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Abstract

Abstract

In 2008, the American Lung Association released a report showing that deaths due to lung dis-
eases are increasing whilst deaths due to other diseases such as heart and cancer are declining.

Many factors, including mechanical factors, make lungs susceptible to a wide range of dis-
eases, both in everyday life and in the intensive care unit. Despite the plethora of research, the
precise dynamics of mechanical failure of the lung still remains to be fully elucidated. For ex-
ample, Acute Lung Injury (ALI) and Acute Respiratory Distress (ARDS) patients are associated
with high mortality rates due to mechanical failure caused by mechanical ventilation. Unfortu-
nately, these rates remain high even when preventative measures are taken.

A major challenge of understanding lung mechanics lies in the inhomogeneous nature of lung
damage. This leads to difficulties in identifying which of the mechanical factors are responsible
for the damage. As such, the aim of this work was to develop a reduced dimensional in silico
model of the entire human lung that can measure mechanical variations and oxygen ventilation
within the lungs at levels in vivo and ex vivo methods cannot reveal. Thereby, it aims to a better
understanding of lung mechanics and improve the diagnosis of lung failure.

For this purpose, the lung is modeled as a whole by including the entire respiratory and cir-
culatory systems. The respiratory system starts at the tracheal inlet and ends at the peripheral
alveoli, which in turn are inter-dependent due to the physical attachments between them. The
pulmonary circulatory system considers the entire path of blood starting from the pulmonary
valve, passing through pulmonary capillaries and ending in the main pulmonary vein. Finally,
the two systems are coupled at the alveolar level to facilitate the consistent consideration of
inhomogeneous O, exchange, thereby allowing for a previously unachieved level of modeling
detail and precision.

The novelty of this work is achieved by developing the only comprehensive entire lung model
based on patient-specific anatomy. While the lung geometry and the major airways are seg-
mented from a patients computer tomography images, the unsegmentable airways are predicted
using a pre-existing volume filling approach. The alveoli and the acini are generated in an inverse
manner using novel OD acinar and parenchymal models. The inter-acinar neighborhoods are de-
tected using a brute force search algorithm, while the pulmonary veins and arteries are generated
using novel anatomic-based algorithms. The first 4 generations of the conducting airways are
modeled using 3D flow models wheres as the remaining sections of the lungs are modeled using
reduced-dimensional (reduced-D) models. The reduced-D models include pre-existing 1D and
novel 0D models. The coupling between the 3D and reduced-D domains is achieved via a novel
method that guaranteed stability and pressure matching at the coupling interface. Furthermore,
the circulatory and the respiratory system are coupled by detecting which capillaries belong to
which acini. In this way, consistent O, transport between air and blood is achieved.

All novel generated lung components and models are derived mathematically, fitted to physiolo-
gical measurements and investigated intensively. The various lung components are shown to
match the measurements reported in anatomy, morphology and physiology.

Finally all of the lung components are assembled together into one entire-lung framework
and investigated under various external conditions and lung health stages. The simulated results
showed a deeper insight into local phenomena such as hypoxia, volume competition between
neighboring acini and volutrauma at a level never achieved before. Thus paving the way to op-
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timizing mechanical ventilation techniques that reduce mechanical damage without comprom-
ising the oxygen delivery to various sections of the lung.
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Zusammenfassung

Zusammenfassung

Im Jahre 2008 hat die amerikanische Lungen-Organisation (American Lung Association) einen
Bericht veroffentlicht, laut dem die Sterblichkeitsrate durch Lungenkrankheiten stetig zunimmt,
wihrend sich die Sterblichkeitsrate durch andere Krankheiten (Herz, Krebs etc.) immer weiter
verringert.

Bedingt durch zahlreiche (unter anderem auch mechanische) Faktoren ist die menschliche
Lunge empfindlich fiir eine weite Bandbreite an Krankheiten, sowohl im alltéiglichen Leben, als
auch auf der Intensivstation.

Trotz intensiver Forschung ist es uns bis heute nicht gelungen, die prizise Dynamik des me-
chanischen Lungenversagens zu erforschen. Zum Beispiel weisen Patienten mit akuter Lungen-
verletzung (ALI) oder akutem Atemnotsyndrom (ARDS) eine extrem hohe Sterblichkeitsrate
durch das Versagen von mechanischen Ventilationsgeriten auf. Trotz diverser priventiver Ma-
nahmen bleiben diese Raten ungewohnlich hoch.

In der inhomogenen Natur des Lungendefektes liegt die wesentliche Herausforderung zum
tiefgriindigen Verstindnis der Lungenmechanik. Die Identifizierung der mechanischen Faktoren,
die fiir den jeweiligen Defekt verantwortlich sind, bleibt daher weiterhin schwierig. Ziel dieser
Dissertation ist deshalb ein multiskalares in silico-Modell der gesamten menschlichen Lunge
zu entwickeln, welches es erlaubt, die mechanischen Variationen und die Sauerstoffventilation
innerhalb der Lunge priziser als mit den géngigen in vivo- und ex vivo- Methoden messen zu
konnen und somit zu einem besseren Verstdndnis der Lungenmechanik allgemein und zu einer
verbesserten Diagnose von Lungenkrankheiten im Besonderen beizutragen.

Hierfiir wurde die Lunge als Ganzes inklusive ihrer respiratorischen und zirkulatorischen Sy-
steme modelliert. Das respiratorische System verlduft vom Trachealeingang bis hin zur peri-
pheren Alveoli, die durch physikalische Vorginge miteinander verbunden sind. Das pulmonal-
zirkulatorische System besteht aus den Blutbahnen und verlduft von der Pulmonalklappe durch
die Pulmonalkapillaren bis hin zur Hauptpulmonalvene. Durch die Kuppelung der beiden Syste-
me auf Hohe der Alveole kann der inhomogene Sauerstoffaustausch im Modell beriicksichtigt
und somit ein bis dato nicht erreichtes Level an Prizision und Detail erzielt werden.

Diese Dissertation stellt das erste einheitliche Lungenmodell vor, welches die spezifische Ana-
tomie von Patienten beriicksichtigt. Hierfiir wurden die Geometrie der Lunge und ihre Haupt-
atemwege anhand von Computertomograhiebildern eines Patienten segmentiert. Die nicht seg-
mentierbaren Atemwege wurden durch eine bereits existierende Annédherung der Volumenfiillung
berechnet.

Die Alveoli und Azini wurden im Umkehrverfahren durch neuartige OD azinédre und paren-
chymale Modelle errechnet. Die interazindren Gegenden wurden durch einen Brachialgewalt-
Suchalgorithmus ermittelt und die Pulmonalvenen und arterien durch neuartige -auf die Ana-
tomie basierende- Algorithmen generiert. Die ersten vier Generationen der leitenden Atemwe-
ge wurden anhand von 3D-Stromungsmodellen modelliert, wihrend die restlichen Lungenab-
schnitte anhand von reduzierten dimensionalen (reduced-D) Modellen modelliert wurden. Die
reduzierten D-Modelle bestehen aus bereits existierenden 1D- und neuartigen 0D-Modellen. Die
Kupplung der 3D mit den reduzierten D-Doménen wurde durch eine neuartige Methode erzielt,
bei der die Stabilitdt und der Druck an dem Kupplungsrand angeglichen werden konnte. Durch
das Ermitteln der Kapillaren, die zu den Azini gehoren, konnten die zirkulatorischen und respira-
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torischen Systeme miteinander verbunden werden. Auf diese Art und Weise konnte der konstante
O,-Transport durch Luft und Blut sichergestellt werden.

Alle neukonzipierten Modelle wurden mathematisch abgeleitet, intensiv gepriift und stim-
men mit den physiologische Messwerten iliberein. Die Modelle der diversen Lungenkomponen-
ten stimmen mathematisch mit den bekannten Messwerten aus der Anatomie, Morphologie und
Physiologie iiberein. Zu aller Letzt wurden alle Komponente in ein ganzheitliches Lungenmodell
zusammengefiigt und unter diversen externen Bedingungen und verschiedenen Gesundheitssta-
dien der Lunge gepriift. Die simulierten Resultate geben eine bisher nicht erreichte Einsicht
in lokale Phinomene wie die Hypoxie, die Volumenkonkurrenz zwischen benachbarten Azini
und Volumentrauma. Schlussendlich ebnet diese Dissertation den Weg fiir die Optimierung von
mechanischen Ventilationstechniken ohne die Sauerstoffzufuhr in die verschiedenen Lungenre-
gionen zu gefdhrden.

v
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1. Introduction

”The substance of the lung is dilatable and extensible like the tinder made from a
fungus. But it is spongy and if you press it, it yields to the force which compresses
it, and if the force is removed, it increases again to its original size.”

- Leonardo da Vinci, late 15th century

1.1. History and motivation

Lungs are organs whose main function is gas exchange between the outside atmosphere and
the living organism’s internal circulatory system. Their mechanics has received considerable
attention both experimentally and computationally. However despite this plethora of research
the precise dynamics still remains to be fully elucidated. On average, a human being takes over
500 million breaths throughout his/her lifespan, inhaling over 250 million liters of air. Without
oxygen no living being can survive. But why is breathing so vital for humans? and why is their
mechanics of such importance?

The study of pulmonology goes back to the ancient Greeks who believed that the lungs were
like bellows cooling down or heating up the heart. The heart was considered as a furnace set
on fire the moment a living being is born and put off the moment a living being dies [59]. The
aforementioned Galenic assumption lasted for more than 1.5 millennia until the mid 17" century,
outlasting the Islamic golden era and Europe’s dark ages. In The Canon of Medicine', Avicenna
described blood as being heated by the bilious humor coming from the whole body and that the
gaseous products within the bilious humor are the reason behind the accumulation of moisture in
lungs [55]. The Galenic definition of the lung was so embedded that no one could think outside
of it until an English chemist called John Mayow discovered in the 17% century the first evidence
of oxygen (O;), which he named ingeo-aereal particles [75]. Mayow made his discovery after
he noticed that a mouse or a sparrow would die shortly after it was trapped in a jar to which fresh
air was prevented. However, he failed to recognize the role of carbon dioxide (CO,) in breathing,
which was discovered earlier by the Belgian chemist Jan Baptist van Helmont. A century after
Mayow, Antoine Lavoisier, a French chemist, successfully described the chemistry of respiration
as is known today [34]. Together with Pierre-Simon Laplace, Lavoisier designed a calorie meter
thanks to whom they concluded that respiration is in fact a slow combustion process, in which
O, is inhaled and combusted to produce CO, which in turn is exhaled. Lavoisier’s only mistake,
he assumed the combustion process took place in the pulmonary bronchioles.

In the past century, many works were dedicated to investigate pulmonology down to the cell
level. However, when it comes to understanding the various causes of pulmonary diseases and
developing effective treatments, many gaps still need to be bridged. A recent report released by

'The Canon of Medicine was taught in Europe untill the mid 17" century.
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the American Lung Association showed that deaths due to lung diseases are increasing while
deaths due to other diseases such as heart and cancer are declining [4]. Thus again emphasizing
how complex lungs are and how susceptible they are to a wide range of diseases, both in every-
day life and in the intensive care unit. For example, pulmonary diseases might lead to Acute
Lung Injury (ALI), asthma, or Acute Respiratory Distress Syndrome (ARDS). ALI and ARDS
are of particular interest to this work since it is hypothesized that they can be caused due to
Ventilatory Associated Lung Injury (VALI), i.e. a mechanical insult to the lung [115]. Recent
statistics showed that 7% of all Intensive Care Unit (ICU) patients and 16% of all mechanically
ventilated patients suffer from ARDS, with mortality rates of 49% and 58% for ALI and ARDS,
respectively [142]. Such high mortality rates led to two open questions, that might pave the
way to better understanding of these diseases and improve their treatments: firstly, how flow and
pressure vary through the lung? i.e. how to properly ventilate human lungs. Secondly, how the
different levels of the lung interact with each other? i.e. how to minimize lung damage? [4]

ALI and ARDS (most severe form of ALI) are life-threatening pulmonary diseases that have a
form of an inflammatory response to direct and indirect insults to the lung. Both ALI and ARDS
are characterized by severe hypoxemia, hypercapnia, diffuse infiltration in the chest X-ray, and
a substantial reduction in pulmonary compliance [115]. Patients with ALI and ARDS cannot
breathe by themselves and are thus assisted via Mechanical Ventilation (MV). However, MV can
cause VALI, which can accelerate the lung damage through triggering a pulmonary systematic
inflammatory reaction [115]. While ventilated ARDS and ALI patients can suffer from VALI,
VALI can also induce ALI and ARDS in patients through mechanical insults such as baro-trauma
due to Zero End Expiratory Pressure (ZEEP) [4], volutrauma due to ventilating with high Tidal
Volume (TV) [113; 117; 141], cyclic collapse of the peripheral airways [32], biotrauma due to
inflammatory mediators release by shear stress [18] and O,-toxiticy [20]. Indeed, reducing the
aforementioned mechanical factors via preventive MV techniques significantly reduced mortal-
ity rates among ARDS patients from 39% to 30% [4]. Such techniques involved lowering TV,
using Positive End Expiratory Pressure (PEEP), and/or using pressure-release ventilators [4].
However 30% mortality rate is nonetheless very high.

Many in vivo and ex vivo experiments aimed to pave a better understanding of the nature of
lung damage. However, reproducing the lung behavior in an ex vivo environment or measuring
lung damage in an in vivo environment was shown to be a big challenge. That is because the
damage of ventilated ill lungs has an inhomogeneous nature [24] and occurs at very small scale
within the peripheral regions. This made it difficult to identify or reproduce the mechanical
factors that are responsible for the progression of lung damage. The inhomogenities also added
another challenge of how to properly ventilate patients such that the lung damage is minimized
while the oxygen delivery to the various regions of the lungs is not compromised.

Alternative experiments to those of in vivo and ex vivo were achieved via in silico patient-
specific models. Such models have been recently successfully utilized for understanding vari-
ous complex biological phenomena. For instance, computational methods successfully gave a
better insight into biomechanics [14; 47; 65; 132; 149; 150], tuned and reproduced patient-
specific measurements [12; 67], predicted unmeasurable internal stresses [45; 47; 117], pre-
dicted whether patients require surgical interventions [88—90; 94; 116; 120], improved medical
devices [36; 44; 112], improved drug delivery [21; 76; 77; 165—167], and pre-planned surger-
ies [138].



1.1. History and motivation

In lungs computational methods were used successfully to predict local phenomena and gave
more insight into immeasurable inhomogeneties [7; 22; 48; 50; 66; 85-87; 131; 160], invest-
igated flow patterns and turbulent effects [23; 82], modeled lung parenchyma [117-119; 129;
157; 158] and airway tissue [70; 130]. However, most of the in silico models focused either on
a small section of the lung or on impedance analysis and pressure-volume (PV) curves of the
lung [7; 8; 50; 57; 85; 105; 130], thus a limited spatial representation of the lung ventilation was
achieved.

As such the aim of this work is to develop a unique comprehensive patient-specific in silico
model of the entire human lung. The purpose of this model is to reproduce the patient-specific
pulmonary physiology and to capture both local and global pulmonary phenomena with afford-
able computational costs. Thus giving a deeper insight into the patient’s pulmonary physical and
physiological state. And by that improve the understanding of how damage progresses and leads
to reduction in O, ventilation (i.e. hypoventilation). In hope to improve mechanical ventilation
techniques and reduce mortality rates.

The novelty of this work was achieved by developing the only comprehensive entire lung
model based on patient-specific anatomy that included the entire pulmonary circulatory and
respiratory systems. Furthermore, the O, transportation is integrated into the entire lung model
to show for the first time how O, is delivered to the various regions of the lung in health and
disease.

The model is achieved throug