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1 Introduction

A large amount of respiratory diseases are caused by aerosols. However, an

inhaled aerosol can also be advantageous: in case of aerosol drugs, it is essential

that the major fraction of the inhaled drug should deposit in that part of the

lung where it is positively effective (target area). Thus, it is important to know

that in the target region of the respiratory tract, which breathing mode and

particle size yield the most effective drug deposition.

At first Findeisen tried to describe the deposition distribution of inhaled

aerosols in the respiratory system in 1935. In his publication, he outlined

a model that includes different airway generations and equations for various

types of the deposition (sedimentation, diffusion and impaction), moreover,

the article contains a mathematical model combining these mechanisms.

László Koblinger (MTA KFKI AEKI) and Werner Hofmann (Universität

Salzburg) raised the idea of a new lung model in 1980. Koblinger was an expert

in the Monte Carlo methods, and Hofmann could obtain the largest available

database about the geometrical data of the respiratory system. The idea was

to develop a lung model. The software development (in FORTRAN) started

in late 1982.

The Stochastic Lung Model (SLM) calculates the trajectories of inhaled

particles in a respiratory system with realistic airway parameter values in each

airway generation. The distributions of the bronchial geometry are based

on the Lovelace database, while the distributions of the pulmonary geometry

are based on the Haefeli-Bleuer and Weibel data. The route of an individual

inhaled particle is randomized with Monte Carlo method from the distributions

obtained from statistical analyses of the databases. Therefore the resulting

airway geometry is random. The probability of the deposition in a certain

airway is given by analytical formulae derived from the three most important

deposition mechanisms: inertial impaction, gravitational sedimentation and

Brownian diffusion.

In the upper airways (nose, mouth, pharynx, larynx) the deposition cal-

culation relies on empirical equations from the literature. The trajectory of a

particle ends if its deposition probability reaches 1.0 or the particle is exhaled.
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Due to the random nature of the airway geometry, the deposition proba-

bility of the same type of selected particles can be different even within one

airway generation.

2 Aims and methods

I joined the development of the Stochastic Lung Model on October 3, 2005.

In a few months I learned the structure of the model and I also developed it.

In the spring semester of the academic year 2007/2008 I wrote my MSc thesis

[1] from the results I had achieved so far (e.g., trajectories of fibre-formed

particles, dynamic particle size).

In my PhD research, I had basically two objectives, but towards the end

of my studies, a third was also raised.

The first objective was to model the breathing pattern and the deposition

mechanisms in diseased lung – especially for patients with asthma and emphy-

sema –, as accurate as possible. This development was carried out iteratively,

refining the model based on newer and newer consultations with pulmonologist

specialists.

The result was a new model developed for pulmonologists and the pharma-

ceutical industry to optimize the particle size of aerosol drugs and the breathing

patterns for drug delivery to the lung in the case of patients suffering asthma

and emphysema. This is the topic of my first thesis.

At the start of the PhD program, it was not an objective but meanwhile,

a new research topic was raised: modelling the deposition of inhaled aerosols,

assuming that the lung is symmetrical.

The real lung is not symmetric but in 2011–2012 we investigated the effect

of asymmetry. That is, how the deposition pattern varies in the respiratory

system if we consider the lung to be symmetrical.

The result was a model with less computational time. Comparing the

deposition results of the symmetric and the asymmetric (full) Stochastic Lung

Model, we found that the symmetric model fulfils the required accuracy. This

development and validation are the subject of the second thesis.
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The third and an important topic of the dissertation is the development of

a clearance and dosimetric model for the case of inhaled progenies. We started

with this question: why are the central airways most exposed to the risk of

lung cancer caused by inhaled radon progenies?

A simple model suggested the following answer: the isotopes deposited

deeply in the bronchial region of the lung cause significant radioactive burden in

the central airways by mucociliary clearance of the deeply deposited particles.

Having developed more and more sophisticated models for the computation of

deposition and simultaneous clearance of the inhaled radon progenies, finally

the initial assumption was confirmed.

The third thesis is about the development of the clearance model and its

results.

As the last section of the dissertation, I present the most important input

parameter values in an Appendix; this serves to ensure that our results can be

reproduced and verified avoiding large tables that would disturb the continuity

of the text.

3 Results of the dissertation

3.1 Asthma and emphysema models

As mentioned in the Introduction section, a large amount of respiratory di-

seases are caused by aerosols. However, an inhaled aerosol can also be useful,

that is medicative or recuperative. I have developed the Stochastic Lung Model

for patients using therapeutic aerosols.

The main cornerstones of the model developments are the followings:

• modelling the asthmatic narrowing of the bronchial airways; three dif-

ferent models have been developed for this task;

• modelling the narrowing of the acinar airways for the description of em-

physema;

• modelling the bronchial mucus blockage;

• modelling of the irregular inflation of the alveoli.

Our results are published in [2], moreover, the model was applied to our cal-

culations necessary for [3].
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Thesis 1. We have developed the Stochastic Lung Model for patients suf-

fering in asthma and emphysema. This model can describe the deposition

distribution of therapeutic aerosols in the respiratory system of patients with

obstructive airways and enlarged alveoli. By this model, we have provided a

tool for pulmonologists and the pharmaceutical industry for the optimization

of particle size and drug delivery to the lung of aerosol drugs. A recommended

particle size range is also published in [2].

3.2 Symmetrical model

Though the airway bifurcations in the lung are not symmetrical, we have

developed a symmetric model to examine the effect of asymmetry on deposition

distributions along the airway generations in the lung.

The symmetry of the airway geometry and fixed branching angles (30◦)

significantly shorten the computational time.

At the beginning of the previous chapter, I referred to the modelling of the

dynamic particle sizes as a result of my MSc thesis [1]. The dynamic particle

size yielded a slow run of the program which was compensated by the less

operation effort of the symmetric model.

Our results obtained by the symmetric model were published in [4].

Thesis 2. With our symmetric model we can calculate the deposition fractions

with a shorter computational time compared to Stochastic Lung Model. The

results of the symmetric model were validated with other models.

The symmetric model proposes practically the same particle size range for

therapeutic aerosols applied in asthma and emphysema as the Stochastic Lung

Model.

3.3 Clearance model

The basis of this research was this question: why are the central airways most

exposed to the risk of radon progeny induced lung cancer?

We were searching the answer in a new direction: we investigated that the

radioactive particles that were deeply deposited and are clearing up by the

mucus-escalator, upwards, in which proportion emit their α particles in the

generation of their deposition versus in higher airway generations.
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The results of the first, simple version of the model, suggested that in the

central airways, the deeply deposited an up-cleared particles can yield multi-

ple burden on these airways compared to the burden caused by the particles

deposited there.

The first results related to 214Pb were published in [5], and then the results

for 218Po and 214Bi in [6].

Later the model was further developed to simulate the parallel presence of

all the three isotopes, the results were published on posters [7, 8]. Subsequently

we modelled how the isotopes diffuse into the blood stream and we presented

our results in [9].

The final result verifies our initial assumption from two aspects:

1. the radiation burden per unit surface of the airways (reported in [10]) is

the highest in the central airways and the greater ratio of the burden is

due to the up-cleared fraction;

2. the damage per unit mass (dose) caused by the α particles in the airway

epithelium of the airways is the highest in the central airways and the

greater proportion of the load is caused by the up-cleared quantity.

Thesis 3. In the lung, the surface load and the absorbed dose in the epithelial

tissue caused by inhaled radon progenies are the highest in the central airways.

The radiation burden of radon progenies clearing up from the deeper bronchial

airways is more significant in the central airway generations than the burden

of particles deposited and decayed in these generations. This explains why the

probability for the development of radon-induced lung cancer is the greatest in

the central airways. The radiation exposure caused by mucociliary clearance

and primary deposition was compared first time in the literature by us.

4 Further research opportunities

I call again the attention to the question that motivated the modelling of

clearance: why did lung cancer development start from the central airways

and not from deeper regions in the majority of the cases?

During the elaboration of the clearance model I asked this question to

pulmonologist dr. Alpár Horváth and one of his possible answers was that
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the reparative mechanisms of the lung are stronger in the deeper regions and

weaker in the upper parts. This differentiation of the self-healing ability holds

for inactive aerosols as well, not only radioactive.

In the dissertation, only the modelling of the mucociliary clearance of the

bronchial region was performed (the so called fast clearance) but the lung has

also other clearing mechanisms.

The modelling of radiation burden caused by the β-decay is also to be

elaborated. The range of the β-radiation in the tissue is much longer than

that of the α-particle, but the ionizing (damaging) effect of β-radiation is

three orders of magnitude smaller. Due to the latter, the literature related to

radon-inhalation neglects the biophysical and health effects of β-decay. Due

to the bystander effect (neighbour effect), however, the effect of β-radiation

may not be insignificant either. According to the bystander effect, by hitting

a cell, not only that cell can be injured but the adjacent cells as well.

One possible way for further research is to develop a clearance model for

diseased lungs. As described in thesis 1, deposition values can already be

calculated for diseased lung but in such cases the clearance mechanisms can

differ from those of the healthy lung.

Modelling these effects is the subject of a later research work.
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son of airway deposition distributions of particles in healthy and diseased

workers in an Egyptian industrial site. Inhalation toxicology, 29, 4, 147-

159. (2017)

7
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tisztulásának modellezése. IVth Hungarian Radon Forum, Veszprém, 5

April 2007 (in Hungarian)
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