treat bronchospasm. Pediatric Anaesthesia; 32: 156– 166. doi:10.1111/pan.14354  

Larcombe, A., Allard, S., Pringle, P., Mead-Hunter, R., Anderson, N. and Mullins, B. (2022), Chemical analysis 

of fresh and aged Australian e-cigarette liquids. Med J Aust, 216: 27-32. https://doi.org/10.5694/mja2.51280  

Chemical analysis of fresh and aged e-cigarette liquids. A.N. Larcombe, S. Allard, P. Pringle, R. Mead-Hunter, 

N. Anderson, B.J. Mullins. Report prepared for Lung Foundation / Minderoo Foundation for National Vaping 

Round Table 

Anderson, N., Pringle, P., Mead-Hunter, R., Mullins, B., Larcombe, A., and Allard, S.: A rapid semi-quantitative 

screening method to assess chemicals present in heated e-liquids and e-cigarette aerosols, Aerosol Research, 1, 

17–27, https://doi.org/10.5194/ar-1-17-2023, 2023. 

Anderson N, William Ditcham, Barry Clements, Britta S von Ungern-Sternberg. Laboratory simulation of 

nebulised Tobramycin delivery to pediatric patients with upper or lower respiratory tract infection through 

tracheostomy airways. Intention to submit (Pediatrics) 

Position paper: The Environmental Impact of Inhaled Medicines: A TSANZ Position Paper. Danielle Wurzel, 

Brett Montgomery, Natalie Anderson, Elena Schneider-Futschik, Johnson George, Sinthia Bosnic-Anticevich, 

Emily Stone, Bob Hancox, James Fingleton, Helen Tope, John Blakey (submitted, Respirology)  

 

 

 

 

 

 

 

 

https://doi.org/10.5694/mja2.51280


18 

 

Conference presentations arising from this work 

September 2022, International Aerosol Conference  

• Poster presentation and back up talk  

• Title: “In-silico medical aerosol delivery to spontaneously-breathing pediatric patients with artificial 

airways” 

April 2022, The Thoracic Society of Australia and New Zealand Annual Scientific Meeting 

• Poster presentation 

• Title: “In-silico aerosol delivery to spontaneously-breathing pediatric patients with artificial airways” 

June 2021, Australian Society for Medical Research (Western Australia)  

• Speaker 

• Title, “In silico study of medical aerosol delivery through tracheostomy tubes, pre-formed tracheal tubes and 

standard tracheal tubes to inform and improve clinical practice” 

November 2020, Child and Adolescent Health Symposium, Perth Childrens Hospital, Perth. 

• Speaker  

• Title: “Can we improve aerosol delivery to children computationally?”  

September 2020, European Respiratory Society Congress  

• Poster presentation 

• Title, “In-silico aerosol delivery to spontaneously-breathing paediatric patients via oral (south-facing) RAE 

endotracheal tubes” 

November 2019, Institute for Respiratory Health, Perth Australia 

• Poster Presentation 

• Title, “Optimising the delivery of aerosolised salbutamol in intubated pediatric patients” 

 

 

 

 

 



19 

 

Conference abstracts arising from this work  

Anderson, N., Mead-Hunter, R., Larcombe, A., Mullins, B., von Ungern-Sternberg, B., & King, A. (2022). In-

silico aerosol delivery to spontaneously-breathing paediatric patients with artificial airways. Respirology, 27, 180-

180. 

Anderson, N, Mead-Hunter, R., Von Ungern-Sternberg, B.S, Larcombe, A.L, King, A, Mullins, B (2020). In-

silico aerosol delivery to spontaneously-breathing paediatric patients via oral (south-facing) RAE endotracheal 

tubes. European Respiratory Journal Sep 2020, 56 (suppl 64) 2833; DOI: 10.1183/13993003.congress-2020.2833  

Anderson, N., Mead-Hunter, R., Larcombe, A.L., Von Ungern-Sternberg, B.S,  King, A, Mullins, B. (2020). TP 

176. In-silico aerosol delivery to spontaneously-breathing pediatric patients on ventilatory support via oral (south-

facing) RAE endotracheal tubes. Abstracts. Respirology, 25: 111-230. https://doi.org/10.1111/resp.13778 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://doi.org/10.1111/resp.13778


20 

 

Table of contents 

Contents 

Declaration Page.................................................................................................................................................... 3 

Acknowledgement of Country ................................................................................................................................ 4 

Abstract ................................................................................................................................................................... 5 

Acknowledgements ................................................................................................................................................. 8 

Funding source acknowledgements ........................................................................................................................ 9 

Copyright statements ............................................................................................................................................. 10 

Publications arising from this work ...................................................................................................................... 17 

Table of contents ................................................................................................................................................... 20 

Figures and tables table of contents (introduction) ............................................................................................... 24 

Introduction (brief) ................................................................................................................................................ 25 

Chapter 1: Introduction and background ............................................................................................................... 28 

1.1 Physical principles of aerosols affecting therapeutic aerosol delivery ............................................................ 28 

1.1.1 Overview of aerosol properties and terminology ..................................................................................... 28 

1.1.1.1 Definitions ........................................................................................................................................ 28 

1.1.1.2 Shape, size, and mass ....................................................................................................................... 28 

1.1.1.3 Respiratory aerosol deposition ......................................................................................................... 29 

1.1.1.4 Aerosol characterization (particle sizing) ......................................................................................... 29 

1.1.2 Aerosol physical phenomena ................................................................................................................... 32 

1.1.2.1 Adhesive forces, agglomeration, and coagulation ............................................................................ 33 

1.1.3 Aerosol generation ................................................................................................................................... 35 

1.1.3.1 Electrical field (the ultrasonic nebuliser) .......................................................................................... 36 

1.1.3.2 Electrospray or electrostatic atomizers ............................................................................................. 36 

1.1.3.3 Evaporation-condensation aerosol generation .................................................................................. 36 

1.1.3.4 Mechanical ....................................................................................................................................... 36 

1.1.3.5 State change (the pressurised metered dose inhaler) ........................................................................ 37 

1.2 Anatomy and physiology of the human respiratory system ............................................................................ 37 



21 

 

1.2.1 Human lung structure overview and its relevance to inhaled medicine delivery .................................... 38 

1.2.1.1 Conducting (upper) airway structural overview ............................................................................... 39 

1.2.1.2 Lung surface area ............................................................................................................................. 40 

1.2.1.3 Lung lining fluid volume and composition (adults) ......................................................................... 40 

1.2.1.4 Vascularization ................................................................................................................................. 41 

1.2.2 Function overview ................................................................................................................................... 42 

1.2.2.1 Motion of breathing .......................................................................................................................... 42 

1.2.3 Nervous system (innervation) of the upper airway (airway smooth muscle) overview........................... 42 

1.3 Disease conditions treated with orally inhaled medicines that exert local effects in the lung ........................ 43 

1.3.1 Asthma (Inhaled bronchodilators and corticosteroids) ............................................................................ 44 

1.3.1.4 Bronchodilators ................................................................................................................................ 44 

1.3.1.5 Inhaled corticosteroids ...................................................................................................................... 45 

1.3.2 Chronic Obstructive Pulmonary Disease (COPD) (Inhaled bronchodilators (antimuscarinics)) ............ 46 

1.3.3 Cystic Fibrosis (Inhaled antibiotics, inhaled mucolytics and airway surface restorers) .......................... 46 

1.3.3.4 Inhaled mucolytics and airway surface liquid restorers ................................................................... 47 

1.3.3.5 Inhaled antibiotics ............................................................................................................................ 47 

1.4 Disease conditions treated with orally inhaled drug-products that exert systemic effects .............................. 48 

1.4.1 Diabetes (Inhaled insulin) ........................................................................................................................ 49 

1.4.2 Schizophrenia/Psychosis (Inhaled loxapine) ........................................................................................... 49 

1.4.3 Parkinson’s disease (inhaled levodopa) ................................................................................................... 50 

1.4.4 Nicotine dependence/cigarette addiction (Inhaled nicotine) .................................................................... 50 

1.4.4.1 The electronic cigarette (e-cigarette) ................................................................................................ 50 

1.5 Development of orally inhaled drugs and drug-products ................................................................................ 51 

1.5.1 Standard testing for orally inhaled drug products .................................................................................... 52 

1.5.2 The Inhaled Bioequivalence Classification Scheme ................................................................................ 52 

1.5.3 Limitations of orally inhaled product development and future directions ............................................... 52 

1.5.4 Limits of drug development and orally inhaled drug product development for children ........................ 53 

1.5.5 Future Directions ..................................................................................................................................... 53 



22 

 

1.6 Computer modelling and simulation and its use and relevance in orally inhaled medicine development ...... 54 

1.6.1 Introduction and history of human respiratory tract models .................................................................... 58 

1.6.1.1 Models of the human respiratory tract/human lung: Empirical, deterministic, and stochastic ......... 59 

1.6.1.2 MPPD Stochastic (“1D”) versus CFPD 3D models ......................................................................... 60 

1.6.2 Introduction to models of aerosol flow and aerosol lung deposition ....................................................... 60 

1.6.2.2 Computational Fluid Dynamics (CFD) ............................................................................................ 61 

1.6.2.3 Computational Fluid-Particle Dynamics (CFPD) ............................................................................. 61 

1.6.3 Credibility of Computer Modelling & Simulation (CM&S) pertaining to CFD ..................................... 62 

1.6.3.1 Validation ......................................................................................................................................... 62 

1.6.3.2 Verification ....................................................................................................................................... 62 

1.6.4 Methods for validation of computational fluid-particle dynamics (CFPD) models for the lung 

(experimental vs clinical) .................................................................................................................................. 63 

1.6.4.1 Indirect (experimental/laboratory based) validation ......................................................................... 63 

1.6.4.2 Direct (clinical imaging) validation .................................................................................................. 63 

1.6.4.3 Animal models for validation of computational methods ................................................................ 65 

1.6.5 Credibility of Computational fluid particle dynamics for assessment of inhaled particles in the lungs of 

adults ................................................................................................................................................................. 65 

Introduction summary ........................................................................................................................................... 65 

Research Case ....................................................................................................................................................... 66 

Chapter 2 Literature review (published): Aerosolized drug delivery in awake and anesthetized children to treat 

bronchospasm. ....................................................................................................................................................... 68 

Plain language introduction to Chapter 2: ........................................................................................................ 68 

Chapter 3: Research article (published): Laboratory assessment of artificial airways (Pediatric Anesthesia, 2020):

 ............................................................................................................................................................................... 80 

Plain language introduction to Chapter 3: ........................................................................................................ 80 

Chapter 4: Laboratory simulation of nebulised tobramycin through tracheostomy to spontaneous breathing 

children .................................................................................................................................................................. 96 

Plain language introduction to Chapter 4: ........................................................................................................ 96 



23 

 

Chapter 5: Progress towards a multiphase in silico model for assessment of solid particle aerosols to supplement 

experimental studies of aerosolised drug delivery to children through artificial airways ................................... 118 

Plain language introduction to Chapter 5. ....................................................................................................... 118 

Chapter 6: A rapid semi-quantitative screening method to assess chemicals present in heated e-liquids and e-

cigarette aerosols ................................................................................................................................................. 153 

Plain language introductory statement to Chapter 6. ...................................................................................... 153 

Chapter 7: General discussion: Limitations and future directions ...................................................................... 165 

Chapter Two review and summary ................................................................................................................. 165 

Chapter Three review and summary ............................................................................................................... 166 

Chapter Four review and summary ................................................................................................................. 166 

Chapter Five review and summary ................................................................................................................. 168 

Chapter Six ..................................................................................................................................................... 169 

Future Directions ............................................................................................................................................ 169 

7.1.2 Human lung models in health and disease ......................................................................................... 171 

7.1.3 The future of aerosol delivery: new aerosol generation and delivery technologies and environmental 

impact of inhaled medicines ....................................................................................................................... 171 

7.1.4 Computational safety assessment of electronic cigarettes ................................................................. 172 

7.1.5 Decreasing product development times for children’s medicines ..................................................... 172 

Conclusion .......................................................................................................................................................... 173 

References ........................................................................................................................................................... 174 

Appendix ............................................................................................................................................................. 193 

 

 

 

 

 

 

 



24 

 

Figures and tables table of contents (introduction) 

Figure 1.1.1.4 Recommended set-up for medical/therapeutic aerosol particle sizing of a solid particle 

aerosol……………………………………………………………………………………………………………38 

Figure 1.1.2 Mechanisms of aerosol deposition of different types and sizes in the lung………………………..40 

Figure 1.1.2.1.4. Hygroscopic growth of particles during relative humidity. Reprinted from Hadrell et al., 2017, 

with permissions under creative commons license………………………………………………………………43 

Figure 1.2.1.1 Main deposition mechanisms for each region of airway. Reprinted from Anderson et al, 2022...48 

Figure 1.2.1.3. Lung lining fluid thickness in the conducting and peripheral/respiratory airways (top and bottom 

respectively). Reprinted From Hastedt et al., 2022, under creative commons licence…………………………..49 

Figure 1.3  National Asthma Council of Australia medication chart for Asthma and Chronic Obstructive 

Pulmonary Disease…………………………………………………………………………………………….....51 

Figure 1.3.1.4. The progression of bronchodilator drug formulation over time. Reprinted from Diamant, Diderik 

Boot, & Christian Virchow, 2007, with permissions…………………………………………………………….53 

Table 1.6. Purposes for use of computational models……………………………………………………………64 

 

 

 

 

 

 

 

 

 

 

 

 



25 

 

Introduction (brief) 
 

This thesis forms a significant contribution to our understanding of how inhaled medicines, used in "off-label" 

situations behave in a clinical setting, thereby providing important delivery efficacy/safety information. It employs 

both empirical (laboratory experimental) and computational approaches, which together form an integrated 

approach to assess medical aerosol delivery efficacy and/or safety. 

Aerosolised drug delivery is particularly difficult to study in situ due to both the constant clearance mechanisms 

of the lung, and that the currently adopted study methods are either relatively simplistic, (i.e. laboratory 

experimentation), or ethically questionable (i.e. radiolabeled lung deposition studies). Aerosols of a complex 

nature – that is those containing a mixture of chemicals and/or comprised of both solid particles and liquid droplets 

– are even more difficult to assess in terms of safety and delivery efficacy. Current study methods (laboratory 

experimentation or radiolabeled deposition studies) give the regional location of aerosol deposition, but do not 

contribute important knowledge on the mechanisms (the physics) behind aerosol delivery which is critical in 

informing and improving clinical use or practice. Therefore, much of this thesis seeks to expand the knowledge 

of aerosolised drug delivery gained in empirical laboratory experiments by supplementing these studies with 

advanced computer modelling and simulation techniques. The use of computational study here aims to give some 

depth to the understanding of the problem gained by experimental studies while ensuring the outcomes remain 

explained in a way that is clinically meaningful for medical staff. As such it avoids both the use of overly complex 

engineering jargon and detailed explanation of engineering principles.  

The focus of this thesis is primarily on inhaled drugs that act locally to deliver therapeutic effect to the lungs of 

children or adolescents, as many inhaled drugs are first developed for use in adults and adapted minimally (if at 

all) for use in children. Therefore, a significant gap exists in our knowledge of how to deliver inhaled medicines 

most effectively and safely to this population, resulting in off-label respiratory drug use in pediatrics being 

common. This is particularly true in settings which require the inhaled drug to also be used in a different manner 

mechanistically from that for which it was first developed, such as in children using a breathing tube (artificial 

airway) during surgery. Investigation in children using artificial airways is therefore a key focus of this thesis. 

Off-label delivery of a therapeutic is at the discretion and responsibility of the prescribing physician and therefore 

the components of work that addresses off-label inhaled medicine use in children (Chapters 2, 3 and 5) are aimed 

at informing clinical decisions for pediatricians.  

Secondly, this thesis considers the “unapproved” systemically-acting (if containing nicotine) inhaled aerosol 

produced by the electronic cigarette, commonly used by adolescents. The electronic cigarette creates a complex 

aerosolised mixture of chemicals which is difficult to characterize, partly due to varying degrees of 

thermochemical modification during generation/delivery. This means that downstream health effects are also 

difficult to comprehensively ascertain. Determining potential health effects is important, however, considering 
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this is an unapproved therapeutic good that is widely used. Thankfully, potential harm to Australian consumers 

were reduced when the new vaping reforms were announced, set to commence on 1st January 2024, involving a 

ban on the importation of non-therapeutic vapes and a ban on personal importation. However, a doctor may still 

prescribe nicotine to be added to an “e-liquid” and used with an electronic cigarette device for the purpose of 

smoking cessation, via an authorized prescriber (or equivalent) scheme. As the electronic cigarette is used entirely 

“off label”, it has not been thoroughly tested for safety (or efficacy) as an inhaled therapeutic in any population, 

and with the new reforms, importers and manufacturers are required to notify the Australian Therapeutic Goods 

Administration of their products compliance with relevant product standards.  

Overall, this thesis contributes knowledge to inhaled medicinal aerosols in underrepresented demographics and 

off-label settings where the aerosol safety and efficacy are undetermined and therefore so too, the health outcomes. 

The intention was to provide data which would help clinicians to make informed decisions around off-label inhaled 

medicine use, and to develop an evidence base for assisting with the development of future guidelines.  

Chapter 1 (Introduction and background) is broken down as follows:  

• CH1.1 describes the important aspects of aerosol physics and mechanics relevant to inhaled drug 

delivery. 

• CH 1.2 describes the important aspects of human biology/physics relevant to inhaled drug delivery. 

• CH 1.3 describes the respiratory diseases that have approved inhalation treatments (that are locally 

acting, and where those same drugs are used off-label). 

• CH 1.4 describes the diseases that have approved inhalation treatments (that are systemically acting) 

(and those unapproved). 

• CH. 1.5 describes why there is so much off-label usage and the problems with drug development.  

• CH 1.6 describes the new technologies that can help improve drug delivery and/or design of new 

orally inhaled therapeutics. 

Chapter 2 (publication: Aerosolized drug delivery in awake and anesthetized children to treat 

bronchospasm) focusses on the off-label use of inhaled treatments perioperatively and compares this to delivery 

in emergency settings via a review of the current devices that are used to deliver orally inhaled medicines that 

exert local therapeutic effects in the lungs of children experiencing bronchospasm, predominantly with the beta-

2-antagonist drug, salbutamol (and example of a solid particle aerosol). 

Chapter 3 (publication: Laboratory assessment of artificial airways) is an original article that examines the 

delivery of a solid particle aerosol: the inhaled medicinal salbutamol delivered via various types of artificial 

airways to children when simulated in the laboratory setting. 
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Chapter 4 (Laboratory simulation of nebulized tobramycin through tracheostomy to spontaneous breathing 

children) examines the delivery of a liquid particle aerosol: the inhaled antibiotic tobramycin, delivered via 

various types of artificial airways to children when simulated in the laboratory setting.  

Chapter 5 (In silico assessment of solid particle aerosols to support laboratory simulation of aerosolised 

drug delivery to intubated children) examines the delivery of inhaled medicinal salbutamol delivered via 

various types of artificial airways when simulated via the computer modeling technique “computational fluid-

particle dynamics” replicating the investigation in Chapter 3. 

Chapter 6 (A rapid semi-quantitative screening method to assess chemicals present in heated e-liquids and 

e-cigarette aerosols) examines a novel method that can be used to rapidly test for ingredients in “e-liquids” that 

are banned by the Therapeutic Goods Administration, but which could be inhaled in the aerosol produced by the 

unapproved therapeutic good, the electronic cigarette.   

Appendix 1 includes a co-authored article which tested for various chemicals produced by electronic cigarette 

aerosols and their base liquids to identify dangers to the consumer of this unapproved therapeutic good.   

Appendix 2 includes a co-authored article investigating the environmental impact of inhaled medicines produced 

by a certain device that aerosolizes medicine by using pressure generated by a greenhouse gas propellant.  

 

 

 

 

 

 

 

 

 

 

 

 

 



28 

 

Chapter 1: Introduction and background  

1.1 Physical principles of aerosols affecting therapeutic aerosol delivery 

The lung represents a very large surface area proximal to a blood interface. Therefore, aerosol delivery to the lung 

represents an important pathway for both targeted delivery of medication for respiratory pathologies as well as 

general (non-respiratory) medicine (Smyth & Hickey, 2011). The lung also represents an important toxicological 

exposure pathway to exogenous agents (Widdicombe & Wine, 2015). There are many factors that make aerosol 

delivery to the lung effective and therefore therapeutic, however there are also many drawbacks to current delivery 

methods which prevent optimal aerosolised delivery. It is therefore important to understand the basic physical 

principles behind current delivery methods of the two key types of aerosols – solid or liquids – to improve 

aerosolised drug delivery to the lungs.  

1.1.1 Overview of aerosol properties and terminology 

1.1.1.1 Definitions 

Aerosols are most commonly defined as solid or liquid particles suspended in a gas (usually air) (Hinds, 1999). 

The term aerosol includes the more commonly referred to terms: bioaerosols, dust, particulate matter, haze, mist 

and fog, smog, fumes, clouds, smoke, droplets, and sprays (Hinds, 1999). Similarly, aerosols generated for 

therapeutic delivery (medicinal aerosols) can also be described broadly as either liquid or solid particles. The 

physical aspects of both solid and liquid aerosols, such as density, surface tension and particle size distribution, 

need to be considered in computational and laboratory simulation of aerosol delivery to the lung.  

1.1.1.2 Shape, size, and mass 

When referring to the overall size of an aerosol, the classification of either monodisperse (within geometric 

standard deviation <1.22 µm) or polydisperse is used, but most aerosols are polydisperse, meaning the total aerosol 

has a geometric standard deviation of greater than 1.22 µm (Usmani et al., 2003). For example, an asthma inhaler 

such as Ventolin will produce particles within the range of ~0.1–30 µm in a single “puff” or dose, rather than them 

being all 5 µm in size (Alatrash & Matida, 2016). It is important to know the mass of drug delivered to a patient, 

and therefore therapeutic aerosols are usually measured by the mass median diameter, or mass median 

aerodynamic diameter, both of which assume particles to be spherical and have the density of water (Hinds, 1999). 

Aerosol measurement can either be by mass or by number count (Hinds, 1999). Mass and number count are both 

important measures as for some types of aerosol, more than 90% of particles are ultrafine particles (<0.1 µm) and 

therefore only account for 10% of the total mass (Kwon et al., 2020). However, the active pharmaceutical 

ingredients for solid particle aerosols are commonly different shapes, when examined with microscopy (Parisini 

et al., 2015), and so an “effective” diameter is used in this case, which is the spherical equivalent of the actual 

shape. Solid particles produced by spray drying can be made spherical but spray dry production of medical 

aerosols is a relatively new technology and primarily done for dry powders inhalers (DPIs) not pressurised metered 
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dose inhalers (pMDIs) (Focaroli et al., 2020). Liquid aerosols, however, are usually spherical unless experiencing 

high acceleration or deceleration (or the drag force to surface tension ratio is high).  

1.1.1.3 Respiratory aerosol deposition 

Whether or not an aerosol particle will deposit in the lungs, and by what mechanism, is predominantly based on 

the size (aerosol diameter), the velocity of the travelling aerosol (Figure 1.1.1.4) and the “flow Reynolds number”, 

which is a determinant of whether the air the aerosol passes through is turbulent or smooth (laminar). Larger 

aerosol particles (>5 µm) usually deposit by impaction (momentum force) in the upper conducting airways, which 

is due to these particles travelling faster than in the lower airway, and the direction of the flow changing more 

frequently in the upper airway than the lower (turbulent flow) (Koullapis et al., 2018a). In the upper airways 

smaller particles will deposit by turbulent dispersion, which causes particles to be pushed toward the airway walls, 

where deposition is then by diffusion due to the zero-gradient condition (no flow) at the airway walls (Koullapis 

et al., 2018a, Koullapis et al., 2018b). In the small airways, the flow in the lung changes from turbulent to laminar 

as the velocity slows, and the smaller particles that reach the small airways deposit by diffusion and gravitational 

settling (Koullapis et al., 2018b).     

The movement through the lungs and resultant lung deposition of an aerosol particle can also be determined by 

its shape. For example, fibre particles, i.e. particles that have a high aspect ratio (where aspect ratio is the term for 

ratio of length to width), usually 3:1 or 5:1, exhibit different deposition behaviors to spherical particles (Institute 

of Medicine (US) Committee on Asbestos Selected Health Effects, 2006). For example, fibrous particles like 

asbestos behave either by diameter or by length depending on whether the flow is convergent i.e. inhaling or 

divergent, i.e. when exhaling flow is divergent and particles turn sideways (behave by length) and get stuck.  

1.1.1.4 Aerosol characterization (particle sizing)  

Aerodynamic particle size distribution of an emitted (inhaled) drug is a critical quality attribute of all inhaled 

therapeutics (Nichols et al., 2013). Aerosol particle-sizing is required by therapeutic goods administrations for all 

orally inhaled drug products prior to marketing and helps to determine the product’s therapeutic effect and also 

the repeatability of dosing (European Medicines Agency Committee for Medicinal Products for Human Use, 2009, 

United States Food and Drug Administration, 2002). Typically, a validated multistage impactor/impinger, like an 

Anderson cascade impactor (ACI) or Next Generation Impactor (NGI) with a United States Pharmacopoeia 

induction port and constant flow rate (or square wave) is used to measure particle size indirectly via particle mass 

fraction (Nichols et al., 2013, European Medicines Agency Committee for Medicinal Products for Human Use, 

2009, United States Food and Drug Administration, 2002). However, the NGI, plus mixing inlet, breathing 

simulation, and a realistic mouth-throat model, such as those generated by Virginia Commonwealth University 

are upgrades that should be considered to ensure more accurate representation of in vivo data (Figure 1.1.1.4) 

(Tavernini et al., 2021). The “stages” or plates of either a NGI or ACI have “cut-offs” based on particle size 

(Nichols et al., 2013). To characterize aerosol particle size, flow through the impactor is constant at 30,60 or 100 
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L/min for assessment of pMDI and DPI products, and 15 L/min for nebulised products (Nichols et al., 2013). 

These aerosol particle size data are recommended to be used in combination with clinical imaging data where 

possible (European Medicines Agency Committee for Medicinal Products for Human Use, 2009). Using the 

standard approach, the ACI or NGI device requires a constant flow to take measurement, however, to make particle 

sizing results more accurate/realistic, flow-volume simulator equipment can be used that is programmed with 

inhalation parameters based on ventilation guidelines for adults or children (Wei et al., 2018). Simulated breathing 

is prefered in pharmacopeia in accordance with good practice and relevant International Organization for 

Standardization (ISO) standards for the laboraotry testing of oral inhaled products (Mitchell et al., 2023, 

International Organization for Standardization, 2023). 

 

Figure -1.1.1.4 Recommended set-up for medical/therapeutic aerosol particle sizing of a solid particle aerosol. 

The set up includes, in anticlockwise order: a realistic mouth-throat mode where aerosol is introduced (Alberta realistic 

throat), a mixing inlet, a Next Generation Impactor connected to flow meters and the breathing machine (breathing simulator). 

Modified and reprinted with permission from: Tavernini, et al., (2021). Using Filters to Estimate Regional Lung Deposition 

with Dry Powder Inhalers. Pharmaceutical research, 38(9), 1601–1613. https://doi.org/10.1007/s11095-021-03082-0  

There are limitations of particle sizing approaches such as the ACI or NGI as they are largely designed to conduct 

multiple tests rapidly are, therefore, somewhat of a compromised design (Mitchell & Nagel, 2003). All impactors 

suffer major issues with particle bounce for both solid and liquid particles. For liquid particle aerosols, such as 

those produced by a soft mist inhaler or nebuliser, more sophisticated measurement equipment must be used, 

which comes with its own set of limitations such as evaporation and redistribution of liquid by bounce (Mitchell 

& Nagel, 2003). This means that the particle size distribution could be skewed slightly from one measurement 

https://doi.org/10.1007/s11095-021-03082-0
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component stage to the other. While most aerosol delivery devices produce solid particles (as these are easier to 

deliver than liquid particles), many drugs can only be formulated as liquid particles and so measurement of both 

solid and liquid particles is required in a medical context. Additionally, the medical context can change the particle 

size, and this is often increasingly difficult with liquid aerosols: such as when the aerosol moves through a 

humidified system or a confined ventilation or airway tube – making it difficult to measure aerosol particle size 

that is inhaled by the patient in real-world scenarios. To aid the study of these difficult scenarios, particle size data 

produced by the inhaler device could be obtained, and then computational 3D, physics-based models (like 

computational fluid dynamics) used to more realistically study delivery scenarios where accurate aerosol 

measurement would otherwise be difficult. Realistic conditions could include study of the effects of temperature 

and humidity in the nasal cavity, supersaturation, particle growth and water-latent heat in airway mucous (Xu et 

al., 2021).  

The equipment used to measure a medical aerosol produced by an orally inhaled drug product will depend on the 

type and size range of aerosol being measured (Nichols et al., 2013). For example, an ACI, NGI or optical particle 

spectrometer (OPS) can be used to measure most aerosols, however OPS generally work best when the particle 

size is <100 nm (Vasilatou et al., 2021). Mass-based instruments such as ACI/NGI lose resolution at low sizes 

(<100 nm), meaning that electrical classifiers such as scanning mobility particle sizers are preferred for particles 

>100 nm (Moreno et al., 2020). Further, re-entrainment (re-capture) is an issue for all impactors, with both solid 

and liquid particles (Mitchell & Nagel, 2003). Liquid particle aerosols can only be measured accurately with liquid 

impingers, or OPSs if the aerosol is at low densities/concentrations. This is because with ACI or NGIs re-

distribution of liquids can occur post collection, which skews the particle size distribution (Nichols et al., 2013) 

and with OPS measurement, there is a risk of coincidence error – or detecting two particles as one – at high 

concentrations (Sachweh et al., 1998). This is because OPSs are designed to measure ambient air quality in critical 

environments – such as manufacturing warehouses – where airborne particulate matter is expected to be low and 

therefore most can only detect up to 106 particles per cubic centimeter, however this is dependent on the instrument 

(Vasilatou et al., 2021).  
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Figure 1.1.2 Mechanisms of aerosol deposition of different types and sizes in the lung.  

Adapted with permissions from (Labiris & Dolovich, 2003). GI= gastrointestinal*, MMAD= mass median aerodynamic 

diameter DPI= dry powder inhaler. Clearance = mucocillary clearance. Aerosol larger than 5 µm will be cleared quickly to 

the mouth and swallowed, aerosol between 0.1 and 5 µm will deposit in the bronchioles and exhibit slow clearance (allowing 

longer for dissolution and absorption), unless the bronchioles are functional for respiratory mechanisms and thus have alveoli 

appendages, slowing clearance further. Ultra-fine particles (under 0.1 µm) reach the systemic circulation and so treat systemic 

conditions rather than conditions local to the lung. Aerosol particles larger than 0.1 µm cannot enter the systemic circulation 

but are cleared slowly allowing longer for dissolution and absorption. *Some particles are sequestered in the epithelium and 

will be cleared to the lymph nodes, not GI tract.  

1.1.2 Aerosol physical phenomena 

Aerosol phenomena relevant to medical aerosol lung deposition are the physical events which alter the shape, size 

or physical properties of an aerosol particle and therefore influence where (and if) it will deposit in the lungs 

(Figure 1.1.2) (Labiris & Dolovich, 2003). The basic aspects of adhesion, coagulation, agglomeration, 

evaporation, and condensation will be discussed briefly below, only to the degree necessary to understand for an 

inhaled medicine and understanding physical phenomena that may be involved in programming of computational 
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models. Although these physical phenomena affect all inhaled aerosols, they are rarely measurable (or measured) 

in the context of inhaled medicines and not always present in computational models, therefore a complex 

explanation is outside the scope of this thesis.  

1.1.2.1 Adhesive forces, agglomeration, and coagulation  

When aerosol particles contact each other, they form agglomerates and aerosol particles are assumed to stick to 

any surface they meet, if kinetic energy is sufficiently small such that particle rebound is negligible (Hinds, 1999). 

The terms “agglomeration” and “coagulation” can both be used to describe solid particles whereas coagulation 

will refer to liquid particles only. The models investigated in this Thesis accounted only for solid particle 

interaction with the stationary phase, with a modified O’Rourke collision model – no agglomeration (collision) of 

particles other than with the boundary walls (O’Rourke et al., 2009). Likewise, rebound or imperfect adhesion has 

also not been considered. More complex models were outside the scope of investigation, however, the mechanisms 

they are based on are discussed here to give examples of why they might be necessary to include in future models. 

Liquid particle models are discussed in Chapter 7, Future Directions.  

1.1.2.1.1 Adhesive forces 

Adhesive forces include the Van Der Waals force, electrostatic forces and the force arising from the surface 

tension of adsorbed liquid films, with van der Waals and surface tension forces being greater than electrostatic 

forces (Hinds, 1999). Van Der Waals forces and surface tension forces are more predominant in liquid solutions 

than with solid particles therefore liquid aerosols are often more complex to deliver. Van Der Waals forces are 

also applicable in dry powder applications to overcome inter-particle forces with deagglomeration – the aerosol 

generation principle for these devices (Young et al., 2007, Le, et al., 2012). Electrostatic force is due to the net 

charge on the particle inducing an equal and opposite charge in the opposing surface and is found in particles 0.1 

µm diameter or larger (Hinds, 1999). Electrostatic forces do affect aerosol deposition within some aerosol delivery 

devices such as spacer devices (devices used to improve aerosol delivery) and artificial airways (used 

perioperatively) (Piérart, et al., 1999). Current technological advancements in materials means that many such 

devices now contain an anti-static coating to prevent electrostatic effects on aerosol deposition (Chambers, et al., 

2009). Van Der Waals and electrostatic force can also lead to changes in the aerosol particle size over time when 

in certain types of formulations (such as suspension-based products) due to adhesion and cohesion, where adhesive 

forces are between a particle and a surface of a material, and cohesive forces are between particles of the same 

predominant material (chemical composition) (Feng & Hays, 2003).   

1.1.2.1.2 Agglomeration and coagulation 

Cohesive forces can result in agglomeration of particles, dependent on adhesion number, defined as the ratio of 

the adhesive force to the drag force, which can be employed to characterize the degree of agglomeration (Liu, 

2020). The rate of particle (solid or liquid) collision resulting in agglomeration or coagulation is measured by a 

corresponding decrease in the particle number concentration and is neglected in laboratory studies when aerosol 
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particle concentration is less than 106 particles per cubic centimeter (Hinds, 1999). For monodisperse particles, 

particle size increases by the inverse cube root of the particle number concentration (Hinds, 1999). Calculating 

the coagulation rate/increase in particle size/decrease in particle number concentration is far more difficult for 

polydisperse aerosols (Hinds, 1999). Agglomeration has been demonstrated to affect inhaled medicine aerosol 

deposition in radiolabeled lung deposition studies, when dose is high, for example when a 200 µg dose is delivered 

in a single dose, instead of two doses of 100 µg (Roller, 2012). Further the drug can be initially designed to prevent 

agglomeration, for example with the use of highly porous spherical particles (Stass et al., 2013).    

1.1.2.1.3 Evaporation 

Evaporation is the process by which molecules leave the surface of a droplet and it is usually described by a rate 

of evaporation during a droplet lifetime (or until complete evaporation) (Hinds, 1999). Many droplets contain a 

solid particle (low solubility) nucleus, such as with suspension formulated pressurised metered dose inhalers, and 

therefore will dry until the nucleus is left (Hinds, 1999). Factors that affect evaporation include relative humidity, 

and the material properties of the liquid (Hinds, 1999). Most inhaled medicines will be subject to minimal 

evaporation if they are inhaled through a mouthpiece, as they will be humidified immediately upon entering the 

lung environment (Haddrell et al., 2017, Morrow, 1986, Zhang et al., 2006).  

1.1.2.1.4 Condensation 

Whenever the amount of gas contained in a sample is equal to its water vapour capacity, the relative humidity is 

100% and the gas is completely saturated (Al Ashry & Modrykamien, 2014). Condensation involves mass-transfer 

from gas to liquid phase (e.g., water vapour and water), and usually occurs when under conditions of 

supersaturation, (where the saturation ratio (or relative humidity) is greater than 1 (relative humidity over 100%) 

(Hinds 1999). At normal conditions, the lungs (beyond the isothermic saturation boundary, usually 5 cm below 

the carina) are at 37 ºC and 100% relative humidity which means that the lung contains the maximum amount of 

water vapour that it can contain given the volume of air (Al Ashry & Modrykamien, 2014). The relative humidity 

and air temperature reach 99.5% and 37 ºC by the fourth dichotomous branch of the airway and therefore aerosols 

that pass this point is almost saturated (Morrow, 1986, Zhang et al., 2006). The capacity of an aerosol particle to 

absorb water can be measured accurately up to 100% relative humidity for pharmaceutical aerosols using a refined 

electrodynamic balance technique (Hadrell et al., 2014, Rovelli et al., 2016).  Some inhaled therapeutics are 

produced by evaporative condensation processes however, such as aerosols produced by electronic cigarettes 

(Spahn, et al., 2021). Particles formed of hygroscopic (or soluble) components such as saline or water, have the 

ability to grow by an order of magnitude in mass or diameter as the relative humidity passes 99.5% (Hadrell et 

al., 2017). This means that aerosol particles made of hygroscopic (or soluble) materials will increase in size more 

rapidly than particles that are not made of hygroscopic materials (Hadrell et al., 2017). 
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Figure 1.1.2.1.4. Hygroscopic growth of particles during relative humidity. Reprinted from Hadrell et al., 2017, with 

permissions under creative commons license (https://creativecommons.org/licenses/by-nc-nd/4.0/). Particles respond 

to changes in the surrounding relative humidity of the gas phase by absorbing water and growing in size. Here, the 

growth in size is represented as a diameter growth factor which reports the change in particle size relative to the dry 

particle as the relative humidity increases. Growth curves for particles of increasing hygroscopicity parameter (= 0.01, 

0.12 and 1.27) are shown as examples of insoluble, low solubility and high solubility, respectively. 

1.1.3 Aerosol generation 

There are five key aerosol generation techniques commonly used to generate/deliver inhaled medicines which 

determine if the aerosol produced is a solid or liquid particle; 1) Electrical field generated (e.g. ultrasonic 

nebulisers, liquid particle), 2) Electrostatic (e.g. electrospray drying, solid particles), 3) Evaporation-condensation 

(e.g. e-cigarettes, liquid particles), 4) Mechanical (e.g. vibrating mesh, jet nebulisers, soft mist inhalers, liquid 

particles, or dry powder inhalers, solid particles), and 5) State change (e.g. pressurised meter dose inhalers, solid 

particles (suspension based) or liquid particles (solution based)). Each generation technique produces polydisperse 

aerosol particles, and as technology has improved most types of medical aerosol generation devices nowadays can 

produce particles of a size that can reach the small airways of the lungs (respirable particles, <5 µm). General 

concepts and principles of each aerosol generation are introduced below.  

https://creativecommons.org/licenses/by-nc-nd/4.0/
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1.1.3.1 Electrical field (the ultrasonic nebuliser) 

The ultrasonic nebuliser works by producing ultrasonic compression waves generated by a piezoelectric crystal. 

These are focused near the surface of the liquid to nebulize, which then create intense agitation in turn creating a 

conical fountain of aerosol.  

1.1.3.2 Electrospray or electrostatic atomizers  

Electrospray devices generate aerosol by feeding liquid slowly through an orifice (such as a hollow needle or 

perforated plate) which is facing downward and a few centimeters opposite a coaxial ring (Hinds, 1999). This 

creates a strong electrostatic field near the rip of the needle and causes the liquid exiting the needle to form a 

conical aerosol spray (Hinds, 1999). There are no medical aerosol devices to treat respiratory conditions that 

currently use this method to deliver aerosol, but electrospray or “spray-drying” (or spray-freeze drying) methods 

are used to create the aerosol particles themselves, such as is used to create various types of dry powder particles 

(Stass et al., 2013, Park et al., 2013, Mohan et al., 2022) 

1.1.3.3 Evaporation-condensation aerosol generation 

An evaporation-condensation device works by heating a coil wrapped around a wetted-wick, which produces 

liquid condensate droplets that quickly evaporate when an airflow is drawn through the device to form aerosol 

nuclei. An example of device that uses this method of aerosol generation is the electronic cigarette (Hon, 2003). 

The electronic cigarette is used to deliver inhaled nicotine which, in Australia, is a prescription medicine 

(Australian Government, Department of Health and Aged Care, Therapeutic Goods Administration, 2023). 

Evaporation-condensation aerosol generators produce a monodisperse aerosol, however, as they are produced in 

such high concentrations, agglomeration of particles creates a polydisperse aerosol.  

1.1.3.4 Mechanical   

1.1.3.4.1 Dry powder inhaler 

Dry powder inhalers work on the principle of deagglomeration, which is triggered by a patient inhaling and 

bursting (or breaking) a dry powder capsule contained in the device. The ability for the powder to deagglomerate 

is largely determined by the physical properties of the drug formulation, however certain device designs can 

encourage deagglomeration better than others, such as the Turbuhaler™ device which increases/accelerates the 

inhalation speed generated by the patient by pulling air through a series of interweaving tunnels (Kuna & Kuprys, 

2002). 

1.1.3.4.2 Jet nebuliser 

A jet nebuliser produces aerosol by high velocity liquid stream, which results in formation of droplets at certain 

distance from the nozzle (Hinds, 1999). The high velocity is usually driven by a gas source: compressed air or 

oxygen, for example a hospital wall air or compressed oxygen source, however jet nebulisers can have their own 

compressors for home use. Limitations of jet nebulisers are that they are often noisy and have large residual 

volumes (retention in the nebuliser of the dose intended for delivery) (Park et al., 2021). 
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1.1.3.4.3 Vibrating mesh nebuliser 

Vibrating mesh nebulisers operate by using a syringe to drive a small volume of liquid through a small oscillating 

orifice which produces a thin liquid filament with each oscillation (Hinds, 1999). The vibrating mesh nebuliser 

does not require a compressed air source and the power required to generate the oscillation is by piezoelectric 

crystal (powered by electrical/battery source). Vibrating mesh nebulisers were designed to overcome the issues 

with jet nebulisers and are therefore quiet and have low to nil residual volume (Park et al., 2021).   

1.1.3.4.4 Soft mist inhalers 

The soft mist inhaler uses mechanical energy from a spring to force liquid through a specialised nozzle called a 

“uniblock” which produces two fine jet streams of liquid and converges them at a defined angle to create the soft 

mist (Dalby et al., 2004). An example is the RESPIMAT® softmist inhaler (Dalby et al., 2004).  

1.1.3.5 State change (the pressurised metered dose inhaler) 

The pressurised metered dose inhaler (pMDI) works in a similar way to an aerosol spray can; a small volume of 

pressurised liquid (propellant), mixed with drug in suspension, is delivered through a valve (Newman, 2005). The 

pressurised liquid provides the energy required to generate the aerosol, for example a hydrofluoroalkane 134a 

propellant (Sellers, 2017).  

1.2 Anatomy and physiology of the human respiratory system  

The lungs are the only internal organ to directly interface the external environment and they do so via a gas 

exchange surface roughly the size of a tennis court – 30 times that of the surface of the skin (Combs & Dickson, 

2020). The average human adult inhales over 6000 liters of air every day, has 30,000 terminal bronchioles, and 

300 million alveoli and thus is constantly exposed to exogenous agents such as particulate matter and 

environmental irritants which can cause lung damage and disease (Wang 2002, Mazzone & Undem, 2016). It is 

therefore essential to understand airway structure and function to better understand lung conditions during health 

and disease and identify the optimal drugs and conditions for drug delivery.   

Respiratory disease conditions are characterized by changes to homeostasis in the lung environment. Changes can 

include; excess or altered mucous consistency, narrowing of normal airway tone (e.g. bronchoconstriction), altered 

immune response (e.g. inflammation), loss of healthy tissue (e.g. lung damage), impaired normal airway clearance 

mechanisms (e.g. altered mucocillary clearance) or changes in the normal microbiome and bacterial population 

(e.g. increased pathogen concentrations). These disruptions to homeostasis will impede aerosol delivery but it is 

essential to deliver drugs to the lung site where they can exert therapeutic effect (Tiddens, 2016). It is already 

known that some factors can improve aerosol delivery to patients with lung disease, such as a use of a fine particle 

aerosol or using a slow inhalation maneuver instead of a fast one (Usmani et al., 2003) however as this area is still 

in its infancy, further discussion on this topic is outside the scope of this thesis (Oakes et al., 2019).  
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This section will discuss anatomy and physiology of the lung within the context of the challenges it presents and 

benefits it brings with respect to aerosol delivery to the lung.  

It is well established that there are multiple advantages to the lung as a site for delivery of medication:  

1) the lungs have a large surface area (70–100 m2 for the alveoli and 2.5 m2 for the airways) for drug 

absorption and the endothelium of the alveolar capillaries is the most dense vascular bed in the human 

body (Wang 2002, Fröhlich et al., 2016, Wiebe & Laursen, 1995 Mercer et al., 1994);  

2) when medicine is delivered to the alveoli, there is direct and quick access to the systemic blood stream, 

meaning a short therapeutic onset-of-action;  

3) less drug is required compared with oral medication as drug will not be wasted by first-pass metabolism 

and therefore aerosolised medicine contributes minimally to systemic toxicity;  

4) the lung is a non-invasive target for delivery of medicines compared with injection (intravenous, 

intramuscular, subcutaneous).  

1.2.1 Human lung structure overview and its relevance to inhaled medicine delivery 

The gross anatomy of the human lung includes three lobes on the right and two on the left (Rubenstein et al., 

1949). The right lung is slightly wider (along the frontal/coronal plane) and shorter (along the sagittal plane) than 

the left lung, to accommodate the liver and heart (Rubenstein et al., 1949). For best aerosol drug delivery to both 

lobes a healthy patient should be standing or seated upright, however this is likely to vary if there is a disease 

condition and lung ventilation is uneven (Bachmann et al., 2018). For example, lung lobes with substantial 

structural damage will not receive as much aerosolised drug as aerosol particles and air will flow preferentially 

down the path of least resistance into the less damaged lobes (Holsbeke et al., 2013). Further the upper airway 

(trachea) has great variability between individuals and therefore lung deposition is highly dependent on this factor 

(Darquenne et al., 2016).   

The respiratory system is functionally divided into the upper (conducting) airway which acts to conduct and filter 

air and the lower (functional) airways which act to exchange gas (Figure 1.2.1.1). Accordingly, an inhaled drug 

can be classified as acting locally or systemically dependent on whether it deposits in the upper or lower 

(respiratory) airways respectively, assuming good ventilation and blood circulation (Powers, 2023). The 

conducting airways include the nose, mouth, throat and the first 0–16 branches of airways, while the functional 

airways (also called the parenchyma) are from branches 17–23, which complete respiration (ICRP, 1994, ICRP 

2015). The airway can alternatively be further divided into the tracheobronchial region (0–8 generations), the 

bronchiolar region (9–16 generations) and the respiratory (gas exchange) region (generations 17–23) comprised 

of the respiratory bronchioles and alveolar ducts and sacs (alveoli). These further divisions are often helpful to 

explain where certain types of drugs should deposit for optimal therapeutic effect. For example, drugs that are 



39 

 

required to exert a local therapeutic effect in either the tracheobronchial or bronchiolar regions of the airways 

include the class of drug called bronchodilators. Drugs that are required to exert local therapeutic effects in only 

the bronchiolar region of the airways include inhaled corticosteroids. Medications depositing in the 

tracheobronchial region of the upper airway will be subject to mucociliary clearance and therefore locally acting 

drugs are best designed to reach the bronchial region where they will have a longer duration of action before being 

metabolised and excreted (Hastedt et al., 2022).   

1.2.1.1 Conducting (upper) airway structural overview 

From a physiological perspective and through their influence on (air) flow development, cell types, airways sizes 

and branching angles all influence where a particle will deposit and how long it will reside before clearance 

(Espinosa-Moreno et al., 2023). Additionally, the optimal aerosol particle size influences lung deposition, which 

is debated however usually considered to be under 5 µm in size and not small enough to be exhaled (Darquenne 

et al., 2016, Bake et al., 2019). Both therefore influence therapeutic effectiveness of an inhaled drug. 

Airway diameter and airway branching angle influence the deposition mechanisms for aerosol particles: airway 

diameter (and length) will determine the volume-flow rate of air and therefore largely, the deposition of each size 

of aerosol particle. Particles are generally considered “respirable” when they are less than 5 µm in size, with 

particles between 2 and 5 μm being less likely to deposit in the upper airway (Tiddens et al., 2014). Particles < 5 

µm are also small enough to reach the small airways which are considered to be less than 2 mm in diameter, but 

need to not be too small that they will be exhaled (i.e. not less than ~1 µm) (Bake et al., 2019). The terminal 

bronchioles are the last of the air-conducting bronchioles – the respiratory bronchioles are so called as they have 

alveoli to some degree (ICRP 1994) and have an internal diameter of ~500 µm (Betts et al., 2013): an alveolus (or 

alveolar sac, comprising of the smallest airway and capillaries) ranges from 150 to 500 µm in size (Wang, 2002, 

Betts et al., 2013). The alveolar sacs, with the capillaries, form the blood-air barrier (Ball, 2023, Betts et al., 2013).   

Branching angles for the bronchial and bronchiolar region range between 28 and 53 degrees, and 45 and 52 

respectively for each region (ICRP 1994). Sharper degrees of branching mean a greater degree of change in airflow 

direction and more likelihood for turbulence and particle deposition (Koullapis et al., 2018a, P. Koullapis et al., 

2018b). 

Cell types do not directly influence the deposition mechanisms of impaction or sedimentation but will influence 

the retention time in the lung (Hastedt et al., 2022). For example, cells that have cilia and produce mucous will 

move an aerosol particle up the mucocillary escalator to be swallowed and therefore such particles will not be 

retained for as long as particles which deposit on cells without cilia.  
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Figure 1.2.1.1 Main deposition mechanisms for each region of airway. Reprinted from Anderson et al, 2022.  Upper airway, 

trachea, and bronchi: mechanism is impaction and commonly particles over 6 µm in size will deposit here. Bronchioles 

to alveoli: mechanism is sedimentation, and commonly particles between 2 and 6 µm in size will deposit here. Alveolar 

ducts and sacs: mechanisms are diffusion and electrostatic precipitation and commonly particles less than 2 µm in 

size will deposit here. Impaction occurs primarily at airway bifurcations/branches and does also occur in the upper 

bronchioles.  

1.2.1.2 Lung surface area 

The surface area of the lung can be separated into the upper airway, which includes the tracheobronchial region 

and bronchiolar region (surface area ~2–2.5 m2) and the small (respiratory) airways (surface area ~70–100 m2) 

which includes the alveoli and alveolar ducts (Wang 2002, Fröhlich et al., 2016, Hastedt et al., 2022, Wiebe & 

Laursen, 1995 Mercer et al., 1994). The lung epithelium is present everywhere in the lung except the larynx and 

pharynx (Kia'i, 2023) and the epithelium surface area values most used are either those published by the 

International Commission for Radiological Protection at 78 m2 (ICRP, 1994) or 130 m2 (Weibul, 2009), which 

roughly equate to 1 m2/kg body weight (Fröhlich et al., 2016), however they vary dependent on lung inflation (for 

example, 35m2 on exhalation, and 100 m2 inhalation) (Von Hayek, 1960). The lung lining (epithelial) layer is 

thinner and more permeable in the respiratory airways, compared to the thicker epithelium of the conducting 

airways, and is thus more suitable for inhaled drug absorption (Hastedt et al., 2022, Boger & Wigström, 2018).   

1.2.1.3 Lung lining fluid volume and composition (adults) 

Drug that is delivered to the lung must be dissolved in the lung lining fluid if it is to evade the mucocillary 

clearance mechanisms in the upper respiratory tract or by phagocytosis from macrophages in the lower respiratory 

tract and take therapeutic effect (Radivojev et al., 2021, Whitsett & Weaver, 2002). Although the lung lining fluid 

volume and composition varies according to disease state and lung region, the volume of fluid is expected to be 

between 10–70 mL in adults and the layer thickness of fluid is ~0.5 µm in the alveoli and 3 µm in the peripheral 
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conducting airways (Figure 1.2.1.3, Hastedt et al., 2022). A mucous layer of 8 µm thickness is present in the upper 

airways (Figure 1.2.1.3, Hastedt et al., 2022). Historically, the composition of lung lining fluid has been simulated 

for testing of inhaled drugs. Simulated fluids include base solutions such as Gambles solution, Hanks balanced 

solution, or pure phosphate buffered saline, to which pulmonary phospholipids are added to increase solubility of 

poorly soluble drugs (Radivojev et al., 2021). More recently, the respiratory tract lining fluid has been 

characterised and contains; lipids – dipalmitoylphosphatidylcholine (DPPC), dipalmitoylphosphatidylglycerol 

(DPPG) and cholesterol; proteins - albumin, immunoglobulins, and transferrin; and antioxidants - ascorbate, 

glutathione and urate (Bicer, 2015). The microstructure of a particle (e.g., shape, porosity, pore size, agglomerative 

potential) contributes to its ability to be dissolved in the lung lining fluid, known as its dissolution rate (Hochhaus 

et al., 2021, Mohan et al., 2022).   

 

 

Figure 1.2.1.3. Lung lining fluid thickness in the conducting and peripheral/respiratory airways (top and bottom 

respectively). Reprinted From Hastedt et al., 2022, under creative commons licence. 

1.2.1.4 Vascularization  

To facilitate gas exchange, the lung is highly vascularised, and the alveoli represents a very large surface area 

proximal to a blood interface, ~ 70–100 m2. The lungs are supplied with two separate blood supplies/vascular 

systems – the bronchial and the pulmonary arteries (Walker et al., 2015). The bronchial arteries arise directly from 

the aorta and supply blood to the lung tissue of the upper airway (tracheobronchial region): trachea, bronchi, and 

bronchial branches (Walker et al., 2015). The pulmonary artery provides blood supply for oxygenation (Betts et 

al., 2013). The bronchial circulation is also part of the systemic circulation (Betts et al., 2013).  
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The proximity of the submucosal bronchial venous system to the airway lumen allows ready access to the systemic 

circulation, and bypasses first-pass metabolism (McCullagh et al., 2010). Theoretically, once in the systemic 

circulation there may be redistribution to the lungs. 

1.2.2 Function overview  

Broadly speaking, the lungs’ function is to contribute towards maintaining body homeostasis (e.g. blood gas 

composition and pH) by warming, humidifying, and filtering, (through mucocillary clearance and other cellular 

mechanisms) the air we breathe for microorganisms/potential pathogens/toxins (Al Ashry & Modrykamien, 2014). 

However, the primary function of the airways is extracting oxygen from the air to oxygenate blood and to excrete 

carbon dioxide. Secondary roles the lung performs that will not be discussed here include a range of immune and 

endocrine functions. This section will only give a brief overview of healthy lung function pertinent to its primary 

function. A detailed explanation of the structural and functional changes of each disease condition is outside the 

scope of this thesis. Although one day a personalized approach to drug delivery may be possible based on lung 

ventilation and perfusion in disease conditions, this option is still under investigation.   

1.2.2.1 Motion of breathing  

Normal breathing or gas exchange is initiated by the change of pulmonary pressure and is explained by Boyles 

Law (Betts et al., 2013). Boyles law is P1V1 = P2V2 where P represents pressure and V represents volume, and 

states that at a constant temperature the pressure of a system is inversely related to the volume of the system i.e., 

when volume increases pressure decreases (Betts et al., 2013). For example, when the ribcage, diaphragm and 

parietal pleura attached to the diaphragm move, the volume inside the lung increases (~20%), and the intrapleural 

pressure decreases, as does alveolar pressure, decreasing the intrapulmonary pressure by 1–2 mmHg and forcing 

the lungs to expand and move air inward (Betts et al., 2013 and Brinkman, 2023). Expiration is passive, owing to 

relaxation of the diaphragm and the lungs’ elastic properties, and ideally these motions must be simulated in 

laboratory and computational studies, however it is not currently advised as best-practice (Brinkman, 2023, Mead-

Hunter 2013, P. Koullapis et al., 2018a). 

1.2.3 Nervous system (innervation) of the upper airway (airway smooth muscle) overview 

The respiratory nervous system serves as the gateway between the structure and function of the lung. Innervation 

of the lung is via the vagus nerve, which is the 10th cranial nerve and provides innervation to the neck, chest and 

abdomen and controls respiration (ICRP, 1994). Although evidence supports a primary role for airway nervous 

system (autonomic) dysfunction in airway disease, particularly asthma (Canning et al., 2012), and chronic cough 

or vagal afferent (neuronal) hypersensitivity (Chung et al., 2022), it is outside the scope of this thesis to discuss. 
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1.3 Disease conditions treated with orally inhaled medicines that exert local effects in the lung 

According to the Global Burden of Diseases study, chronic respiratory diseases (including asthma and chronic 

obstructive pulmonary disease (COPD)) were the third leading cause of death worldwide in 2015, responsible for 

~4 million deaths (Wang et al., 2016). Lower respiratory tract infections are the leading cause of death in 

developing nations and children are particularly affected (Ding et al., 2021). Common respiratory conditions 

treated with regulatory approved orally inhaled medicines include asthma, cystic fibrosis, and chronic obstructive 

pulmonary disease (COPD). Inhaled medicines used in these conditions are designed to treat or prevent the 

respiratory symptoms of the disease only rather than cure the underlying disease. Common inhaled medicines 

delivered to the lung to exert local (respiratory system) effects include; inhaled short or long acting beta 2 agonists 

(bronchodilators), inhaled short or long acting muscarinic antagonists (a class of bronchodilator), inhaled 

corticosteroids (ICS) (Figure 1.3), inhaled antibiotics and inhaled mucolytics.   

 

Figure 1.3  National Asthma Council of Australia medication chart for Asthma and Chronic Obstructive Pulmonary Disease. 

Retrieved (September 2023) from https://www.nationalasthma.org.au/living-with-asthma/resources/health-

professionals/charts/asthma-copd-medications-chart  

https://www.nationalasthma.org.au/living-with-asthma/resources/health-professionals/charts/asthma-copd-medications-chart
https://www.nationalasthma.org.au/living-with-asthma/resources/health-professionals/charts/asthma-copd-medications-chart
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Inhaled medicines with local (respiratory) effects are those intended to be absorbed by the lung lining fluid of the 

bronchiolar region and stay in the fluid to exert therapeutic effect locally, as opposed to being delivered to the 

lower respiratory airways and absorbed straight into the systemic circulation. Formulation of locally acting 

medications is extremely important to extend the duration of action at the lung (Guo et al., 2021).  Benefits of 

localized treatment of lung disease include; 1) minimized risk of side effects, as a fraction of the systemic dose 

can be delivered; 2) rapid clinical response, and; 3) bypass of first pass metabolism (Labiris & Dolovich, 2003).  

Many respiratory diseases including asthma, COPD and cystic fibrosis are treated with inhaled medicines that 

have been approved as therapeutic goods. However, in some cases, respiratory conditions are treated with 

medicines that have not necessarily been approved for inhalation, otherwise known as “off-label treatment” 

(Schmiedl et al., 2014, Ding et al., 2021). For example, these off-label treatments can involve nebulizing an 

antibiotic solution intended for intravenous administration to treat airway bacterial infection, or the use of ICS 

and other inhaled medicines for COPD patients, where ICSs use was first approved for patients with asthma (not 

COPD) (Agustí, 2015). This section will introduce the most common respiratory conditions that are treated with 

inhaled medicines that act locally in the lung and include discussion of both approved and unapproved use of 

inhaled medicines for these conditions. Although there is off-label use of inhaled drugs (particularly antibiotics) 

in adults for conditions other than those mentioned here, (e.g. ventilator associated pneumonia or idiopathic 

pulmonary fibrosis) this thesis has focused on the common conditions that effect children. 

1.3.1 Asthma (Inhaled bronchodilators and corticosteroids) 

Worldwide, 334 million people have asthma, and it affects 14% of children globally (Sheffield, 2017). In Australia 

10.7% of the population have asthma, with it being more common in females (Australian Bureau of Statistics, 

2022). In 2019 ~40,000 people were hospitalized and there were ~440 deaths directly attributed to asthma in 

Australia (AIHW, 2020).   

Except for patients with uncontrolled severe allergic (or severe eosinophilic) asthma, which can often be treated 

with an injectable monoclonal antibody, treatment for asthma typically involves targeting the conditions (or 

symptoms) of bronchoconstriction (bronchospasm) with inhaled bronchodilator drugs and airway inflammation 

with inhaled corticosteroid drugs (National Asthma Council, 2022, accessed 29th March 2023). Importantly, 

bronchospasm can also be experienced perioperatively in non-asthmatic patients and it occurs in roughly 1% of 

every 100 operations (Habre et al., 2017). 

1.3.1.4 Bronchodilators  

Bronchodilators are a class of drug that act on the airway (bronchial) smooth muscle to relieve (relax) 

bronchospasm or bronchoconstriction (Lemanske, 2023). Bronchodilators include beta-2-agonists and 

antimuscarinics, and can be short or long acting, with a fast or slow onset. For example, short-acting beta-agonists 

(SABAs) include salbutamol (albuterol) and terbutaline and long-acting beta-2 agonists include formoterol, 
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salmeterol and indacaterol (Figure 1.3.1.4). Short acting muscarinic antagonists (SAMAs) include ipratropium 

bromide, and oxitropium bromide and long acting antimuscarinics (LAMAs) include tiotropium bromide, 

aclidinium bromide, glycopyrronium bromide and umeclidinium bromide. The SABAs available at point-of-care 

only include adrenaline (epinephrine), which is an alpha- and beta-adrenergic receptor agonist.  

 Over time bronchodilators have changed from non-selective (i.e. target both alpha and beta receptors, 

(adrenaline)) to selective (target beta-2-agonist only), and longer acting formulations have been created (Figure 

1.3.1.4, Diamant et al., 2007). Despite these advancements, the drug salbutamol, first identified in the 1960s, 

remains the most widely used bronchodilator and hence was the drug predominantly investigated in this thesis 

(Chapters 2 and 3) (Diamant et al.,2007). Bronchodilators are commonly delivered in the outpatient setting by 

either pressurised metered dose inhaler or dry powder inhaler, whereas in a hospital emergency department setting, 

delivery is either via pMDI or nebuliser depending on the severity of the emergency and managed in accordance 

with hospital protocols.  

 

Figure 1.3.1.4. The progression of bronchodilator drug formulation over time. Reprinted from Diamant, Diderik Boot, & 

Christian Virchow, 2007, with permissions. 

1.3.1.5 Inhaled corticosteroids 

Inhaled corticosteroids act to relieve airway inflammation and must be used regularly to exert therapeutic effect 

(GINA, 2023). Inhaled corticosteroid drugs on the market in Australia approved for use with asthma include; 

fluticasone propionate, beclomethasone diproprionate, budesonide, ciclesonide and fluticasone furoate. They are 

not classified as short- or long-acting but do have different half-lives ranging from 0.1 hours (for beclomethasone 
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dipropionate) to 14.4 hours (fluticasone propionate) (Derendorf et al., 2006). The increased half-life is a result of 

pharmacological progress over time attempting to develop longer acting medications (Diamant et al., 2007). 

1.3.2 Chronic Obstructive Pulmonary Disease (COPD) (Inhaled bronchodilators (antimuscarinics)) 

Worldwide, 200 million people have COPD, although, due to underdiagnosis this is expected to be much higher, 

and 3 million people die from COPD every year (Forum of International Respiratory Societies, 2021). COPD has 

major subtypes including pulmonary emphysema, chronic bronchiolitis, and chronic obstructive asthma (King 

Han, 2021) and each subtype may require a different approach with inhaled medicines. Increased (dysregulated) 

vagal cholinergic tone is the main reversible (treatable) element of airway obstruction in COPD (Heredia, 2009).   

Inhaled medications for COPD are used to treat the conditions of bronchoconstriction (bronchospasm) with 

inhaled bronchodilators, increased airway (vagal cholinergic) tone with inhaled antimuscarinics, and sometimes 

bacterial infection with off-label inhaled antibiotics (Stass et al., 2013). The use of inhaled corticosteroids in 

COPD is of considerable debate and is only advisable as an add-on combination therapy treatment (i.e. ICS 

combined with long acting beta agonist) in patients (GOLD, 2022) who; 1) do not smoke – approximately a quarter 

of all patients with COPD, 2) respond to bronchodilators, and 3) have an eosinophilic subtype of COPD 

(Lamprecht et al., 2011). If not observing these considerations, there is an increased risk of airway conditions such 

as pneumonia due to the dampening of the immune system seen with high but not low-dose ICS (Lee et al., 2020), 

and of disease progression to cancer (Tantucci & Pini, 2020, GOLD, 2022). Inhaled hypertonic saline or mannitol 

is also under debate as a treatment for COPD (Mandru et al., 2021, Aaron, 2017), and may be recommended if 

symptoms are moderate to severe, however both treatments should be preceded by inhaled bronchodilators 

(Lemanske, 2023) as bronchospasm is a side effect of both therapies (Ralston et al., 2010).   

1.3.3 Cystic Fibrosis (Inhaled antibiotics, inhaled mucolytics and airway surface restorers) 

Approximately 3500 people in Australia have Cystic Fibrosis (CF), and it is the most common genetic condition 

worldwide in Caucasian populations, with progressive respiratory impairment the leading cause of morbidity and 

mortality (Ahern & Bell, 2020, Elborn, 2016, Scotet et al., 2020). The incidence of CF is estimated at between 

1/3000 and 1/6000 live births in populations of European descent (Scotet et al., 2020). CF is characterized in the 

lungs by increased mucous retention (defective mucocillary clearance) and chronic infection (through failure to 

clear pathogens), both result in the dominant pathology of a pro-inflammatory airway which leads to airway 

damage, bronchiectasis, and small airways obstruction (Elborn, 2016). As it is a multi-system disease, CF is 

treated with a variety of inhaled and non-inhalation medications.  

There are multiple types of inhaled treatment for patients with cystic fibrosis. These include inhaled 

bronchodilators (to open airways), inhaled corticosteroids (to reduce airway inflammation), inhaled hypertonic 

saline (to mobilize mucous), inhaled Dornase Alpha (Pulmozyme™) to thin mucous, inhaled antibiotics (to treat 
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bacterial infection), and inhaled mannitol for assisting sputum clearance (Anderson et al., 2022, Fodor et al., 

2012).  

1.3.3.4 Inhaled mucolytics and airway surface liquid restorers 

Most inhaled mucolytics act to increase airway surface liquid which aids clearance of mucous from the airway 

and have only demonstrated efficacy (been approved for use) in patients with cystic fibrosis (Aaron, 2017). Three 

commonly used mucolytics include DNase I, hypertonic saline and mannitol, although DNase I is considered a 

mucous-changing drug as it does not act to increase airway surface liquid like the other mucolytics do (CFWA, 

2017). DNase I and hypertonic saline are typically delivered with a nebuliser, however mannitol is formulated for 

delivery with a dry powder inhaler. Bronchodilators are required prior to use of inhaled mucolytics to ensure the 

nebulised solution reaches the parts of the lung which would ordinarily be hard to reach due to the presence of 

mucous (CFWA, 2017). There is some evidence that inhaled mucolytics are effective for patients with COPD 

(GOLD, 2022). 

1.3.3.5 Inhaled antibiotics 

Inhaled antibiotic medication is approved by all four key regulatory authorities, and primarily is used to treat 

chronic bacterial infection in patients with CF including infection with Pseudomonas aeruginosa, Burkholderia 

cepacia, or methicillin-resistant Staphylococcus aureus (Simon., 2023, Ding et al.,,2021). Patients with COPD, 

non-CF bronchiectasis and other nosocomial lung infections, such as ventilator-associated pneumonia, or 

TRacheostomy‐Associated respiratory INfections (TRAINs) – including pneumonia and bacterial tracheitis – can 

also be treated with inhaled antibiotics, although use is off-label for all patients without CF (Ding et al., 2021, 

Simon., 2023).  

Common inhaled antibiotics include: Aminoglycosides (tobramycin and amikacin), Fluoroquinolones 

(ciprofloxacin), Aztreonam, Colistin, and Vancomycin (Ding et al., 2021). Less common inhaled antibiotics or 

those still in development include; nitric oxide, antimicrobial peptides, Gallium-based agents and bacteriophage 

(Ding et al., 2021). Only antibiotic agents that are available in Australia and used currently to treat P. Aeruginosa 

airway infections will be discussed here; tobramycin, amikacin and colistin (Simon, 2023).  

Antibiotics can treat planktonic (free-floating and non-communicative) bacteria or bacteria in dense biofilm 

“colony” formations which are communicative and adhered together with an extracellular polymeric substance, 

providing a protective physiology for the bacteria (Ding et al.,2021). However, the efficacy of antibiotics against 

bacteria in biofilm formation is relatively low, compared to free floating bacteria (Ding et al.,2021). Some ongoing 

challenges of inhaled therapy include designing medications with the ability to penetrate biofilms and penetrate 

areas of the lung which are poorly ventilated. Although under investigation, inhaled moxifloxacin and 

ciprofloxacin are not widely used (Chorepsima et al2018, Sethi et al., 2010) and not indicated or approved for use 

in Australia and therefore not discussed here.    
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Tobramycin and amikacin are the most common aminoglycosides used to treat aerobic, gram-negative bacteria-

caused, respiratory infections (Krause et al., 2016). Tobramycin was the first inhaled antibiotic to be approved for 

the treatment of P. aeruginosa and thus has the greatest safety profile of all inhaled antibiotics (Simon., 2023). It 

has since been approved as a treatment for B. cepacia (Simon., 2023). Tobramycin is the preferred drug of choice 

to treat P. aeruginosa, although “cyclic” treatment, or cycling between tobramycin and another antibiotic is 

preferred to prevent antibiotic resistance (Simon., 2023). When the antibiotic binds to the ribosomal decoding (A) 

site in the 30 S ribosomal subunit of the prokaryotic (bacterial) ribosome (or ribosomal subunit) it inhibits protein 

synthesis, resulting in the production of non-functional proteins in bacteria (Krause et al., 2016).  

Tobramycin and amikacin derive from the Kanamycin chemical family and are produced by the bacterial species 

Streptomyces spp. (Krause et al., 2016). Amikacin is indicated to treat P. aeruginosa in patients with CF but in 

Australia is only used if the patient cannot tolerate tobramycin or colistin. The antibiotic colistin (a polymyxin) is 

also used to treat P. Aeruginosa infection as an alternative to tobramycin. 

1.4 Disease conditions treated with orally inhaled drug-products that exert systemic effects 

Although the primary focus of inhaled medication is to target respiratory disease, the lung is also an attractive site 

for delivery of general (non-respiratory) drugs as it offers a non-invasive way to deliver medication, has a large 

surface area, and delivery to the lung bypasses the gastrointestinal tract (Cipolla, 2016). Since the application of 

recombinant DNA technologies to produce pharmaceuticals, and the introduction of human recombinant insulin, 

inhaled formulations have (since the 1990’s) been increasingly considered to treat systemic conditions (Cipolla, 

2016). 

Orally inhaled drugs with systemic effects are those intended to be absorbed by the respiratory bronchioles and 

alveoli to exert a therapeutic effect on organs other than the lung after entering the systemic circulation. Drugs 

that usually have low bioavailability or can be excreted easily with first pass metabolism when administered orally 

benefit from this mode of delivery, assuming they can be formulated for aerosolised delivery (Fröhlich et al., 

2016).  

There are only three inhaled medicines with systemic effects that have been approved at all by any medicines 

regulatory agency worldwide (Ye, Ma, & Zhu, 2022) and these include; loxapine (as Adasuve®) to treat agitation 

associated with schizophrenia, insulin to treat diabetes (as Alfrezza®), and levadopa to treat Parkinson’s disease 

motor deficits (as Inbrija®). The Voke or the e-Voke, a device that delivers nicotine aerosol (not vapour), was 

approved by the medical regulator in the United Kingdom in 2015 (Medical and healthcare products Regulatory 

Agency, 2015), but is no longer being marketed. Despite the theoretical superiority of inhaled medicine as a 

delivery route, in clinical trials, all inhaled drugs intended for systemic delivery have demonstrated side-effects 

and thus are contraindicated for patients with lung conditions (Ye et al., 2022). For example, all inhaled medicines 

used to treat conditions outside the lung (to exert systemic effects) approved in the United States have 
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demonstrated increased risk of cough and bronchospasm in clinical trials and thus are either contraindicated, or to 

be used after risk assessment, in patients with lung conditions (Ye et al., 2022). Only two of the three inhaled 

systemic drug-products (Inbrija® and Adasuve®) have been approved in the European Union, Alfrezza® was 

excluded as more significant side-effects were demonstrated (Oleck et al., 2016, Ye et al., 2022).  

In Australia there are no systemically-acting orally-inhaled products currently listed on the Australia Register of 

Therapeutic Goods. However, the orally-inhaled nicotine delivery device – the electronic cigarette (or e-cigarette) 

– can be used and bought in Australia either without a nicotine containing e-liquid, or with a nicotine containing 

e-liquid if prescribed by a general practitioner under a special access scheme. Additionally, a type of orally inhaled 

drug that delivers nicotine called the Nicorette® Inhalator is approved in Australia, but it is absorbed primarily 

through the buccal (oral) cavity, not the lung..  

Overall, there is a lack of development in this area and focus has been shifted to other biological pharmaceuticals, 

such as sustained release medications or transdermal patches, perhaps due to the huge initial failure of inhaled 

insulin (Oleck et al., 2016), and the difficulties with development of orally inhaled medicines that will be discussed 

further in Introduction 1.5.  

Each non-respiratory condition is briefly discussed below to give an overview of the device type and treating 

indications. The electronic cigarette is discussed in more detail since it is an off-label use and the focus of Chapter 

6 of this Thesis.  

1.4.1 Diabetes (Inhaled insulin) 

Inhaled insulin is a non-invasive option to the much more commonly used injectable insulin, however it is only 

available currently in the United States for adults under the brand name Alfrezza®. There are some concerns for 

the use of Alfrezza® use related to cancer development during clinical trials, possibly associated with insulin 

being a growth hormone (Oleck, Kassam, & Goldman, 2016). It is delivered with a dry powder inhaler device (Ye 

2022) and is not recommended for use in patients with a history of lung disease, including asthma, COPD and 

lung cancer (Oleck et al., 2016). A previously marketed and failed therapeutic that delivered inhaled insulin is 

known by the brand name Exubera (Ye et al., 2022) 

1.4.2 Schizophrenia/Psychosis (Inhaled loxapine)  

Inhaled loxapine (also known as Staccato® Loxapine, the brand name Adasuve®) is an effective alternative to 

anti-psychotics delivered via intramuscular, intravenous, or oral dosing (de Berardis et al., 2017). Inhaled loxapine 

is delivered using the Staccato® inhalation system, which is a condensation-evaporation aerosol device; as it 

detects inhalation, it briefly heats a film of pure drug (no excipients) to 400ºC which is then inhaled (Dinh et al., 

2011). It is contraindicated for patients with a history of lung disease due to the increased risk of bronchospasm 

(de Berardis et al., 2017).  
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1.4.3 Parkinson’s disease (inhaled levodopa)  

Levodopa is the gold-standard medication to treat Parkinson’s disease motor deficits, however when taken orally, 

(by tablet) levodopa has a low bioavailability, and hence why the inhaled route was pursued (Ye et al., 2022). 

Licensed for use in the United States and European Union, the levodopa inhaler (also known by brand name 

Inbrija®) is a dry powder inhaler device (Ye et al., 2022). Inhaled levodopa is designed to be taken to ease “off 

period” or sudden symptom onset (Ye et al., 2022).   

1.4.4 Nicotine dependence/cigarette addiction (Inhaled nicotine)  

Oral inhalation of nicotine for delivery to the lung, and directly into the systemic blood circulation, is preferred 

over other forms of nicotine replacement currently on the market for patients who wish to quit smoking, as this 

mimics the nicotine “hit” that regular cigarettes offer (Cipolla & Gonda, 2015). However there is no product 

marketed as a therapeutic that delivers nicotine directly to the lungs yet – some products have been patented, 

trialed, and later failed to market, or develop, such as the AERx and the E-Voke (Voke®) (tobacco Tactics, AERx 

original patent number: US5823178A, Pecota, 2012). There are many non-inhalation types of nicotine 

replacement therapy that target delivery of nicotine to the oral cavity. For example, there are 91 different types of 

nicotine gums, mouth or nasal sprays, lozenges and patches registered on the Australian Register of Therapeutic 

Goods (Australian Government, 2023, keyword search nicotine, access date September 2023). Nasal delivery of 

nicotine does provide the immediate nicotine hit, but also irritates the nasal epithelium (Cipolla, 2016). Because 

most therapeutic nicotine replacement therapy currently on the market is not via inhaled delivery directly to the 

lung, meaning the nicotine “hit” takes longer to come about (Cipolla, 2016), patients are likely to seek alternate 

devices that do offer the nicotine hit, such as the e-cigarette, which also still provides the desirable hand-to-mouth 

action. The e-cigarette is an unapproved therapeutic product, for which nicotine may be prescribed by a medical 

practitioner in some jurisdictions (including Australia), and it does deliver nicotine directly to the lungs.  

1.4.4.1 The electronic cigarette (e-cigarette) 

The e-cigarette is a condensation-evaporation aerosol generation device, that heats a coil wrapped around a wetted 

wick (wetted with “e-liquid”) to produce aerosol nuclei which then form a condensate (liquid aerosol). The liquids 

commonly used with e-cigarettes (called e-liquids) contain primarily excipients glycerin and propylene glycol, to 

which flavours, nicotine and other chemicals can be added, the most common flavours being tobacco, fruit, and 

menthol (Chaffee et al., 2022, Jongenelis, 2023). There are four “generations” of e-cigarette devices (Banks et al., 

2023), which vary in many ways, although their main function is always to heat and aerosolize an e-liquid for 

inhalation. First-generation e-cigarette devices as we know them today, were first patented in 2003, however were 

in development as early as 1963 (Dutra et al., 2017). As described by the 2003 patent, e-cigarettes are intended to 

be used as a smoking cessation aid (Hon, 2010). There is moderate-certainty evidence to support their use as a 

smoking cessation aid compared to regular forms of nicotine replacement, but nicotine addiction remains an issue 

even after smoking (cigarette) cessation (Hartmann-Boyce et al., 2021). In Australia, nicotine is a prescription 
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medicine (listed as a schedule 4 drug) and can be prescribed by a general practitioner for use in an e-cigarette 

device, for the purpose of smoking cessation (Australian Government, 2021).  However, it is recommended only 

when the patient has tried and failed other approved modalities for cessation or as a “second line” treatment 

(RACGP, 2021 Australian Government, 2021). 

Extensive banning of ingredients in e-liquids can be found in guidelines and laws in the UK, Germany and France 

however they are difficult to enforce (European parliament, 2014). A lack of enforced regulation means that e-

liquids can contain contaminants (Larcombe, 2021), and in many jurisdictions manufacturers are not required to 

list ingredients in a manner that is satisfactory to consumer standards. For example, the European Association for 

the Co-ordination of Consumers Representation in Standardisation (ANEC, 2021) released a position paper 

proposing that limits on chemicals in e-cigarette aerosols be derived from occupational exposure limits or indoor 

air quality, because adequate regulation was lacking to protect consumers (ANEC, 2021). 

Some component ingredients in e-liquids were banned in Australia in October 2021, however there will be 

complete bans on importation of non-prescription electronic cigarettes brought into effect when Australia 

introduces the proposed regulatory reforms (Media Release, The Hon Mark Butler MP, 2023). The ban in 

Australia arose predominantly because young adults and teenagers are taking-up e-cigarettes at alarming rates, 

causing significant issues in schools with e-cigarette use a known gateway to smoking cigarettes (Banks et al., 

2023). Importantly, fatalities have been reported due to e-cigarette or vaping use-associated lung injury (EVALI) 

when using tetrahydrocannabinol or vitamin E acetate with e-cigarette devices, and due to nicotine poisoning 

(Banks et al., 2023), demonstrating there will continue to be a risk to health of use. E-cigarettes remain a concern 

to health agencies worldwide as the main components of the inhaled aerosol, and the added flavours, are known 

to degrade into chemicals that can be carcinogens, mutagens, or teratogens (National Academies of Sciences, 

2018). Particularly, compounds found in e-liquids that are potentially genotoxic, include (but are far from limited 

to) cinnamaldehyde compounds, diacetyl, acetone and benzaldehyde however, not all these compounds are on 

banned ingredient lists (Australian Government, Health Products Regulation Group, 2021).  

1.5 Development of orally inhaled drugs and drug-products  

Despite the known benefits of delivering certain medications directly to the lungs, inhaler device design has 

changed little over the last 60 years, and in particular devices that deliver inhaled medicines for asthma have 

evolved minimally since their first introduction. Changes in evolution of orally-inhaled medicines have been 

spurred mostly by necessity due to the Montreal Protocol in 1987 banning chlorofluorocarbons (the propellant in 

pMDIs at the time), and the resulting pharmaceutical competition (Stein & Thiel, 2017). Orally-inhaled medicines 

have many unique challenges which make their development more complex than other (non-inhaled) drugs, such 

as batch-batch variability, drug-device combination, patient device use variability and non-standard analytical 

methods (Newman, 2023). For these reasons they require larger clinical trial cohorts than other drug types and 
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can therefore take longer, cost more and be less likely to succeed/progress to market, compared with other 

medications. For these reasons model informed drug development (use of supportive in silico or in vitro studies) 

is particularly beneficial to reduce the clinical trial costs and increase their likelihood of success.  

1.5.1 Standard testing for orally inhaled drug products  

Traditionally, for a new-chemical entity (drug product) to proceed to first-in-human trials, it must first be tested 

for sub-chronic (18-26 weeks) or chronic (36 weeks) exposure safety testing in two non-human species, to account 

for species differences, and this is commonly a rodent and a non-rodent (Prior et al., 2020). However, an 

international review panel has re-assessed this requirement for two species, with the intention to reduce it to a 

single species, considering technological advances in both in vitro and in silico methods (Prior et al., 2020). These 

technological improvements include quantitative structure activity relationship (QSAR) analysis and pharmaco-

kinetic and dynamic in silico approaches such as physiologically based pharmaco-kinetics (PBPK), both 

modalities having gained acceptance since animal-testing for cosmetics was banned (Gellatley, 2019). These 

improvements in technology have led to the ability to improve assessment of an orally-inhaled medicine, which 

is traditionally more complex than systemically-acting drugs, since the delivery mechanism can also determine 

the dose. 

1.5.2 The Inhaled Bioequivalence Classification Scheme  

For drugs that are absorbed by the gastrointestinal system, bio-simulation approaches such as PBPK are much 

more developed than drugs absorbed in the lungs, due to the bio-pharmaceutics classification scheme for the 

gastrointestinal system (giBCS) being first described in 1995 (Amidon et al., 1995). The giBSC is based on a 

thorough understanding of a drug-molecules’ parameters (such as solubility and permeability) that contribute to 

absorption, distribution, metabolism and excretion by the body (ADME) and can thus be used to estimate in vitro-

in vivo (or in silico) correlations (or in vitro-in vivo equivalence, (IVIVE)) and therefore support the claim for bio-

equivalence of a generic molecule to its brand-name counterpart, during regulatory application (Hastedt et al., 

2022). An inhalation biopharmaceutical classification scheme (iBSC), similar to the giBSC has been in 

development for many years culminating in an international workshop in 2015, aimed at helping to provide 

support to de-risk the development of inhaled drugs and drug products (Bäckman et al., 2022). Publication of Part 

1 of the Principles and Framework for the iBCS occurred in May 2022 (Hastedt et al., 2022) and part 2 in July 

2022 (Bäckman et al., 2022). Fundamentally, the iBCS must correlate key in vitro attributes of a drug or drug 

product to a development risk or a clinical risk (Bäckman et al., 2022). 

1.5.3 Limitations of orally inhaled product development and future directions 

Globally, there is a 70% failure rate for orally inhaled drug products which include both device only and drug-

device combination products (Barnes et al., 2015). Importantly, both are largely tested in healthy adults in 

accordance with pharmacopeia (Barnes et al., 2015, Movia & Prina-Mello, 2020). Part of the failure has been the 
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ability to assess the dose received to the lung after delivery of a set-dose by the device, as the device can be used 

variably by the patient, resulting in dose variability. For example, there are many patient factors that can reduce 

the dose to the therapeutic site of the lung, including (but not limited to) variable inhalation rate and lung volume, 

presence of lung disease, angle of the inhaler, and timing of the actuation and inhalation (Darquenne et al., 2016). 

This in turn affects the absorption, distribution, metabolism, and elimination of the drug from the body, and the 

corresponding safety and efficacy profile of the drug. Therefore, it is essential to understand lung dosimetry of an 

orally inhaled product to improve therapeutic efficacy, particularly for products that are used off-label as a result 

of the slow drug approval process. The series of studies presented in this thesis help to improve our understanding 

of lung dosimetry of important orally inhaled medications.  

1.5.4 Limits of drug development and orally inhaled drug product development for children 

On top of the nine years it takes on average to produce a drug for adults, an additional seven to eight years are 

required to have that same product approved for use in children (Bi et al., 2019, Mehrotra et al., 2016). For inhaled 

medicines it is clearly stated in guidance that adult studies cannot be extrapolated to children (European Medicines 

Agency Committee for Medicinal Products for Human Use, 2009). Considering the difficulty in improving 

delivery systems for adults, it follows that pediatric improvements to aerosolised drug delivery, are even less 

common (Yackey et al., 2019, Roberts et al., 2003). Clinical trials and drug development specifically for children 

are increasingly important as chronic disease is becoming more prevalent in children but in the past clinical trials 

in children were complex and not profitable (Zimmerman et al., 2019, and Roberts et al., 2003). This means that 

devices are designed and tested in adults and minimally (if at all) adapted or safety-profiled for use in children, 

and that pediatricians must use many medications on a trial-and-error basis or that children miss out on potentially 

lifesaving medication if there is reluctance to use off-label prescribing (Roberts et al., 2003). Additionally, the 

gap between drug approval in adults and the time it takes to get the same drug approved in children leaves much 

time to develop off-label prescribing habits (Benning et al., 2021). Regulatory hurdles have been addressed in the 

US with the Best Pharmaceuticals for Children Act (BPCA) (2002) and the Pediatric Research Equity Act (PREA) 

(2003), similarly in the EU regulatory guidelines have been revised to ensure that pre-clinical animal studies are 

fit-for-purpose (ICH, EMA, 2020). As a result of the described difficulties, adaptations to adult medicines are 

often made at a clinical level to address unmet pediatric needs and then tested for evidence base in hindsight to 

allow the translation into clinical practice (Anderson et al., 2020).  

1.5.5 Future Directions 

Development guidelines by the European Medicines Agency (EMA) outline that particle size testing and 

radiolabeled lung deposition studies should be conducted when suitable to determine aerosol dosimetry, however 

these guidelines were last updated in 2009 and have been under review since 2015, when the medical devices 

regulation changed, and orally inhaled drug products (inhalation devices) were implicated (Santos et al., 2018). 
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Considering the EMA guidelines for PBPK reporting were updated last in 2018, it is likely that review will include 

consideration of advances in technologies to assess inhaled bio-equivalence. 

The issue of unknown dosing in the development of orally inhaled drug products has been partially overcome with 

technological advances over the past decade – although in vitro and in silico “replacements” to traditional animal 

testing requirements are scientifically valid, they can be slow-to-uptake and subject to status-quo bias (Wilkonson, 

2019). In vitro method advancement includes development of an apparatus that allows direct estimation of regional 

lung deposition by metal grid filters (Finlay et al., 2022). Advances include combining computational fluid 

dynamics models with physiologically based pharmacokinetic models or functional imaging (Usmani et al., 2021, 

Corley et al., 2021), improved imaging methodologies such as functional imaging technologies (Ohno et al., 

2021), and advanced human-based in vitro systems, including micro-physiological systems such as “Lung-on-

Chip” technologies (Huh, 2015). However, there are few successful regulatory applications using in vitro or in 

silico data in lieu of animal data in the USA and European Union (Corley et al., 2021, Ramanarayanan et al., 

2022). Ongoing set-backs to orally inhaled drug and device development can broadly be attributed to the lack of 

an inhaled Biopharmaceutical Classification scheme, released in concept (and part) during 2022 (Hastedt et al., 

2022, Bäckman et al., 2022) combined with the increased scrutiny of non-animal methods (Gallegos-Catalán et 

al., 2021). 

1.6 Computer modelling and simulation and its use and relevance in orally inhaled medicine development  

The inherent ethical and logistical difficulties in estimating lung dose with the current gold standard clinical study 

(radiolabeled lung deposition) has resulted in increased interest in the use of computational methods to study 

aerosol lung deposition as part of the drug development pipeline (Longest et al., 2019). Additionally, species 

differences in airway geometry means limited relevance of animal studies for this purpose (Movia & Prina-Mello, 

2020), which has accelerated the interest in building a virtual human twin, based on theoretical (mathematical and 

statistical) understanding of the function of the human body (or lung in this case). In fact, various types of 

computer modeling and simulation (CM&S) are now used in orally inhaled medicine development, usually to 

assess either efficacy or safety at various stages of product development;  

1) Preclinical: the potential (pre-screening) efficacy and safety of the drug molecule/new chemical entity, 

e.g. Quantitative Structure Activity Relationship (QSAR) (European Union Science Hub, 2023), 

2) Preclinical: the safety and efficacy of the aerosol delivery device: its mechanistic ability to deliver 

specified dose of medication consistently and without failure for the complete content packaged, e.g. 

CFD/CFPD (Longest & Holbrook, 2012),  

3) Clinical or Preclinical: the therapeutic efficacy, and safety, of the drug once the dose is administered to 

the body (the pharmacokinetics, primarily: adsorption, distribution, metabolism and excretion), e.g. PBPK 

and (European Union Science Hub 2023),  
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4) Clinical: the efficacy of delivery of the drug to the lung by the device when administered by a user 

according to manufacturer instructions (aerosol lung deposition), e.g. CFD/CFPD. 

The types of computational models for each purpose above are shown in Table 1.6. however, the focus of this 

thesis is on models to predict aerosol lung deposition (point 4 above), rather than early phase (pre-pre-clinical) 

development of the device product or drug on its own or effects downstream of lung deposition such as 

pharmacokinetic models (PBPK).  

When CM&S tools, such as CFD (Table 1.6), are used for the development of pharmaceutical products, the 

approach is called Model Informed Drug Development (MIDD) (Musuamba et al., 2021, Jean 2021) or Integrated 

Approaches to Testing and Assessment (European Union Science Hub, 2023b). The overall aim of MIDD is to 

gain a better mechanistic understanding of a drugs pharmacology, likewise IATA takes a flexible approach for 

chemical safety assessment based on the integration and translation of the data derived from multiple methods 

and sources (Jean 2021, European Union Science Hub, 2023b). The MIDD approach is particularly useful for 

certain applications, for example; 1) to attribute in vitro attributes of a drug or drug product to a development risk 

or a clinical risk, 2) to establish starting doses for human clinical trials or 3) to support use of medicines for 

children that have been approved in adults (Bi et al., 2019). The use of alternative (in silico and in vitro) approaches 

are increasingly being used and accepted by the US FDA to demonstrate bioequivalence of orally inhaled 

medicines. These approaches include using computational fluid dynamics to determine both aerosol lung 

deposition (regional and total), and spray velocity and evaporation rates, when they are combined with other in 

vitro tests, such as dissolution studies, in vitro aerosol particle sizing studies using realistic mouth-throat models, 

physiologically based pharmacokinetics and aerosol morphology studies (Table 1.6). 

 

 

 

 

 



Table 1.6. Purposes for use of computational models: 1) the potential (pre-screening) efficacy and safety of a drug molecule/new chemical entity (perhaps through 

demonstrating bioequivalence to an already marketed product, based on physical or chemical attributes), 2) the safety and efficacy of the device: its mechanistic 

ability to deliver specified dose of medication consistently and without failure for the complete content packaged, 3) the therapeutic efficacy, and safety, of the 

drug once the dose is administered to the body (the pharmacokinetics, primarily: adsorption, distribution, metabolism and excretion), and 4) the efficacy of 

delivery of the drug to the lung by the device when administered by a user according to manufacturer instructions (aerosol lung dosimetry).  Pichelstorfer et al., 

2016. 

Method/model 

name 

Purp

ose 

used 

for 

Basis for Computational 

modelling tool 

Example of 

Open Source 

software 

available  

Outcome measure Guidelines for best practice available 

from 

Physiologically 

based 

Pharmacokinetics 

(PBPK) 

3 Mathematical equations Applied 

Research 

Associates 

– MPPD 

(Price 

et al., 

2002) 

Absorption distribution, metabolism, 

and excretion of drug from the body.  

European Medicines Agency 

US Food and Drug Administration 

International Committee for Radiological 

Protection. 

 

Inhaled 

Biopharmaceutical 

classification system 

2 Mathematical equations, 

based on known parameters 

such as surface area of the 

lung and volume of lung lining 

fluid  

 Residence time in the lung, absorption 

distribution, metabolism, and 

excretion 

Hastedt et al., 2022  

Computational Fluid 

particle dynamics 

(CFPD) 

2,3,4 Maths and physics: equations 

of motion for fluid and particle 

flow, averaged over a 

discretized (finite) volume 

OpenFOAM Aerosol mouth throat and lung 

dosimetry, total and regional, plume 

characteristics: spray velocity, 

evaporation rate.  

European Research Community on Flow 

Turbulence and Combustion, Koullapsis, 

2018 et al. (a, b) 

Multiple-particle 

path dosimetry 

3 Was stochastic but is now 

increasingly quantitative 

Applied 

Research 

Aerosol Lung Dosimetry, total 

deposition, (less accurately – regional 

Asgharian et al., 2022, Kuprat et al., 

2023, Corley et al., 2021. 
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Associates – 

MPPD (Price et 

al., 2002) 

deposition unless incorporated 

improvements to alveolar spaces) 

Combined PBPK 

and CFPD 

3 & 4 Maths and physics OpenFOAM  Aerosol Lung Dosimetry, Adsorption 

distribution, metabolism and excretion 

of drug from the body 

none 

Quantitative 

Structure activity 

relationship (QSAR) 

1 Database, artificial 

intelligence, statistical, 

chemical structure 

StopTOX Human toxicity endpoints relevant to 

the lung include: inhalation toxicity, 

respiratory sentisation, neurotoxicity,  

Borba et al., 2022 

 

 

 

 

 

 

 

 

 



Computational models for estimating aerosol lung deposition vary in complexity, however all are based on the 

premise of building the model to the simplest level of complexity required to validate the model within a context 

of use. The most widely used computational models to provide aerosol dosimetry estimates that are open source 

(freely available) include, computational fluid dynamics models using OpenFOAM, and multiple-path particle 

dosimetry (MPPD), Applied Research Associates (Price et al., 2002). The MPPD model is considered to be an 

upgrade of the IRCP single-path particle dosimetry model (1994) discussed earlier. While not open source, 

recently, the PBPK/dosimetric combined model software Mimetikos Preludium has been validated with in vivo 

imaging data, in accordance with the principles and framework of the inhalation biopharmaceutical classification 

system by Olsson et al, 2021. All computational models require a highly accurate model of the human lung as the 

processing domain which was discussed previously in section 1.2.4. As computational power has increased and 

imaging resolution has improved, more complex models of aerosol deposition have evolved and some are 

available to create and download (United States Environmental Protection Agency, 2023).  

1.6.1 Introduction and history of human respiratory tract models 

The complex computational models of the respiratory system as we know them today have their origins in the 

first “Human Respiratory Tract Model (HRTM) for Radiological Protection”, (aerosol dosimetric mathematical 

model) which began its development during the period of 1949 to 1953 by the International Commission for 

Radiological Protection (ICRP 1994). The model simply included the mathematical calculation of the deposition, 

clearance, and retention of radioactive inhaled aerosols (including gases) (ICRP 1994). The need for a model was 

primarily to protect radiation workers but was also of benefit to estimate the inhaled doses for the public, for 

example due to high indoor radon levels (common with indoor heating/good window seals). As more information 

became available, the first HRTM, published in 1960 (ICRP publication 2), was revised and updated in 1966, 

1979 (ICRP publication 30), and then again in 1994 (ICRP publication 66). Most recently, an updated human 

respiratory tract model with new information regarding major clearance pathways, particle transport and 

absorption to blood (Bailey et al., 2007) was included in ICRP publication 130, “Occupational Intakes for 

Radionuclides” (ICRP, 2015). A similar, but more extensive model (more generations of airway) was developed 

by the National Council for Radiological Protection in 1997 (Fröhlich et al., 2016).   

The ICRP dosimetric model of the human respiratory tract includes six key elements; 1) morphometry (e.g., 

structure) of the lung, 2) respiratory physiology (e.g., rates and volumes of air intake), 3) radiation biology, 4) 

deposition of aerosols, 5) clearance of aerosols, and 6) dosimetry to all organs, of the radioactive energy absorbed. 

The dosimetric model uses mathematical equations to calculate aerosol dosimetry based on known lung 

morphometry, physiology, and radiation biology. Today computation is used to calculate dosimetry estimates and 

the HRTM has therefore become a “computational model”.  
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1.6.1.1 Models of the human respiratory tract/human lung: Empirical, deterministic, and stochastic   

The accuracy of aerosol lung deposition predictions relies on the accuracy of the lung model available, and these 

are limited as full reconstructions of the lung down to the alveolar (based on morphometric measurement, usually 

cadavers) are not possible with computed tomography (CT) or High-Resolution CT (HRCT) imaging (Asgharian 

et al., 2001, Montesantos et al., 2016). Therefore, a combined approach is generally taken where the upper airways 

and several generations that are imageable are used (if imaging is available) and a model is employed for the lower 

half/lower generations (Montesantos et al., 2016). If imaging was not conducted, then previously measured 

morphometries would be used (e.g. measurements taken from cadavers with histological methods). One of the 

most extensively used and cited morphological descriptions of the lung which many models are based on is that 

of Weibel (Weibel, 1963). Models of the lung used to study aerosol dosimetry over time have included both 

deterministic (non-random) and stochastic (random) approaches. If there is a high level of variability within 

species for a part of the lung, a stochastic approach is more suitable (Asgharian et al., 2001). An example of a 

deterministic (experimentally obtained) approach for modelling the lung is the conducting airways being selected 

from morphometric measurements in rats, and an eight-generation dichotomous branching symmetric acinar 

region (model) being attached to the terminal airways (Asgharian et al., 2001). This approach is useful 

for/employed when wanting to determine total aerosol dose, as opposed to regional dose (Asgharian et al., 2001). 

An example of a stochastic model is that the first few upper generations were selected based on previous 

measurements (Raabe et al., 1976) and the remaining airways in both conducting and pulmonary regions were 

reconstructed from frequency distributions of airways lengths, diameters, and branching angles based on 

morphometric measurements (Montesantos et al., 2016).     

1.6.1.2 Single and Multiple path symmetrical (typical) and asymmetrical (stochastic) models of the lung 

It is believed that the first mathematical model for deposition of inhaled particles was reported in 1935, which 

was considered a “single path [symmetrical or typical] model” (Wang, 2011). Single typical path models mean 

that the airway is represented by a single series of compartments where each generation of airway is assumed to 

have the same value for both diameter, length, and bifurcation angle (Wang, 2011).  A five-lobe symmetrical 

model was introduced in 1980 (Yeh & Schum, 1980) and a five-lobe symmetrical model with additional 

tracheobronchial tree and an alveolar region in 2001 (Wang, 2011, Ashgarian et al., 2001). These models are also 

known as multiple-path [symmetrical] models or multiple path particle dosimetry (MPPD) models and both single 

path and multiple path models are still considered “typical-paths” as they do not involve randomness and are 

symmetrical. An asymmetric model that expanded on previous typical path models was later developed in 1988 

(Wang, 2011, Koblinger & Hofmann, 1990). The multiple-path [asymmetrical] model of the lung, was different 

to the typical [symmetric or single path] path models, as it employed statistically distributed airway dimensions, 

i.e. where the diameter, length, and branching angle of airways vary within each airway generation (Wang, 2011). 

Single-path models are rarely used nowadays since the more accurate multiple-path models became available and 

since there are continuing improvements in technologies, even multiple-path models are now considered “1D 



60 

 

models”, even those that extend to the alveolar region and use coordinates for each particle location (Longest & 

Holbrook, 2012). 

1.6.1.2 MPPD Stochastic (“1D”) versus CFPD 3D models 

In silico models have been recently summarised and include two main categories: stochastic (or semi-empirical 

like previous MPPD models) or computational fluid dynamics models (CFD/CFPD) (Sperry et al., 2023). CFPD 

models use the laws of physics and mathematics to calculate aerosol deposition, rather than estimations based on 

stochastic/semi-empirical “1D”, or Euler-Euler models with stochastic models (Sperry et al., 2023) being less 

accurate but also less computationally intensive. Stochastic models include the Aerosol Dynamics in confinement 

model, with the Inhalation, Deposition and Exhalation of Aerosols in/from the Lung-(IDEAL) model, and MPPD 

models depending on any quantitative upgrades (Asgharian et al., 2022, Kuprat et al., 2023, Koblinger & 

Hofmann, 1990). CFD/CFPD models can be either Euler-Euler models or Euler-Lagrangian models, with Euler-

Euler models being less computationally intense and also less accurate.  CFPD models are able to more accurately 

predict the transport of particles and any phase changes (gas to liquid etc) e.g. mass transfer between the liquid 

and vapour, which is important as phase change plays an important role in aerosol physics (and influences particle 

size) in the humidified environment of the lung. CFPD models are more likely to accurately reflect in vivo imaging 

data or studies as they are able to consider the complicated physics in the mouth throat region and the aerosol 

plume geometry. However, 1D models have been validated with imaging 2D data, and then extrapolated to 3D, 

such as with Mimetikos Preludium (Olsson, 2021). Since CFD and CFPD models provide the most physiologically 

accurate representation, they will be discussed in detail further.  

1.6.2 Introduction to models of aerosol flow and aerosol lung deposition  

The concept of investigating lung deposition of inspired particles in the respiratory tract dates back as early as 

1870 when the first scientific observation of pulmonary deposition was reported by John Tyndall (Wang, 2011, 

Heyder et al.,1986). The deposition fraction is dependent on which type of morphometric model is used for the 

lungs. Morphometric models of the lungs began as a “single typical path” symmetrical model. They then 

developed in future years in attempts to more realistically model the human lung with upgrades: 1) to a five lobar 

model, and then 2) to an expanded five lobar model – a five lobar model with a tracheobronchial and alveolar 

region. Additional improvements included calculating the mean of several different variations of the expanded 

five lobar model or having different variations of sizes of airway diameters and lengths within each airway 

generation for the same model. Introducing variation into airway diameters, length and bifurcations more 

accurately represents human lung geometry. Each is discussed in more detail in 1.6.1.1.1.  

Empirical lung deposition data have been obtained since the 1940s, but detailed studies began in the early 1970s 

and were used to support development of mathematical models with models being called semi-empirical (Wang, 

2011). Between 1973–1985 early empirical lung deposition studies in humans involved inhaling either: 1) di-2-

ethylhexyl sebacate aerosols produced by heterogeneous condensation (particle diameter larger than 0.08 µm), 2) 
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iron oxide aerosols produced by dispersion of suspensions (particle diameter larger than 0.5 µm), or 3) silver 

aerosols produced by homogeneous condensation and subsequently 'monodispersed" with an electrical mobility 

device (particle diameter smaller than 0.1 µm) (Heyder et al., 1986). To measure deposition with imaging, either 

radiotracer techniques (radiolabeling) or magneto-pneumography was used, where it was recognised that 

radiolabeling methods were more reliable (Heyder et al., 1986).  

1.6.2.1 Computational software or tools to calculate deposition fractions 

A software program based on a refined version of the multiple-path deposition model has been developed (Price 

et al., 2002). The related online Respiratory Deposition Calculator of the Aerosol Research Laboratory of Alberta 

provides a convenient method to calculate the whole-lung deposition of pharmaceutical aerosols. The multiple 

path particle deposition model (MPPD) (Price et al., 2002) is a whole-lung modelling tool that can provide 

estimates of delivery to individual airway branches (Longest & Holbrook, 2012). The later developed Monte Carlo 

program and computer code IDEAL-2 (Inhalation, Deposition, and Exhalation of Aerosols in/from the Lung, 2nd 

version) was able to estimate (statistical) deposition probabilities in the lung region (Pichelstorfer et al., 2016). 

Aerosol dynamics in Containments (ADiC) is also a stochastic (statistically based) model. Upgrades to the MPPD 

model mean that it now allows many estimates that are quantitative: quantitative total and site-specific deposition 

in human lung can be calculated, instead of statistical probabilities (Pichelstorfer et al., 2016). The MPPD model 

can simulate impaction, sedimentation, diffusion and particle evaporation and coagulation and accurately predict 

total lung deposition but less accurately regional deposition (Corley et al., 2021). Previously MPPD models 

underrepresented regional aerosol deposition however improvements in 2022 now allow aerosol mixing in the 

alveolar space (Asgharian et al., 2022), which greatly improves deposition predictions (Kuprat et al., 2023).  

1.6.2.2 Computational Fluid Dynamics (CFD) 

Computational fluid dynamics is a branch of fluid mechanics that uses numerical analysis to solve the governing 

equations of fluid-flow (Navier-Stokes equations), which are mathematical equations that obey the conservation 

laws of physics: the conservation of matter, newtons second law and the first law of thermodynamics (Versteeg, 

2007). Therefore, with a finite element approach, the motion of fluid in three dimensions is described by a system 

of five partial differential equations: mass conservation, momentum equations (1, 2 or 3D) and energy equation 

(Versteeg, 2007). CFD refers to the flow of fluid without aerosol particles, and CFPD refers to aerosol particle 

flow through fluid.  

1.6.2.3 Computational Fluid-Particle Dynamics (CFPD) 

CFPD models are widely accepted to accurately predict aerosol deposition of inhaled particles. The CFPD model 

in OpenFOAM version 8 software (available from: https://openfoam.org/) mathematically couples a discrete 

(aerosol) phase with a continuous (air) phase, where the particle movement is considered with a Lagrangian view 

(not Eularian) and accounts for the coupled transport of a single kinematic particle cloud including the effect of 

the volume fraction of particles on the continuous phase (O’Rourke et al., 2009). Therefore, aggregation of 
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particles is not considered however the O’Rourke collision model is used for wall-particle interactions (O’Rourke 

et al., 2009). Particle-particle interaction can be resolved with a discrete element method of fluid dynamics, 

however it is more computationally intense.  

1.6.2.3.1 CFPD coupled with 1D models (Multiscale models) 

As there are limitations to the computational power required to model complex lung models (past the 6th airway 

generation), models are often coupled with lower dimensional models to resolve complete inhalation and 

exhalation when considering the entire lung. Indeed, there are very few cases where CFPD has been used 

consecutively from upper airway to lower bronchioles (Khoa et al., 2023). For example, coupled 3D and 1D 

modelling is achieved by allowing Lagrangian particles that reach the interface between the 3D and 1D domain 

to be summed up every 0.01s to give a mass-flux per second which was then converted to a concentration field 

and passed on to the 1D domain (Darequenne et al, 2016, Kuprat et al., 2023). 

1.6.3 Credibility of Computer Modelling & Simulation (CM&S) pertaining to CFD 

When a computer model or simulation is both verified and validated, it has credibility, which in computational 

terms is, “the quality to elicit belief or trust in predictions of the computer modelling and simulation within a 

context of use” (ASME 2018). To obtain credibility, the model should be built to a level of complexity that 

validates an experimental/empirical result and the calculations used verified to be correct within a margin of error 

and safety (ASME 2018). Verification and validation were first defined in 2003 (Oberkampf et al., 2003), 

pertaining to computational fluid dynamics simulation. Leading bodies that produced the original guidelines for 

the main rules for the conduct of CFD modeling studies are the European Research Community on Flow 

Turbulence and Combustion (ERCOFTAC) and the American Institute for Aeronautics and Astronautics. Later, 

guidelines for credibility of CM&S were established by the American Society for Mechanical Engineers that could 

be used in regulatory science, with application to medical devices (ASME, 2018).   

1.6.3.1 Validation 

Validation has been simply described, as “solving the right equations” and this process quantifies the uncertainty 

in the ability of the model to accurately reflect the real-life situation, or the “physical modeling uncertainty” 

(Oberkampf et al., 2003, Roache, 1998). To “solve the right equations” means that the model needs to properly 

understand the physical (and sometimes chemical or mechanical) conditions surrounding the context of the model 

(Roache, 1998). Often, validation of computational fluid dynamics models is obtained by matching experimental 

data with computational data.   

1.6.3.2 Verification 

Verification has been simply described as “solving the equations right” and this process quantifies the calculation 

errors (Roache, 1998). Usually verification includes grid-dependence assessment (discretisation error 

assessment), which is a test of the model’s ability to solve the equations right, consistently, within a margin of 
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error (and safety factor). The use of a “Grid Convergence Indicator” (GCI) is recommended to quantify the 

numerical error, which includes the error multiplied by a safety factor (Roache, 1998). The success of the grid 

dependence study relies on the quality of the volume mesh which can be generated from a stereolithic file.    

1.6.4 Methods for validation of computational fluid-particle dynamics (CFPD) models for the lung 

(experimental vs clinical) 

Validation of a CFPD model to estimate aerosol dosimetry in the lung ideally uses the direct approach of 

combining in vivo human (clinical imaging) data with particle sizing data (European Medicines Agency 

Committee for Medicinal Products for Human Use, 2009). However, validation of a computational model 

assessing lung deposition must be indirect (experimental), where in vivo human data are lacking (Olsson & 

Kassinos, 2021). To validate a CFPD model of aerosol deposition to the lungs and provide aerosol dosimetry 

estimates, the ERCOFTAC guidelines (2017) for best practice should be used for an indirect approach. For a direct 

approach, radiolabeled lung deposition studies using gamma (Planar/2D) scintigraphy imaging to give peripheral 

and central regional lung deposition estimates, is best practice (Olsson & Kassinos, 2021). Use of radiolabeled 

lung deposition studies is recommended in clinical development guidelines for orally inhaled drug products, but 

not always possible/ethical (EMA, 2009). 

1.6.4.1 Indirect (experimental/laboratory based) validation 

ERCOFTAC advise that a 3D printed lung model (Lizal et al., 2012, and Koullapis 2018a), which is an estimation 

of the lung geometry, should be used as the flow domain to deliver an aerosol which is radiolabeled with 

Fluorine18, and imaged using positron emission tomography (Lizal et al., 2012, and Koullapis 2018a). The 3D 

printed lung has five generations of airway and was taken using high resolution computer tomography on a cadaver 

lung from a healthy human adult male and combining this with an upper airway (Lizal et al., 2012). The 3D lung 

model (stl file) is publicly available allowing researchers to download and create the volume mesh files required 

for computation (Lizal et al., 2012). The new airway model is comparable to older models (Koullapsis, 2018b). 

An important limitation of experimental validation using airway models is that no natural movement of the airway 

occurs, i.e. the 3D model is rigid. The 3D model also conducts charge, and therefore particles must be passed 

through a charge equilibrator such as a Krypton 85 source. An additional limitation of the best practice advice 

case is that it does not recommend using an inhalation pattern, but rather a constant flow (less computationally 

intense). Other laboratory-based methods are in development such as apparatus that allows direct estimation of 

regional lung deposition by metal grid filters (Finlay et al., 2022).  

1.6.4.2 Direct (clinical imaging) validation  

Clinical imaging studies have been used to validate non-CFD aerosol dosimetry models, however generally the 

goal of directly imaging particles in the human lung in vivo is unobtainable with current methodologies (Martin, 

2021, Olsson & Kassinos, 2021). New methods with low radiation dose (similar to high resolution computed 

tomogram) have been developed with a resolution down to 67 µm, but this is still not sufficient to resolve aerosol 
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particles usually with a MMAD less than 5 µm and the method is only available in a research capacity currently 

(Albers et al., 2023). Clinically, most in vivo data to support computational modelling comes from 2D gamma 

scintigraphy by radiolabeling aerosols to inhale, which is considered the industry standard and a 

supported/recommended approach during clinical development in regulatory science by the European Medicines 

Agency (EMA, 2009, Scheuch, 2010, Smaldone, 2001). Two-dimensional gamma scintigraphy allows total dose 

and regional dose to be assessed. Computational models can be validated using 2D gamma scintigraphy imaging 

in vivo data, when applying a correction factor to convert the 2D into 3D (Olsson & Kassinos, 2021). Importantly 

a radiolabeled aerosol must first be validated to not differ from its un-labeled counterpart (Devadason et al., 2012). 

For example, if a radiolabeled aerosol falls within 0.85 to 1.18 (ratio) of its unlabeled counterpart during aerosol 

characterization process (particle size assessment), it is deemed within an acceptable range and that the 

radiolabeling process has not significantly altered the aerodynamic properties of the drug (Devadason et al., 2012).   

1.6.4.2.1 Imaging methodology used in humans to validate computational models 

Imaging is used to view the locations where aerosols deposit in the lungs by combining an aerosol with a 

radioisotope that can then be imaged. Imaging methodologies usually harness the special qualities of radioisotopes 

to emit different types of radiation, primarily gamma (2D=Gamma Scintigraphy, 3D=Single-photon emission CT, 

PET), or Dark x-ray (x-ray (bremsstrahlung rays)). These imaging methods typically require doses of radiation 

that are the equivalent to airplane flights or x-ray/CTs and therefore radioisotopes are chosen that have short half-

lives i.e. Technetium 99m (6 hours), Fluorine (1.5 hrs) etc. The most common imaging modality to assess aerosol 

lung deposition is Gamma Scintigraphy, due to its short acquisition times. Gamma scintigraphy is a 2D imaging 

method that measures the radiation emitted from a gamma producing radioisotope, commonly technetium 99m. 

By a process of radiolabeling, the radioisotope forms a physiochemical bond with an inhaled drug molecule, which 

must be validated so that the drug and the radiation accurately match (Devadason et al., 2012). Once validated the 

aerosol deposited in the lungs can be quantified for total and regional deposited dose, factoring in tissue 

attenuation. Peripheral to central estimates are considered regional dose as the scan is limited to 2D.  

1.6.4.2.2 Limitations of human imaging methods to assess validity 

The major limitation of current imaging methods used to assess aerosol dosimetry in the lungs is the difference in 

acquisition times and that only poor spatial resolution (2D) is possible with shorter acquisition times (Conway, 

2012). For example, the radiation dose required for a 3D image (taking at least 20–60 mins to acquire) is too great 

for ethical approval in large cohorts of adults or altogether in children, whereas a 2D image, taking 2–5 minutes 

for acquisition, and having the radiation dose similar to an x-ray, is more likely to be approved (Conway, 2012). 

Even with high resolution CT scans the small airways are unable to be resolved, limiting imaging methods 

(Usmani et al., 2021). Other limitations include movement artifacts during long exposures which can result in 

difficulties when quantifying the radiolabeled drug.   
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1.6.4.3 Animal models for validation of computational methods 

Animals can be used in research only when no valid alternative exists (NHMRC, 2013). As imaging methods can 

potentially be translated for use in humans, developing these methods first in animals (in vivo or ex vivo) or 

cadavers is popular. Ex vivo animal imaging models utilising magnetic resonance imaging and phase-contrast 

enhancement agents such as gadolinium or iodine have been successfully developed (Montigaud et al., 2020). 

Further, compact synchrotron light source can be used, combined with propagation based (grating), phase-contrast 

x-ray methods, to get excellent resolution of lung soft tissues, and particles of 50 µm, in a mouse model (Gradl et 

al., 2017, Gradl et al., 2018). Animal models experience the same issues as imaging in humans with movement 

artifacts, (i.e. the time taken between dosing and imaging will be subject to aerosol clearance mechanisms, and 

dose will be reduced/moved from the location deposited).  

1.6.5 Credibility of Computational fluid particle dynamics for assessment of inhaled particles in the lungs 

of adults 

The reliability of both upper and lower airway CFD models has been discussed in detail for airflow and for particle 

deposition with CFPD modelling (Khoa et al., 2023). Multiple studies have demonstrated the credibility of CFPD 

in the upper airway region (Khoa et al., 2020, Khoa et al., 2022, Kleinstreuer & Zhang, 2010, Phuong et al., 2020, 

Inthavong et al., 2021, Shang et al., 2022, Zhang & Kleinstreuer, 2004).  

Introduction summary  

This first four parts of this introduction highlight the physics of aerosol deposition, biological factors that influence 

lung deposition, patient conditions that are treated with inhaled medications for both conditions of the lung and 

generalised conditions. The last two parts highlight the problems inherent with development of aerosolised 

medicines in both general and paediatric populations, why off-label use of inhaled medicines is common, 

particularly in paediatric populations, and what new methods to study aerosol lung deposition are being developed 

to mitigate this problem within drug development process and what their level of regulatory acceptance and 

scientific validity is.   
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Research Case  
 

Respiratory conditions are one of the leading causes of morbidity, death, and economic cost in the world. In many 

cases, these conditions are currently treated with aerosolised medicines. The properties of a medical aerosol 

particle that allows it to be inhaled and deposited in the lungs to exert therapeutic effect are varied (Chapter 1.1) 

and the mechanics of the lung in health and disease will influence this (Chapter 1.2). Respiratory conditions treated 

with inhaled medicines include asthma and chronic obstructive pulmonary disease (Chapter 1.3), however 

aerosolised medicines can also be used to treat conditions that are systemic or do not pertain to the respiratory 

system, such as nicotine to aid with smoking cessation, or inhaled levodopa to treat Parkinson’s disease (Chapter 

1.4). Over the last 60 years there have been few orally inhaled drug products developed to deliver aerosolised 

medications to treat respiratory conditions and relatively few improvements to the available devices during this 

time (Chapter 1.5). Children and patients with artificial airways are most affected by this lack of product 

development meaning that products first designed for use in other settings (or populations) require clinical 

adaptations to allow use in alternate population or settings – considered “off-label” use. Where off-label use is 

present, clinical efficacy is largely unknown and relies on good clinical practice to ensure a timely therapeutic 

outcome for the patient, with the responsibility for treatment outcome lying with the prescribing clinician. 

Therefore, Chapter 2 presents an education review aimed at a clinical readership, with a focus on aerosol delivery 

in a perioperative setting.  

The inefficiency of available orally inhaled medicines has been particularly noticed in pediatrics. While 

technology evolves, the unmet need for innovation of inhaled drug products to children has primarily become the 

problem of clinical practice to address, resulting in “off-label” but clinically indicated use of inhaled therapies. 

The lack of approved treatment options means that patients may require prolonged aerosol therapy with limited 

clinical improvement, and supplemental intravenous treatment strategies to prevent serious adverse outcomes 

related to limited oxygen supply. It is therefore critical to reassess and substantially improve current aerosol 

delivery methods, particularly in populations at high risk of adverse events such as during perioperative or 

emergency settings (Chapter 2). Aerosol delivery perioperatively is particularly difficult to study in situ and yet 

respiratory adverse events such as bronchospasm (or “asthma attack”) can be life threatening – especially for 

children who have higher demand for oxygen than adults. As reported in Chapter 3, I assessed experimentally in 

the laboratory a range of commonly used devices to deliver aerosolised medication to children experiencing 

bronchospasm whilst under anesthesia. In Chapter 4, I considered nebulised inhaled therapy used to treat children 

who use artificial airways which is also considered “off label” use, as the inhaled drug (tobramycin) was first 

approved to treat patients with cystic fibrosis.  

As technology improves, there are increasingly more detailed computational methods available to assess aerosol 

delivery, device design and the safety and efficacy of an inhaled agent. These computer models can be used to 
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help understand the complex physical phenomenon underlying aerosol delivery and subsequently, to improve it. 

As discussed in Chapter 1.7, computer modeling and simulation (CM&S) has been present for decades as a method 

to estimate aerosol dosimetry and passage of aerosol through the body. Computational fluid-particle dynamics 

(CFPD) models are most physically correct as they account for aerosol particles and fluid (air) flow in three 

dimensions and in time. CFPD models must be informed first with preliminary experimental aerosol 

characterization including determination of particle size and concentration, and active and non-active ingredients 

of the inhaled substance, such as the data that were obtained in Chapter 6 for e-cigarettes. Once informed, the 

model then requires validation experimentally – either directly, with clinical validation and imaging or indirectly 

in the laboratory with simulation. Therefore, in Chapter 5, I replicated the laboratory experimental study from 

Chapter 3, in silico, with the aim to indirectly (by means of laboratory data) validate a CFPD model that could be 

used to assess and improve aerosol delivery. 

The final off-label use of an inhaled drug investigated in this thesis was the aerosol produced by the electronic 

cigarette. As highlighted in Chapter 1.5, the electronic cigarette has not gone through the rigorous testing required 

to be an approved therapeutic good but is used to deliver a prescription medicine (nicotine) which is combined 

with other non-approved/prescription excipients for the purpose of smoking cessation. The electronic cigarette 

device produces a liquid aerosol by a condensation-evaporative process and since the start of work for this thesis 

became a prescription-only (unapproved) medication in Australia, meaning it is no longer allowed to be sold as a 

consumer product accessed by the public (May 2023). The electronic cigarette does not deliver a set dose of either 

prescription drug or excipient, meaning the inhaled ingredients and dose can vary greatly with each user and 

potentially be unsafe. Additionally, the e-liquid that is used to produce the aerosol by the electronic cigarette 

device via the condensation-evaporation process is known to contain and produce a complex mixture of chemicals 

which vary when heated. Therefore, it was determined that the most important component of experimental work 

to establish the safety of the inhaled good with the electronic cigarette was chemical testing of the heated e-liquid 

and the aerosol produced. In Chapter 6 I assessed experimentally the chemical composition of several different e-

liquids and compared them in heated and unheated form and with two different methods of heating, which could 

improve testing times. The method tested in Chapter 6 was used to test other brands and flavors of e-liquids which 

was subsequently published (Appendix A).   
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Chapter 2 Literature review (published): Aerosolized drug delivery in awake 

and anesthetized children to treat bronchospasm. 
 

Plain language introduction to Chapter 2: 

This chapter was designed to investigate and educate clinicians on best practice for aerosol delivery when 

delivering bronchodilators to children in emergency settings and covers use of both nebuliser therapy and 

pressurised metered dose inhaler delivered drug therapy. The aim was to compare best practice in children who 

were awake and children who were anesthetised to see where there were consistencies or inconsistencies in 

delivery techniques or inhaler devices. Aerosol delivery to anesthetised children is considered an off-label use 

with the responsibility for health outcomes lying with the clinician, and therefore comparison to best practice in 

awake children is beneficial for good clinical practice.  
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Chapter 3: Research article (published): Laboratory assessment of artificial 

airways (Pediatric Anesthesia, 2020):  
 

Plain language introduction to Chapter 3: 

Chapter three is an original article of experimental laboratory studies that were conducted to simulate aerosol 

delivery to children who use an artificial airway to breathe during surgery. It includes investigation of various 

types of artificial airways used commonly to intubate children for surgical procedures and the various delivery 

methods used. It outlines which methods are best at delivering bronchodilator aerosol and which ones should be 

discontinued. The results from this work were used to improve clinical practice at Perth Children's Hospital. The 

results from this chapter were necessary pre-requisites to inform forthcoming Chapter 5 – they provided laboratory 

measurements that were used to support the validation of the aerosol delivery computational model.  
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Chapter 4: Laboratory simulation of nebulised tobramycin through 

tracheostomy to spontaneous breathing children 
 

Plain language introduction to Chapter 4:  

Chapter 4 was designed to obtain laboratory experimental results for nebulised tobramycin (liquid) aerosol 

delivery, to ensure that both a solid and a liquid particle had been measured experimentally as these represent both 

types of medicinal aerosol on the market. Additionally, Inhaled tobramycin is an antibiotic – which must be 

delivered responsibly in alignment with antibiotic resistance protocols. Results of this chapter indicate that 

tobramycin delivery was severely reduced to children with tracheostomy airways. Aerosol delivery was reduced 

due to liquid-film build-up inside the tracheostomy tube which then led to droplet formation and partial or 

complete blockage of the airway until the droplet was released. The information obtained in this chapter will help 

to build an evidence base for which to form guidelines from, as currently guidelines do not exist for aerosol 

delivery of tobramycin to children who breathe through a tracheostomy airway. Furthermore, experimental data 

obtained in this chapter are required to build a future in silico, liquid particle, model of aerosol delivery that can 

be used to support experimental data.  
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Chapter 5: Progress towards a multiphase in silico model for assessment of solid 

particle aerosols to supplement experimental studies of aerosolised drug 

delivery to children through artificial airways  
 

Plain language introduction to Chapter 5.  

Chapter 5 builds a computational model to describe the physical and mechanistic phenomena underlying the 

aerosol delivery measured experimentally in Chapter 3. Understanding aerosol delivery in a manner sufficient to 

build a model and mimic the real-life findings ensures a thorough understanding of the principles involved and 

contributes towards a theoretical framework – in this case for aerosol delivery to patients with artificial airways. 

Further, the studies described in Chapter five were designed to not only computationally replicate the laboratory 

experimental studies conducted in chapter 3, but to provide supplemental information that was not (is not) able to 

be obtained experimentally. The computational investigations described in this chapter, thus support, and extend 

the results in Chapter 3. The investigation described here made progress towards a theoretical framework by 

uncovering that limitations of the model involved the inability to simulate individual particle-particle interaction 

and the importance of doing so in a closed system with a heavy particle load, rather than only calculating equations 

based on particle-clouds. It also highlighted the importance of accurately accounting for turbulence (deterministic 

chaos), which requires a different type of modeling, and “heavier” computer use than completed here. Generally 

speaking, “models”, attempt to explain complex phenomena using theoretical frameworks as simply as possible, 

which can then conserve computing resources and time, however in this instance complexity has proven an 

essential component of the model. Future iterations of the model described here are expected to be used to obtain 

particle size exiting the airway, an example of data which are not possible to obtain experimentally and investigate 

ways to further improve aerosol delivery in the off-label setting.  
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Introduction  

Delivery of aerosolised drugs through artificial airways is often the quickest and most effective way to deliver 

therapeutics during a perioperative emergency, such as with bronchospasm (1). There are various methods 

currently used in practice to connect the aerosol generation device to the artificial airways of a spontaneously 

breathing child, however many do not utilize best practice methods for awake children (2). Additionally, the 

optimal method and device to deliver aerosolised drugs to children remains debated in both operative and non-

operative emergency settings (3-6). Previous evidence (2) suggests however, that using current best practice for 

mechanically ventilated adults (7), and ambulant children (8), which is a pressurised metered dose inhaler (pMDI) 

with a spacer, may be better than many currently used methods to deliver aerosolised salbutamol (2). Best clinical 

practice must be utilised as aerosolised delivery of salbutamol to intubated patients is an off-label use and the 

responsibility of clinical outcomes therefore rests with the administering physician. Currently, with even the best 

delivery methods, 20% of a single dose (2) or less (9) will be delivered to the child which can clearly be improved 

upon with further study. 

The current gold standard experimental method to assess aerosol lung deposition in vivo in humans is a 

radiolabeled aerosol study (10). However, the method is limited as the minimal possible radiation dose should be 

given if complying with International Committee on Radiation Protection and therefore a scanner with a short 

acquisition time, and lesser quality spatial resolution must be used, such as 2D gamma scintigraphy (11). Three 

dimensional methods, including 3D Single Photon Emission Computed Tomography (or SPECT), have longer 

acquisition times, typically about 20 mins or more, and therefore require higher doses of radiation which can be 

harmful to children or adults. Further, within a 20-minute time frame aerosol has begun clearance from the lung 

by the mucocillary escalator, making meaning of the total dose and deposition location less accurate. Other 

promising imaging methods, such as propagation-based phase-contrast x-ray (12), hierarchical phase contrast 

computed tomography (13), or contrast enhanced Magnetic Resonance Imaging (14) are still being investigated 

for use in human participants. Laboratory experimental methods such as filter-capture studies are an alternative 

to radiolabeled studies (2, 15) and can be used where it is unethical to use radiation such as in a perioperative 
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setting or in children. Filter-capture studies are where aerosol delivery is simulated through a model of an upper 

airway geometry and the dose that would enter the bronchus is captured on either a single (i.e. one at the end of 

the upper airway/mouth-throat model) or sometimes multiple filters if the mouth throat model extended past the 

bronchus (i.e. one at each bronchi) under simulated breathing conditions. The dose delivered to the filter is 

assumed to reach the lung (the upper airway is assumed to remove all the large particles), however as particle size 

is not measured in these studies it cannot be certain – and only particles under 5 µm will reach the lung. The 

presence of a filter also alters the flow field (adds resistance) and therefore will influence particle deposition. 

Methods that assess particle size of medical aerosols (with high particle-load) require a constant flow of at least 

15 LPM and therefore filter studies that simulate breathing are unable to, by design, measure particle size 

simultaneously (16). There is no known experimental study or method that can (without diluting the airflow) 

assess the particle size on the filter and the total dose simultaneously.  Therefore, to improve assessment of aerosol 

lung deposition, 3D methods capable of precisely tracking aerosol particles in time and space should be employed 

to accurately estimate aerosol particle size, and identify the underlying physical phenomena involved in aerosol 

delivery and aerosol lung deposition. 

Computational fluid dynamics (CFD) offers an in silico alternative to in vivo lung deposition studies, providing 

detailed predictions of 3D flow patterns by solving numerically the equations of motion for fluids (17). CFD 

simulations allow accurate characterization and visualization of flow properties, such as turbulence formation or 

pressure distribution, that cannot be assessed with laboratory or in vivo methods. In silico analysis with CFD gives 

a mechanistic understanding of aerosol delivery and can be used to identify limitations of an aerosol delivery 

system and determine improvements through efficient computational investigation and avoiding challenges 

encountered in practical experiments such as human error. 

Computational Fluid-Particle Dynamics (CFPD) has been more recently developed to simulate the motion of 

discrete particles in a flow field and is particularly relevant to the study of aerosols (18). However, as with all 

computational models, direct validation within a context of use is required (18,19) e.g. with in vivo radiolabeled 

lung deposition data (20), although indirect validation of the model is acceptable where in vivo radiolabeling data 

are unavailable (such as in children) (21,22). The indirect validation approach, which utilizes laboratory 

experimentation, is supported by best practice guides, such as the European Research Community on Flow 

Turbulence and Combustion (ERCOFTAC) standard for airflow in biomedical flows in the lungs (21) or the 

American Society of Mechanical Engineers (ASME) 2018 “Validation verification and credibility guideline for 

Computer Modelling and Simulation of medical devices” (18). Increasingly, computational models of aerosol 

lung deposition are being used within the pharmaceutical context (22,23). For example, since the “21st Century 

Cures Act” and the “Fit-For-Purpose Initiative” at the United States Food and Drug Administration (24,25), drug 

companies have been allowed to submit human-biology-based in vitro and in silico data in lieu of in vivo animal 

studies, for consideration as part of a weight of evidence approach which has led to the development of an 
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increasing number of in silico models to study aerosol delivery (20, 26, 27).  In silico CFPD models for delivery 

of solid particle medical aerosols to children have been previously studied (28–34), however models rarely 

investigate spontaneously-breathing patients (or children) with artificial airways. 

Therefore, this work develops a computational fluid-particle dynamics model that can be used to investigate solid-

particle aerosolised medicine delivery through artificial airways, as measured by matching aerosol mass exiting 

each artificial airway in both laboratory experimental and in silico studies. 

Methods  

Three artificial airways were chosen to investigate pressurised metered dose inhaler (pMDI) generated aerosol 

(Ventolin®, GlaxosmithKline, Australia) deposition through: 1) a standard tracheal tube, 2) a pre-formed tracheal 

tube (RAE), and 3) a tracheostomy tube, all in the paediatric size of 5 mm (internal diameter). To indirectly 

validate the computational simulation, two complimentary studies were performed for simulated, spontaneously-

breathing children: first, simulated aerosol deposition data was acquired for two of the chosen artificial airways 

from studies previously published by our laboratory (2) and data for the third was acquired by laboratory 

investigation. Secondly, a computational fluid-particle dynamic model was employed for a solid particle aerosol 

with an identical set-up to the laboratory study parameters. Finally, optimisation studies were performed to 

determine accurate input details for the computational study. 

The criterion for validation of the computational model was that aerosol capture in silico, matched that captured 

in laboratory data within the standard deviation for all three representative artificial airways (Figure 1); a standard 

tracheal tube (A), a pre-formed tracheal tube (B) and a tracheostomy tube (C). 
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Figure 1: Artificial airway types tested. A= standard tracheal tube, B=pre-formed tracheal tube, C=tracheostomy 

tube. Top is actual device and bottom is geometry created for computational simulation. Top images not to scale.  

Bottom measurements are in meters. 

Laboratory component 

A set-up was devised where the flow was created by a flow volume simulator (Series 1120, Hans Rudolph, 

Missouri, USA, Appendix Figure A) programmed with a paediatric inhalation parameter, (Appendix, Table A). 

The aerosol administered exits the pMDI canister, travels through the tracheal tube to where it was trapped on a 

collection filter (Unifilter, Carefusion, Australia), with aerosol also being trapped along the way in the tracheal 

tube. Aerosol was introduced into the flow by actuation of the pMDI ten times, in time with each inhalation, 

without shaking in between actuations, as would occur during in emergency setting. Three repeat measurements 

were taken, all in a temperature-controlled environment. 

Inhalation parameters 

The ventilatory guidelines used at Perth Children’s Hospital were taken for a representative, spontaneously 

breathing, 16 kg patient (Appendix, Table B) to create a breathing pattern file using the flow volume simulator 

software. The breathing pattern was then run using the flow volume simulator and recorded with a 

pneumotachometer which measured pressure differences within 0–160 lpm flow range, using Research 
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Pneumotach System Software, (version 4.9.6, Hans Rudolph, Missouri, USA). These recorded data were then 

used to create the velocity parameters used for the final in silico simulations (Appendix, Table A). 

Mass detection using high-performance liquid chromatography (HPLC) 

A method previously used to detect salbutamol was employed to measure salbutamol aerosol rinsed from 

components of the set-up (35). Briefly, each component of the set-up (tracheal tube and filter) was rinsed with 

~50 mL of methanol (HPLC Grade, Thermofisher Scientific, Australia). The tracheal tube was cut into segments 

prior to rinsing to determine regional deposition. Rinse was assayed using High Performance Liquid 

Chromatography to detect salbutamol. Salbutamol standards in the range of 40 µg.ml-1 to 0.3125 µg.ml-1 were 

prepared from stock of 100 µg.ml-1 salbutamol (salbutamol hemi-sulphate analytical standard, Sigma Aldrich, 

Australia) in methanol, to create a standard curve to interpolate drug concentrations. The mobile phase consisted 

of methanol to potassium phosphate buffer (20 mM, pH 8.0) 35:65. The column was a reverse phase C18, 5 μm, 

250 x 4.6 mm (Pinacle DB, restek International, Bellafonte, PA, USA). The quaternary solvent delivery system 

(Agilent Technologies, 1200 Series, Model G1311A), was used to generate a flow rate of 1 ml.min-1. Retention 

time of salbutamol was 10 minutes. Detection was at 227 nm for ultraviolet (UV) detection with diode-array 

detector (Agilent Technologies 1200 series, Model 1206 DAD, G4212B). 

Characterisation of aerosol spray velocity  

To determine aerosol velocity when the salbutamol (Ventolin) inhaler was actuated, a high-speed camera and lens 

with magnification ratio of 0.13 (Fast Cam SA3 Photron, 120 K M2 with a Nikon AF-S 105 mm, micro lens) was 

used. The photographic set-up included illumination from below and directly in front of the Ventolin canister. The 

camera was operated at 2000 frames per second. The first frame showing particles was used for analysis 

(Appendix, Figure B). Analysis was completed in Microsoft Paint with grid squares showing and contrast 

enhanced to ensure the velocity head could be seen. The height of the pMDI mouthpiece was measured for 

determination of grid-square in mm which was then used to determine the distance travelled per single frame. 

Horizontal offset-error was determined as three grid squares and equated to 4.3 m.s-1. Duration of a single frame 

was 0.5 milliseconds. The calculated injection speed of the salbutamol pMDI was used as to verify the 

computational study. 

In silico component 

Creation of in silico geometries 

To mimic all artificial airway tubes, numerical geometric models were created (Figure 1) in the CFD software 

OpenFOAM (v 7.0, and v 8.0, The Open Foam Foundation, available at openfoam.org) using a python file (Python 

programming language, version 3.7.3, available at python.org) and discretised using hexahedral cells (Appendix, 

Table C).  
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In silico model final parameters 

The final model used a multi-phase particle-in-cell model, and PIMPLE algorithm – the Lagrangian “multi-phase 

particle in cell” solver (MPPICFoam), to solve for conservation of momentum and mass (Navier-Stokes 

equations), coupled with discrete Lagrangian particle tracking. The air was treated as incompressible and 

isothermal and flash evaporation was assumed for the hydrofluoroalkane propellant (HFA-134a) (36). Therefore, 

the air density and dynamic viscosity were set to 1.225 kg.m-3 and 17.89 ×10-6 Pa.s, respectively, to correspond to 

the temperature condition recorded (15°C) in the artificial airway during an actuation with the pMDI using a 

thermocouple (Pico Technology TC-08). The Flow-Reynolds (Re) number for a 5 mm diameter tube with an 

average velocity of 6.25 m.s-1 was calculated to be in the critical zone, ~2800 in air, where flow is considered 

laminar with Re <2000,turbulent with Re>4000 and 2000<Re<4000 indicating a transitional flow model. 

Therefore, for all geometries under test, the cases were simulated with an entirely laminar model (i.e. turbulence 

model was turned off), without taking into account any turbulent features that might appear in the flow, and with 

a turbulent model (RAS, k-epsilon) firstly with both 1 and 2% turbulent intensity at the inlet (both average and 

peak velocity), with 2% (at average velocity) being used in the final case (Appendix, Table E). Gravity was 

specified in the same direction as the laboratory testing (-9.81 m.s-2 in the z direction) and applied to both discrete 

(aerosol) and continuous (air) phases. To represent the pMDI being actuated, a cone injection model (inner 

diameter of 0, outer diameter of 0.5 mm, outer cone angle of 8.5°) was employed at the inlet centre with an 

injection speed of 40 m.s-1 (37,38) and duration of 0.156 seconds (38). Initially, two different inlet velocity 

boundary conditions were investigated as laboratory optimisation indicated an average speed of 78 m.s-1 ± 4.3 

m.s-1, with peak velocity at 88 m.s-1 ± 4.3 m.s-1. However, it was observed that the change of injection speed had 

very limited impact on the simulations results. The total simulation time was 0.3, 0.32 or 0.4 seconds, allowing 

for aerosol clearance (post injection), and an adjustable time-step (maximum value of 10-5 seconds) was used. 

Since it was observed that all particles did not clear from the larger geometries in the allocated 0.3, 0.32 or 0.4 s, 

those incomplete simulations were attempted to run past the allocated finish time. A mass median aerodynamic 

diameter (MMAD) of 3.75 µm, range 0.1–20 µm, with a mass Rosin-Rammler distribution, n value 1.5, was 

chosen to define the salbutamol aerosol particles (39). The total number of particles (13827570) injected was 

calculated for a 95 µg mass injection (100 µg, minus losses to the actuator), based on the density of salbutamol 

(1300 kg.m3) (40) and the volume of a spherical particle of MMAD 3.75 µm. A gradient dispersion RAS model 

was used on the particles to perturb the velocity in the direction opposite to the gradient of turbulent kinetic energy 

(k), with a random Gaussian distribution. MPPICFoam, only accounts for collisions with walls without resolving 

particle-particle interactions and is a transient solver for the coupled transport of a single kinematic particle-cloud, 

including the effect of the volume fraction of particles on the continuous phase (41). Boundary conditions were 

applied on the outer patches defined as inlet, outlet, and solid wall (Appendix, Table D).  Particles were defined 

as captured when they came into contact (or “stick”) with the tube’s solid wall and both “escape” and “stick” 
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boundary condition trialled at the outlet. This allowed for mass exiting and depositing in the geometry to be 

tracked and reported for easy post-simulation analysis. 

 

Results  

Overview  

Laminar and turbulent simulations were reported, where possible, given that the calculated Reynolds number was 

in the transition zone: both were attempted, however several simulations did not converge at the specified finishing 

time under a particular model (i.e. tracheostomy tube: turbulent model, pre-formed tracheal tube: turbulent model) 

(Table 1). Therefore, results are shown in full (i.e. pressure distribution and velocity, and particle deposition) only 

for those that converged (Table 1): (i.e. the tracheostomy tube–laminar model and standard tracheal tube–laminar 

and turbulent models). Only pressure distribution and velocity results were taken at time 0.15 s for all cases 

including those that did not converge to allow comparison, except for the tracheostomy tube (turbulent model) 

which did not run past 0.128 s (Table 1). Additionally, pressure and velocity results were shown at the end time 

for those cases that did converge for both the turbulent and laminar model (i.e. the standard tracheal tube only). It 

should be noted that for the cases that converged, some mass remained active at the specified finish time (0.3, 

0.32 or 0.4 s), i.e. mass remining in system (µg) (Table 1). The total mass injected (95 µg) either deposited in the 

tube (83.7 µg) or exited the tube (11.3 µg) for the tracheostomy airway only (laminar model). For all other tubes 

and models some small amount of mass remained active (Table 1). The standard tracheal tube with turbulent 

model ran until 0.32 seconds however the sum-total mass depositing in or exiting the tube was only 72 µg (with 

22.6 µg remaining active in system) and attempts to run past this time failed to converge, as did attempts to run 

the tracheostomy tube, turbulent model (37 µg remaining active in system).    

 

Table 1. Overview of simulations.  

 

 

geometry flow model

total mass 

injected (ug)

mass in system 

at end time 

(ug)

mass 

depositing 

in tube (ug)

mass 

exiting 

tube (ug)

sum total 

mass 

depositing 

or exiting 

tube (ug)

mass 

remaining 

active in 

system at 

end time 

(ug) end time 

attempted 

additional 

end time

converged at 

endtime

standard tracheal tube (A) laminar 95.0 95.0 32.5 60.1 92.6 2.4 0.32 N/A Y

turbulent 95.0 94.2 82.5 0.8 83.3 11.7 0.3 0.34 Y

preformed tracheal tube (B) laminar 95.0 94.1 26.0 68.1 94.1 0.9 0.4 N/A Y

turbulent 95.0 95.0 70.5 1.9 72.4 22.6 0.3 0.32 N

tracheosotmy tube (C) laminar 95.0 95.0 83.7 11.3 95.0 0.0 0.3 0.3 Y

turbulent 95.0 78.5 57.4 0.0 57.4 37.6 0.128 0.3 N
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Pressure distribution and velocity during spray injection 

For all tubes using the laminar model, the spray injection (jet) location (spray speed 40 m.s-1) was centered on the 

inlet, as would be the case in real life after the pMDI was joined to the artificial airway port. However, because 

of the large difference in velocity between the particle spray jet and the continuous phase flow, the spray jet 

created a low-pressure region near the inlet and flow recirculation around the spray jet (Figure 2,4). A high-

pressure region is observed where the spray jet impinges on the tube wall (Figure 2 D). The velocity of the spray 

jet decreased to ~13 m.s-1 from the initial 40 m.s-1 (Figures 2,3, C) with a laminar model, and to between 5–8 m.s-

1 with a turbulent model (Figures 4,5 C). When comparing the turbulent and laminar model for the standard 

tracheal tube (Figures 3 and 4) the velocity of the spray jet dropped from the inlet value by roughly 2 m.s-1, from 

5.6 to 3.8 m.s-1 (Figure 4, C and A), which does not happen with the laminar case which is maintained at 12 m.s-

1 (Figure 3, C and A). 

 

 

Figure 2. Velocity and pressure fields for the tracheostomy tube, laminar model, time 0.15 s. A: Velocity magnitude 

(m/s) on inlet plane, B: pressure (Pa) on inlet plane, C: velocity magnitude (m.s-1) on cutting plane (z=0), D: pressure 
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on cutting plane (z=0). Please note that A & B are taken ~ 1 mm inside the inlet, so the peak value for the inlet velocity 

(when considering the effect of the particle injection) is displayed only in C & D. 

 

 

Figure 3. Standard tracheal tube–laminar model, time 0.15 s. Velocity and Pressure at inlet: A: Velocity magnitude 

(m.s-1) on inlet plane, B: pressure (Pa) on inlet plane, C: velocity magnitude (m.s-1) on cutting plane (z=0), D: pressure 

on cutting plane (z=0). Please note that A & B are taken ~ 1 mm inside the inlet, so the peak value for the inlet velocity 

(when considering the effect of the particle injection) is displayed only in C & D. 
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Figure 4. Standard tracheal tube, turbulent model, time 0.15 s. Velocity and Pressure at inlet: A: Velocity magnitude 

(m.s-1) near inlet plane, B: pressure (Pa) on inlet plane, C: velocity magnitude (m.s-1) on cutting plane (z=0), D: 

pressure on cutting plane (z=0). Please note that A & B are taken ~ 1 mm inside the inlet, so the peak value for the 

inlet velocity (when considering the effect of the particle injection) is displayed only in C & D 
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Figure 5. Preformed tracheal tube, turbulent model, time 0.15 s. Velocity and Pressure at inlet: A: Velocity magnitude 

(m.s-1) on inlet plane, B: pressure (Pa) on inlet plane, C: velocity magnitude (m.s-1) on cutting plane (z=0), D: pressure 

on cutting plane (z=0). Please note that A & B are taken ~ 1 mm inside the inlet, so the peak value for the inlet velocity 

(when considering the effect of the particle injection) is displayed only in C & D. 
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Particle deposition 

The goal of the analysis of particle deposition was threefold: 1) to identify the temporal and spatial deposition 

patterns (Figures, 6–10), 2) to identify differences between the turbulence and laminar models (Figure 11) and 3) 

to identify differences between the particle deposition in the experimental versus in silico studies (Table 2). 

Results are shown for particle deposition only for those that simulations that converged (Table 1): (i.e. the 

tracheostomy tube–laminar model and standard tracheal tube–laminar and turbulent models). Particle deposition 

is reported for those particles that deposited in the tube in Figures 8, 9 and 10. Particles that exited the tube are 

reported in Table 1 (full results) and Table 2 (with relevance to the laboratory experimental results). Particle mass 

deposition in space (in the tube) between the inlet and outlet is shown in Figure 6, and particle number deposition 

over time is shown in Figure 7.  

Particle deposition on the tube wall reached a peak closer to the inlet (normalised tube length 0–0.15) (Figure 6, 

B) with the turbulent model than with the laminar model.  
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Figure 6. Particle mass (ng) deposition in each tube, normalised by tube length, where the value of 0 is the inlet and 1 

is the outlet. A = laminar model, B = turbulent model. Note: the uptick (281 ng increase) for panel A; tracheostomy 

tube laminar (black dotted line), is present but not visible in the corresponding cumulative graph (solid black line). 
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Figure 7. Cumulative particle number deposition in tube, over time. Straight line=laminar model, dotted 

line=turbulent model. Injection time is from 0–0.156 s.  

Particle deposition increased steadily until the injection ceased at 0.156 s for the tracheostomy tube (laminar and 

turbulent models) and the standard and pre-formed tracheal tubes (turbulent model only). For the turbulent model 

deposition increased again after approximately 0.3 s, which corresponded to rapid increase in continuous phase 

velocity from 3.3 to 6.1 m.s-1  (during time 0.285–0.35 s, Appendix Table A) and resulted in less mass exiting the 

tube (Table 1).   

For the tracheostomy tube–laminar model–mostly all particles of 0.1–1 µm in size exit the airway (Figure 8, G) 

and particles above 11 µm all deposit in the airway (Figure 8, J, K, L). Increased deposition was seen due to 

gravity (-9.81 m.s-1 Z direction) with particles sized 2–6 µm (Figure 8, H, I) but not larger particles 15–20 µm 

(Figure 8, J, K). The high-pressure region observed where the spray jet impinges on the tube wall (Figure 2 D) 

coincided with larger particle deposition, particularly with the tracheostomy tube (Figure 8, K&L) 
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Figure 8. Tracheostomy tube, particle deposition laminar model. A–F, particle deposition at times 0.002, 0.01, 0.02, 

0.04, 0.1 and 0.15 (i.e. during spray injection) and G–L, breakdown of particles by particle size ranges, at end-time 

(0.3 s): G: particles sized 0.1–1 µm, H: 2–3 µm, I: 4–6 µm, J: 11–14 µm, K&L: 15–20 µm. Please note that gravity is -

9.81 m.s-2 in the Z direction to mimic the laboratory situation. Diameter scale for all figures is in m. 

For the standard tracheal tube–laminar model–particle deposition due to spray-injection proximity to the tube 

walls comprised of mostly larger particles during 0.002–0.02 s (Figure 9, A–C), with some smaller particles 
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deposited between 0.04 and 0.15 timepoints (Figure 9, D–F). Almost no particles of size 0.1–1 µm are present 

(Figure 9 G) and all particles above 11 µm deposit in the airway (Figure 9, J, K). Most particles that remained 

active at the end time (Figure 9 L) are between 3–7 µm diameter.  

 

Figure 9. Standard tracheal tube, particle deposition, laminar model. A–F, particle deposition at times 0.002, 0.01, 

0.02, 0.04, 0.1 and 0.15 (i.e. during spray injection) and G–L, breakdown of particles by particle size ranges, at end-
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time (0.32 s): G: particles sized 0.1–1 µm, H: 2–3 µm, I: 4–6 µm, J: 11–14 µm, K: 15–20 µm, L: active particles at end 

time. Diameter scale for all figures is in m.  

For the standard tracheal tube–turbulent model–particles above 11 µm in size deposit in the recirculation region 

created by the spray injection (Figure 10, D) and particles 2–6µm in size deposit preferentially in the negative 

pressure region (Figure 4, D, Figure 10, B–F), close to the inlet. Most of the particle deposition is restricted to the 

first third of the tube geometry (0–0.3 normalised tube length), close to the injection location at the inlet (Figure 

6, A). Particle sizes 0.1–1 µm and 2–3 µm, 4–6 µm, 11–14 µm, 15–20 µm and active particles at end time are 

displayed in Figure 10 (G–L), where almost no particles of size 0.1–1 µm remain active. Only smaller particles 

are deposited immediately close to the inlet region (by backflow) and larger particle (15–20 µm) deposition begins 

a short distance from the inlet, likely due to impaction from the injection spray (Figure 10 C–F). 
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Figure 10. Standard tracheal tube, particle deposition, turbulent model. A–F, particle deposition at times 0.002, 0.01, 

0.02, 0.04, 0.1 and 0.15 (i.e. during spray injection) and G–L, breakdown of particles by particle size ranges, at end-

time (0.32 s): G: particles sized 0.1–1 µm, H: 2–3 µm, I: 4–6 µm, , J: 11–14 µm, K: 15–20 µm, L:  active particles at 

end time. Diameter scale for all figures is in m.  

Laminar and turbulent model comparison–standard tracheal tube only 
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The peak velocity at the simulation final timestep was higher with the laminar model than with the turbulent model 

(Figure 11, C, D) which allowed particles to move further through the flow domain for the laminar model during 

the same time-period (Figure 11 A vs B).  

 

Figure 11. Comparison between laminar and turbulent models for the standard tracheal tube. A: laminar model, 

active particles at end-time (0.32 s), B: turbulent model, active particles at end-time (0.32 s), C: laminar model, velocity 

at end-time (0.32 s), turbulent model, velocity at end-time (0.32 s). Diameter scale is in m.  

 

Table 2. Salbutamol mass exiting each tube: In silico and laboratory experimental comparison. Injected mass total is 

95 µg salbutamol, from one actuation of a pMDI (Ventolin™). Mean from laboratory result is from three repeat 

measurements or as cited. In silico estimates are also shown as percent of total mass (95 µg). Underlined values indicate 

the model that most closely represented the laboratory result for that geometry. *Reported from (1). aThe sum total 
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mass exiting or depositing in the tube was 93 µg for this simulation (~2 µg active) , bThe sum total mass exiting or 

depositing in the tube was 83 µg for this simulation (~12 µg active), cThe sum total mass exiting or depositing in the 

tube was 94 µg for this simulation (~1 µg active), dThe sum total mass exiting or depositing in the tube was 72 µg for 

this simulation (~23 µg active), eThe sum total mass exiting or depositing in the tube was 95 µg for this simulation 

(Table 1). Results are 0 for the tracheostomy tube with the turbulent model since no mass exited the airway during 

this time.   

Tube type In silico estimated mass exiting each tube with different 

models 

Laboratory measured mean 

mass exiting the tube, n=3 or 

reported* 

Laminar (µg (% of total 

mass injected)) 

Turbulent (µg (% of total 

mass injected)) 

% of total  

A (standard tracheal 

tube)  

60 (60%)a 0.78 (1%)b 10 %* 

B (pre-formed tracheal 

tube)  

68 (%)c 1.86 (2%)d 4.7 % 

C  

(tracheostomy tube)  

11.3 (11%)e 0 13.6 % * 

 

Discussion 

Medicinal aerosol delivery via artificial airways requires off-label use of approved inhaled medicines and is 

therefore an understudied area. This work attempts to progress a model of medicinal (salbutamol) aerosol delivery 

via pressurised metered dose inhaler through three commonly used artificial airways that are used during surgery 

in children. For the simulations that converged, and where close-to-full mass was recovered (approximately 95 

µg), it was identified that: 1) a laminar model best represented the experimental drug delivery data for a 

tracheostomy tube, 2) a turbulent model better represented the preformed tracheal tube, and 3) neither a laminar 

or turbulent model was representative of the standard tracheal tube. It was expected that two different models 

would be required, as the flow Reynolds number was originally calculated to be in the transition zone.  

There were clear differences between turbulent and laminar models for the cases that ran to completion. When 

using turbulent models, a greater number of particles deposited earlier in both time and space, compared to the 

laminar model. However, for the particles that remained in the system, with both laminar and turbulent models 

there was an increase in deposition between the 0.28–0.32 time point, which corresponded to rapid increase in 

velocity from 3.3 (at 0.285 s) to 6.1 m.s-1 (at 0.35 s). Turbulent modelling approaches also resulted in smaller 

particles depositing later (in time), generally not moving as far (in space), and a backflow of smaller particles 

depositing near the inlet boundary. Particle deposition was spread more evenly over time and throughout the 

(spatial) length of the artificial airway with a laminar model. Particles decelerate quickly after the injection due to 
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viscous effects (i.e. drag) in the continuous phase (i.e. air), and the motion of the particles then becomes dominated 

by the entrainment from the flow of the continuous phase. By using the RAS k–ε turbulence model, the velocity 

of the spray injection also appears to drop more rapidly, in comparison to the laminar case.  

Low pressures (relative to atmospheric pressure set at the outlet) were observed around the spray region with both 

the tracheostomy tube and standard tracheal tubes, where the particles are injected at high velocity (40 m.s-1). 

Flow recirculation was also observed around the spray region, resulting in smaller particles depositing close to 

the inlet boundary. Deposition of particles near the inlet is consistent with experimentally reported “losses to 

actuator”, the small amount of drug (~5 µg) commonly found in mouth pieces after injection (42). Since the 

injection region (injection speed 40 m.s-1) was placed on the inlet (required to accurately model the real-life 

setting) backflow toward the inlet was not unexpected. 

A key aspect of this simulation was the time delay required to accurately model the real life setting – the particle 

injection begun at time 0 and went until 0.156 seconds, correspondingly, the velocity of air at this time is only at 

0.3 m.s-1. Having a high-speed jet entering the air at rest created a back flow toward the inlet, which is suspected 

to have led to small calculation errors accumulating over time and in some cases not running to completion.   

Comparison with experimental results 

For the first two geometries (i.e. the standard tracheal tube and the preformed tracheal tube), using a laminar 

model greatly overestimated particle deposition and a turbulent model underestimated deposition. Largely, the 

discrepancy between experimental and computational result could be due to inability to sufficiently model 

turbulence, which could be improved with a better-quality mesh. It has been previously shown that hexahedral 

and tetrahedral meshes can be used to model aerosol deposition with similar accuracy, however a more detailed 

investigation into mesh type and how the cells near the surface effect turbulence properties could determine the 

best quality mesh to use (43). 

Limitations and Future Directions 

Modelling of turbulence 

Here, an eddy-interaction model (EIM) – the standard k–ε was used to simulate the continuous flow which affects 

the motion of the particles and their trajectories – the only option built in with the MPPICFoam solver – the 

standard model based on Launder and Spalding and with a rapid distortion compression term by El Hanry (44, 

45). Previously the standard k–ε model has come under criticism for being inaccurate for prediction of re-

circulating flows and complex shear layers, such as in flows subjected to curvature, like seem with the preformed 

tracheal tube (geometry B) particularly (44, 46,47,48). It has previously been shown that EIM k–ε models can over 

predict particle deposition by 200% (compared to experimental values) in simulated mouth-throat models, which 

may be attributed to the model’s dissipative nature (49, 50, 51). Whilst the geometries modelled here were simple, 
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the calculated Reynolds number indicated transitional flow, and all geometries were curved, so a similar principle 

would apply, especially considering the ~30-fold increase in deposition seen between laminar and turbulent 

models of the same geometry here (i.e. both the standard and pre-formed tracheal tubes). The effect of turbulence 

modelling was likely to be less pronounced with the tracheostomy geometry due to particles depositing in the tube 

earlier (in time) compared to the other two geometries, which was due to the injection location being closer to a 

wall. The standard k-ε models have previously failed in capturing the laminar-transitional-turbulent airflows when 

compared with the present LRN k-ω model (51). Alternatively, numerous model validations demonstrated that 

the low-Reynolds-number k-ω model, plus near-wall correction EIM, produce good accuracies when simulating 

micron-particle deposition in human upper airways, and is more computationally efficient (52, 53, 54). The LRN 

k-ω model with near wall corrections has been shown to predict within 10% of experimental data in other complex 

(polydisperse) pharmaceutical aerosols in airflow models of the mouth and throat (55). The LRN k-ω model has 

also demonstrated good agreement with experimental data in 90ºbends and has good agreement with historical 

data (55, 56). It is indicated that Large Eddy Simulations (LES) may predict particle deposition better when 

compared with standard k-ε and standard k-ω models or the shear-stress-transport model (50). LES can directly 

predict the instantaneous fluctuating velocity to calculate the particle trajectories and is a better choice than the 

RANS plus EIM modelling.  

Accounting for particle-particle collision  

Although this study was only designed to look at similarities between experimental and in silico models, the 

particle deposition patterns indicate that adhesive forces would occur due to particle-particle contact . High particle 

load is present during the injection spray, or as part of either thermodynamic or hydrodynamic cloud phenomenon 

(50,58) which will alter the particle size distribution. The collision exchange model used by the OpenFOAM 

(version 8) solver (MPPICFoam), is a transient solver for the coupled transport of a single kinematic particle cloud 

including the effect of the volume fraction on the continuous phase (41). The collision model is based on the work 

of O’Rourke (2009) and multi-phase particle in cell (MPPIC) modelling is used to represent collisions without 

resolving particle-particle interactions (4158). Whilst particle-particle interactions may only present to a small 

degree, adhesive properties of the particles and the flow rate have an enormous impact on the dynamics of the 

entire system, and more complex models or complete resolution should be considered in future models (59). 

Particle-particle interactions can be resolved with a discrete element method, however it is more computationally 

intense to directly solve collision calculations with high particle load (59, 60,61). Combined continuum-based and 

discrete-element-based models (termed CFD-DEM models) are increasingly being used to consider multiphase 

flows and solve particle-particle interactions (61,62). Further, when aerosol particles contact one another, they 

form agglomerates (63) and whilst agglomeration (and resultant altered particle size distribution) is difficult to 

calculate for poly-disperse aerosols, any particle-particle interaction resulting in agglomeration would mean that 

more larger particles were present and therefore the particle distribution would be skewed towards a larger 
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MMAD. The effect of agglomeration and increased particle size distribution has been seen previously with inhaled 

corticosteroids produced by pMDI where the measured fraction of particles less than 5µm (MMAD) was reduced 

with a larger dose per actuation (250 µg) compared to the smaller dose (125 µg) of the same aerosol drug 

formulation (64). If particle-particle interaction could be captured accurately the current model can be used to 

simulate particle flows with higher concentrations such as are found with the use of pMDI aerosol generators in 

confined geometries like artificial airways.  

Conclusion 

The work described here adds progress towards a multiphase model to assess high particle-load in air under 

transitional flow conditions such as is present during an inhalation when administering a dose of aerosolised 

medication by a pressurised metered dose inhaler through an artificial airway. Having identified key limitations 

of the model, such as use of a k–ε model for turbulence, future models using LRN k-ω model with near wall 

corrections should be applied. Considerations should also be made for particle-particle interactions, such as the 

use of combined CFD-DEM models. Future models can be used to supplement experimental aerosol studies 

providing data unobtainable experimentally, such as accurate particle size data exiting the artificial airway, which 

would be indicative of the expected therapeutic effect delivered to the child and could potentially replace difficult 

experimental studies.  
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APPENDIX  

 

 

 

Figure A. pMDI = pressurised metered dose inhaler. The pMDI is actuated into a flow generated by the flow volume simulator 

programmed with a paediatric sinewave. Drug gets trapped on the collection filter which can then be rinsed and assayed to quantify 

drug. 
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Figure B. High speed camera image taken to determine aerosol velocity when the salbutamol (Ventolin) inhaler was actuated, a 

high-speed camera. The velocity determined from the image was used to optimise injection spray velocity and verify computational 

results.  
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Table A. Inlet velocity Each time step shows a ramped increase in the velocity up to 0.8 second, the peak of the inhalation.  

 

Time Velocity (x) 

0 0  

0.05 0.1  

0.1 0.2  

0.15 0.3 

0.2 0.4  

0.21 0.4 

0.225 1.0 

0.235 1.2 

0.245 1.5 

0.25 1.7  

0.265 2.2 

0.275 2.7 

0.285 3.3 

0.295 4.3 

0.3 5.3  

0.35 6.1  

0.4 6.8  

0.45 7.6  

0.5 7.7  

0.55 8.1  

0.6 8.5  

0.65 8.5  

0.7 8.6  

0.75 8.9  

0.8 9  
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Table B. Ventilation guidelines for children at Perth Childrens Hospital.  

 

 

 

 

 

 

Table C. Number of cells in each geometry.  

Geometry Internal diameter  Number of cells 

Pre-formed tracheal 

tube 

5 mm 1064391 

Standard Tracheal tube 5 mm  1093897 

Tracheostomy tube 5 mm 109861 
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Table D. Boundary conditions  

 inlet outlet solid wall (tube) 

Velocity uniform Value Table (see 

appendix Table B) 

Zero gradient Fixed value (0 0 0)  

pressure Zero Gradient Fixed value uniform 0 Zero gradient 

Wall condition escape Escape or stick  stick 

  

 

 

 

Table E. Conditions in air (kinematic viscosity, 1.5e-05 m2.s-1) for k and epsilon with varying turbulence values as 

calculated from https://www.cfd-online.com/Tools/turbulence.php using option: Turbulence intensity from 

turbulence kinetic energy (k) and freestream velocity U infinity.  

Freestream 

Velocity (m.s-1) 

Turbulence 

intensity (%) 

Length scale 

(m) 

Turbulent 

kinetic energy 

value 

(m2.s2)-1 

Turbulence 

dissipation 

(epsilon) value 

(m2.s3)-1 

6.25 1 0.00019 0.006 0.212 

6.25 2 0.00019 0.023 1.69 

12.5 1 0.00019 0.023 1.69 

12.5 2 0.00019 0.09 13.6 

 

 

 

 

 

 

 

https://www.cfd-online.com/Tools/turbulence.php
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Chapter 6: A rapid semi-quantitative screening method to assess chemicals 

present in heated e-liquids and e-cigarette aerosols  
 

Plain language introductory statement to Chapter 6.  

Electronic cigarettes are an unapproved therapeutic good worldwide, and as such rigorous safety and efficacy 

testing has not been conducted to ensure that the product does not pose a threat to human health. Therefore, 

Chapter 6 sought to test the chemical composition of various e-liquids that are heated by the e-cigarette device to 

produce an aerosol. The complex aerosol mixture produced by the electronic cigarette presents difficulties to 

measure and thus to determine any health effects in humans and a simplified testing method is suggested here 

which can reduce testing time and difficulties obtaining enough sample to measure. The results from this work 

were used to advise regulators and consequently, a modest list of certain ingredients were banned in Australia by 

the TGA in October 2021. 
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Chapter 7: General discussion: Limitations and future directions 
 

The overarching vision for the work presented in this thesis was to use laboratory experimentation (Chapter 3,4,6) 

supplemented with an in silico study (Chapter 5), to assess the safety and/or efficacy of various off-label uses of 

inhaled medicines to help inform clinical outcomes and practice. Off-label use is particularly notable in susceptible 

populations such as patients with artificial airways and young children, where much of this thesis was focused 

(Fink, 2012). The other focus of this thesis, and of considerable public health concern, was the inhaled aerosol 

produced by the unapproved therapeutic the e-cigarette – used unapproved for the purpose of smoking cessation. 

While part of the original plan for this thesis was to further assess the safety of the unapproved e-cigarette aerosol 

with computational studies after preliminary experimental assessment, the regulatory environment in this area has 

evolved rapidly in Australia over the last few years, making such a study less of a priority. For example, 

government consultation processes informed by scientists (including our research team) and peak bodies, fueled 

by concerns for e-cigarette use in young people, led to a ban of several e-liquid ingredients in 2021 and a complete 

ban on importations for non-prescription use in 2023 (Australian Government, 2023). However, the use of 

computer modelling and simulation to assess inhaled drugs during device design and pre-clinical (pre-market) 

testing is of increasing relevance and may indeed form part of the pre-market testing process itself, since it can 

potentially replace in vivo radiolabeled deposition studies. 

Chapter Two review and summary 

Since best practice must be employed when using medications in an off-label manner, the educational review 

article published in Pediatric Anesthesia (Chapter 2) (Anderson et al., 2022) reviewed and summarized current 

best practice for relieving bronchospasm caused by acute asthma exacerbation for both awake and anesthetized 

and/or ventilated (intubated) children. Although limited evidence was available, best practice was determined to 

be with the short-acting beta agonist salbutamol (an example of a solid particle aerosol), delivered by a pMDI and 

spacer, assuming patient (child) compliance with treatment if awake. Nebulized aerosol delivery via a facemask 

occurred in the awake setting but was not common practice in the anesthetized and/or ventilated setting. Nebulised 

delivery involved a longer treatment time compared to pMDI and spacer but offered the benefit of a continuous 

delivery of multiple medications. There was little evidence to suggest that nebulised therapy to treat bronchospasm 

was useful for anesthetized and/or ventilated children. There were a variety of methods used commonly to deliver 

aerosol produced by a pMDI to anesthetized children and it was unclear which methods would be most effective, 

and spacer methods were used infrequently, warranting further investigation.  

Regardless that the best aerosol generation device was with a pMDI and spacer, it was clear from this educational 

review that both liquid and solid particle inhaled medication delivery systems have benefits in a pediatric 

emergency setting. Having the ability to choose the patient interface in an awake and upright-seated setting give 

the option to choose from both solid and liquid aerosol delivery, which given a distressed child, is advantageous. 
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Closing the gap between aerosol delivery science and clinical practice is essential to minimize morbidity and 

mortality by facilitating a safe recovery and identify potential areas for technological or clinical improvements.  

Chapter Three review and summary 

Since there was a lack of data available to inform aerosolised pMDI salbutamol delivery to anesthetized 

spontaneously breathing children, the Chapter 3 study published in Pediatric Anesthesia in 2020 (Anderson et al., 

2020) was designed to gather experimental laboratory data comparing the effectiveness of simulated pMDI 

salbutamol delivery. This was done for different types of artificial airways within certain patient (child and adult) 

sizes, when using a variety of commonly used delivery methods (ways to attach the pMDI to the artificial airway 

device). The measured outcome was mass of salbutamol dose exiting the artificial airway. Results demonstrated 

several key things: 1) that commonly used methods for delivering aerosolised salbutamol in anaesthetic settings 

do not deliver the manufacturer-intended salbutamol (100 µg) dose per actuation (or “puff"), 2) some methods do 

not allow the pMDI device to function as intended and should be discontinued (i.e. taking a pMDI canister out of 

the mouth piece and placing it in a syringe to actuate the dose delivery) and 3) some methods (like spacer methods) 

are more effective for drug delivery than others. Those methods identified as most effective delivered at least the 

same dose that an awake child would receive, and all child sizes/ages would receive an equivalent dose, when 

considering µg or mg.kg-1 dose received. This study summarised that when aerosolised delivery is via standard 

tracheal tubes and supraglottic airway devices, the best method to deliver aerosol is by using a valved or non-

valved spacer which will maximise delivered dose and respirable fraction of the inhaled dose. If a spacer device 

is not available (e.g. in lower income settings) the direct method of administration – attaching a pMDI with 

mouthpiece directly to the artificial airway port – could be employed with similar effectiveness to a spacer method, 

but slightly reduced respirable fraction. For a tracheostomy airway, the direct method is as effective as using a 

spacer.  

This chapter provided experimental results of mass exiting the artificial airways under a variety of delivery 

methods and matched experimental in vivo data where it was available. Further, this work highlighted that the 

manufacturer intended dose per actuation (or puff) was not delivered to the child with any airway type or method 

and thus could be improved. Results from this study can be used to inform clinical best practice and future 

guidelines for aerosol delivery to anesthetized children breathing spontaneously using an artificial airway.   

Chapter Four review and summary 

To improve the empirical evidence-base with which to develop aerosol delivery guidelines for children using 

artificial airways, the original study in Chapter 4 assessed the delivered dose of the inhaled (nebulised) antibiotic 

tobramycin (a liquid aerosol) from two starting doses, to simulated spontaneously breathing children using a 

tracheostomy airway, via two types of nebulisers. Although a similar quantitative study has been conducted in 

mechanically ventilated adults (Dhanani et al., 2018), to the best of the authors knowledge tobramycin aerosol 
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delivery had not been investigated quantitatively in a delivery setting to children (either intubated and 

spontaneously breathing or mechanically ventilated). In this study, when tobramycin aerosol was delivered to 

simulated children, 15% (or less) of the nominal dose exited the tracheostomy tube with either a jet or a vibrating 

mesh nebuliser. Depending on the airway size (3, 4 or 5 mm), with a jet nebuliser, only ~3–15% of the nominal 

dose was delivered with either a low (80 mg) or high (300 mg) starting dose. With a vibrating mesh nebuliser, 

~1–15% was delivered. Such a low delivery of drug has important ramifications, particularly as an antibiotic, and 

emphasises the need for delivery optimisation. We found that the ventilation parameter of breath volume had a 

greater effect on the aerosol delivery than the size of the airway – there was less aerosol delivery through the 3 

mm airway (18 mL breath) than either 4 or 5 mm airway (96 mL breaths). This study also found that due to the 

proximity of the nebuliser to the tracheostomy tube, aerosolization was not the primary mode of delivery and 

build-up of the aerosol in the tracheostomy tube caused a liquid film on the surface of the tracheostomy tube, 

which then coagulated to form larger droplets which formed a partial mechanism of delivery.  

It was identified that: 1) aerosolised delivery was between 1–3% of the nominal dose when delivered via a 3 mm 

ID, and between 10–15% when delivered by either a 4 or 5 mm ID tube, and therefore breath volume rather than 

tube size influenced drug delivery, a finding consistent with previous studies in adults (Dhanani et al., 2018), 2) 

when the nebuliser is placed at close proximity to the tracheostomy airway, the primary mechanism of inhaled 

delivery is not solely aerosolization, but may be primarily delivery via large droplets. Therefore, to improve 

clinical practice and likelihood of a respirable fraction of aerosol reaching the patient (and decrease surface film 

build up in the tracheostomy tube) increasing the distance between the nebuliser and the tracheostomy tube should 

be investigated in future studies.  

In summary, inhaled antibiotic delivery via nebuliser should be improved. Future studies should be conducted in 

accordance with US Pharmacopeia (Pharmacopeia, 2015), or relevant ISO standards (International Organisation 

for Standardisation, 2023) to assess particle size and characteristics of the exiting drug and completed under 

realistic (i.e. gravitationally correct) conditions to ensure secondary droplet/condesate phenomena is captured, and 

therefore both filter dose and lung dose estimate is accureate. Special consideration should be made when choosing 

measurement equipment to ensure that a potentially high particle load of aerosol can be assessed (i.e. high 

concentration of particles per cubic centimetre), along with properties such as surface tension, viscosity of the 

drug formulation, and if possible, hygroscopic effects once inhaled. Computational fluid dynamics studies should 

be employed in combination with experimental studies to explain physical phenomena contributing to poor 

delivery and optimise future delivery.  
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Chapter Five review and summary 

To improve aerosol delivery – which was demonstrated to be poor for both solid and liquid aerosols in Chapter 3 

and 4, Chapter 5, sought to replicate the experimental set-up of Chapter 3 in silico, using computational fluid 

dynamics studies. In silico studies allowed a comprehensive and detailed analysis of the physical conditions under 

which the aerosol was delivered and could elucidate areas for improvement. Chapter 5 investigated aerosol 

delivery via three common types of artificial airways used to intubate children during surgery and investigated 

aerosol generation via pressurised metered dose inhaler for the solid particle aerosol, salbutamol used to treat 

perioperative bronchospasm. The simulations were conducted to replicate (as best as possible) the real life 

scenario. The computational results were then compared to earlier obtained experimental data from Chapter 3. 

While the comparison with experimental results was not in complete agreement, it was possible to obtain several 

key findings from the study and make suggestions for model improvements. A key finding was that the high speed 

jet of the particle injection entering the air at rest (during actuation of the pMDI) created a low pressure (relative 

to atmospheric pressure set at the outlet) region near the inlet (or the artificial airway port). This occurred with 

both the tracheostomy tube and the standard tracheal tube but not the preformed tracheal tube which was due to 

differences in the tube lengths (i.e. the shorter tubes (tracheostomy and standard tracheal tube) created greater 

negative pressure). This also resulted in smaller particles depositing close to the inlet boundary, which is consistent 

with the loss of a small component of the dose into the actuator mouthpiece – usually referred to as “losses to 

actuator” in laboratory experimental studies. It was found that the eddy-interaction model (EIM) – k–ε, which 

came built-in with the open-source solver used, was not able to sufficiently resolve turbulence. The deposition 

when turbulence modelling was turned on was greater compared to the laminar models, with up to 98% deposition 

in one geometry, whereas the maximum mass deposited with any laminar case was 40%. Over-prediction of 

particle deposition has been seen previously with EIM k–ε modelling, with an up to 200% increase compared to 

experimental values, which was attributed to the model’s dissipative nature. Alternatively, numerous model 

validations demonstrated that the low-Reynolds-number k-ω model, plus near-wall correction EIM, produce good 

accuracies (within 10% of experimental values) when simulating micron-particle deposition in human upper 

airways, and are still computationally efficient.   

In summary, Chapter 5 made progress towards a multiphase model to assess high particle-load in air under 

transitional flow conditions such as is present during an inhalation when administering a dose of aerosolised 

medication, by a pressurised metered dose inhaler, through an artificial airway. Key model improvements were 

identified to include: 1) use of the low-Reynolds-number k-ω model, plus near-wall correction EIM to resolve 

turbulence, 2) use of a collision exchange model that can resolve collision with walls and particles. If 

computational resources are available, a combined continuum-based and discrete-element-based model (termed 

CFD-DEM) could be used to solve particle-particle interactions.  
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Chapter Six 

Since electronic cigarettes are used as an unapproved therapeutic good, and therefore their safety and efficacy is 

undetermined, Chapter 6 sought to determine the presence of a range of chemicals in the liquid (e-liquid) used in 

e-cigarettes. The intention was to use these chemical data to inform future computational models of aerosol 

delivery, and be combined with toxicological computational models, to inform the absorption, distribution, 

metabolism, excretion, and toxicity of the electronic cigarette aerosol. Since current methods to sample and test 

e-cigarette aerosols were known to be inefficient, this Chapter sought to develop a novel method to produce e-

cigarette aerosol and heated e-liquid, on a decreased timeframe in addition to quantitatively testing for chemicals. 

To develop the method, the regular method of generating e-cigarette aerosol in the laboratory was used and 

compared to the novel method, for both heated e-liquid samples and their unheated counterpart for several 

different flavours of e-liquid. Results showed that in ~70% of the e-liquids tested, the heating methods 

demonstrated a similar trend, i.e. increase, or decrease of chemical concentration. However, aerosol loss was 

visible with both the regular method (due to liquid rainout in the experimental setup) and the novel method (due 

to vapour loss) and determined to account for some of the 30 % discrepancy. As such, minor modifications to both 

laboratory set-ups were proposed, such as using wider bore tubing to reduce liquid capture (rainout) in the tube in 

the regular set up and putting a lid on the beaker in the novel set up to reduce vapour loss. Further suggestions 

were made to the testing set-up design: 1) to improve the range of chemicals for detection (e.g. synthetic analogues 

of menthol) 2) to consider solubility of the chemical in the parent compound, and 3) to measure the wetted wick 

temperature of the coil. A key finding of this study was also the identification of two flavour chemicals that should 

not be inhaled in large or small quantities: furfural and benzaldehyde, the latter which is now a banned ingredient 

as per the Therapeutic Goods Order 110.  

This study, published in Aerosol Research in 2023 (Anderson et al., 2023), provided a quick and simple testing 

method for both producing e-cigarette aerosol and for measuring semi-quantitatively the chemical constituents of 

the aerosol produced. This method could form the basis of a rapid method that could be used in a regulatory 

setting. By using this method with a larger repertoire of chemicals, chemicals which are known to be dangerous 

to health can be identified and used in computational modelling and simulation to determine health effects.   

Future Directions  

All the chapters of this Thesis have involved the testing of various devices and therapeutics that are used to deliver 

inhaled substances in an off-label or unapproved manner, with the goal of improving the evidence base for clinical 

practice, improving guidelines or regulatory guidance, or improving industry or regulatory standards. 

Experimental (laboratory) testing was largely used to provide real-life evidence of efficacy or safety of the 

therapeutic set up. However, there are limitations to experimentally obtained data, and therefore computer 

modelling and simulation, such as was used here in Chapter five, is increasingly being used to test the safety, 

quality, and the effectiveness of medical products. Computer modelling and simulation using computational fluid-
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particle (CFPD) dynamics has the potential to model the aerosol-flow system under study with “perfect” accuracy, 

if: 1) the boundary conditions are understood entirely, and 2) all particles/fluids are fully resolved (e.g. with direct 

numerical simulation). CFPD models have advanced rapidly over the last 20 years for assessment of medical 

aerosols and lung inhalation, culminating in an international best practice advice case for static lungs (Koullapis 

et al., 2018). However, the best practice advice case is only relevant for solid particle aerosol modelling 

(Poorbahrami et al., 2021) in static adult lungs and assessment of liquid medical aerosol particles has been used 

in fewer applications and mainly outside the therapeutics field (Abishek et al., 2019, Mead-Hunter et al., 2013, 

Mead-Hunter et al., 2017). This is because there are difficulties inherent with liquid modelling due to differences 

in their physical behaviors compared to solid particle aerosols, such as evaporation and condensation which 

require gas-liquid phase change dynamics to be considered (Sperry et al., 2023). Furthermore, a best practice 

advice case relevant to inhaled medication deposition in child lungs has not yet been developed. Significant 

progress, however, has been made in pediatric CFPD models in the last five years (Poorbahrami et al., 2021). Due 

to the relatively new use of these models in the pharmaceutical industry, guidelines require further development 

to support these types of technologies and methods in regulatory applications. Examples of guidelines for use of 

computer modelling and simulation in drug development include the Avicenna Strategy for in silico trials 

(Viceconti et al., 2021)  and the American Society for Mechanical Engineers guide for validation of medical 

devices (The American Society of Mechanical Engineers, 2018), however specific regulatory guideline 

development (e.g. CFPD use for study of inhaled medicines) is yet to be established. As such, the use of CFPD 

models is currently considered able to reduce, but not eliminate, the need for extensive experimental studies, or 

alternatively, it may supplement other data types. Better technologies and methods are particularly relevant for 

susceptible populations such as children or patients with artificial airways, and progress with computational model 

development is essential to build credibility (Poorbahrami et al., 2021).  

The goal of any model is that it explains as simply and accurately as possible a complex physical phenomenon, 

and that simplicity is only sacrificed for the benefit of accuracy. Despite explaining complex phenomena more 

simply than they occur in “real-life”, current CFPD models are still extremely complex, computationally-resource 

intensive and can only be used by people with a comprehensive understanding of the software, physics and the 

phenomena involved or within a multidisciplinary team. Due to the intense computational resource requirement, 

models of the whole lung are usually processed in sections. For example, the upper airway is processed first, and 

results used for input to the lower airway. Additionally, the lower airways do not usually progress beyond the 8th 

generation and most models only compute the inhalation and not exhalation, unless combined with lower 

dimensional MPPD models (Kuprat et al., 2023). The most significant progress to date, has been a lung model 

which includes both upper airway, and lower airway down to terminal bronchiole (Khoa et al., 2023). To further 

progress of the model described in Chapter 5, the artificial airway geometry could be joined to a model of a child’s 

lung. 
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7.1.2 Human lung models in health and disease 

Since the commencement of this work, and the publication of the ERCOFTAC case (in 2019), more complex 

models of the lung have been created and aerosol lung deposition simulated down to the terminal bronchioles 

(Khoa et al., 2023). Additionally, the model provided by the Environmental Protection Agency in 2023 (United 

States Environmental Protection Agency, 2023) – which is able to be generated simply with access to an internet 

browser with a high speed internet connection – has considerably reduced the time and skill required to generate 

these models compared to just a few years ago. However, models are still static and the ability to simulate 

movement and the extracellular matrix, both which change in disease, is an important component of any lung 

model that is still under development (Iravani et al., 2020, Mead-Hunter et al., 2013). Movement of the lung 

should be considered in both health and disease particularly since ventilation is impaired in certain disease 

conditions and aerosol will resultantly flow to certain areas of the lung (Tiddens et al., 2014). There has been 

some progress in assessment of imaging data from patients with disease conditions and simulation with CFD and 

these new approaches may help improve aerosol lung deposition in patients with disease conditions that impair 

ventilation (Oakes et al., 2018). 

7.1.3 The future of aerosol delivery: new aerosol generation and delivery technologies and environmental 

impact of inhaled medicines 

Nebulization was the first method to produce medicinal aerosol over 60 years ago as historically drugs were easier 

to formulate as liquids. However, as chemical engineering and drug formulation technologies and methods 

improve (like excipient enhanced growth or spray-drying), more drugs can be formulated as solid-particles. Solid 

particles are typically more desirable than liquid aerosols – they are less hygroscopic and can therefore penetrate 

further into the humidified lung environment, simultaneously making them more respirable. Additionally, 

nebulised drug delivery takes longer than either dry powder inhaler (DPIs) or pressurised metered dose inhaler 

(pMDI) delivery (minutes as opposed to seconds), and the pMDI remains the most attractive and “easy to use” 

delivery device compared to DPIs, for all patient ages. However, problems that previously existed with DPIs are 

increasingly being resolved, such as de-aggregation and a strong inhalation force being required to activate the 

device, making them as attractive as pMDIs. Additionally, as pharmaceutical companies work towards changing 

inhaler devices in alignment with the Kigali amendment (2017) to the Montreal protocol (1987) inhaled drug 

formulations containing propellants (e.g. pMDIs) will change to use lower global warming potential propellants 

or reformulate to DPIs (that have lower global warming potential compared to DPIs) (Montgomery & Blakey, 

2022, Pritchard, 2020, United Nations, 2016). To increase use of these new technologies, barriers must be 

overcome, such as that in Australia DPIs are only allowed to be prescribed under the benefits scheme by a general 

practitioner if a patient cannot use a pMDI (Montgomery & Blakey, 2022). Regardless of barriers, it seems likely 

that modelling of solid particle aerosols may be increasingly important.  
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7.1.4 Computational safety assessment of electronic cigarettes  

Electronic cigarettes are a problem worldwide for respiratory health, with an estimate of over 68 million vapers 

globally (Jerzyński et al., 2021). Ideally, these devices should have been designed and approved as therapeutic 

products, since they were originally intended as a smoking cessation tool (Hon, 2004). However, as they are 

currently designed and used, e-cigarettes are unsafe for human use, and contain many constituents that cigarettes 

produce, albeit often in lesser quantities (Banks et al., 2022). With increasingly stricter regulations and 

manufacturing requirements, testing for banned chemical ingredients in heated e-liquids and their aerosols will 

become increasingly important, and should ideally be incorporated as part of the manufacturing/product 

development process. CFD has already become an important tool in this space to characterize the dose of nicotine 

to the lungs and systemic circulation to determine therapeutic efficacy, particularly with new formulations such 

as protonated nicotine-salt forms (Sperry et al., 2023). The use of CFD to study e-cigarettes is particularly of 

benefit as there is a huge variety of devices, over 7500 e-liquids (or more) on some markets (National Center for 

Chronic Disease Prevention and Health Promotion (US) Office on Smoking and Health, 2016) and a variety of 

ways a user can program (or use) their device. Computational study has already been useful in identifying that the 

acidity of a formulation has the largest impact on nicotine evaporation – where higher levels of acidity in the 

formulation reduce evaporation rates and increase nicotine delivery to the lung (Sperry et al., 2023).    

7.1.5 Decreasing product development times for children’s medicines 

The development of a medical device or therapeutic good is a long process, taking 7–12 years for development in 

adults (Van Norman, 2016)  and then up to an additional 7–8 years for the same product to be approved for use in 

children or other population groups (Bi et al., 2019, Mehrotra et al., 2016). Partly, this is because there has been 

an unclear or absent direct regulatory pathway for development of therapeutics for children, but also because 

studies in children are more complex than studies in healthy adults. Additionally, there has been a reliance on 

animal testing, which often fails to accurately produce the results seen in humans either because of safety or 

efficacy, leading to products failing to reach market or dropping off the market shortly after launch. Introduction 

of new laws and regulations, such as the United States FDA Modernization Act 2.0 (Han, 2023) will allow the 

requirement for animal testing to decrease and a corresponding increase in the uptake and use of non-animal 

models, tests, technologies and methods (such as CFD) which promise to decrease the time taken for a product to 

reach the market.  

Within inhalation medicine, the new product situation is as bad, if not worse than for other therapeutics as they 

are considered a “complex” therapeutic in both the EU and the US (but not in AU), meaning there are multiple 

additional steps to ensure a correct dose is first administered before pharmacokinetics and safety testing can be 

assessed in the body. This is far more complex than an intravenous medication or an oral tablet. The inhaled 

medicine field has responded to this by the introduction of the inhaled bioequivalence classification system, like 

the gastrointestinal bioequivalence classification system which was introduced over 20 years ago (Amidon et al., 
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1995, Hastedt et al., 2022). The new iBCS, will help products be “de-risked” meaning that it will (hopefully) take 

less time for an inhaled therapeutic to come to market (Hastedt et al., 2022).  

7.1.5. New imaging methods could allow direct validation of CFPD–PBPK models  

Clinical validation of computational methods in humans is important for their use in orally-inhaled drug product 

development. Efforts should be made to develop safe, high-resolution medical imaging methods to assess the lung 

deposition of orally inhaled products such as phase-contrast compact synchrotron light source x-ray and phase-

contrast magnetic resonance imaging. New imaging methods can also be used to help build more human relevant 

models of the lung, which can be used in computational assessment. Ideally the clinically validated CFPD model 

can then be used in combination with physiologically-based pharmacokinetics models (Haghnegahdar et al., 2019) 

to ensure that the entire process from drug delivery to clearance (mass balance) can be assessed in a “virtual” 

human, further aiding progress toward the human digital twin (Viceconti et al., 2023).  

Conclusion 

This body of research has contributed empirical evidence towards improving drug delivery to children in a hospital 

setting and improved our knowledge about the safety and efficacy of off-label use of approved and unapproved 

therapeutics, including salbutamol, tobramycin, and the electronic cigarette. Through computational assessment, 

it has contributed to the body of knowledge on solid particle aerosol behavior when produced by a pMDI and 

delivered through artificial airways and further outlined direction for future work that can build upon this progress. 

Results from this Thesis have helped to inform clinical practice and regulatory standards and could further be used 

to inform consensus statements, or standardized drug delivery guidelines for children breathing through artificial 

airways. 
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