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ABSTRACT

The increasing incidence of respiratory diseases burdens the world’s population and drives
major scientific advances in the area of respiratory research. Various models of the
human respiratory system are being developed to increase the knowledge and to allow
for studies of specific research questions. This thesis aims to establish a physical model
of the human respiratory system (xPULM™) that represents an innovative approach to
respiratory system behaviour modelling.

To reach this aim, three clinically relevant applications were researched, namely (i)
breathing simulation, (ii) patient-ventilator interaction testing and (iii) aerosolised drug
delivery. Measurement setups were developed allowing for each application to be tested
and evaluated. This process, among other developments, included manufacturing of a
physical model of the human upper respiratory tract and the integration of an optical
aerosol spectrometer.

The main finding per application is as follows. First, the breathing simulation has
been shown to reliably capture flow and pressure changes for a range of tidal volumes
and frequencies and to be representative of human breathing. The possibility of using
polymer or organic-based lung equivalents is unique and allows for the representation
of processes naturally occurring during the human respiration cycle. Second, a new
approach to testing patient-ventilator interactions has been introduced. The results
show that different asynchronies can be triggered when the simulator is used to represent
a patient undergoing assisted mechanical ventilation. Third, the number concentration
and size distribution of aerosol particles generated by commonly used dry powder inhalers
can be experimentally evaluated during simulations of inhalation and exhalation. This
approach proposes an alternative to animal experimentation suitable for applications in
aerosol research.

The thesis contains original research that has been presented at international conferences
and published in three impact factor journals. The results of this thesis enable further
teaching and research activities in respiratory research.
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human respiratory system modelling, lung simulation, breathing simulation, patient-
ventilator interactions testing, aerosolised drug delivery
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Introduction

The epidemiological transition is a term referring to a complex and dynamic process
of the shift from acute infectious diseases to chronic non-communicable diseases [1],
[2]. This transition has already largely occurred in developed high-income coun-
tries, where non-communicable diseases accounted for up to 85% of deaths in 2019
[3]. Leading causes are diseases of the circulatory system, respiratory system, and
cancer [3], [4]. A rapid epidemiological transition can be observed in many middle-
income countries as well [5]. In low-income countries, non-communicable diseases
were responsible for more than half of all deaths and their fraction is predicted to
further increase with modernisation |1]—-[3]. Furthermore, the statistic from coun-
tries belonging to the Organisation for Economic Co-operation and Development
(OECD) reflects this worldwide trend with the leading causes of mortality being:
30% circulatory diseases (11% ischaemic heart diseases; 7% Stroke), 24% cancers
(5% lung cancer, 3% colorectal cancer) and 10% respiratory diseases (4% chronic
obstructive pulmonary disease).

Most common respiratory diseases include chronic obstructive pulmonary dis-
ease (COPD), asthma, allergic diseases, occupational lung diseases, and pulmonary
hypertension [6]. Risk factors such as smoking (in both active and passive form),
occupational exposure to dust, fumes and chemicals, and air pollution in general,
are among the reasons why the number of patients troubled by respiratory diseases
continues to grow [3], [6]. Both asthma and COPD significantly affect a person’s
ability to breathe and can be effectively treated at the primary care level with
aerosol therapy |7]. Symptoms of asthma are often seasonal and usually well re-
versible with treatment. In comparison, COPD is a progressive disease that can
only be slowed down through smart maintenance therapy. According to the Global
Asthma Network, up to 339 million people may be affected by asthma worldwide
[8]. Furthermore 65 million people globally suffer from mild to severe COPD [9],
[10]. Note that the most recently available statistics considered here do not include
the effects of the COVID-19 pandemic. According to the estimations, respiratory
coronavirus infectious disease, COVID-19, will be among the leading causes of death
in 2020 and beyond, increasing the total toll of deaths significantly [3], [4].

Severe cases of respiratory diseases like COPD or COVID-19, can lead to respi-
ratory failure [11]-[13]. Respiratory failure is a serious condition in which the respi-
ratory system fails to maintain adequate gas exchange due to a failure of the lung
(gas-exchanging organ) and/or the pump that ventilates the lungs |14]. Affected
patients require mechanical ventilation to ensure oxygenation and carbon dioxide
clearance |13]. During mechanical ventilation disparity between flow, pressure or

volume demands of the patient and the assistance delivered by the mechanical ven-
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tilator leads to patient-ventilator asynchrony [15]. These asynchronies are linked
with negative physical and mental outcomes such as higher mortality, excessive load
on respiratory muscles, lung injury and prolonged ICU stay [15]-[17]. For the rea-
sons described above the testing and minimising of patient-ventilator interactions is
a direction currently pursued and explored further in this thesis.

Chronic respiratory diseases are not curable and affect the lungs and airways
[18]. These discases can cause airflow limitation due to airway obstruction, an
abnormal inflammatory response of the lungs and other severe problems leading to
breathing difficulties [19]. Various forms of treatment that help dilate major airways
and increase patients’ quality of life are well established [18]. Aerosol therapy is a
treatment of choice due to easy drug delivery options, sustained localised action
and the possibility of home therapy. The number of drugs delivered in the form
of aerosols increases every year because of advancements in aerosol manufacturing
and easy-to-use personal inhalation devices [20]. This trend is reflected in growing
total worldwide sales of inhalation products [21]. Inhalation therapy devices can
be categorised into four main types, including nebulisers, pressurised-metered dose
inhalers (pMDI), soft mist inhalers (SMI), and dry powder inhalers (DPI) [22].
Such devices are being continuously developed, evaluated and tested under various
conditions. For these reasons, the testing of DPIs is one of the key research topics
explored in this thesis.

The statistics regarding respiratory disease covered here might provide a rather
negative perspective on the trajectory of human pulmonary health. However, the
increasing incidence of respiratory diseases is driving major scientific advances in the
area of respiratory research. Various models of the human respiratory system are
being developed to increase knowledge and to allow for studies of specific research
questions. The common denominator is the effort of the researchers to provide the
best possible treatment options for the patients.

Based on the experimental setup, the models used in respiratory research can
be divided into four main categories: (1) in vivo (2) in vitro (3) in silico and (4) ex
Vivo.

In vivo based studies are testing various effects on whole, living organisms such
as small animals (e.g. guinea pigs, rats, mice) [23], large animals (e.g. rabbits, pigs,
non-human primates) [24] or humans. Animal experimentation has a prominent
role in many scientific advancements but presents a challenging ethical dilemma of
causing pain and suffering to the animal [25]. By complying with ethical guidelines
and good scientific practices the animal welfare and human science principles can
be upheld [25], [26].

12



All modern research endeavours should comply with the principles of 3Rs that
were proposed by Russell and Burch [27] in 1959. Namely [2§]:

e "a replacement of animals in research, which results from an active development

of alternatives;"

e "a reduction in the number of animals used in experiments;"

» '"a refinement of laboratory and field techniques to reduce invasiveness and/or

to increase the values of the results."

Subsequently, increasing efforts are being invested in the development and vali-
dation of alternatives to animal experimentation. These efforts have been instigated
by legislative powers like the EU directive on the protection of animals used for
scientific purposes (2010/63/EU) and by the growing involvement of the general
public [29]. The following paragraphs provide an overview of experimental setups
that can be developed in compliance with 3Rs and hence provide alternatives to
animal experimentation.

In vitro models can use isolated living components of organisms such as cells or
biological molecules for experiments. However, animals and humans are not directly
involved, except as donors of biological material [30]. In vitro studies are conducted
in a laboratory vessel or elsewhere outside the living body. The latest in vitro models
in the field of respiratory research are based on organ-on-a-chip, and microfluidic
technologies [31]. Prominent examples include modelling and diagnosis of chronic
respiratory diseases [32]—[34], toxicity assessment of various compounds [35], [36]
and development of novel drugs [37].

The in silico models (referring to the silicon used for semiconductor computer
chips) are utilised to create computer representation of their in vivo counterparts
(e.g., organs, systems and processes) [38]. Two breakthroughs facilitating rapid
development in the area of in silico based respiratory models can be identified in
recent years. The first impulse was the introduction of the respiratory tract model for
radiological protection by the International Commission on Radiological Protection
(ICRP) [39]. The second catalyst was the advancement of computational fluid-
particle dynamics (CEPD) methods [40], [41]. These methods offer a possibility to
predict airflow and to localise aerosol particle deposition in the human respiratory
tract [42], [43].

The ex vivo models, also called in vitro tissue-based models, include procedures
with living functional tissues or organs isolated from an organism and sustained
outside the organism in an artificial environment under highly controlled conditions
[44]. The ex vivo models allow for tests and measurements that would be difficult
to conduct in a living subject under controlled conditions at all times [45]. They
provide a valuable resource for translational medicine and are especially suitable for

studying the mechanisms of lung injury, lung deposition of inhaled therapeutics on
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a regional level, and toxicity tests [23], [46], [47].

Original research presented in this thesis introduces and utilises a model of the
human respiratory system xPULM™ | that incorporates aspects of in vitro, in silico
and ex vivo modelling approaches.

The use of models in respiratory research and the range of their possible applica-
tions is growing. For the context of this work the key applications include breathing
and lung simulation [48]—[51], education and training of students/health profession-
als [52]—[54], testing of mechanical ventilators [55]—[57], and aerosolised drug delivery
[58]-[61].
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Aim of the thesis

This thesis aims to establish a physical model of the human respiratory system
(xPULM™) that represents an innovative approach to respiratory system behaviour
modelling. To reach this aim, three clinically relevant applications were researched,
namely (i) breathing simulation, (ii) patient-ventilator interaction testing and (iii)
aerosolised drug delivery. The goals of the thesis consider the available instrumen-
tation at the University of Applied Sciences Technikum Wien. This thesis has been
developed as a part of continuous cooperation between the University of Applied Sci-
ences Technikum Wien and the Brno University of Technology. Further cooperation
partners include the University of Tras-os-Montes E Alto Douro and the hospital
Centro Hospitalar De Tras-Os-Montes E Alto Douro whose engagement allowed for
the acquisition of C'T examinations from a retrospective clinical trial.

The goals of the thesis are to:

1. Determine the capability of the xPULM™ to reproducibly simulate human
breathing patterns. The breathing simulation should be evaluated for a va-
riety of breathing frequencies and tidal volumes while using different lung
equivalents (e.g. polymer-based bags, lungs obtained from animals). Modify
hardware and software components to advance the model towards anatomi-
cally and physiologically realistic breathing simulation.

2. Obtain information from a retrospective clinical trial focusing on realistic hu-
man upper airway geometry. Manufacture a physical model of the human up-
per respiratory tract and implement it into the existing measurement setup.
The model should approximate anatomical structures (oral cavity, the pha-
ryngeal region and the first centimetres after the larynx) of a healthy human.

3. Develop, implement and test a measurement setup allowing for simulation of a
patient undergoing mechanical ventilation. Determine the undesired interac-
tions occurring between the mechanical ventilator and the simulated patient.
Discuss comparability of results to situations occurring in clinical practice.

4. Develop, implement and test a measurement setup allowing for experimental
evaluation of dry powder inhalers. Include optical aerosol spectrometry tech-
nology to measure the characteristics of inhaled particles. Evaluate the results
and discuss their comparability to findings reported in the available literature.

5. Discuss the obtained results in the context of respiratory research. Outline

further directions in modelling of the human respiratory system.
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Structure of the thesis

This thesis consists of the following chapters: [[ntroduction| |[Aim of the thesis| [Struc-|

fture of the thesis, 3 main numbered chapters, [Conclusion| [Further directions &]

[future work], and Appendix [A] & [B].
The outlines the motivation behind the development of models in

respiratory research, summarises the state-of-the-art of human respiratory system

modelling and their applications. The core of the dissertation is the original research
divided into the following numbered chapters.

Chapter [1] focuses on the evaluation of the xPULM™ and its ability to simulate
human breathing patterns. This research was published in the journal Scientific
Reports in 2019 [62]. Chapter [2| deals with asynchrony effects originating from a
disparity between flow, pressure or volume demands of the patient and the assis-
tance delivered by the mechanical ventilator. This research was published in the
journal Applied Sciences in 2021 [63]. Chapter [3[focuses on the experimental eval-
uation of aerosolised drug delivery with DPIs. This research was published in the
journal Pharmaceutics in 2022 [64]. Aerosol particle diameter and particle number
concentration of pharmaceutical aerosols generated by four dry powder inhalers were
explored under realistic inhalation and exhalation conditions.

Appendix [A] presents continuous work regarding breathing simulation research.
Reliable breathing simulation is fundamental for applications presented in chapters
Bl The comparison of the simulation to spirometry measurements was presented
at the international conference EMBEC2017 and published as [65]. The simula-
tions of breathing at rest and artificially ventilated patients were presented at the
international conference PDES2018 and published as [66]. The evaluation of wave-
forms suitable for testing of inhalation devices was presented at EMBEC2021 and
published as [67].

Appendix [B] summarises findings regarding the experimental assessment of the
aerosol particle deposition. These findings facilitated the evaluation of dry powder
inhalers provided in chapter [3] The analysis of the xPULM™ for aerosol inhalation
test replacement, was presented at the international conference WC10 and published
as |68]. The comparison of breathing patterns for aerosol inhalation was presented
at the international conference EUSAAT2018 and published as [69]. The changes
of particle deposition caused by different breathing patterns were presented at the
international conference EMBC2019 and published as [70].

Throughout this thesis, the xPULM™ is referred to either as the "electro-
mechanical lung simulator" or the "human respiratory system model". The latter is
used when additional components (e.g., replicas of the upper airways) and software

is used to model both the upper and lower human respiratory tract simultaneously.
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1 Breathing simulation using polymer and
organic human lung equivalents

Abstract

Simulation models in respiratory research are increasingly used for medical prod-
uct development and testing, especially because in vivo models are coupled with a
high degree of complexity and ethical concerns. This work introduces a respiratory
simulation system, which is bridging the gap between the complex, real anatom-
ical environment and the safe, cost-effective simulation methods. The presented
electro-mechanical lung simulator, xPULM™  combines in silico, ex vivo and me-
chanical respiratory approaches by realistically replicating an actively breathing hu-
man lung. The reproducibility of sinusoidal breathing simulations with xPULM™
was verified for selected breathing frequencies (10-18 bpm) and tidal volumes (400-
600 mL) physiologically occurring during human breathing at rest. Human lung
anatomy was modelled using latex bags and primed porcine lungs. High repro-
ducibility of flow and pressure characteristics was shown by evaluating breathing
cycles (nrota1=3273) with highest standard deviation |3 0| for both, simplified lung
equivalents (jy=23.984+1.04 L /min, pp=-0.78+0.63 hPa) and primed porcine lungs
(ny=18.87£2.49 L /min, pp=-21.13+1.47hPa). The adaptability of the breathing
simulation parameters, coupled with the use of porcine lungs salvaged from a slaugh-
terhouse process, represents an advancement towards anatomically and physiologi-

cally realistic modelling of human respiration.

Keywords

respiration simulation, biomedical electro-mechanical systems, alternative to animal

testing, lung simulation, primed porcine lungs, biomedical engineering education

This chapter is published as:

o R. Pasteka, M. Forjan, S. Sauermann, and A. Drauschke, “Electro-mechanical
Lung Simulator Using Polymer and Organic Human Lung Equivalents for Re-
alistic Breathing Simulation,” Sci. Rep., vol. 9, no. 1, p. 19778, Dec. 2019,
doi: 10.1038/s41598-019-56176-6.

Author contributions statement:

« R.P., M.F., S.S., A.D. designed the experimental setup, R.P conducted the
simulation with the mathematical model, R.P., M.F. conducted the exper-
iments, R.P., M.F. processed and analysed the data, R.P., M.F. wrote the

manuscript, R.P. prepared figures and tables. All authors reviewed the manuscript.
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1.1 Introduction

Animal testing helped catalyse rapid advancement in many areas of medical en-
gineering by providing insights into the complex functionality of living organisms.
Nevertheless, ethical and economic concerns have been raised for years [25]. Because
of these concerns, the principle of 3Rs (Replacement, Reduction and Refinement)
must be followed before including animals into any testing procedure [27], [71]. Gen-
eral consensus dictates to avoid using animal tests whenever reliable and consistent
alternatives are available [27]. These efforts have been instigated also by legislative
powers e.g. the EU Directive 2010/63/EU [72] and EU regulation 2019/1010/EU
[73], which have been formed with the aim of reducing the number of animals used
for testing. Hence development and validation of new alternatives to animal testing
are encouraged [74].

In medicine, simulation techniques are adopted mainly for equipment testing,
treatment planning and medical staff education. Simulation devices comply with
the increasing requirements on patient safety and provide educational opportunities
in a standardised manner. The field-specific applications of simulation devices are
also growing [75]. One of the most important driving forces for the development
of models in respiratory research is the increasing incidence of pulmonary disease
amongst the world’s population. Deeper insight into the respiratory process would
increase development potentials for respiratory care devices and treatment tech-
niques. The latter is particularly important with a growing portion of the population
suffering from obstructive and restrictive pulmonary diseases [76]. The Organisa-
tion for Economic Cooperation and Development (OECD) has reported, that 6.1%
of the population in Europe aged 15 years or older suffers from asthma. The chronic
obstructive pulmonary disease (COPD) further affects 4.0 % of the same popula-
tion group according to the EU wide health survey [77]. The ability of a person
to breathe is negatively influenced by both asthma and COPD, thus, significantly
affecting the quality of life. The modelling of the affected organs in the human body
is a state of the art method to extend the knowledge through specific tests.

Depending on the experimental measurement setup the respiratory models can
be divided into in vivo models, in vitro testing procedures, in silico models and
mechanical lung simulators. The first category covers in vivo measurement setups
employing laboratory animals or human probands during testing. The complex
systemic response of the organism to the particular event which is nearly impossible
to simulate otherwise can be obtained using such techniques [23]. According to the
3R principle [27], |[71],in vivo studies should be limited and replaced by alternative
approaches whenever applicable.

Representing the second category of in vitro techniques is the emerging field
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of microfluid based lab-on-chip technology. This technology commonly focuses on
specific layers of cell cultures and their various interactions on a cellular level. Simul-
taneously, up to four cell types may be included. Lung-on-chip technology provides
valuable insides about the toxicity of tested substances and in virology studies [78].
The third category of in silico models currently in use is based on the mathematical
simulation of general transport equations [79]. Adjustments of the in silico models
according to individual airway geometries and adaptability of initial and boundary
conditions can provide information about the physical airflow field in sub-millimetre
areas [80], [81]. The fourth category of mechanical based respiratory models, in
general, simulate human breathing process by volume displacement within defined
compartments. The compartments used vary depending on the focused problematic
and can include electro-mechanically driven syringes, bellows systems or pneumati-
cally driven cylinder systems. The volume displacement can be driven by an external
device, most commonly a medical ventilator, or by simulator’s active components
e.g. servo-motors. [52], [82], [83] The mechanical models can in general accurately
control simulation parameters (tidal volume, respiratory rate, etc.) making a sim-
ulation of the breathing patterns physiologically authentic. Additionally, they can
offer an inexpensive alternative to in vivo animal testing approaches, due to the wide
range of usable components [84]. More sophisticated mechanical models are able to
represent anatomical structures of the human respiratory system via the inclusion of
realistic lung equivalents and simulate further physiologically occurring respiratory
processes such as pleural depression. Moreover, various pathological conditions such
as airway obstructions can be flexibly simulated by introducing resistor components.
Experimental measurements with mechanical simulators are used as a basis for val-
idating numerical models of the respiratory system, medical product development
and aerosol inhalation studies. Additional application fields include teaching and
practical training of students and medical staff for the use of medical ventilators.
48], [54], [85], [36]

Further optimisations of mechanical simulators should consider the respiratory
physiology for simulation and modelling purposes. The basic respiratory flow pa-
rameters which shall be considered, depending on the accuracy of the simulation,
are the breathing frequency (f), tidal volume (Vi), inspiratory flow rate (Vins),
expiratory flow rate (VEXP), inhalation time (7ins), exhalation time (Tgxp) and
breath-holding time (Tuorp) [87], [88]. Taking these parameters into account, the
respiratory airflow can be characterised as a periodic, time-dependent function of
an incompressible, viscous media [88].

In this work, the electro-mechanical lung simulator xPULM™ is used. The
underlying concepts and functional evidence with previous generations of the lung

simulator have been described by David et al. and Forjan et.al [89], [90]. Based on
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these results xPULM™ as used in this work, was developed. The bellow system
described in [90] was again used as a driving mechanism of the volume displace-
ment during the simulation replacing a piston-cylinder system [89]. The xPULM™
additionally includes changes of the operating system, control software and hard-
ware. In previous generations, as described in [89], the computational power of the
integrated PC influenced the chosen breathing parameters like frequency and tidal
volume. In order to meet the highly demanding and complex boundary conditions of
a realistic breathing simulation, a real-time acquisition and processing unit was now
implemented as a major change. This development stage allowed to further optimize
the already well-established methodology of mechanical breathing modelling. The
simulation options, therefore, include measurements with different lung equivalents,
adjustable tidal volumes and breathing frequencies. The xPULM™ control software
of this version is implemented on a real-time data processing unit making the simu-
lation parameters independent of the computational power of the connected PC. For
legal reasons, it was necessary to rename the new model to xPULM™. This paper
aims to introduce the electro-mechanical lung simulator xPULM™ in first applica-
tions in respiratory research, teaching and training. Design, development and final
realisation of the xPULM™ closely following the 3R principles, are described. The
functionality of the simulator is demonstrated by reliable and reproducible simula-
tion of breathing patterns with various respiratory simulation parameters. The main
distinguishing feature of xPULM™  in comparison to other respiratory models, is
the capability of measuring breathing characteristics with the inclusion of simple or
complex replicas of human lungs. Modelling of respiratory simulation processes is
thereby moved closer to anatomically realistic lung simulation. Potential applica-
tion, impact and deployment of the simulator in e.g. testing, teaching and research
applications are outlined in the discussion. A video clip, recorded during measure-
ments with primed porcine lungs, highlighting the simulation process is uploaded as

a part of the submission.

1.2 Matherials & Methods

1.2.1 Mathematical model of the simulator

The electro-mechanical simulator is based on a mathematical model of the entire
system, as shown in Fig. The governing equations were first derived by Solc et
al.[91]. The basis of the mathematical model is a simulation of the thoracic chamber

and a lung equivalent both approximated by pneumatic cylinders in Fig. [T.TJA.
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— S— leakage & pump

PaVeo + 24.35m
Vo +Vi=V;

piston & bellows

thoracic box

Fig. 1.1: The mathematical model of A) an electro-mechanical simulator with a
thoracic chamber T'C' and a lung cylinder LC' as a simulation basis including the
observation parameters of volume V and pressure p inside TC' and LC. B) The
simulation scheme of the simulator including the modelled components of ‘piston &
bellows’ (with the cross-sectional area S,), the ‘thoracic box’ (with the atmospheric
pressure p,), the volume of the thoracic V;, the initial volume of the chamber Vj,
its added volume V;, the corresponding lung volume V; and - assuming the ideal gas
equation - the function of a leakage flow m, a model for ‘leakage & pump’ (with leak-
age constant C' depending on the pressure difference between atmospheric pressure
P and pressure in the thoracic chamber p;) and the behaviour of the lung equivalent
as a ‘balloon’ (with its dynamic properties characterised by eigenfrequency wy and
damping coefficient ¢) (based on and adapted from [91]).

The volume of the thoracic chamber can be expressed as:
Vi=Vo+Vi—=V (1.1)

where V; [dm®] is the volume of the thoracic chamber, Vi [dm?] is the initial volume
of the thoracic chamber, V; [dm?] is the volume added by the movement of the piston
P, and V; [dm?] is the volume of the lung equivalent. The position of the piston is
controlled by its velocity. Therefore, the volume added to the thoracic box by the
movement of the piston P, depends on the velocity of the piston v [dm/s] and the
cross-sectional area of the piston S, [dm?]:

oV

ot

The ideal gas law can be utilised to state the relation between V; and the pressure

= Syv (1.2)

inside the thoracic chamber p; [kPal:
pVe = nRT (1.3)
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where n [mol] is the amount of gas, R= 8.31 Jmol~! K~ is the universal gas constant
and T= 293.15K is the absolute temperature. The final formula expressing the
relationship between volume and pressure inside the thoracic chamber is derived
based on the following assumptions: (I) Pressure in the thoracic chamber and in
the lung equivalent is equal to the atmospheric pressure at the beginning of the
breathing cycle p; - Vi= p, - Vio, (II) the thoracic chamber cannot be considered
perfectly airtight and the leakage flow is represented by the function m, and (III)
the temperature of the air is presumed to be constant 20°C. Taking into account

the listed assumptions, converting pressure units to [bar] and using equation ([1.3))

and equation ([1.1]) yields:
 paVio + 24.35m

1.4
L T/ A (14)
The time rate of leakage is expressed as:
om

where C'[mols™!bar™!] is the leakage constant and p, [bar] is the vacuum in the
thoracic box. To compensate for the leakage, a vacuum pump g, was included as a
further component into the lung simulator. The last step in deriving the complete
mathematical model of the lung simulator is to describe the behaviour of an artificial
lung equivalent (balloon). Taking the already introduced lung cylinder as the basic
modelled of a lung equivalent, the relation between the volume of the lung equivalent
V; [dm?], the compliance of the lung equivalent C; [dm?/bar] the damping coefficient
&, the eigenfrequency wy [rad/sec] and the vacuum in the thoracic chamber p, [bar]
is: 2V v, 2 2
e + 2£w0§ + wyVi = wiCi(py) (1.6)
where both the damping coefficient £ and the eigenfrequency wy characterise the
dynamic behaviour of the elastic balloon.

The initially abstract mathematical description of the model and the underlying
processes of volume and pressure changes during respiration were captured and sim-
ulated as an interaction of electric and mechanical components. Test measurements
have shown [91] good correspondence between the mathematical model and mechan-
ically realised simulator for both, square and sinusoidal input signals. The shape of
the sinusoidal waveform essentially correlates with the simplified flow pattern of hu-
man spontaneous breathing at rest [92]. The fundamental theoretical assumptions
could thus be confirmed and served as a basis for the development of the current

version of the simulator.
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1.2.2 The electro-mechanical lung simulator - xPULM™

This chapter introduces the physical construction, sensory equipment and compo-
nents interconnections of the electro-mechanical lung simulator, xPULM™ . The
simulator has been developed to replicate physiologically realistic human respira-
tion cycles. The entire setup of xPULM™ | with main components highlighted,
is shown in Fig. [[.2] The main functionalities include the capability of perform-
ing a breathing simulation with changing flow profiles of breathing patterns (sinu-
soidal), adaptability of simulation parameters (frequency and tidal volume), and
the exchangeability of lung equivalents (artificial or organic-based). The mechanical
simulator is designed to allow both active and passive respiratory simulation. The
term active means that the lung model can be operated to simulate a spontaneously
breathing human lung. In contrast, the term passive refers to the ability of the lung
simulator to act as a mechanically ventilated human lung, for example using medical
ventilators, regardless of their configuration.

The construction of the simulator has been inspired by the functionality of the

Fig. 1.2: xPULM™ simulator A) with a) the thoracic chamber, b) latex bags as lung
equivalents, ¢) interoperable lid, d) airflow sensors e) the respiratory drive system —
realised as bellows system for pressure change generation in the thoracic chamber,
f) the motor with the vacuum pump and g) the real-time FPGA based control unit.
The zoomed-in picture of the interoperable lid shows h) the connector ports for the
organ nutrition circuit (arterial and venous connection) and i) the distal end of the
simulated trachea, used for connecting the aerosol measurement system. Thoracic
chamber B) housing j) a primed porcine lung ventilated with the movement of the

k) bellow system.
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human respiratory system under physiological conditions. The key concept for the
inflow and outflow of air into the lungs is the result of the pressure gradient be-
tween the atmosphere and the thoracic cavity that was integrated into the lung
simulator. Therefore, analogies can be found between the main components of the
simulator and functional elements of the human respiratory system. An overview of
the simulator setup, depicted in Fig. [1.3] consists of a respiratory-drive system, the
rigid thoracic chamber and an aluminium housing frame. In this construction, the
thoracic chamber is the central part of the simulator setup. It houses the chosen
lung equivalent and mimics the pressure condition of the thorax in the human body.
Moreover, the sensors for monitoring pressure, temperature and humidity changes
during simulation are included there. The thoracic chamber is produced out of a
transparent Polymethylmethacrylate (PMMA) hosting a total volume of 61 L. This
construction allows the simulation process and lung equivalent status monitoring.
This feature is particularly useful in training and education.

The lung equivalent is connected to the removable square shaped lid of the tho-
racic chamber via a threaded connection. Interchangeability of lung equivalents,
representing the human lower respiratory tract, is one of the essential elements for
anatomically realistic breathing simulation with xPULM™. The thoracic chamber
can house any chosen lung equivalent constricted only by the maximum volume of
the chamber. The structurally simplest equivalent used is an elastic bag (made of
latex or silicone), which may vary in volume, form and elastic properties. Depending
on the intended simulation, either a single bag may be used or - to achieve a higher
degree of approximation to human physiological values - two bags connected via a
y-shaped piece may be included. Symmetrical as well as asymmetrical setups of
the lung equivalent are possible. As such, any medically relevant lung volume and
capacity can be simulated including typical values from small children to adults.
For an anatomically more realistic simulation of the human lung, specifically focus-
ing on the internal structure of the lung tissue, a porcine lung may be introduced
into the setup instead of polymer-based bags. Thereby the complex inner structures
and branching of the respiratory tract from bronchi to the terminal bronchiole are
present. This includes bends, bifurcations, and series of cartilage ring supporting
the trachea from the inside. Additionally, high humidity levels (=99 % RH), normal
in human lungs, comparable lung capacity (3-6 L) and division into lung lobes are
represented by using the porcine lungs. Fine structures within the alveolar duct may
be occluded due to the preservative process which leads to tissue adhesion especially
in the lowest regions of the respiratory tract. Gas exchange is not retained when
using a chemically preserved porcine lung. From the construction point of view, the
thoracic chamber is connected to the bellows system and the vacuum pump via a

separate flange. The airflow created by the vacuum pump is measured by the uni-
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Fig. 1.3: Overview of the xPULM™ simulator components. This schematic includes
interconnection and placement of the simulator main components and sensory equip-
ment for flow, pressure and temperature measurements. All electronic components
are connected to the cRIO data acquisition unit. Readings from the sensors are
processed by LabVIEW based xPULM™ control software (Real-time and FPGA
program). Simulation parameters can be adjusted using the User Interface running
on a dedicated PC.

directional airflow sensor AWM5104VN (Honeywell, USA). The vacuum pump has
been introduced into the setup of the xPULM™ system to achieve similar conditions
to the anatomical environment of the human lung, where the organ is attached to
the thoracic cage via the pleural liquid and thereby stretched to an extended posi-
tion constantly. The alterations of the airflow during breathing pattern simulation
with xPULM™ is not caused by the vacuum pump operation. On the contrary,
the task of the vacuum pump is to maintain negative pressure inside the thoracic
chamber, to counter leakages and to ensure that the inflexion points of the lung
tissue are reached throughout the simulation cycle. Subsequently, the incorporated
pressure control keeps the lung equivalent from completely collapsing at any point

in time during the breathing simulation. The vacuum pump evacuates the thoracic
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chamber with a peak flow of 5L/min reaching the maximal negative pressure of
—30hPa (in relation to the atmospheric pressure). To protect the lung equivalent
and bellows system from damage the magnetic coil valve is opened in case of exces-
sive negative pressure (p; < —25hPa). This leads to pressure equalisation between
the atmosphere and the thoracic chamber. The range of negative pressure values
during simulations depends heavily on the used lung equivalent and can be set as a
parameter in the xPULM™ control software. The simulation of respiratory patterns
with the xPULM™ is achieved by the movement of the bellows system mimicking
exertion of the diaphragm and intercostal muscles during the respiratory cycle. The
lower end of the respiratory drive system is movable while the upper part is station-
ary, fixed to the housing frame of the simulator. Mechanically, the respiratory drive
system is realised by a ball screw connected to the movable bottom part of the bel-
lows on the one side and on the other side with a motor via a threaded connection,
Fig. [.3] A brushless AC servomotor turns the ball screw and the rotatory motion
is subsequently transferred to a vertical movement of the bellows system. The range
of motion of the entire respiratory drive system is 23.5cm generating a maximal
peak flow of 130 L/min. Thus, it is guaranteed that any normally occurring physi-
ological or pathological respiratory flow patterns can be simulated. The bellows are
protected against potentially damaging over-extension by two mechanical switches.
The switches are secured at the simulator housing frame and toggled whenever the
upper or lower limit position is reached. Movement can be performed only away
from the activated limit position switch. Additionally, the bellow system range of
movement is limited in the control software. Furthermore, the signal from a hall
sensor serves as a reference point and is used to calculate the initial bellow position
during the simulation initialisation procedure. Similarly to the movement of the
diaphragm in a human body, motion of the bottom part of the bellows downwards
causes the inflation of the lung while the return to the initial position leads to the
deflation of the lung. Consequently, the volume displacement in the thoracic cham-
ber manifests as inhalation (extension) and exhalation (compression) of the lung.
Physiologically occurring intrapulmonary pressure gradient is accordingly present in
the model and leads to the airflow in- and out of the lung equivalent. The in-line
airflow through the simulated trachea is measured, using two high precision, unidi-
rectional, temperature compensated airflow sensors AWMT720P1 (Honeywell, USA)
which are mounted on top of the simulated trachea.

To be able to process the data received from the sensors and to dynamically react
on condition changes in real-time, the xPULM™ simulator is equipped with the em-
bedded industrial data processing and acquisition unit ¢cRIO (National Instruments,
USA). This unit consists of a real-time controller 9024 running the xPULM™ real-
time program and a reconfigurable FPGA (Field Programmable Gate Array) chassis
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9114 which is flashed with the xPULM™ FPGA program. The chassis includes I/O
modules providing direct connectivity with the simulator sensory equipment. Mea-
surement data of the flow, pressure, temperature and humidity within the thoracic
chamber as well as in the surrounding environment can be monitored during the
breathing simulation process. The surrounding environment is of specific relevance
if aerosols are applied to the inhaled gas mixture. Signals from the sensors are
retrieved by the xPULM™ Control Software and subsequently transferred to the
real-time program for further processing. Generation of impulses controlling motor
movement, valve state and vacuum pump performance is based on the recorded val-
ues from sensors and set simulation parameters. The breathing pattern, respiratory
rate, tidal volume and pressure inside the thoracic chamber can be controlled via the
LabVIEW based User Interface. Besides, the flow and pressure characteristics are
plotted during the entire simulation runtime. Bidirectional information exchange
between both software components provides effective and fast means of breathing
simulation control. The simulator was realised with an FPGA-based unit and can,
therefore, function as a stand-alone embedded system. The breathing simulation
process is controlled without further intervention by the user, which corresponds to
the intended general modular and flexible design of the simulator.

The human breathing simulation process is performed under Continuous Ro-
tation Controlled (CRC) mode. For purposes of the CRC control algorithm, any
breathing pattern is transformed into a vector of corresponding motor rotation val-
ues. Subsequently, motor control impulses matching the desired flow value are gen-
erated. Therefore the simulation follows a predefined set of motor rotations without
further regulatory inputs from the flow or pressure sensors. For this reason, the
volume of the air exchanged during in-/ex-halation phases of a breathing pattern
simulation may vary based on the properties of the lung equivalent used. Hence
providing the option of investigating the effect of high or low lung compliance and

influences of other mechanical properties under steady breathing effort.

1.2.3 Sinusoidal respiratory simulation

Simulation parameters are chosen to represent physiological values, where a breath-
ing rate (f) of 12-18 breaths per minute (bpm) is assumed physiological and a tidal
volume (V) of 500 mL is a typical standard for breathing at rest [93].

Parameters of breathing simulations with the mathematical model

The mathematical description as given in chapter [1.2.1} models the behaviour of
the electro-mechanical simulator during breathing simulations. The mathemati-

cal model was implemented in Simulink (MathWorks) environment and supports
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Tab. 1.1: Overview of the Simulation parameters and their combinations used during

the measurements with xPULM™,

Simulation Parameters Settings - xPULM™

Breathing Patterns Sinusoidal in CRC simulation mode
Lung Equivalent 2x3 LL latex bags, Primed porcine lungs

Frequency 10, 12, 15, 18 bpm

Tidal Volume 400, 450, 500, 550, 600 mL
Initial Pressure 0hPa (Latex), -6 hPa (Porcine)
Duration 2 min

Repetition 3

simulation with adjustable parameters for pressure condition of the surrounding en-
vironment, input sinusoidal piston movement profile, leakage flow and balloon-like
lung equivalent properties. Following simulation settings of the mathematical model
are used for a comparison with the physical version of the xPULM™ simulator P,=
1 bar, Vo= 61L, S,= 2.7dm, wy=48.3 rad/sec, C= 0.2mols ! bar ! and dynamic
properties of the lung equivalent {é= 35, C;= 500 dm?/bar or 0.5 L/hPa.

Parameters of the breathing simulations with xPULM™

The simulation process is controlled, including breathing parameters settings for
each measurement trial, by the xPULM™ control software. Sinusoidal breathing
pattern simulation under CRC mode was tested. Artificial lung equivalents and
primed porcine lungs were included in the measurement setup. In the first step, a
simplified model of the human lung was realised by two 3 L latex bags. In a second
step a higher level of approximation to the more complex structure of human lung
was ensured by performing the breathing simulation cycles with primed porcine
lungs. Porcine lungs were obtained from a slaughterhouse process. Measurement
experiments, each lasting 2 minutes and repeated three times, were performed for
all combinations of pulmonary equivalents with different respiratory rates and tidal
volumes. The applied set of simulation parameters is summarised in Tab. [1.1]

The measurements were carried out with an external exhaust air system to realise
stable environmental conditions. The following values of the external environment
were recorded during the measurements relative air humidity 40-55 %RH, tempera-
ture 19-21°C and atmospheric pressure 900-1050 hPa.

Airflow and pressure characteristics during the simulation in CRC mode were
recorded for:

» Sinusoidal breathing pattern with two 3 L latex bags in parallel mount.

« Sinusoidal breathing pattern with primed porcine lungs.

28



Time normalisation of repetitive cycles

Recorded airflow characteristics of sinusoidal breathing pattern in CRC operation
mode were analysed separately for the used lung equivalents, the combinations of
breathing frequencies and tidal volumes. Individual respiratory cycles, including in-
/ex-halation period, were isolated and time normalised from the raw airflow dataset.
Incomplete breathing cycles were discarded from further processing. Time normal-
isation of repetitive breathing periods includes isolation of the respiratory cycle by
finding corresponding intersections of analysed airflow signal with zero isolines. The
original time scale is converted to a percentage of a respiratory cycle ranging from
0% to 100 %. Time normalisation allows the comparison of repeatable events at any
given point in time across all breathing periods. The time normalisation technique
is particularly helpful while comparing events that occur with varying frequency or

contain different amounts of data samples.

1.3 Results

1.3.1 Evaluation of the breathing simulations

At first flow and pressure outputs of the mathematical model are compared with the
characteristics measured during sinusoidal breathing simulations with xPULM™ in
Fig. Subsequently, additional measurements with xPULM™ are evaluated to
access simulated breathing pattern reproducibility under various conditions. Test-
ing and evaluation of the sinusoidal breathing pattern measured with xPULM™
includes 20 measurement trials representing changes of five tidal volumes (V=
400-600mL) at four breathing frequencies (f= 12-18 bpm). The results are sep-
arated into categories based on the changing breathing simulation parameter and
summarised in terms of airflow and pressure characterisation for latex bags in Fig.
[1.5] for porcine lungs in Fig. and for statistical indicators of cycle reproducibil-
ity in Tab. Data with the same simulation parameters have been analysed and
evaluated together as one large data set. Breathing cycles have been isolated and
evaluated. Mean breathing cycles, as well as standard deviation, have been calcu-
lated based on interpolated and time normalised data sets. The standard deviation
of |30]| of the isolated breathing cycles has been included to highlight the varia-
tion of all breathing signals over time. High reproducibility of flow and pressure
characteristics was shown by evaluating breathing cycles (nro.= 3273) with the
highest standard deviation |3 o| for both, simplified lung equivalents in a form of a
latex bag (j1y= 23.98 £ 1.04 L/min, pp= -0.78+0.63 hPa) and primed porcine lungs
(ny=18.87£2.49 L /min, pp= -21.13+1.47hPa).
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1.3.2 Comparison of the simulation to the mathematical model

The comparison of the predictions of the established mathematical model and the
measured flow and pressure characteristics are both based on the use of a balloon
as lung equivalent. In case of the mathematical model a balloon with compliance of
0.5 L/hPa has been used, whereas the included lung equivalent was represented by
two 3L latex bags. The comparison is represented in Fig. [[.4 and shows a 30s sim-
ulation period with a flow range of £18 L/min (mathematical model), +16.7 L/min
to —17.5L/min (measured) and a pressure range of +0.5hPa to —1.4hPa (mathe-
matical model), +0.8hPa to —1 hPa (measured). Flow, as well as pressure values,
differ in amplitude with —0.5L/min and 0.3 hPa during exhalation, 1.3 L/min and
—0.4 hPa during inhalation respectively. The results show a clear alignment of flow
and pressure dependencies for both, mathematical and measured characteristics.

20 20
- - Measured flow
—Mathematical model flow

- Measured pressure
— Mathematical model pressure

Flow [I/min]
Pressure [hPa]

Time [s]

Fig. 1.4: Comparison of the Mathematical model and the xPULM™ breathing sim-
ulation for flow and pressure characteristics for sinusoidal breathing pattern with
frequency 13 bpm, tidal volumes 500 mL using two 3 L latex bags in parallel mount

as a lung equivalent.

1.3.3 Breathing simulation with the artificial lung equivalent

Analysed airflow characteristics for sinusoidal breathing pattern simulation using
latex bags exhibit standard deviation from the mean airflow waveform of |3 o| below
1L/min for all measured breathing frequencies and tidal volumes. The standard

deviation from the mean flow increases slightly with higher breathing frequencies and
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Fig. 1.5: Airflow and pressure characteristics for sinusoidal breathing pattern with
frequency 12 bpm, tidal volumes varying from 400-600 mL using two 3 L latex bags
in parallel mount as a lung equivalent. The x-axis is normalised in the percentage

of breathing cycle where 100 % is equivalent to a period of 5s.

for greater tidal volumes, reaching the maximum value of 1.04 L /min for f = 18 bpm
and Vp= 600mL. The differences between mean peak inspiratory and expiratory
flows increases with growing breathing frequency. The difference of 7.74 L/min for
Vr= 600mL is highest between breathing frequency of 10bpm and 18 bpm. A
similar trend can be observed in the mean peak expiratory values where the maximal
difference is 8.05 L/min for the identical simulation parameters.

Corresponding pressure changes inside the thoracic chamber are characterised by
the standard deviation of |3 o| below 0.7hPa at the local maxima for all measured
breathing frequencies and tidal volumes. Cycle-to-cycle differences are not depen-
dent on the simulation parameters settings of frequency and tidal volume as their
standard deviation does not vary greatly (|30|<0.5hPa). Breathing frequency-
dependent increase of the differences between peak inspiratory and peak expiratory
pressure corresponds with the results obtained from the airflow sensors. The mean
inspiratory pressure difference of —1.20 hPa and the mean expiratory pressure differ-
ence of 0.72hPa respectively was measured between breathing frequency of 10 bpm
and 18 bpm for V= 600 mL. Sinusoidal shape of airflow and pressure characteristic
is maintained for all measured combinations of tidal volumes and frequencies. Sim-
ulation results for volumes varying from 400-600 mL and frequency 12 bpm are de-
picted in Fig. [L.5| The in-/ex-halation breathing phase lasts the same time duration
resulting in an expected inspiration-to-expiration ration (I:E) of 1:1. Peak inspi-

ratory flow is reached at 25 % and the peak expiratory flow at 75 % of the breathing
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cycle. The pressure inside the thoracic chamber oscillates between 4+1.5 hPa during
the sinusoidal breathing cycle simulation. The calculated compliance value for the
used latex bags is |ClLatex| = AV/AP = 0.51/1hPa = 0.5 L/hPa at peak inspiratory

pressure.

1.3.4 Breathing simulation with the primed porcine lungs

The standard deviation of |3 | below 6 L/min was recorded while using the primed
porcine lungs as a model representing the human lungs. Increase of a difference
between individual cycles can be found under the conditions of low breathing fre-
quencies (f = 10bpm and 12bmp) and small tidal volumes (Vr = 400mL and
450 mL). This trend is inverse to the simulation conducted with the latex bags.
On the contrary, the difference between mean peak inspiratory and expiratory flow
exhibits the same characteristic for both used lung equivalents. The maximal dif-
ference for peak inspiratory flow is 9.91 L /min and 10.95 L/min for peak expiratory
flow between breathing frequency of 10 bpm and 18 bpm for Vir= 500 mL, as shown
in Tab. L2

Pressure changes recorded with the primed porcine lungs have a standard devi-
ation of |3 | under 1.5hPa for all measurement trials. The expiratory peak pres-
sure is below the atmospheric level, preventing the alveolar regions of the lung

from collapsing during the breathing cycle. The shift of the mean peak inspiratory
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Fig. 1.6: Airflow and pressure characteristics for sinusoidal breathing pattern with
frequency 12bpm, tidal volumes varying from 400-600 mL using primed porcine
lungs obtained from a slaughterhouse process. The x-axis is normalised in the per-

centage of breathing cycle where 100 % is equivalent to a period of 5s.

32



pressure towards negative values compensates the elastic properties of the porcine
lungs naturally causing them to stay in a collapsed state. Increase of the simu-
lated tidal volume leads to the decrease of the mean peak inspiratory pressure and
concurrently causes a rise of the mean peak expiratory pressure. The complex in-
ner structure, the low compliance due to partly collapsed alveolar regions during
exhalation, and the dynamically changing elastic properties of the primed porcine
lungs are the reasons for a higher standard deviation of flow and pressure in com-
parison to the breathing simulations conducted with latex bags. The influence of
these parameters is especially noticeable during low volume and frequency simu-
lations when the initial deflation of the tissue originally extracted from the living
organism has to be overcome. The state of the extracted porcine lung plays an im-
portant role during simulations as any tissue impairment introduces an additional
source of leakage. The flow and pressure characteristics are highly reproducible,
despite the influence of the tissue properties, and deviate only to a maximum of
2.49L/min and 1.47hPa. An overview of the airflow and pressure characteristics
during breathing simulation results for both lung equivalents is given in Tab. [T.2]
However, the simulation with porcine lungs includes many advantages, such as an
anatomically accurate approximation of the human lung and its humid inner envi-
ronment. Moreover, porcine lungs have a comparable lung capacity and are divided
into lung lobes. The calculated compliance value for the included primed porcine
lung is |Cporcine] = AV/AP = 0.5(1)/ — 23.5hPa = 0.02L/hPa at peak inspiratory

pressure.
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Tab. 1.2: Overview of the evaluated measurements of Sin mode breathing for all tested frequencies and corresponding tidal volumes

including number of analysed cycles and statistical indicators for cycle reproducibility.

Sinusoidal breathing pattern in CRC mode; two 3l latex bags; Primed porcine lungs

Set Set Analysed Mean peak Mean peak |3 o] Mean peak Mean peak |3 0]
breathing tidal breathing inspiratory expiratory from mean inspiratory expiratory from mean
frequency volume cycles flow flow flow pressure pressure pressure

[bpm)] [mL] [] [L/min] [L/min] [L/min] [LPa] [LPa] [hPa]

Latex Porcine Latex Porcine Latex Porcine Latex Porcine Latex Porcine Latex Porcine Latex Porcine

400 60 60 12.24  22.08 -12.56 -13.44 0.69 247 -0.78 -22.76 043 -4.74 0.63 1.45

450 60 60 1295 2434 -13.72 -16.74 0.53 2.08 -0.83 -23.54 0.50 -3.23 020 0.85

10 500 60 60 13.95 25.78 -14.92 -1824 0.75 231 -0.86 -2388 062 -254 0.19 0.67
550 60 59 1520 29.98 -16.06 -20.27 0.76 2.10 -090 -24.34 0.73 -1.78 0.20  0.67

600 59 59 16.24 32.86 -17.01 -21.53 0.71 224 -0.96 -2464 081 -146 0.19 0.72

400 72 72 13.82  24.51 -14.58 -1756 0.64 2.09 -091 -22.01 055 -3.73 0.21 0.90

450 72 72 1531 27.30 -16.34 -19.63 0.62 2.10  -0.96 -22.76 0.72 -291 020 0.72

12 500 72 71 16.45 30.85 -17.34 -21.42 0.67 229 -098 -2344 085 -227 019 0.71
550 71 71 1775 34.23 -18.75 -22.94 0.75 2.18  -1.09 -2399 1.00 -1.69 0.18 0.80

600 71 70 18.87 37.57 -19.95 -2439 0.66 249 -1.20 -2453 1.14 -1.15 0.18 0.73

400 90 90 16.11  26.66 -17.09 -19.49 0.81 0.87 -0.93 -21.39 087 -221 0.21 0.59

450 90 90 17.49 30.53 -18.40 -21.46 0.84 0.92 -1.05 -2225 097 -2.02 0.21 0.64

15 500 90 88 1896 32.74 -19.97 -22.88 0.65 1.32  -1.22 -2264 112 -1.68 0.18 0.67
550 89 88 20.31 36.88 -21.45 -24.81 0.64 1.06 -141 -23.18 125 -1.17 0.19 0.74

600 89 88 21.65 39.28 -22.78 -26.72 0.72 1.61 -1.62 -23.51 141 -1.10 0.21 0.74

400 108 108 1821 2942 -1884 -21.44 0.72 140 -1.14 -21.13 099 -3.17 0.21 1.47

450 108 107 1981 33.73 -20.62 -23.53 0.80 1.54 -1.39 -2225 112 -240 0.20 0.77

18 500 107 107 2140 37.02 -22.14 -25.11 0.76 1.29 -1.61 -22.77 129 -1.58 0.20 0.65
550 107 106 22.76 39.77 -23.51 -28.65 1.01 148 -1.87 -23.22 143 -0.98 0.19 0.63

600 107 105 23.98 42.77 -24.61 -32.48 1.04 1.53 -2.16 -23.69 1.3 -040 0.21 0.67




1.4 Discussion

The xPULM™ simulator in its current stage includes a bellows system as a driving
force for volume displacement, instead of a rigid cylinder piston system as presented
by Forjan et al.[89]. Due to its real-time data acquisition and processing capabilities
this setup redefines the simulation options which were supported to a limited ex-
tent by the previous models [90]. These capabilities are enhanced by replacing the
computational power of an integrated PC by a stand-alone real-time processing and
acquisition unit. Moreover, the newly developed xPULM™ control software has
been tailored to the real-time environment. The boundary conditions of the chosen
input signal, in this case, a sinusoidal pattern, are inherently causing the correspond-
ing flow profile of a given frequency and tidal volume. The results presented in this
paper, therefore, include flow and pressure measurements over complete sinusoidal
breathing cycles with latex bags as shown in Fig. and porcine lungs as shown in
Fig. [1.6] The measurements represent range of Vpr= 400-600 mL and f= 10-18 bpm

as summarized in Tab. [[L2

1.4.1 Mathematical representation of the xPULM™

The mathematical representation of this electro-mechanical lung simulator has been
revised and the simulation parameters adapted to fit the conditions of the measure-
ments. The predicted flow and pressure curves of the mathematical model deviate
slightly from the measured values. This can be explained by the fact that the math-
ematical model represents an optimal situation, meaning ideal conditions. Addi-
tionally, leakages within the pneumatic system, including the thoracic chamber and
the bellows system, are causing behavioural changes of the introduced lung equiva-
lent. This effect can be seen when inspecting the inhalation phase (Fig. [L.4), where
a higher difference between mathematically modelled and measured peak inspira-
tory flow can be observed. Additionally, the higher pressure difference, driving the
respiratory process, of the mathematical model results in higher peak flows during

exhalation.

1.4.2 Measurement with the latex bags

The latex bags represent a simplified artificial equivalent of human lungs as they
contain no inner structure and have a defined volume. Complex tree-like branch-
ing of the primary bronchi, typical for the human lungs, is expressed by the main
bifurcation separating the latex bags into a left and a right lung. However, such
representation assumes both symmetrical bifurcation and lung lobes. In compari-

son to the human lung, the resistance of a polymer-based bag as lung equivalent is
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negligible. The resistance of the simplified simulated respiratory tract, consisting
of a y-shaped bifurcation and two symmetrical latex bags, would only influence the
performed measurements in case of high flows (i.e. flow > 120 L/min, airway resis-
tance of 5hPa/l/s causes a pressure drop of 10hPa [94]). It is important to note,
that the used latex bags are following Laplace’s law for elastic spheres. However,
the introduced primed porcine lung represents physiological structures and their
characteristics. The behaviour is different as in the asymmetrical setup of the lung,
smaller alveoli do not collapse into connected bigger ones, as stated by Prange [95]
and in concordance with physiological lung mechanics. Because of this behaviour,
latex bags are introduced into the xPULM™ system mainly for calibration purposes,

rather than for actual lung simulation measurements.

1.4.3 Measurement with the porcine lungs

Breathing simulations conducted with the primed porcine lungs are influenced by
the properties of the tissue and deviate from the typical sinusoidal curve, as shown
in Fig. [[.6] Airflow during the inhalation period increases gradually until the
20 % of the breathing cycle is reached. Previously semi-collapsed alveolar regions
expand at this point causing a steep increase of flow and prolonged inspiratory
breathing phase. This phenomenon is particularly noticeable during simulations
with higher tidal volumes. The expiratory breathing phase is shorter as the airflow
expelled from the lung is reinforced by the elastic property of the porcine tissue. The
influence of elastic recoil of the primed porcine lung to the breathing simulation is
greater in comparison to latex bags. The [:E ration varies with increasing tidal
volume reaching approximately the value of 2:1 at V= 600mL. Such behaviour
shows high compliance of the used porcine lung and could be compensated by the
inclusion of a closed-loop feedback flow control algorithm. Such an algorithm could
continuously adapt motor movement to reach the desired flow and pressure values.
Additionally, the inclusion of a fresh porcine lung, with compliance comparable
to the physiological range of the human lung, would further enhance sinusoidal
respiratory curve approximation.

Focusing on the approach using a polymer bag as lung equivalent, it can be
stated that the compliance of the latex bag is influenced by the properties of the
material and does not introduce additional forces that would affect the breathing
pattern simulations as can be seen in Fig. [I.5] The calculated compliance value for
the used latex bags (C'Latex = 0.5 L/hPa) is marginally above the physiological range
of 0.1-0.4 L/hPa. This high compliance can be explained by the high elasticity of the
used polymer material and the absence of any inner structure. In contrast, the in-

cluded primed porcine lung is characterised by a considerably lower compliance value
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(Cporcine = 0.02L/hPa), which is caused by the used preservatives influencing the
tissue properties and adhering inner structures of the lung tissue. For these reasons,
the measurements performed with the latex bags are characterised by high cycle-to-
cycle reproducibility with low standard deviation and minor differences across all
simulation parameters for both airflow and pressure. The positive expiratory pres-
sure during the simulation was maintained to utilise the entire volume of the latex
bags. Due to the missing inner structure of this lung equivalent, its full deflation can
be neglected. Fluctuations over time identified during high volume and frequency

simulations are caused by the pneumatic system not being completely airtight.

1.4.4 Challenges and further work

Future challenges include the introduction of vivid porcine tissue, which has not been
compromised by the extraction process at the abattoir, or by preservatives. The pos-
sible fields of application of the xPULM™ would increase by the implementation
of other, partially also pathological, breathing patterns. The advantages of inte-
grating realistic tissue samples include the possibility of visualising model-machine
interactions with ventilation devices to a greater extent. The simulator can then be
used for training and testing including the simulation of the patient condition with
a physical model where a result of an action is immediately visible, and misuse can
result in e.g. tearing of the lung equivalent. The xPULM™ model can be further
applied in simulations for teaching purposes of ventilation where the response and
course of action dependent on the change of lung behaviour shall be demonstrated
and practised. In medical research, the simulator can be used as an alternative to
animal testing. In order to provide an overview of the characteristics of introduced
lung equivalents, further measurements will focus on P-V loops at low flow rates
within the physiological volume range. By these means, different lung conditions
can be evaluated and characterised for further breathing simulation. These may in-
clude combinations of adult and children lung capacities with or without restrictive
and/or obstructive pathologies. The adaptability of the breathing simulation pa-
rameters coupled with the use of different lung equivalents represents an important

advancement towards anatomically realistic modelling of the respiratory system.

1.5 Conclusion

The xPULM™ simulator represents a new approach to the respiratory system be-
haviour modelling, combining the techniques of in silico, ex vivo and mechanical
models. More specifically the in silico part is represented by the mathematical

model, the ex vivo component is included by using the primed porcine lung, whereas
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the mechanical model is the xPULM™ simulator setup itself. Construction of the
simulator has been inspired by the functionality of the human respiratory system un-
der physiological conditions and adapts a key concept of moving the air into and out
of the lungs due to the pressure gradient between the atmosphere and the thoracic
cavity. Measurements of the simulated sinusoidal breathing patterns demonstrate
high reproducibility and stability of the system for all five tested tidal volumes at
four breathing frequencies. The respiratory simulations were conducted with sim-
plified lung equivalent and primed porcine lungs. Influence of a lung equivalents’
mechanical properties on flow and pressure characteristic represents processes nat-
urally occurring during the human respiration cycle. This is especially applicable
for a primed porcine lung where the extraction process requires increased attention.
The results show that the xPULM™ simulator is capable of reliably capturing the
flow and pressure changes for a range of physiological tidal volumes and frequencies

with multiple lung equivalents and during sinusoidal breathing simulations.
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2 Patient-ventilator interaction testing

Abstract

During mechanical ventilation, a disparity between flow, pressure or volume de-
mands of the patient and the assistance delivered by the mechanical ventilator of-
ten occurs. Asynchrony effect and ventilator performance are frequently studied
from ICU datasets or using commercially available lung simulators and test lungs.
This paper introduces an alternative approach of simulating and evaluating patient-
ventilator interactions with high fidelity using the electro-mechanical lung simulator
xPULM™ under selected conditions. The xPULM™ approximates respiratory ac-
tivities of a patient during alternating phases of spontaneous breathing and apnoea
intervals while connected to a mechanical ventilator. Focusing on different trig-
gering events, volume assist-controlled (V/A-C) and pressure support ventilation
(PSV) modes were chosen to test patient-ventilator interactions. In V/A-C mode
a double-triggering was detected every third breathing cycle leading to an asyn-
chrony index of 16.67%, being classified as severe. This asynchrony causes a major
increase of Peak Inspiratory Pressure PIP =12.80 +1.39 cmH0O and Peak Expira-
tory Flow PEF =-18.33 +1.13 L. /min when compared to synchronous phases of the
breathing simulation. Additionally, events of premature cycling were observed dur-
ing PSV mode. In this mode, the peak delivered volume during simulated sponta-
neous breathing phases almost doubles compared to apnoea phases. The presented
approach demonstrates the possibility of simulating and evaluating disparities in
fundamental ventilation characteristics caused by double-triggering and premature
cycling under V/A-C and PSV ventilation modes. Various dynamic clinical situa-
tions can be approximated and could help to identify undesired patient-ventilation
interactions in the future. Rapidly manufactured ventilator systems could also be

tested using this approach.
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2.1 Introduction

The functionality of the human respiratory system can be impaired mainly by res-
piratory pump failure or lung failure. These effects may occur based on a variety
of causes like trauma, drug effects, neural damages and other pathologies such as
oedema [14], [96], [97]. Furthermore, a combination of both respiratory failures may
occur simultaneously, as is a case in patients with chronic obstructive pulmonary
disease (COPD) and carbon dioxide retention , . Respiratory pump failure
ultimately leads to the need for controlled or assisted mechanical ventilation, which
is meant to support or fully replace spontaneous breathing of a patient providing
time for recovery , , . In such scenarios, mechanical ventilators can be
deployed to decrease the work of breathing and to deliver a high concentration of
oxygen into the lungs. A mechanical ventilator is essentially a medical device com-
bining actuators, sensors, digital electronic and software to fulfil a predefined venti-
lation strategy —. The basic structure and main functional building blocks
of a typical mechanical ventilator are depicted in Fig. [2.I] Assisted mechanical
ventilation should be ideally fully adaptive to a patient’s respiratory behaviour by
providing limited and fully synchronous respiratory support. Otherwise, asynchrony
between the patient needs and the output of the ventilator arises , .

Pressurised oxygen

Blender

Expiratory line Endotracheal
———— tube

Control Valves/

. - Sensors
unit turbine

—_—»
\__/ Inspiratory line

Exhaled gas

Fig. 2.1: Basic structure and main functional building blocks of a mechanical ven-
tilator (taken and adapted from [100])
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2.1.1 Patient-ventilator asynchrony

Patient-ventilator asynchrony (PVA) occurs when inspiratory and expiratory times
of a ventilator do not match the neural control of patient’s respiratory effort or when
there is a disparity between flow, pressure or volume demands of the patient and the
assistance delivered by the mechanical ventilator [15]. The neural inspiratory time
can be estimated to describe the demands of a patient’s respiratory system by mea-
suring the electrical activity of the respiratory muscles. For this purpose, diaphragm
electromyographic recordings and airflow signals of healthy subjects are evaluated
according to respiratory protocols on respiratory rate increments and fractional in-
spiratory time decrements [105]. Modern synchronisation algorithms use new ap-
proaches such as deep learning [15], [106], [107] to estimate patients’ respiratory
mechanics and neural activity based on the measured pressure and flow waveforms,
oesophageal pressure or transdiaphragmatic pressure readings, or diaphragm elec-
tromyography [108], [109]. However, errors of bias in the estimations can further

contribute to an increased incidence of PVA [108].

2.1.2 Occurrence of PVA

The PVA occurs during both invasive and non-invasive ventilation and can be cat-
egorised into four general types: flow asynchrony; trigger asynchrony; cycle asyn-
chrony; and mode asynchrony [15], [103]. Commonly manifestations are cases of
auto-triggering, double-triggering, ineffective breaths, premature cycling and late
cycling [17], [110]. Non-invasive ventilation techniques are prone to PVA due to
leakages [110]. A framework for evaluating the clinical impact of PVA and attempts
to better structure such efforts was presented by Gonzalez-Bermejo et al. [111].
Patient-ventilator asynchronies occur frequently and in the most common ven-
tilation modes [17], [109], [112]. A severe PVA can be defined by proportion (PVA
events in >10% of breathing cycles) or by clustering in 3 min period (PVA in 50% of
breaths, assuming a breathing rate of 20 per minute) [17], [113]. Recently suggested
method estimate PVA severity based on recurrence (PVA is observed twice a day for
at least two minutes) [114]. However, the proposed concept requires further valida-
tion. Negative physical and mental outcomes such as excessive load on respiratory
muscles, lung injury, prolonged ICU stay, discomfort and anxiety have been linked
with severe PVA [15], [16], [112], [115], |[116]. A higher frequency of asynchronies
has been associated with higher mortality as well [15], [17]. Some studies report a
lower incidence of severe asynchronies when modern ventilation modes such as neu-
rally adjusted ventilation assist (NAVA) is used in comparison to conventional ones
(PSV, V/A-C) [103], [109], [117]-]120]. However, conventional modes of mechanical

ventilation stand a test of time and remain frequently used. This is in part due
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to the increased complexity of new ventilation modes. Current emerging solutions
focus on shortening the weaning process and increasing lung protective ventilation
techniques |121], mainly supported by AI software solutions with advanced in vivo
monitoring [122], |123]. In some cases, this can lead to the ventilation device be-
coming a "black-box" for an attending physician. Furthermore, there is no strict
taxonomy in the naming of ventilation modes and manufacturers often introduce
different names for similar modes which can lead to confusion. Further advances
in the complex field of mechanical ventilation could benefit from a truly interdisci-
plinary approach combining the knowledge of medical professionals and biomedical
engineers. [100], [124]

2.1.3 Simulation techniques utilised in PVA studies

Studies evaluating patient-ventilator interactions (e.g. triggering functions) often
utilise simulation techniques to represent the patient. There are various approaches
to test and calibrate a mechanical ventilator. On the one hand, several approaches
target to simulate a passive lung with singular interchangeable properties, like re-
sistance and compliance. On the other hand, some testing devices allow to also
target patient ventilator interaction at specific boundary conditions (e.g. chosen
ventilation modes, patient specific characteristics).[55]-[57]

Examples for the passive test systems are the IMT test lung (imtmedical, Switzer-
land), representing a single compartment solution as well as the TTL lung simulator
(Michigan Instruments, USA), allowing a two compartment simulation. The ASL500
breathing simulator (IngMar Medical, USA) is an example of a more sophisticated
test system, targeting also the comparison of ventilation modes, which has been
shown in several studies [125]-[128]. The fundamental disadvantage of such meth-
ods are the unchangeable maximum volume of the test lung, restricted possibility

of simulating lung behaviour and limited simulation of expiratory efforts [127].

2.1.4 Aim of the work

This work aims to introduce a novel approach of simulating and evaluating dispar-
ities in fundamental ventilation characteristics using electro-mechanical lung simu-
lator xPULM™ [62] . This simulator can be used as a hybrid simulation device.
It provides the basic, passive lung simulation with interchangeable resistance and
compliance characteristics on one side. Additionally the xPULM™ is acting as a
spontaneous actively breathing lung on the other side. For both modes the lung
volumes and the breathing pattern can be tailored in accordance to the individual
simulation conditions (e.g. varying inspiratory and expiratory efforts). Moreover,

the simulator at hand provides the option to easily exchange lung equivalent as well.
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This includes the use of latex bags of different sizes and properties, as well as the
inclusion of artificial organoid structures or even the use of explanted lung tissue as
the lung equivalent.

In this paper patient-ventilator interactions are evaluated for two, frequently
used ventilation modes, (i) volume/assist-control ventilation mode and (ii) pressure

support ventilation mode during spontaneous breathing simulation |129].

2.2 Materials & Methods

The measurement setup consists of the electro-mechanical lung simulator xPULM™
connected with a standard single-tube to a Bellavista™ 1000 mechanical ventila-
tor (imtmedical, Switzerland) [130]. The simulator acts as a ventilated patient and
replicates spontaneous sinusoidal breathing while supported by different modes of
assisted ventilation. Frequently used volume/assist-control mode (V/A-C) ventila-
tion mode and Pressure Support Ventilation (PSV) modes were chosen in this study

as they account for 53% of ventilation modes used in mechanically ventilated and
intubated patients |129].

Flow
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Fig. 2.2: Key functional elements of the xPULM™ electro-mechanical lung simula-

tor [62].
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2.2.1 Electro-mechanical lung simulator xPULM™

The electro-mechanical lung simulator xPULM™ has been developed to replicate
anatomically as well as physiologically realistic breathing simulation. The basic
mechanical setup of the xPULM™ consists of a thoracic chamber, housing a lung
equivalent, and a connected bellows system acting as a respiratory pressure driving
unit (Fig. 2.2).

The system, as described by Pasteka et al. in [62], allows the use of simplified
lung equivalents like latex bags of different sizes, as well as the inclusion of a porcine
lung. The breathing simulation is controlled by a real-time data acquisition and pro-
cessing FPGA (field-programmable gate array) unit (National Instruments, USA).
The opportunity to simulate active spontaneous breathing patterns of various pa-
rameters is the key for patient-ventilator interaction testing, presented in this work.
In contrast to common ventilator testing setups and mechanical lung simulators,
the xPULM™ simulator does not actively pump the gaseous volume into the lung
equivalent. The driving power of the volume displacement during breathing simula-
tion with xPULM™ is the pressure difference between the thoracic chamber and the
surrounding atmosphere. Depending on the included lung equivalent, different lung
capacities can be simulated. Furthermore, key parameters of the respiratory system
such as airway resistance and lung compliance are adjustable. A resistance of the
airways can be simulated by inclusion of an exchangeable resistive element. Both
linear and parabolic resistances can be used in this setup. Additionally, lung equiv-
alents from different materials can be included in the thoracic chamber representing

various values of lung compliance. [62]

2.2.2 Volume/Assist-Control ventilation mode (V/A-C)

Under volume-controlled ventilation, a predefined tidal volume (V) is administered
to the patient’s lung at a set rate. Therefore, the airway pressure depends on the
tidal volume as well as lung compliance and resistance. Advantages of having Vr
as a control variable is a stable minute volume and lower initial flow rate than in
pressure-controlled modes, depicted on Fig. [2.3h. However, insufficient flow may
increase incidence of patient-ventilator asynchronies. In the measurement setup,
the Vr is adapted to the currently measured tidal volume Vreyrent according to
the eq. 2.1 Frequently used version of the volume-controlled ventilation is the
volume/assist-control mode (V/A-C) where spontaneous respiratory efforts of the

patient trigger controlled breaths during the ventilation cycles. [130], [131]
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Fig. 2.3: Relationships between ventilation parameters in a) volume-controlled and
b) pressure-controlled ventilation mode in relation to the ventilation phases of (I’)
minimal inspiration time, (I) inspiration, (E’) minimal exhalation time, (E) exha-
lation, (T) waiting for a trigger (T) trigger action, (P) plateau phase. The main
ventilation parameters are depicted as well,including slope, PEEP, Ti,s, and f as
well as a schematic representation of a trigger event in the pressure and flow regime
(taken and adapted from [130]

2.2.3 Pressure support ventilation mode (PSV)

In pressure-controlled ventilation Fig. 2.3b, a pressure applied to the airway is the
controlled variable of the system. Therefore, tidal volume depends on the inspira-
tory pressure as well as lung compliance and resistance. This mode of ventilation
has been advocated to reduce barotrauma and to reduce the work of breathing.
However, the delivered V could be too high. For patients exhibiting spontaneous
breathing activity a pressure support ventilation (PSV) has been the recommended
option. The ventilation device delivers an inspiratory pressure-supported breaths
Paupp triggered on a synchronised basis. [130], [131]

2.2.4 Measurement setup & protocol

The measurement setup includes two main components: The xPULM™ simulator
and the IMT Bellavista™ ventilator. Two 3 L latex bags with measured compliance
Cstat = 49mL/cmH50 and Cgyy = 47mL/cmHy0 are used as a lungs equivalent.
Additionally, parabolic airway resistance Rp20 (Michigan Instruments, USA) with
characteristic similar to that of standard endotracheal tubes is included in the setup

[132]. The pressure drop across the resistor AP can be expressed as:

AP = ];pﬁ (2.2)
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Tab. 2.1: Calculated pressure drop AP and equivalent linear airway resistance (R)

values for flow-rates in the measurement region for the used parabolic resistor Rp20.

Resistor ~ k  V [L/min] AP [emH,0] R [cmH,0-s/L]

Rp20 215 15 1.09 4.39
30 4.39 8.78
45 9.88 13.17
60 17.57 17.57

where p is the gas density, 7 is the average gas velocity over the cross-section of
the resistor and k is a resistive loss coefficient as stated by Martin et al. [125].
Calculated pressure drop and equivalent airway resistance values for flow-rates in
the measurement region are summarised in Tab. [2.1]

The xPULM™ simulator acts as a spontaneously breathing human with a breath-
ing frequency of 12bpm (breaths per minute) and a tidal volume (V) of 500 mL.
The apnoea phase (V =0L/min) is introduced after 60s of sinusoidal spontaneous
breathing simulation for a time interval of 60s. After the apnoea, active sponta-
neous breathing is resumed, with the same settings, again for a duration of 60s.
The lung simulator and the mechanical ventilator are started consecutively. This
manoeuvre represents patients suffering from severe cases of diseases accompanied
by respiratory failure. Intervention with mechanical ventilation is required as the
disease progresses. The scenario was inspired by the cases presented by Williams et
al. [133].

The mechanical ventilator was operated in two ventilation modes Volume Assist-
Control Mode and Pressure Support Ventilation mode. The measurement protocol
with the apnoea interval was used in both cases. The measurements were repeated
three times. The V-A/C mode is operated with the following settings: V=500 mL,
PEEP=0cmH,0, f=12bpm, Ti,s,=1.7s, Flowyige= 2.0 L/min. The PSV mode is
operated with the following settings: Pgpp=10cmH,0, PEEP= 0cmH,O, If apnoea
occures the backup ventilation mode is switched on with f=12bpm, Ti,spmax=1.7s,
Flowyige= 2.0 L/min. Both measurements were performed under laboratory condi-
tions (T'=21.6°C, RH =52 % P, = 1030 hPa) and with an ambient air gas mixture
(21% O, 78 % N and 1% trace gasses).

2.2.5 Asynchrony index

The asynchrony index (AI) for each ventilation mode is calculated across all mea-

surement trials as a number of asynchrony events (Nag) / total respiratory rate
(RRotar) x 100 [112].
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2.3 Results

The patient-ventilator interaction measurements are separated into two phases and
are investigated under two different ventilator modes. The phases are divided into
initial spontaneous breathing (SB) performed by the xPULM™ simulator (Phase
1), with simulated apnoea (SA) phase in between where the electro-mechanical sim-
ulator is not operating (Phase 2). The tracings of flow, volume and pressure at
the airways showing the interactions between the xPULM™ simulator and the me-
chanical ventilator for both phases are depicted on Fig. & The transitions
between phases are characterised by rapid changes of airway pressure and flow. For
each phase, a total of 36 breathing cycles were analysed.

Phase 1 (SB) - Spontaneous Breathing using V/A-C Phase 1 (SB) - Spontaneous Breathing using PSV
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Fig. 2.4: Pressure, flow and volume tracings during spontaneous breathing simu-
lation (SB) phases with the xPULM™ and mechanical ventilator BellaVista™ in
the V/A-C mode (left) and in the PSV mode (right). Simulated patient’s breathing
frequency is not in phase with the ventilator’s frequency representing realistic con-
ditions. This leads to trigger asynchrony (double-triggering) in the V/A-C mode
(arrows on the left) and trigger asynchrony (premature cycling) in the PSV mode
(arrows on the right).
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Phase 2 (SA) Simulated Apnoea using V/A-C Phase 2 (SA) Simulated Apnoea using PSV
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Fig. 2.5: Pressure, flow and volume tracings during simulated apnoea (SA) phase.
The xPULM™ does not generate any airflow, in this phase, and the mechanical
ventilator BellaVista™ is overtaking the entire ventilation process using the V/A-C
mode (left) and the PSV mode (right).

2.3.1 Measurements with V/A-C ventilation mode

The measurements of the xPULM™ simulator and the mechanical ventilator op-
erating in V/A-C mode are shown in Fig. [2.4. During Phase 1, the xPULM™ is
actively breathing while the mechanical ventilator is operating for a period of 60s.
A forced second inhalation cycle is triggered (double triggering) by the mechanical
ventilator every third breathing cycle, leading to an abrupt increase of pressure,
which is followed by a higher exhalation flow in comparison to the other breathing
cycles. With a total amount of 4 asynchronies during the observed time span, the
asynchrony index for both phases in V/A-C mode is 16.67 %. In the Phase 2, the
electro-mechanical simulator was paused to simulate apnoea with the mechanical
ventilator taking over the entire breathing effort. Steady breathing cycles can be
seen with maximum pressure peaks at the end of the inhalation cycle. To reach the
same flow the necessary pressure exerted by the mechanical ventilator doubles in

comparison to the Phase 1.
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Tab. 2.2: Patient-ventilator interaction. Differentiation between phases (1: Spon-
taneous Breathing (SB) and 2: Simulated apnoea (SA)) for both V/A-C and PSV
mode with a breathing frequency of 12 bpm.

Peak Peak Peak Peak
Inspiratory Inspiratory Expiratory Expiratory
Ventilator
Phase Flow Pressure Flow Pressure
Mode
(iUFLOW) (iUPRESSURE) (iUFLOW) (iUPRESSURE)
[L/min)] [cmH50] [L/min)] [cmH50)]

V/A-C SB 2556 (£ 1.34) 7.96 (£ 6.38) -25.57 (+8.93) 0.14 (4 0.20)
SA 2643 (£ 0.57) 11.09 (+ 0.49)  -32.9 (£ 0.54) 0 (£ 0.03)

PSV SB 43.96 (£ 0.01) 10.18 (& 0.04) -27.5 (£ 0.97)  0.24 (& 0.08)
SA 41.19 (+0.31) 10 (£ 0.02)  -32.16 (+ 0.51) 0 (+ 0.03)

2.3.2 Measurements with PSV ventilation mode

In Fig. [2.5] the measurement of interactions between simulated spontaneous breath-
ing and the PSV mode of the mechanical ventilator are depicted. Similarly to the
V/A-C mode the mechanical ventilator is not fully in phase with the lung simula-
tor. The inspiratory time of the lung simulator does not surpass the set maximum
inspiratory time threshold of the PSV mode, leading to an intended interaction for
all phases during the measurement. However, the delivered peak volume during the
active Phases 1 is nearly double than in the apnoea Phase 2. With a total amount
of 12 asynchronies during the observed time span, the asynchrony index for both
phases in PSV mode is 50 %. The effect of asynchronies can be seen in the increased

inspiratory flow of both the lung simulator and mechanical ventilator.

2.3.3 Comparison of measurements with V/A-C and PSV

The comparison of simulation measurements showing patient-ventilator interactions
using different modes of ventilation is summarised in Tab. 2.2l The results ex-
hibit high standard deviations opow for inhalation and exhalation peak flow and
opressURE for inhalation peak pressure in both spontaneous breathing phases during
V/A-C mode. The standard deviation for exhalation peak pressure can be neglected
for both modes as the PEEP was set to zero for both modes and minor oscillations
around zero for dynamic systems are expected. The high standard deviation out-

come for V/A-C mode during spontaneous breathing is linked to double triggering
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which can be seen in Fig. for every third breathing cycle. During simulated ap-
noea in V/A-C mode, the standard deviation oppow lies below 2.17% for inhalation
and exhalation peak flow and oprrssure lies below 4.42% for inhalation peak pres-
sure. For the PSV mode, opr,ow lies below 3.53% for inhalation and exhalation peak
flow and oprrssurg lies below 0.41% for inhalation peak pressure when considering
both phases.

2.3.4 The V/A-C asynchronous events

The maximum inhalation and exhalation peaks for flow and pressure values were
analysed for the breathing cycles where the lung simulator interacts with the me-
chanical ventilator in-phase (Synchronous) as shown in Tab. 2.3 Additionally,
the values were calculated for breathing cycles where the lung simulator and the
mechanical ventilator are out of phase (Asynchronous) which is characterised by
the occurrence of double triggering. This caused a major increase of Peak In-
spiratory Pressure PIP =12.80+1.39cmH;0 and Peak Expiratory Flow PEF =-
18.33 £ 1.13 L/min when comparing synchronous to an asynchronous phase of spon-
taneous breathing simulation. The differentiation resulted in a decrease of oprow
and opressurg during synchronous and asynchronous simulator-ventilator interac-
tion in comparison to the non-differentiated event analysis (see Tab. & Tab.

23).

2.3.5 The PSV asynchronous events

In Fig. (PSV mode, Phase 1), the arrows depicted in the flow graph are point-
ing to the initiation of trigger asynchrony events. Rises in flow, being out of phase
with simulator’s flow pattern, can be observed during exhalation phase. The asyn-
chronous events occur during every exhalation phase. In this specific case, the flow
is set as trigger parameter for the PSV measurements. The simulator’s expiratory
time is delayed in comparison to the ventilator’s calculated expiratory time. The
resulting rise in flow, caused by the simulator-ventilator interaction, is not sufficient

to start the inspiration phase, which ultimately leads to premature cycling.

2.3.6 Pressure changes in the thoracic chamber of the xPULM™

Recordings of pressure changes inside the thoracic chamber of the xPULM™ (here-
after referred to as a thoracic pressure), depicted in Fig. , present alternative
opportunity to further explore the effect of PVA on patients and operation of me-
chanical ventilators. Automatic adjustments of ventilator’s control algorithm in

response to the asynchronous events are evident.
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Tab. 2.3: Comparison of peak flow and pressure values for the recorded spontaneous
breathing phase (SB) of the V/A-C mode. The mode introduced a forced inspiratory
cycle (double triggering) based on the trigger event. The inspiratory and expiratory
peaks are differentiated based on the trigger event (Synchronous: the lung simula-
tor’s spontaneous breathing is in phase with the mechanical ventilator during V/A-C
mode; Asynchronous: the lung simulator and the mechanical ventilator are out of
phase during V/A-C mode).

Peak Peak Peak Peak
Inspiratory Inspiratory Expiratory Expiratory
Phase Triggered
Flow Pressure Flow Pressure
(V/A-C) Event
(£orLow) (£0PRESSURE) (£orLow) (£0PRESSURE)
[L/min] [cmH,0] [L/min] [cmH,0]
SB Synchronous — 25.06 (£ 1.38)  3.68 (£ 1.21)  -19.53 (+ 0.45) 0.24 (£ 0.15)

Asynchronous  26.54 (4 0.49) 16.48 (+ 0.17) -37.66 (£ 0.68) -0.07 (& 0.07)

Changes in the driving pressure exerted by the ventilator to deliver the prede-
fined tidal volume in V/A-C mode can be observed prior to the asynchronous event
(double triggering). Thoracic pressure applied during first breath following the dou-
ble triggering event is significantly lower to SA phase. This is partially compensated
by the increase of driving pressure during the second breath. However, in the course
of the third breath double-triggering occurs and the entire process repeats as shown
in Fig. (left).

The effect of premature cycling during PSV ventilation are equivalently reflected
in the changes of the thoracic pressure. This trigger asynchrony causes an increase
of the delivered tidal volume and manifests as a secondary peak in the thoracic
pressure recordings Fig. (right).

The changes in peak pressure (>4 cmH,0, left) and occurrence of premature cy-
cling at every breath (right) in Fig. are complementary to the data-set recorded
by the ventilator and shown in Fig. & and indicate the occurrence of asyn-

chronous events during Phase 1 simulations.

2.4 Discussion

Thorough testing of patient-ventilator interactions is necessary to ensure that pa-
tient demands during all phases of mechanical ventilation are met. The occurrence of
asynchronies have been linked to high load on ventilation muscles and cause overload,

fatigue or even injury |15], |16], [L15]. Modern approaches are needed to capture the
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V/A-C - Thoracic chamber pressure during both SB and SA phases PS8V - Thoracic chamber pressure during both SB and SA phases

6 6
44 1]
> h
24 2 \I p i h| p ‘\{ i poA i N[

= . SRR (O O | O (NN (MR IR (O | O O

o, [s) | | X N i | | | i I i i

T = RN 1 R | T (R 1 T o 4 O A 1

£ E 1 1 |

o 0 o O i ! | il

=1 3

@ @

a @

<) o 1 IR 1 '

o a IR R R it i |
2 SR YR IR 1A I I I W
-4 -4 4
-6 -6 T T -

0 40 0 20 40 60
Time [s] Time [s]
‘_Thoracic Pressuregy - - - Thoracic PressureSA‘ ‘_Thoracic Pressuregg - - - Thoracic F'ressureSA‘

Fig. 2.6: Pressure changes in the thoracic chamber of the xPULM™ recorded during
Phase 1 - spontaneous breathing (SB), blue solid line and Phase 2 - simulated apnoea
(SA), black dashed line in the V/A-C mode (left) and in the PSV mode (right). The
changes in peak pressure (>4 cmH,O, left) and occurrence of premature cycling at
every breath (right) indicate asynchrony events during mechanical ventilation and
correspond to the data recorded by the ventilator.

clinical environment with higher fidelity. The xPULM™ simulator reliably repli-
cates sinusoidal human breathing with adjustable waveform parameters (e.g. tidal
volume, frequency) as shown in our previous work . The lung simulator, there-
fore, seems like a suitable candidate to expand setups for patient-ventilator interac-
tion testing and to aid the development of modern ventilation modes in the future.
This especially applies for exploring patient-ventilation interactions under various
dynamic conditions (changing breathing patterns and timing of respiration phases)
and different pulmonary parameters (airway resistance and lung compliance). The
focus of this paper is to introduce this simulation approach and to examine changes
of ventilation during widely used V/A-C and PSV ventilation modes. The measure-
ment setup simulates a physiological respiratory system situation. Airway resistance
is represented by the inclusion of an interchangeable pneumatic resistor to further
simulate realistic airway behaviour. The resistors used allow to reflect different
physiological and pathological conditions of the airways. The same applies to the
used lung equivalent. The results show occurrences of asynchronies during V/A-C
and PSV ventilation modes with a simulated patient during spontaneous breathing

and apnoea periods.
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2.4.1 Influences of V/A-C and PSV ventilation mode

The first trial show the interaction with the simulated patient during the V/A-C
mode, which is based on a continuous mandatory ventilation mode. In this case, sim-
ulated patient’s breathing frequency is not in phase with the ventilator’s frequency
representing realistic conditions. Patient-ventilator asynchrony can be identified
and manifests as a forced second inhalation every third breathing cycle (double-
triggering). This event represents a force working against the effort of a sponta-
neous breathing patient. The mechanical ventilator intervenes despite the patient
being sufficiently ventilated. However, this is in concordance with the principle
of the V/A-C ventilation mode where the patient always receives at least the set
tidal volume. The forced second inhalation, in general, occurs when the ventila-
tor inspiratory time is shorter than the patient’s inspiratory time. The results are
corresponding with clinical findings reported by Thille et al. [112].

The second trial demonstrate the influence of PSV ventilation mode during sim-
ulations of spontaneous breathing and apnoea phases. Mechanical ventilation in
PSV mode is supportive but leads to an excessively high peak pressure during spon-
taneous breathing phases caused by premature cycling. The volume supplied by the
mechanical ventilator is compounded to the tidal volume delivered by spontaneous
breathing. Consequently, the total volume during SB phases doubles in compari-
son to the apnoea phases. This leads to insufficient ventilation during the apnoea
phases.

Furthermore, the pressure changes inside the thoracic chamber of the xPULM™
which are complementary to the data-set recorded by the ventilator have been pre-
sented. This provides additional information about how asynchronies influence the
conditions in the thoracic chamber in comparison to synchronous mechanical venti-
lation. These pressure changes in the thoracic chamber partially reflect the interplay
between changing compliance of the lung, the chest wall mechanics and the varying

respiratory muscle effort (Pyus), which is at the heart of most clinically relevant
PVA.

2.4.2 Limitations of the approach

The primary limitation of the presented approach and other studies using test lungs
or lung simulators is the principal inability of capturing the full complexity of
patient-ventilator interactions [57], [128]. This raises the question of medical rel-
evance. The ventilation parameters like flow, average peak pressure and plateau
pressure, observed at bed-site, can be higher than has been simulated in this work.
Nevertheless the presented results serve as proof of concept and set the basis for

scaleable experiments.
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Typically ASL500 breathing simulator (IngMar Medical, USA) or Michigan In-
struments double compartment test lung (Michigan instruments, USA) are used to
represent the behaviour of a patient [55]-[57], |125]-[128]. However, such models
capture lung properties and expiratory efforts only to a limited extend [56], [57],
[125]-[128]. The lung simulator xPULM™ used in this paper can represent various
lung properties (compliance, volume, inner structure) by the inclusion of different
lung equivalents. In this study two 3L latex bags have been used and have to be
seen as limiting realistic measurements due to their missing inner structure and their
specific elasticity characteristics. Moreover, this study is limited by strictly regular,
sinusoidal simulation of the patient’s breathing and the use of only one mechanical

ventilator operated in two ventilation modes.

2.4.3 Further work

The modes and techniques used during mechanical ventilation are mature and cover
a wide spectrum of cases encountered in the clinical environment. Despite this fact,
there is a room for further improvements and innovations. One of the opportunities
is to simulate patients behaviour with high fidelity of anatomical and physiological
characteristics using lung simulators. Breathing simulations with a primed porcine
lung was shown to be feasible and representative of anatomical and physiological
situations in previous work [62]. Further research will, therefore, aim to include
primed porcine lungs obtained from the slaughterhouse process to the xPULM™
ventilator testing setup.

Additionally, rapidly manufactured ventilator systems are being developed to
cover potential shortages of mechanical ventilators during an emergency. Such solu-
tions should be rigorously tested due to the cyclical occurrence of events triggering
such demands (e.g. viral pandemic). Interactions of rapidly manufactured ventila-
tors could be tested using the lung simulator xPULM™. Comprehensive evaluation
could be conducted, helping to identify strengths and weaknesses of different ap-

proaches under realistic scenarios.

2.5 Conclusion

In this paper, an approach of testing patient-ventilator interactions using the electro-
mechanical lung simulator xPULM™ is introduced. The simulator is used to repli-
cate a spontaneously breathing patient under mechanical ventilation. Overall the
presented approach demonstrates the possibility of simulating and evaluating dis-

parities in fundamental ventilation characteristics under V/A-C and PSV ventilation
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modes. Due to the versatility of the used lung simulator, dynamic changes in breath-
ing patterns can be simulated. This method approximates the clinical situation and
can help to identify, investigate and test undesired patient-ventilation interactions
under laboratory conditions. Rapidly manufactured ventilator systems could also

be tested using this approach.
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3 Experimental evaluation of dry powder in-
halers

Abstract

Dry powder inhalers are used by a large number of patients worldwide to treat respi-
ratory diseases. The objective of this work is to experimentally investigate changes
in aerosol particle diameter and particle number concentration of pharmaceutical
aerosols generated by four dry powder inhalers under realistic inhalation and ex-
halation conditions. To simulate patients undergoing inhalation therapy, the active
respiratory system model (xPULM™) was used. A mechanical upper airway model
was developed, manufactured and introduced as a part of the xPULM™ to repre-
sent the human upper respiratory tract with high fidelity. Integration of optical
aerosol spectrometry technique into the setup allowed for evaluation of pharmaceu-
tical aerosols. The results show that there is a significant difference (p < 0.05) in
mean particle diameter between inhaled and exhaled particles with the majority
of the particles depositing in the lung, while particles with the size of (>0.5pm)
are least influenced by deposition mechanisms. The fraction of exhaled particles
ranges from 2.13% (HandiHaler®) over 2.94% (BreezHaler®), 6.22% (Turbohaler®)
to 10.24% (Ellipta®). These values are comparable to previously published stud-
ies. Furthermore, the mechanical upper airway model increases the resistance of
the overall system and acts as a filter for larger particles (>3 pm). In conclusion,
the xPULM™ active respiratory system model is a viable option for studying in-
teractions of pharmaceutical aerosols and the respiratory tract regarding applicable
deposition mechanisms. The model strives to support the reduction of animal ex-
perimentation in aerosol research and provides an alternative to experiments with

human subjects.

Keywords

dry powder inhaler resistance, inspiratory flow rate, inspiratory pressure, aerosol
particle deposition, mechanical upper airway model, optical aerosol spectrometry,

biomedical engineering

This chapter is published as:

o R. Pasteka, L. Schollbauer, J. P. Santos da Costa, R. Kolar, and M. Forjan,
“Experimental Evaluation of Dry Powder Inhalers During In- and Exhalation
Using a Model of the Human Respiratory System (xPULM™),” Pharm. 2022,
Vol. 14, no. 3, p. 500, Feb. 2022, doi: 10.3390/PHARMACEUTICS14030500.

26



Author contributions statement:

e R.P.: Conceptualization, Methodology, Validation, Data curation, Writing-
Original draft preparation, Visualization, Investigation L.S.: Investigation,
Writing- Reviewing and Editing, P.S.C: Formal analysis, Writing- Reviewing
R.K.: Writing- Reviewing and Editing, M.F.: Conceptualization, Investiga-

tion, Writing- Reviewing and Editing, Supervision.

3.1 Introduction

According to the report on the global impact of respiratory disease published by
the Forum of International Respiratory Societies from 2017 [9] approximately 65
million people globally suffer from mild to severe chronic obstructive pulmonary
disease (COPD) and 334 million people suffer from asthma. In conjunction with
acute lower respiratory tract infections, these diseases are among the most prevalent
severe illnesses and causes of death [9]. Based on Eurostat statistics [134] from 2016,
diseases of the respiratory system accounted for approximately 7.5% of all deaths in
the former EU-27. Targeted delivery of pharmaceuticals directly into the affected
part of the respiratory region via inhalation drug therapy is crucial for managing
cases of obstructive respiratory diseases [22].

Inhalation therapeutic devices can be categorised into four main types, includ-
ing nebulisers, pressurised-metered dose inhalers (pMDI), soft mist inhalers (SMI)
and dry powder inhalers (DPI) [22]. In terms of units sold in 2014, pMDIs and
DPIs constitute the majority of devices for inhalation drug delivery [21]. For this
reason, this article focuses purely on the evaluation of DPIs. In contrast to pMDIs,
DPIs work with larger lactose particles carrying the active substance and are envi-
ronmentally preferable due to the absence of hydrofluorcarbons [135]. Nevertheless,
DPIs require a minimum peak flow during inhalation, created by the patient, to
detach and propel the aerosol in direction of the lung regions. The lack of required
synchronity between activation and inhalation of the DPI is reducing a potential
source of misuse [136]. However, other errors such as loading and priming the DPI
for use or exhalation into the DPI before the inhalation step are present and have a
significant negative effect on the delivered dose [136], [137]. The optimum flow pro-
file varies for the currently available DPIs and may lead to a suboptimal delivered
dose for the patients [136]. Most recently developed DPIs only deliver a low dose of
medication while the users have to be able to create a minimum inspiratory flow and
have the cognitive ability to properly operate the DPI [138]. This is accompanied by
the need for an adequate lung volume of the user, therefore excluding children below
the age of 5 years [138]. Considering only a single peak inspiratory flow rate (PIFR)

value as the main criterion for determining the capability of the patient to use an
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inhaler efficiently may be an insufficient criterion as the DPIs vary in their design
and resistance to airflow [61]. While several available studies evaluating DPIs focus
mainly on inspiratory flow rate [139]—[143] a more suitable criteria has proven to be
ensuring a sufficient pressure drop of >1 kPa across the device. Inhalation under
these conditions leads to delivery of an adequate lung dose of the pharmaceutical
[61]. Focusing on the pressure drop across the device could help prevent exclusion of
patients from DPI usage due to insufficient or excessive peak inspiratory flow rate.
Both have been shown to negatively impact pulmonary drug delivery [139], [144].
Therefore, the pressure drop over the DPI has been taken as the main evaluation
criterion for successful inhalation processes for this work.

In vitro pharmaceutical aerosol test systems often include either sample collection
tubes or cascade impactors, such as the Andersen non-viable impactor, or the Next
Generation Impactor to collect the particles for classification [145]-[147]. The results
using such systems provide insights about the properties of the inhaled aerosol, such
as the sizes of the inhaled particles and the deposition fraction, which can be used for
comparison with radio-nuclide imaging studies [59] or to validate in silico dosimetry
models [148]-[150]. Cascade impactors consist of stages, each containing impaction
plates which represent obstacles for an incoming airstream |151]. These plates create
an abrupt bend in the airstream causing the particles, whose inertia exceeds a cut off
size, to deposit [152]. Due to the operating principle of cascade impactors and sample
collection tubes, evaluation of aerosol during consecutive inhalation and exhalation
is not feasible [153]. The aerosol particles deposit on the impaction plates during
inhalation and are consequently not present in the exhalatory airstream . For this
reason, optical aerosol spectrometry was utilised in this work allowing for evaluation
of particles within both inhalation and exhalation airstream.

Pulmonary drug delivery is based on the primary mechanisms of aerosol deposi-
tion, which are defined as inertial impaction, gravitational sedimentation, Brownian
diffusion, turbulent deposition, electrostatic precipitation, and interception [154].
The effect of deposition mechanisms on aerosol particles depends on the particle
characteristics such as particle size, overall size distribution, shape, composition,
surface characteristics and charge [155]. Moreover, the processes resulting from
molecular transfer between particles and their respective surrounding gas are nucle-
ation, condensation, evaporation hygroscopicity and coagulation [156]. Inhalation
drug therapy aims at targeted delivery of pharmaceuticals into the lung. The inhaled
particles must overcome filtration mechanisms in the upper airways causing them to
deposit within this region [157]. The deposition mechanism occurring mainly in the
upper airways is inertial impaction affecting mostly large particles (>2-5 pm) with a
strong dependency on the airflow rate. The deposition in this region of the respira-

tory tract results from direction changes of flow when the particles deviate from the
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streamline and collide with the airway walls. The probability of such deviation can
be described by the Stoke’s number where particle diameter, carrier gas viscosity
and airway diameter are used to calculate the probability of deposition [15§]. In
the respiratory tract, gravitational sedimentation of particles in the size range of
(>1-8um), refers to the settling of particles under the influence of gravity. Brown-
ian diffusion results from random motion and the collision of the particles with the
carrier gas molecules. The effect of mutual repulsion due to electric charges con-
cerning the inhaled particles is defined as electrostatic precipitation. The described
mechanisms arise mostly in the upper and conducting airway region of the respira-
tory tract, whereas diffusion and electrostatic precipitation is also taking place in
the acinus region of the pulmonary system for particles <3pum. [154]

The objective of this work is to experimentally investigate changes in aerosol par-
ticle diameter and particle number concentration of pharmaceutical aerosols under
realistic inhalation and exhalation conditions, resulting in a calculated lung deposi-
tion. The active respiratory system model (xPULM) used in this work includes two
core elements; a computed tomography (CT) derived mechanical upper airway model
(UAM), and a primed porcine lung serving as human lung equivalent. This setup
is used to represent a patient undergoing inhalation therapy. In contrast to widely
spread measurement setups, this work integrates an optical aerosol spectrometer for
inhalation and exhalation measurements to eliminate the drawbacks introduced by
cascade impactors [153], [159]. To cover a wide spectrum of devices used in clinical
practice, four commonly used DPIs are investigated. Instead of focusing on PFIR,
the focus was put on reaching a pressure drop of at least (Pprop >1 kPa) for all
inhalers. This article aims to provide an alternative respiratory model suitable to
reduce animal experimentation in aerosol research. Furthermore, the work aspires
to mitigate the shortage of experimental data, viable to substitute demanding and
constrictive experiments with human subjects. Moreover, the experimental setup
including the xPULM™ model, can be seen as a basis for an alternative to ani-
mal testing, as the porcine lung, included in this trial, has been salvaged from an

abattoir.

3.2 Materials and Methods

3.2.1 Measurement setup and procedure

The following two measurement trials were conducted during this study: A) Char-
acterisation measurements and B) Respiration measurements. To assess the parti-
cles generated by the DPIs, Characterisation measurements were performed using

a simple connection element to the respiratory model xPULM™ . This connector
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is characterised by a simplified version of the human laryngeal space, in form of
a 90 degree bend and includes a sampling nozzle. This aerosol sampling point is
in-line with the inhalatory airstream to ensure isoaxial aerosol sampling. Moreover,
the control loop of the optical aerosol spectrometer maintains a constant sampling
flow, regardless of the inhalation flow profile. The active model of the human res-
piratory system, xPULM™ was used with polymer breathing bags, to simulate the
inhalation effort of a patient during particle characterisation measurements.

In the second step, Respiration measurements (see Fig. [3.1)) were conducted to
investigate changes in aerosol particle diameter and particle number concentration
during inhalation and exhalation. For this purpose, a primed porcine lung was used
as a anatomically realistic lung equivalent. The porcine lung has been proven to be a
suitable model of the anatomy of the human lung [160] and has been used in previous
studies to research the pathogenesis of diseases such as cystic fibrosis [161]. The lung

equivalent was connected to a mechanical UAM which was rapidly manufactured
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Fig. 3.1: The measurement setup for Respiration measurements consisting of mouth-
piece adapters for A) BreezHaler® B) Ellipta®, HandiHaler® C) Turbohaler®, the
mechanical UAM derived from CT examinations, optical aerosol spectrometer used
to characterise the aerosol particles and the active model of the human respiratory
system xPULM™ with the porcine lung.
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using 3D-printing techniques. The UAM is based on a clinically annotated CT
examination of a healthy subject. In contrast to the characterisation measurements,
sampling took place at the lower end of the mechanical UAM to assess the influence
of its geometry on the measured values. The DPIs were mounted to the UAM using
custom mouthpiece adapters to ensure airtight connection.

The measurement procedure of the Respiration measurements consists of three
phases (i) inhalation, (ii) breath-hold, (iii) exhalation. Inhalation with maximum
effort was simulated until the pressure drop across the DPI, measured with the Flow-
Analyser PF-300 (IMT Analytics, Switzerland), reached at least the recommended
pressure drop of >1 kPa [61]. However, if achieveable, a pressure drop of 4 kPa, was
targeted [162]. The driving force of the inhalation was terminated when the peak
value of the pressure drop was reached. However, inhalation continued briefly, due
to inertia and compliance of the lung equivalent. Inhaler-specific inhalation profiles
were recorded using mass flow sensors SFM3300-AW (Sensirion, Switzerland).

All measurements have been performed under laboratory conditions and envi-
ronmental parameters have been recorded. The results have been adjusted for the
recorded background aerosol load. After each measurement trial, breathing simula-
tion was run until the background load was reached.

The inhalation manoeuvre was followed by a 5s breath-hold period prior to
slow and steady exhalation at a flow of 30 L/min for the duration of 6s. For each
tested DPI, the measurements were repeated 12 times (n=12). The in-/exhalation
airstream was sampled by the optical aerosol spectrometer Promo 2000 (PALAS,
Germany) connected to a white light aerosol sensor Welas 2070 (PALAS, Germany)
with a constant flow rate of 5L/min. The sensor is capable of measuring particles

in the range of 0.2 pm to 10 pm.

3.2.2 Model of the Human Respiratory System

The active model of the human respiratory system xPULM™ has been used in this
study. The xPULM™ replicates human breathing efforts exerted during the use
of DPIs. Fundamental respiratory characteristics (e.g., flow, pressure, and volume)
of a rapidly inhaling human are captured during the simulation with high fidelity.
Properties of the human respiratory system such as airway resistance and lung com-
pliance are represented by using lung equivalents (porcine lungs) and mechanical
UAMs (based on CT examinations). The displacement of gasses during sponta-
neous breathing occurs due to the pressure difference between the atmosphere and
the human lung. This physiological process is recreated by the xPULM™ . During
the breathing simulation, pressure changes in the thoracic chamber are induced by

the movement of a bellows system. For inhalation, a negative pressure is created in
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the chamber by expanding the bellows, leading to air following the pressure gradient
resulting in inflation of the lung equivalent. During exhalation the opposite process
occurs. The bellows is moved back to its original position, increasing the pressure
in the chamber and deflating the lung equivalent. The movement of the bellows
system can be precisely adjusted in the control software of the xPULM™ . This
allows for the simulation of different breathing scenarios under various conditions
as demonstrated in [163]. A detailed description of the xPULM™ functionality and
components including validation measurements are presented in our previous work
[62].

Representation of the Upper Respiratory Tract

The mechanical UAM includes the oral cavity, oropharynx, larynx, and trachea. A
CT examination of a 28-year-old, healthy, non-smoking, male was used for the UAM
reconstruction. The subject has been annotated as healthy by clinical staff and did
not show any sign of abnormal restrictions or geometrical limitations. Therefore,
this C'T examination has been considered to serve as a valid representation of an
exemplary upper airway similar to previous works [164], [165]. The selected dataset
contained 280 images with a slice thickness of 0.75 mm and was exported in a Digital
Imaging and Communications in Medicine (DICOM) format for further processing.
The upper respiratory tract was segmented using a combination of thresholding and
region growing techniques. The outcomes of the semi-automatic segmentation were

inspected on a slide-by-slide basis and the segmentation parameters were adapted
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Fig. 3.2: The manufactured 3D model of an upper respiratory tract of a 28-year-old,

healthy, non-smoking, male.
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Tab. 3.1: Summary of the mechanical UAM dimensions of a 28-year-old, healthy,
non-smoking, male. The sections correspond to the highlighted sections in Fig. [3.2]
SA - surface area

Volume  Lower SA Diameter Y Dimeter X Upper SA Diameter Y Diameter X

Section
(mm?] - [mm?] (mm] [mm] [mm?] [mm] (mm]
Trachea (green) 10657.02 188.39 15.49 14.99 86.60 18 4.93
Pharynx (orange) 7311.52  119.06 19.43 4.31 86.60 4.86 24.51
Larynx (yellow) 15902.39 119.11 7.84 22.79 77757 24.93 44.34
Oral cavity (blue) 22265.60 777.60 7.84 22.79 529.90 7.84 22.79

to obtain a precise segmentation of the upper airways. The resulting 3D model was
exported as a Standard Triangle Language (STL) file and post-processed to be 3D-
printable. The final 3D mechanical UAM was manufactured using rapid prototyping
techniques and coated with resin. An emphasis was placed on positioning the model
to minimise usage of support structure in the flow path. The dimensions for each
section of the final model are summarised in Fig. and Tab. [B.I Custom
connectors were designed based on the geometry of each DPI to ensure an airtight
connection between the inhaler and the mechanical UAM.

All rapidly produced components were manufactured from Polylactic acid (PLA)

with a wall thickness of 2mm and a layer height of 0.2 mm.

Representation of the Lower Respiratory tract

The lower respiratory tract consists of the bronchi, bronchioles, and alveoli, which
form the lung. During breathing simulations, these structures have been represented
by a primed porcine lung. The lung was salvaged from a slaughterhouse process and
is therefore compliant with the 3R principles [27] which denote responsible use of
animal or animal organs during experiments. The Nasco-guard® (Nasco, Wisconsin,
USA) preservation process keeps the porcine lung inflatable, elastic and covered
with the parietal pleura. These properties are necessary for physiologically and

anatomically realistic simulations of human breathing.

3.2.3 Dry powder inhalers

In total, four DPIs were evaluated in this study, grouped into single-dose and mul-
tiple dose inhalers. The single-dose devices (BreezHaler® and HandiHaler®) are
loaded with a capsule containing the dose which is punctured prior to use. The
remaining three were multi-dose DPIs (Ellipta®, Turbuhaler®) which store multiple

doses within the devices. Outlets of all DPIs were modified with custom rapidly
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Tab. 3.2: Summary of the relevant parameter values of the used DPIs taken from
literature [61], [166].

Resistance Metered Dose Lactose

Device Active substance Dose type
[kPa'/?/L/min] [ng] [me]

Seebri® Breezhaler® Glycopyrronium 0.0216 44 23.6 multi-dose, pre-dispensed

Anoro® Ellipta® Fluticasone furoate and vilanterol 0.0286 55/22 25 multi-dose, pre-dispensed

Spiriva® HandiHaler® Tiotropium bromide 0.0504 18 5.5 single-dose, hard capsules

Symbicort® Turbohaler® Budesonide and formoterol 0.0313 200/6 0.73 multi-dose, pre-dispensed

manufactured adapters to enable well-fitted, airtight, connection to the oral cavity
of the mechanical UAM.

3.2.4 Data Processing and Statistics

The optical aerosol spectrometry measurements were conducted with 128 intervals
per decade. The arithmetic centre of the intervals (x;) is then:
T upper — Lilower Aajz

9 = Tjlower + T [/'Lm] (31)

Ti = Ty lower +

For further calculations, the differential particle number distribution go (x;) is defined

as: 1
—_ 2
S A, P (3:2)

where n; is the measured particle number within the interval limits x; joper and

qo (%) =

Ti upper- Leading to the mean particle diameter M, calculation:

My = (zi qo (z;) Azy) = T [um] (3.3)

Further information about the inhaled aerosol is obtained by calculating the particle
number concentration:

1 3
dCn = n; A [P/em?] (3.4)

m
where the measured volume V,,, is defined as:

Vm =u fw bmeasurement [Cmg] (35)

where u is particle velocity and [w is the cross-section of the optical sensor.

For the chosen measurement setup equation |3.5| can be simplified to

Vm == theasurement [Cmg] (36)

where @ is the volumetric airflow (5L/min). The measurement data is evaluated

with non-parametric methods as the requirements for normal distribution and hence
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parametric test methods are not fulfilled. The data groups are compared pairwise
using the Kruskal-Wallis test by ranks (or one-way ANOVA on ranks) with a sig-
nificance level of a = 0.05, H values and p values are calculated and compared to a

critical x 2 = 3.841 for a degree of freedom df = 1.

3.3 Results and Discussion

3.3.1 Inspiratory flow rate and pressure drop measurements

Flow profiles measured during Characterisation and Respiration measurements for
the evaluated DPIs are presented in Fig. [3.3l During Characterisation measure-
ments, the resistance of the system is primarily resulting from the inner resistance
of the DPIs. The peak inspiratory flow, measured at the pressure drop values, pro-
vided in Tab. , ranges from 45 to 120 L/min. The shape of the inhalation profile,
shown in Fig. is characteristic for each used DPIs and reflects the individ-
ual constructional solution of the devices included in this evaluation. Vibrations
of the capsule, for example, are distinctive for HandiHaler® and manifest in rapid
oscillations of the inspiratory flow. Inhalation time required to reach the necessary
pressure drop is influenced by the inner resistance of the DPIs. The shape of the

measured flow profiles with xPULM™are comparable to full flow-rate profiles of
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Fig. 3.3: Flow profiles during A) Characterisation measurements B) Respiration
measurements while inhaling through Breezhaler®, Ellipta®, HandiHaler® and Tur-
bohaler® at a pressure drop given in Tab.
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patients [166].

The inspiratory flow rate during Respiration measurements is, in contrast to
Characterisation measurements, influenced by resistance and compliance of the in-
cluded mechanical UAM and the primed porcine lung, respectively. This is evident
for DPIs with low inner resistance (e.g., Breezhaler®) where the inspiratory flow
rate drops by 30 L/min. In case of DPIs with higher inner resistance (e.g., Handi-
Haler®) the flow rate is influenced moderately as the increase of the overall system
resistance is lower. The peak inspiratory flow, measured at the pressure drop val-
ues, provided in Tab. ranges from 39 to 86 L/min. The system resistance refers
to a combination of DPI inner resistance (constant) and the resistance of attached
pneumatic components.

The flow results of the different DPIs, as shown in Fig. [3.3] allow conclusions on
the handling of the inhaler and its characteristics during use. The HandiHaler® for
example shows a wider range of flow values as well as higher volatility in pressure
drop values (see Fig. , than most of the other inhalers. This is mainly caused
by the propelling mechanism, which is based on the mechanical movement of the
aerosol loaded capsule. Based on the user guide, the capsule has to move (also
acoustically noticeable) within the inhaler, in order to disperse the powder. This
oscillating movement leads to a volatile flow and oscillating pressure drop measure-

ments, therefore, characterisation of this inhaler is influenced by the handling of the
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Fig. 3.4: Relationships between inspiratory flow rate and pressure drop of four com-
mercial DPIs during A) Characterisation measurements B) Respiration measure-

ments.
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capsule and inhaler.

A comparable observation can be made for the use of the second capsule-based
DPI, the Breezhaler®. This product is also based on the oscillation of the capsule
in order to propel the aerosol properly. These oscillations are moreover influenced
by the holding position and angle of the device during inhalation. In contrast to
the HandiHaler®, the capsule within the Breezhaler® is not limited in movement
mechanically, but mainly by gravitation. When the Breezhaler® is moved to a
horizontal position the likelihood of the capsule dropping out of the holding cavity
increases, impacting the aerosol production mechanism.

The correspondingly changed flow profiles caused by different lung equivalents
can be observed in Fig. . The compliance of the introduced lung tissue (depicted
by the flow curves in Fig. influences the peak flow as well as the flow profile.
The anatomic components of the used porcine lung and its geometric properties
lead to a prolonged inhalation time and flattened flow profile when using identical

inhalation settings as with the polymer-based breathing bags as lung equivalent.

3.3.2 Influence of the mechanical UAM and the primed porcine

lung

Effects of the mechanical UAM and the primed porcine lung during Respiration
measurements are evident from the relationship between inspiratory flow rate and
pressure drop across the inhalers, see Fig. [3.4B. The resistance of the measure-
ment system increases significantly (p <0.05) with all inhalers (see Tab. and a
pressure drop of 4 kPa is reached for lower inspiratory flow rates.

The measurements revealed limitations in reaching the pressure drop of 4 kPa
consistently for Breezhaler®. Based on the recorded observations, the position of
the capsule within the DPI, as well as the angle of the device are critical. Even a
slight movement of the capsule changes the behaviour of the device. The pressure
drop set prior to measurements could not be reached despite high inspiratory flow
and prolonged inhalation time. A pressure drop >1kPa with any DPI is sufficient
for the patient to receive an adequate lung dose [61]. This criterion (defined as a
minimum requirement) was met over all conducted measurements.

Relevant parameter values for the used DPIs, Characterisation measurements
and Respiration measurements are summarised in Tab. [3.3] These parameter values
complement the graphical result shown in Fig. and Fig. Additionally,
they provide further inside about the relationship between the inner resistance of
the DPIs, inhaled volume, inhalation time and peak inspiratory flow at particular

pressure drop values.
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Tab. 3.3: Summary of the relevant parameter values for the used DPIs, during
Characterisation and Respiration measurements. Where: Viyg - inhaled volume,
Pprop - pressured drop across the inhaler during inhalation, PIF - peak inspiratory

flow, and tiyyg - inhalation time.

Dry powder inhalers Characterisation parameters Respiration parameters
Devi Vinh Pprop PIF tinh  System Resistance Vinh Pprop PIF tinh  System Resistance
evice
(L] kPa]  [L/min] s [kPa'/2/L/min] (L] kPa]  [L/min] s [kPa'/2/L/min]

Seebri® Breezhaler® 6.98 3.81 117.28  3.00 0.0166 4.55 252 86.31 3.00 0.0184*
Anoro® Ellipta® 4.06 4.27 67.01 2.10 0.0308 3.38  3.63 56.94 2.10 0.0335%
Spiriva® HandiHaler® 2.60 3.82 44.50 1.40 0.0439 2.05  3.25 38.62 1.40 0.0467*
Symbicort® Turbohaler® 3.52  3.83 70.11 1.60 0.0279 3.40 3.89 61.48 1.60 0.0320*

* p <0.05 for difference between resistances measured with and without the mechanical UAM

The difference between the inner resistances of DPI measured during character-
isation and the values extracted from the literature is in an acceptable tolerance
range of £ 0.01kPa'/?/L /min.

3.3.3 Changes in mean particle diameter

Changes in mean particle diameter (A7) during DPI Characterisation and Respira-
tion measurements using the mechanical UAM and primed porcine lung are depicted
in Fig. [3.5l During characterisation measurements the mean particle diameter
ranges from 0.95pm (TurboHaler®) to 2.90 pm (HandiHaler®). These results are
comparable to literature values reporting particles ranging from 2.20 pm (Ellipta®)
to 3.90 pm (HandiHaler®) [166]. Differences in the absolute values of mean particle
diameter are to be expected, based on the different components of the used measure-
ment setup. As reported by several authors [61], [139], [166], |[167] the aerodynamic
properties of the generated drug particles vary based on quantities such as peak
inspiratory flow rate, flow acceleration, inhalation time and inhaled volume. These
quantities are patient-specific and vary from the presented measurements. Filtra-
tion properties of the mechanical UAM cause the mean particle diameter to shift
towards lower values during inhalation. This can be observed for all tested DPI, as
Fig. 3.5 depicts. It has been shown, that the upper respiratory tract indeed acts as
a particulate filter. Larger particles (>31m) deposit more easily in the upper res-
piratory tract. While the smaller particles (<3 pm) pass into the lower respiratory
tract as the filtration function decreases with particle size. [168], [169]

Exhaled particles during our measurements are characterised by a mean particle
diameter in a narrow range from 0.31 pm (HandiHaler®) to 0.56 pm (BreezHaler®).

These results were expected as the deposition of aerosol particles in the lung reaches
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Fig. 3.5: Changes in mean particle diameter during A) Characterisation measure-
ments B) Inhalation measurements C) Exhalation measurements for four commercial
DPIs

its minimum at 0.5 pm [170], [171]. Furthermore, there is a significant difference (p
< 0.05) in mean particle diameter between inhaled and exhaled particles Fig. [3.5B
& C for all tested DPIs (K-W test, H = 17.29, p = 0.00003). This change is caused
by the interaction of the aerosol particles with the primed porcine lung tissue. The
interaction is caused by a highly complex and constantly changing inner geometry
of the lung tissue, which influences the mean particle diameter. Additionally, the
high relative humidity within the lung tissue may lead to hygroscopic growth and

therefore also to adhesion of particles.

3.3.4 Deposition of particles in the porcine lung

The difference between the particle number concentration in inhaled and exhaled
air can be considered as number concentration of particles depositing in the porcine
lung. The deposition is expressed as a percentage of particle number concentration
averaged over the individual inhalation or exhalation cycles and depicted in Fig.
3.6 The deposition of particles in the respiratory tract reaches its minimum in the
range of 0.40 pm—0.60 pm [171). The measured particle size distribution for Ellipta
and Turbohaler during inhalation is characterised by lower mean particle diameters
(1.08 um and 0.79 pm respectively). This corresponds to the deposition effects and
measured number concentration represented in Figures & B.7  However, all
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Fig. 3.6: Deposition of aerosol particles in the porcine lung (expressed as a percent-
age of particle number concentration measured posterior of the mechanical UAM)

for four commercial DPIs inhalers.

measured DPIs show deposition above 80% achieving the intended drug delivery.

Differences between aerosol particle number concentration sampled from the air
stream during A) Inhalation and B) Exhalation for all inhalers are depicted in Fig.
3.7 There is a statistically significant difference (p < 0.05) between particle number
concentration in inhaled and exhaled airstream for all tested inhalers (K-W test, H
= 17.29, p = 0.00003). This is caused by particles depositing in the primed porcine
lung.

The generated drug particles from the DPIs are inhaled through the mechan-
ical UAM which represents the naso-oro-pharyngo-laryngeal region (extrathoracic
region). Larger particles (>31um) deposit in this region mainly due to effects of
inertial impaction [171]. The rest of the drug particles penetrates the deeper regions
of the respiratory tract model and reach the primed porcine lung. The complex
geometry and high relative humidity of the lung present an ideal environment for
most of the particles to deposit due to sedimentation and Brownian diffusion [150],
[171].

Regional lung deposition and bronchodilator response of pharmaceutical aerosols
was studied extensively in previous works |172], |173]. Their results confirm that
small particles are exhaled with exhalation fractions for particle diameters 1.5 um,
3um and 6 pm being 22%, 8%, and 2% respectively |173]. A lung deposition study
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Fig. 3.7: Differences between aerosol particle number concentration sampled from
the air stream during A) Inhalation and B) Exhalation for four commercial DPIs.

Respiration parameters are provided in Tab. [3.3]

in healthy human subjects showed a exhalation fraction of exhaled dose of 1.2%
. In this study, however, a MAGhaler DPI was used to aerosolise the powder.

Research conducted with healthy individuals, asthmatic and COPD patients
show no significant difference in drug deposition of aerosols generated with DPIs
. The reported fraction of exhaled particles ranges between 1.6% and 3.3%.
These findings are consistent with our measurements where the fraction of exhaled
particles ranges from 2.13% (HandiHaler®), 2.94% (BreezHaler®), 6.22% (Turbo-
haler®) to 10.24% (Ellipta®).

3.4 Summary and Conclusion

For a large number of patients, DPIs are the device of choice for the delivery of phar-
maceuticals to manage asthma and COPD , . The number of commercially
available DPIs is growing with inhalers varying in their design, operating mech-
anisms, and resistance to inhaled airflow , . Accounting for these properties
and the patient’s ability to use the specific device is essential for efficient drug deliv-
ery. Testing setups provide an option to evaluate aerosolised dry powders generated

by DPIs and allow for further insights into DPI performance under various condi-
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tions [59], [178]-[180].

In this work, aerosol particle diameter and particle number concentration of phar-
maceutical aerosols generated by four commercially available DPIs were investigated.
The measurement setup consists of the active respiratory system model xPULM™
in combination with optical aerosol spectrometry and a mechanical UAM. This al-
lows for the evaluation of pharmaceutical aerosols in the range of 0.2 pm to 10 pm
and the calculation of deposition of particles in the porcine lung under realistic in-
halation and exhalation simulations. Experimental data measured during exhalation
are scarce when in vitro pharmaceutical aerosol test systems are employed due to
the operating principle of impactors.

To represent the human upper respiratory tract with high fidelity a mechanical
UAM was developed, manufactured, and introduced as a part of the xPULM™,
The model was derived from CT examinations of a 28-year-old healthy male, which
has been clinically annotated. A primed porcine lung was used to simulate the
complex inner structures of the human lower respiratory tract. The integration
of the mechanical UAM and primed porcine into the xPULM™ model represents
an important step forward towards the realistic simulation of a breathing human.
Additionally, the combination of xPULM™ with an optical aerosol spectrometer
presents an alternative approach to animal experimentation suitable for applications
in aerosol research.

Our results can be summarised as follows:

o Integration of a mechanical UAM, as a part of the xPULM™ increases the
resistance of the overall system. This affects inhalatory flow and pressure
characteristics of DPIs with lower inner resistance more than DPIs with high
inner resistance, where the change is negligible.

o Inclusion of a porcine lung as a representation of the human lower respiratory
tract (compliant with the 3R principles) allows comparable particle deposition
to reported findings [173]-[175].

o Handling and placement of a capsule into single-dose DPIs influences aerosol
production during inhalation drug therapy. Slight changes in capsule place-
ment may influence the amount of delivered drug. Correct handling of the
inhaler should be emphasised alongside acceptable inhalation manoeuvres (as
defined by the device manufacturer) to ensure the desired result.

o Mean particle diameter is reduced by the filtration properties of the mechanical
UAM, affecting mostly larger particles (>3 1m). Such models, when based on
CT examinations, are reliably representing the function of the human upper
respiratory tract.

o The majority of particles entering the porcine lung deposit within, minimum

deposition is reached for the particle size of (0.5 pm). The primed porcine lung
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is therefore a suitable lung equivalent and representation of the human lung.

o Sampling of the airstream during inhalation and exhalation and its subsequent
evaluation using optical aerosol spectrometry techniques is a viable alternative
to impactors for evaluating pharmaceutical aerosols.

In conclusion, the xPULM™ active respiratory system model in combination
with the introduced mechanical UAM and the optical aerosol spectrometer is a vi-
able option for investigating particle diameter and particle number concentration
of pharmaceutical aerosol depositing in the porcine lung under realistic breathing
conditions. Further research will focus on the inclusion of additional components
and techniques (e.g., nano-dots, tissue sampling, histopathology) to quantify the
regional deposition of pharmaceutical aerosols in lung tissue obtained by 3R com-
pliant processes. Additionally, coating of the inner surface of the mechanical UAM
will be considered, to ensure the least possible artifacts and interference of the 3D
printing materials on the particle transportation effects. Besides regional deposition,
also mass-based approaches will be included, to further increase comparability with

established deposition measurement techniques.
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Further directions & future work

Due to the rapid advancements in the underlying technology (e.g. CFD and mi-
crofluidics), in silico and in vitro organ-on-a-chip models of the human respiratory
system are the most prominent in the research landscape. These models facili-
tate developments in applications such as drug development and toxicity testing.
Nevertheless, in silico models are limited by challenges of simulating turbulent and
transitional flows, static boundary conditions (airway expands during inhalation)
and require simplifications of respiratory system geometry. Furthermore, there is
a need to validate such models experimentally. In vitro models lack a systemic re-
sponse, have difficulties to capturing interactions between different cell types and
the impact of long term exposure and must cope with a limited lifespan of the used
cells. Other, complementary modelling approaches fill the gaps resulting from these
limitations. Every modelling approach has advantages and disadvantages. It is the
combination of findings from each of them that allows for continuous advancements
in respiratory research.

Further directions include:

o Implementation of new technologies to the existing models and creation of new
models to allow for high-fidelity simulation representing in realistic manner
anatomy, physiology, and pathophysiology of the human respiratory system.

o Personalised approaches in medicine where patient-specific respiratory pat-
terns, airway geometry and lung condition are being simulated to achieve the
best possible result for the individual.

o Research of novel methods in guided pulmonary drug delivery, drug formu-
lation, and inhalation of antibiotics, biopharmaceuticals or anti-cancer treat-
ment.

o Compliance and the advancements of the 3R principles (Replace, Reduce,
Refine) of humane animal research being at the forefront of all modern research
endeavours.

This thesis can be seen as one of the major steps on the path to further research
of clinically relevant applications of the xPULM™ . The results of the thesis enable
advances in research focusing on breathing simulations with other animal lungs
(e.g. rabbit, sheep), development of different UAM with various manufacturing
mechanisms and materials, testing of additional medical aerosol generators such as
nebulisers, and implementation of new aerosol measurement techniques. Building
on the presented work, new research projects are currently underway and focus on
the development of novel treatment options in neonatal care, methods to minimise
patient-ventilator asynchronies, comparison of different upper airway geometries,

and determination of local aerosol particle deposition in the lungs.
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Conclusion

This thesis aims to establish a physical model of the human respiratory system
(xPULM™) that represents an innovative approach to respiratory system behaviour
modelling. To reach this aim, three applications were researched, namely (i) breath-
ing simulation, (ii) patient-ventilator interaction testing and (iii) aerosolised drug
delivery. These applications reflect state-of-the-art directions in which respiratory
system models are being used.

First, the reproducibility of sinusoidal breathing simulation has been verified for
a range of physiological tidal volumes and frequencies. The xPULM™ simulator
represents an innovative approach to the respiratory system behaviour modelling
and is capable of simulating different breathing patterns with high fidelity. The
possibility of using lung equivalents such as polymer-based breathing bags or animal
lungs is unique and allows for the representation of processes naturally occurring
during the human respiration cycle. The breathing simulation reliably captures flow
and pressure changes representative of those occurring during human breathing.

Second, a new approach of testing patient-ventilator interactions using the
xPULM™ simulator has been introduced. The results show that different asyn-
chronies can be triggered when the simulator is used to represent a patient un-
dergoing assisted mechanical ventilation. This approach can support identification,
investigation and testing of undesired patient-ventilation interactions and contribute
to efforts minimising their occurrences, increasing the well-being of patients.

Third, the number concentration and size distribution of aerosol particles gen-
erated by commonly used dry powder inhalers have been experimentally evaluated.
Investigation of the characteristics of the particles under realistic inhalation and
exhalation is possible due to the inclusion of an optical aerosol spectrometer. This
technique is not routinely used for such purposes and provides insights into the in-
teractions of aerosol particles in the porcine lungs during breathing. Additionally,
a mechanical upper airway model was developed, manufactured, and introduced as
a part of the xPULM™., The model was derived from CT examinations and is rep-
resentative of realistic airway geometry. This approach proposes an alternative to
animal experimentation suitable for applications in aerosol research.

The results of this thesis are embedded in teaching and research activities at
the University of Applied Sciences Technikum Wien. Additionally, this thesis con-
tributes to the continuous collaboration between the University of Applied Sciences
Technikum Wien, Brno University of Technology and other institutions.

In conclusion, the set objectives of the dissertation have been met. The thesis
contains original research that has been presented at international conferences and

published in three impact factor journals.
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A Appendix - Breathing simulation

The findings provided in this chapter were presented at the European Medical and
Biological Engineering Conference & Nordic-Baltic Conference on Biomedical Engi-
neering and Medical Physics the 8th European Medical and Biological Engineering
Conference and published as:
o R. Pasteka and M. Forjan, “Actively breathing mechanical lung simulator
development and preliminary measurements”, IFMBFE Proceedings, vol. 65,
pp. 751-754, 2017. po1: 10.1007/978-981-10-5122-7 188
o R. Pasteka, M. Forjan, and A. Drauschke, “Comparison of mathematical
and controlled mechanical lung simulation in active breathing and ventilated
state”, vol. 51, no. 6, pp. 42-47, 2018, 1SSN: 24058963. DOI: |10.1016/ 7.
ifacol.2018.07.127
o R. Pasteka, J. P. Santos da Costa, and M. Forjan, “Characteristic waveforms
for testing of medical aerosol inhalers”, 8th Furopean Medical and Biological
Engineering Conference, pp. 240-246, Nov. 2021. poI1: 10.1007/978-3-030-
64610-3_28
This appendix summarises work focusing on simulation and evaluation of various
breathing patterns. Reliable breathing simulation is fundamental for any applica-
tion of the xPULM™ and spans from a comparison of the simulation to spirometry
measurements to an evaluation of waveforms suitable for testing of inhalation de-

vices.

A.1 Comparison of Sinusoidal Breathing Simulation

with Spirometry

The spirometry measurements for this preliminary testing were recorded by 16 vol-
unteers, age 2440.9, 9 males, 7 females. All volunteers were non-smokers without a

history of pulmonary diseases. The summary of relevant parameter values is given

in Tab. and depicted in Fig. [A]]

Tab. A.1: Summary of the relevant parameter values for Spirometry (recorded with
healthy volunteers) and breathing simulation with the xPULM™

Breathing  Analysed breathing cycles Tidal volume Breathing frequency Maximum of inspiration* Lung equivalent

pattern 8 L bpm] % H

Spirometry 148 0.78+0.38 13+3.3 45 Not applicable
PI mode 37 1.344:0.04 12%%* 46 2.3 L latex bags
Sin mode 46 0.9840.09 12%* 49 Porcine lungs

* given as a percentage of a breathing cycle after time normalisation; ** STD < 1 bpm
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Fig. A.1: Comparison of average breathing cycle for: A) Spirometry - Healthy vol-
unteers (solid line) B) xPULM™ set in PI sin mode (dashed line) C) xPULM™ set

in Sin mode (stars).

A.2 Simulation of Breathing at Rest

A simplified model of a human respiratory system capable of describing flow depen-
dencies at rest is a simple linear model, depicted in Fig.[A.2] The airway resistance
(R) over the whole length of a respiratory tract together with lung compliance (C)
is assumed to be constant and also unchangeable in the course of the entire time
of the simulation. This well-known single-compartment model is described with the
following equation:

Prous(t) = éV(t) L RV(1) (A1)

Where: P, is a respiratory pressure generated by respiratory muscles, C' is
a lung’s compliance R is an airway resistance, V() is an air volume breathed in
lungs and V(t) is a respiration air flow, model adapted from [181]. The performed
simulation was run with following physiological values R = 0.18 Pa - s/L and C =
1.84 L/kPa which were taken from [181].
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Linear model of respiratory system
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Fig. A.2: Linear single compartment model of the respiratory system (based on
[181))

Comparison of the output of the linear single compartment model (required
breathing pattern) with breathing simulation using xPULM™ is depicted in Fig.
A3
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Fig. A.3: Breathing at rest - linear single compartment model: A) Red dashed line
- required curved defined as an output of a mathematical model B) Blue dotted line

- xPULM™ flow measurements
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A.3 Simulation of Artificially Ventilated Patient

A simulation of an artificially ventilated patient suffering from cystic fibrosis is based
on the non-linear single compartment mathematical model of the human respiratory
system developed by [86]. The presented model further expands the simple lin-
ear single-compartment model by taking into account the dynamic, nonlinear and
nonstationary character of the human respiratory system. The properties of the
respiratory system are described by non-linear static and dynamic compliance and
nonlinear flow-resistance. Resulting transfer functions describing two components
of the lung compliance are:

G (s) = 7181+ 1 Gra(s) = T281—|- 1

Where: time constants represent the fast change in the lung volume due to lung

(A.2)

elasticity 715 or slow change due to viscosity 7s.

Furthermore, the upper-airways resistance is considered to be flow-dependent,
the lower-airways resistance is modelled as volume-dependent and the resistance of
small airways is taken as a constant.

These considerations result in equation (A.3)) describing the airways resistance:
R=Ry+ KyV + Kp|V|. (A.3)

Where: Ry is the resistance of small airways, Ky is the resistances of upper
airways and K is the resistance of lower airways [86].

The adapted model used for simulating artificially ventilated patient can be
seen in Fig. [A.4 The final values of parameters estimated by Mesic were used
during simulations and verified before using the model parameter estimation tool
of Simulink. The model’s input signal is a pressure at the mouth recorded from a

ventilated patient suffering from cystic fibrosis by [86].

Model of mechanical ventilation

Dynamic compliance

Output signal

Pressure at the mouth

Nonlinear resistance

H Moving
P Nerage »(_2_)Flow_average

L (1 )Flw

Fig. A.4: Complete non-linear single compartment mathematical model of the res-

piratory system (based on [86])

100



Comparison of the output of the non-linear single-compartment model (required
breathing pattern) with breathing simulation using xPULM™ is depicted in Fig.
[A.5] The feedback control algorithm was also incorporated during this measurement.
The fast changes of the signal during artificial ventilation lead to high demands on
the mechanical system. Especially the rotational speed of the motor and the inertia
of the system components lead to small fluctuations of the system’s response. Nev-
ertheless, these fluctuations are within an acceptable range and do not significantly

influence the main flow output of the simulator.
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Fig. A.5: Artificially ventilated patient - non-linear single compartment model : A)
Red dashed line - required curved defined as an output of a mathematical model B)

Blue dotted line - xPULM™ flow measurements

A.4 Waveforms for Testing of Medical Inhalers

Four inhalatory waveforms, each covering a different inhalation scenario, are used for
this comparison. The inhalatory waveforms are based on the work of [182] and are
derived following the recommended instructions of use supplied by manufacturers
with the medical inhalers. Typically the peak inhalatory flow rate (PIF) is reached
at the time (tprr) occurring within the first 1/6 to 1/3 of the inhalatory period. All
inhalatory waveforms used in this work were scaled to deliver the same total volume
(V) of 2.5L. The first two inhalatory waveforms represent a quick and deep (QD)
inhalation (PIF =83.32L/min, tpir =0.49s) and a slow and deep (SD) inhalation
(PIF =34.59 L/min, tprr =1.80s). The equations describing inhalatory flowrate in
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time for QD and SD waveform are [182]:

PIF

tpir

. 27T(t — tPIF)
Q(t) = PIF cos <4(1 T

Where: tfprr is the time fraction of peak inhalatory flow rate and T is the period

) for tPIF <t< T (A5)

of inhalation.

The positive part of the sinus function (SIN) inhalation (PIF =94.26L/min,
tpir = 1.24 s) represents an inhalatory waveform with the identical shape before and
after reaching the PIF.

Additionally, the set of commonly used waveforms is extended by clinically
recorded (CR) inhalation (PIF =126.8 L/min, tpip =0.42s). The CR was obtained
from spirometry measurement of 47 years old male suffering from mild COPD
(Chronic Obstruction Pulmonary Disease) and represents a typical example of a
focus group that utilises medical inhalers in everyday life. The spirometry was
extracted throughout a retrospective study of respiratory signals recorded at the
Department of Pulmonology of Centro Hospitalar De Tras-Os-Montes E Alto Douro
hospital with the approval of the ethics committee.
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1204 -- ¢ p------------imm - --- Required Clinically Recorded Inhalation (CR) I
- i i ——Measured Clinically Recorded Inhalation (CR) +3¢

——Measured Quick Deep Inhalation (QD) +3¢
- --‘Required Slow Deep Inhation (SD)
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Fig. A.6: Comparison of simulation measurements with Sinusoidal (SIN), Clinically
recorded (CR), Quick deep (QD) and Slow deep (SD) inhalatory waveforms. The
required airflow output is indicated by dashed lines. The solid lines represent the
mean measured airflow and the surrounding shaded bars the standard deviation 3o,

both calculated from 5 measurement trials.
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B Appendix - Influence of breathing pat-
terns on aerosol delivery

The findings provided in this chapter were presented at the 10th World Congress
on Alternatives and Animal Use in the Life Sciences, 21st European Congress on
Alternatives to Animal Testing, and the 41st Engineering in Medicine and Biology
Conference. The contributions are published as:

e R. Pasteka and M. Forjan, “Changes of particle deposition caused by different
breathing patterns during active lung simulation”, 2019 41st Annual Interna-
tional Conference of the IEEE Engineering in Medicine and Biology Society
(EMBC), pp. 4969-4972, Jul. 2019. DOI: [10.1109/EMBC.2019 . 8857407

o R. Pasteka, M. Forjan, and A. Drauschke. “Comparison of breathing patterns
for aerosol inhalation using an electro-mechanical lung simulator”. (2018), [On-
line]. Available: https://proceedings.altex.org/?2018-02 (visited on
10/02/2022)

« R. Pasteka and M. Forjan. “Evaluation of an active lung simulator for aerosol
inhalation test replacement”. (2017), [Online]. Available: https://proceedings.
altex.org/?72017-01 (visited on 10/02/2022)

This appendix summarises work that has been done to evaluate the influences
of breathing patterns on aerosol particle deposition. The changes in the number of
in- and exhaled particles during several different breathing pattern situations are
presented here. Representing natural conditions, polydisperse particles have been
produced, leading to an aerosol covering a broad spectrum of particle sizes. The
main particle diameter of the produced particles, 0.25 pm, was chosen to represent
the subfraction of particulate matter.

Breathing was simulated using three breathing patterns (Fig. [B.1), where the
first one represents simplified breathing using a sinusoidal function as a basis.
The second pattern represents more realistic breathing flows building upon a one-
compartment model. The third breathing pattern is derived from human spirometry
measurements and therefore includes natural fluctuations in frequency and breathing
depth.

The decay of particle number during simulation is depicted in Fig. B.2] The

differences between the number of inhaled and exhaled aerosol particles are visualised

in Fig. B3|
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B.1 Breathing simulation for Aerosol Measurements

1) Sinu?oidal Breathing %imulation -A) Lat?x bags

= 20 ’— |
£
2 0
g L
2
L -20 | ! ! ! !
Q 10 20 30 40 50
Time [s]
2) Resting Breathing Simulation - A) Latex bags
T 20F T T T ]
£
4 0 .
2
o
L-201 | ! ! ! ! N
Q 10 20 30 40 50 60
Time [s]
3) Healthy Male Spirometry Measurements - A) Latex bags
E 20 T T T T
£
=
=
kel
w \
0 10 20 30 40 50 60
Time [s]
50 1) Sinus?idal Breathing Simulation -B) Porcﬁne lungs

.50 1 1 | | |
0 10 20 30 40 50 60
Time [s]
50 2) Resting Breathing Simulation - B) Porcine Lungs
— I T T T
£ |
E |
= 0
2
o |
w .50 | | | | | |
0 10 20 30 40 50
Time [s]
50 3) Healthy Male Spirometry Measurements - B) Porcine lungs
— I I I T
[
.E
= 0
2
o
L

-50
0

Time [s]

Fig. B.1: Airflow measurements recorded during simulation with xPULM™ for: 1)
Sinusoidal Breathing Simulation, 2) Resting breathing Simulation, 3) Spirometry
based breathing simulation. All breathing simulations were conducted with A) 2.3 L

Latex bags and B) Porcine lungs
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B.2 Decay of Particle Number During Breathing Sim-

ulations
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Fig. B.2: Decay of particle number during simulation with xPULM™ for: 1) Sinu-

soidal Breathing Simulation, 2) Resting breathing Simulation, 3) Spirometry based

breathing simulation. Measurements were conducted with A) 2.3 Latex bags and

B) Porcine lungs

105



B.3 Differences between the number of inhaled and

exhaled aerosol particles
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Fig. B.3: Differences between the number of inhaled and exhaled aerosol particles
for: 1) Sinusoidal Breathing Simulation, 2) Resting breathing Simulation, 3) Spirom-
etry based breathing simulation. Measurements were conducted with A) 2.3 L. Latex

bags and B) Porcine lungs
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